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Abstract: This Special Issue proposes an array of 11 key papers aimed at investigating the complex
and multifaceted nature of the biobased economy, focusing both on a conceptual understanding of
the transition and on the measurement issues associated to it. More specifically, collected papers can
be broadly divided in two groups: (1) those aiming at adding to our understanding of the transition
process towards a sustainable biobased economy; and (2) those aiming at adding to the definition
and measurement of the emerging sustainable biobased economy. In the guest editor view, papers
collected in this Special Issue offer valuable and complementary insights to our understanding of the
ongoing transition towards a biobased economy, providing a logical framework to understand the
transitions, as well as an overview of existing tools to assess and measure it. Ideally, policy makers
will benefit from the papers included in this Special Issue and, hopefully, it will contribute to make
a further step to the much-needed transition towards sustainability.

Keywords: biobased economy; sustainability transition; standards; indicators

1. Introduction

It is widely acknowledged that, currently, two economic models co-exist, side-by-side,
i.e., the dominant fossil-economy and the emerging biobased economy. The rise of a new biobased
economic model underlines the need to undergo a paradigm shift towards sustainability in order to
meet society’s long-term goals and emerging challenges, which include the following: decoupling
economic growth from environmental pressure, managing natural resources in a sustainable way,
improving food security, reducing poverty, etc. Although sustainability has become a core theme of
innovation economics, strategies for achieving this goal—and hence, for supporting the paradigm
shift—remain under-investigated, mainly due to the complexity related to the manifold nature of the
concepts involved.

Among others, key drivers of this paradigm shift (or transition towards sustainability, we might
say) involve the following: (1) development and diffusion of new green technologies (eco-innovations)
for a biobased economy; (2) development of a holistic approach for sustainability assessment of
biobased products (e.g., sustainability schemes, standards, and eco-labelling initiatives); (3) policy
measures for promoting market uptake of biobased products and creating a level playing field among
biobased products and conventional (fossil-based) alternatives.

However, before looking closely at these leveraging points we need to better define the biobased
economy first, and properly measure it, subsequently. The lack of agreed-upon definitions, as well as
measurement tools, can be explained by the complex nature of the phenomenon under investigation.
Indeed, the biobased economy sits at the intersection of many overlapping concepts, including
sustainable development, circular economy, and green technologies, which are complex notions
on their own.

Hence, initiating a transition towards such a new socio-economic paradigm (i.e., based on
biomasses and circularity principles) is not just a matter of scaling-up an innovative technology
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that has emerged in a niche [1] (p. 63), but rather it involves the emergence of a new and complex
set of relations among stakeholders acting at the production level, as much as the consumption
level. These intersect with institutional actors playing a fundamental role in steering the transition
process altogether.

In order to account for these complex relations, the literature on sustainability transitions
(see, among many others) [2], has argued in favor of adopting a multi-level perspective (MLP),
where socio-technical changes are seen as the outcome of a combined pressure exerted upon the
incumbent dominant technological regime (i.e., the meso-level), operated simultaneously from the
landscape level (i.e., the macro-level consisting of a set of deep structural trends) and the technological
niche level (i.e., the micro-level where new technologies are developed in a protected environment).

Stemming from these considerations, this Special Issue proposes an array of 11 papers aimed
at investigating the complex and multifaceted nature of the biobased economy, focusing first on
a conceptual understanding of the transition and, subsequently, on the measurement issues associated
with it.

Papers included in this Special Issue provide contributions coming from researchers trained in
hard sciences (chemistry, agronomy, engineering) as well as in social sciences (economics, management,
policy analysis). This broad spectrum of academic knowledge is well complemented by more applied
perspectives coming from international institutions, NGOs, consultants, and independent analysts.
This plurality of voices gives the reader an overall picture of the transition towards a biobased
economy, highlighting the mounting complexity characterizing the system under investigation. Papers
collected in this Special Issue can be broadly divided in two groups: (1) those aiming at adding to our
understanding of the transition process towards a sustainable biobased economy; and (2) those aiming
at adding to the definition and measurement of the emerging sustainable biobased economy. In the
first case, authors often take a country-specific or a sector-specific perspective to resolve the complexity
of the challenge. In the second case, a European-wide (or even worldwide) outlook is often privileged
as well as a life-cycle perspective that spans from feedstocks’ procurement to end-of-life options.

2. Understanding Sustainability Transition Pathways to a Biobased Economy

Four papers of this Special Issue broadly refer to the transition process, with a sectoral focus on
transition pathways.

Bennich et al. [3] focus their attention on the Swedish agricultural sector, attempting to identify
“high order leverage points”, which could best initiate a systemic change. Authors provide valuable
insights on the social and ecological processes contributing to or hindering the transition in this
sector. The analysis is performed using a combined methodology that relies on systems analysis and
expert interviews, and concludes that the assumption that a transition process would necessarily
entail an expansion of agricultural production for the purpose of growing crops for non-food biomass
applications is challenged. As shown by the authors, different pathways have different implications
in terms of biomass demand and supply, and, depending on the objectives set by the policymaker,
alternative pathways should be supported.

In a subsequent paper, Bennich et al. [4] use a similar twofold methodology for the forestry
sector in Sweden, assessing potential future transition pathways. Desired change processes identified
include a transition to diversified forest management, a structural change in the forestry industry
to enable high-value added production, and increased political support for the biobased economy
concept. Hindrances identified include the difficulty in demonstrating the added value for end users
of novel biomass applications, and the uncertainty linked to a perceived high level of polarization in
the forestry debate.

Alaerts et al. [5] focus on biobased plastics and assess how the introduction of these new polymers
in a circular economic model could disturb the current recycling of fossil-based plastics, inhibiting
the closure of plastic cycles. This is a rather relevant research question to address in order to assess
how the co-existence of the two economic systems mentioned in the introduction (the fossil-economy

2



Sustainability 2018, 10, 2631

and the emerging biobased economy) might produce unexpected side effects, hindering the transition
pathway. As claimed by the authors, the co-living with the recycled fossil-based plastics presents no
risks for biobased plastics as a group. However, several potential sources of contamination arise when
considering separately different bio-polymers. For instance, PLA (polylactic acid) shows a severe
incompatibility with PET (polyethylene terephthalate); hence, future risks are assessed by measuring
the amounts of PLA ending up in PET waste streams. For PHA (polyhydroxy alkanoate), there is
currently no risk, but it will be crucial to monitor future application development. Bearing this in
mind, the authors stressed that any introduction of novel plastics must be well guided from a system
perspective, properly pondering incompatibilities with current and upcoming practices in the recycling
of plastics.

Urmetzer et al. [6] underline the knowledge dimension associated with the biobased economy
transition. Taking an innovation systems (IS) perspective, the authors claim that, to successfully
contribute to a sustainability transition, a knowledge-based bioeconomy should broaden its scope
beyond the techno-economic dimension. Along this line of reasoning, the authors propose to include
systems knowledge, normative knowledge, and transformative knowledge in research and policy
frameworks for a sustainable knowledge-based bioeconomy (SKBBE). In order for policy makers to be
able to effectively steer the bioeconomy transformation onto a sustainable path, the authors claim that
a stronger focus on the characteristics of dedicated knowledge (including stickiness, locality, context
specificity, dispersal, and path dependence) and its creation, diffusion, and use are necessary for the
knowledge-based bioeconomy to become truly sustainable.

3. Measuring the Biobased Economy

Measurement issues associated with the biobased economy have been addressed both at the
macro and micro levels. Specifically, two papers focus on indicators to measure the biobased economy
as a whole, whereas the remaining five focus on value-chains and specific biobased products.

When looking at macro data, Ronzon and M’Barek [7] observe how the monitoring of the European
biobased economy is hampered by a lack of statistics on emergent and partially biobased sectors
(i.e., those sector where biobased products are produced along non-biobased products). The authors,
to tackle this issue, propose a simplified socioeconomic indicator framework for the bioeconomy in
the EU. Subsequently, they use the proposed indicators to assess economic performance through
a labor productivity measure. This exercise provides insights related to the growth potential of specific
bioeconomy sectors in individual EU Member States. The authors first position Member States on
a transition path to higher productivity and, subsequently group them looking specifically at the
East-West bioeconomy disparities within Europe; these leads to the suggestions of a set of measures to
promote the development of the EU biobased economies.

Bracco et al. [8] move from the observation that, worldwide, most countries focus on the
contribution of the bioeconomy sectors to gross domestic product (GDP), turnover, and employment.
However, this approach offers an incomplete picture as environmental and social aspects, which are
unanimously considered as fundamental pillars of the biobased economy, are dropped from the
analysis. Bearing this in mind, the authors provide a critical assessment of the national methods
used for the measurement, monitoring, and reporting of the bioeconomy contribution to the total
economy. The analysis, based on research and surveys conducted on six countries (Argentina, Germany,
Malaysia, The Netherlands, South Africa, and the United States), shows the lack of a homogenous
definition of bioeconomy across the six considered countries—a fact which hinders any straightforward
comparison of the relevance of bioeconomy in the different economies. Moreover, as observed by the
authors, the bioeconomy targets set by nation-wide strategies often reflect the country’s priorities and
comparative advantages linked, for instance, the availability of natural resources, traditional industries,
labor productivity, and past investments in R&D.

In order to improve the measurement and monitoring of the bioeconomy, the authors call
upon national governments to enhance and coordinate communication among domestic agencies,
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establishing protocols for sharing data, formalizing biobased industry measurement standards,
developing a comprehensive survey for the biobased industry and commodity usage, and improving
industry classification systems.

Moving down to the micro level of analysis, Lokesh et al. [9] present a mapping exercise aiming,
first, at identifying the most relevant biobased value chains to attain a fully functional biobased
circular economy, and subsequently, at visualizing/foreseeing the strengths, weaknesses, opportunities,
and challenges associated with it. Value chains selection was done by means of a two-step methodology
based on multi-criteria decision analysis. The selection process led to the identification of five key
value chains, for each of which specific maps were developed. As claimed by the authors, this exercise
demonstrates the highly informative nature of this tool and its crucial role in understanding the
complex interactions among the various processes and stakeholders within complex bioeconomy
value chains.

Both Falcone and Imbert [10] and Martin et al. [11] look at a specific dimension of sustainability,
i.e., the social one. As mentioned earlier, this is an area often neglected in sustainability assessment
and, indeed, deserves greater attention. Falcone and Imbert [10] provide an overall assessment of
social impact categories and indicators that should be included in a social sustainability assessment
of biobased products. The study is performed following a three-step methodology. First, the authors
carry out a literature review on existing social life cycle studies, identifying most relevant social
categories and indicators. Subsequently, the categories’ list and indicators are validated with the help
of a focus group bringing together industrial experts and academics. Finally, a zoom-in into consumers’
perceptions of social indicators was obtained by conducting semi-structured interviews with consumer
representatives. Results showed the need to better exploit consumers’ role in the ongoing process of
market uptake of biobased products. More specifically, this need entails the effective inclusion of some
social indicators (i.e., end users’ health and safety, feedback mechanisms, transparency, and end-of-life
responsibility) in the social life cycle assessment scheme for biobased products.

On a similar ground, Martin et al. [11] review the scientifically published life cycle studies on
biobased products, investigating the extent to which they include important sustainability indicators.
Results suggest that there is a discrepancy between the indicators considered important in established
frameworks for sustainability assessments, and the indicators that are frequently included in published
scientific studies. The authors suggest that greater attention should be paid to categories such as
workers conditions, water depletion, indirect land use change, and impacts on ecosystem quality and
biological diversity—all elements noted as very relevant also by the United Nations (UN) Sustainable
Development Goals.

The last two papers of this Special Issue are dedicated to certification and standards for the
emerging biobased economy. Majer et al. [12] performed a rather impressive gap analysis in order to
assess the current status of sustainability certification and standardization in the biobased economy.
The methodology used was twofold, involving a comprehensive desk analysis complemented by
expert interviews. The analysis revealed an impressive amount of existing certification frameworks,
criteria, indicators and applicable standards. However, the authors identified major gaps in: (1) existing
criteria sets; (2) the practical implementation of criteria in certification processes; (3) the legislative
framework; (4) end-of-life processes; as well as (5) necessary standardization activities.

Fonseca and Domingues [13] take a narrower view, focusing on a specific standard
(ISO 14001:2015) and assessing the transition towards the revised version of the voluntary
environmental management systems (EMS) certification scheme among Portuguese organizations.
By means of an on-line survey, the authors collected data on 108 organizations. Respondents
viewed Determination of risks and opportunities and the Life cycle perspective as both the most useful
concepts of ISO 14001:2015 but also as the hardest difficulties to overcome by the organizations when
implementing or transitioning to the 2015 edition of ISO 14001. Indeed, those organizations that
successfully completed the transition reported benefits, with an enhanced environmental performance
of the organization and an improvement in the compatibility with other management system
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standards, such as ISO 9001. Authors also observed that the perception of the benefits achieved
with ISO 14001:2015 certification varies with the size of the organization, whereas the motivation to
proceed with certification is independent of organization profile.

4. Concluding Remarks and Further Issues on the Research Agenda

This special issue has succeeded to collect eleven key papers addressing, from different angles,
the topic of a sustainability transition towards a biobased economy. Contributions include research
by European academia, research centers as well as international organizations and institutions.
The plurality of voices shows the growing interest around this topic in Europe. Major efforts have been
invested to foster the transition both at the single Member State level and at the European Commission
level. Since 2012, Europe has adopted a strategy for the bioeconomy that is currently undergoing
a revision process to ensure that Europe focuses its efforts in the right direction. As stated by the
Commission, “Bioeconomy is Europe’s response to key environmental challenges the world is facing already
today. It is meant to reduce the dependence on natural resources, transform manufacturing, promote sustainable
production of renewable resources from land, fisheries and aquaculture and their conversion into food, feed, fibre,
biobased products and bio-energy, while growing new jobs and industries”. This statement shows a strong
commitment to reduce the impact on the environment without compromising on job creation and
“healthy” economic growth.

For these objectives to be simultaneously achieved, major efforts are needed in defining properly
the target and setting the right policy to reach it. Yet, technological uncertainty makes the bioeconomy
a moving target, hence continuous adjustments are required to hit it. In this regard, papers collected
in this Special Issue make a useful contribution by providing a logical framework to understand the
transitions, as well as existing tools to assess and measure it. Ideally, policy makers will benefit from
the papers included in this Special Issue and, hopefully, it will contribute to making a further step to
the much-needed transition towards sustainability.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: There is a growing interest in the bio-based economy, evident in the policy domain as well
as in the academic literature. Its proponents consider it an opportunity to address multiple societal
challenges, and the concept has broad reach across different sectors of society. However, a potential
transition process is also linked to areas of risk and uncertainty, and the need for interdisciplinary
research and for the identification of potential trade-offs and synergies between parallel visions of
the bio-based economy have been emphasized. The aim of this paper is to contribute to addressing
this gap by using an approach combining tools for systems analysis with expert interviews. Focusing
specifically on dynamics in the agricultural sector in Sweden, an integrated understanding of the
social and ecological processes contributing to or hindering a transition in this area is developed,
high order leverage points are identified, and potential impacts of proposed interventions explored.
The paper also considers cross-sectoral linkages between the forestry and agricultural sectors.

Keywords: sustainability transitions; systems analysis; causal loop diagrams; bio-based economy;
bio-economy; agriculture

1. Introduction

Efforts aimed at understanding and supporting the transition to a bio-based economy have
been increasing over the past two decades, to a large extent linked to developments in the policy
sphere. Strategies on regional, national, and local levels have been brought forward, and now at least
45 countries have developed their own bio-based economy agendas [1]. Partly as a consequence of the
broad reach of the concept, these strategies adopt different visions and definitions of the bio-based
economy, often reflecting the context and preconditions of a specific nation or actor [2–4]. For example,
the bio-based economy is variously seen as an opportunity to achieve climate change mitigation,
competitive advantage linked to knowledge generation and novel biomass applications, improved
global governance of biological resources, decentralized modes of production, rural development,
and a lower dependency on finite, fossil-based resources [5–8]. One example of how a transition
to a bio-based economy is defined is as a shift away from an economy dependent on fossil-based
resources, to an economy utilizing renewable, biological resources to provide the products and services
demanded in society [9,10]. A parallel understanding does instead stress the role of biotechnology,
perceiving it as central to the bio-based economy, and aiming for its use and share of economic output
to increase [7,11].

Sustainability 2018, 10, 1504; doi:10.3390/su10051504 www.mdpi.com/journal/sustainability7
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In Sweden, factors such as biomass availability, a long history of traditional industries, a skilled
labor force, and high access to infrastructure and markets have been identified as beneficial in the
context of facilitating a transition process [12–14]. Specific initiatives addressing developments toward
a bio-based economy include a research and innovation strategy, commissioned by the Swedish
Government and published in 2012. It outlined overarching aims of the Swedish bio-based economy,
such as replacing fossil-based resources with bio-based resources, developing smarter products,
increasing resource use efficiency, and to change consumption patterns and behaviors. The strategy
further stressed the need for collaboration, knowledge generation, and formation of new partnerships
in order to enable a transition [9]. Moreover, the bio-based economy could directly, or indirectly,
affect the attainment of several of the Swedish Environmental Quality Objectives [15], in addition
to climate-related targets such as achieving zero net emissions of greenhouse gases by 2045 and
a fossil-free transport fleet [16–18]. Furthermore, the bio-based economy is an integral part of the
current Innovation Partnership Program initiated by the Swedish Government to address critical
societal challenges [19]. Thus, also in Sweden the bio-based economy is considered a mean to achieve
multiple objectives, and its premises to a large extent seen as based on the broad and cross-sectoral
reach of the concept.

Nevertheless, a large number of the road maps and initiatives promoting the Swedish bio-based
economy have been centered around single sectors and technological pathways. The forest sector
plays a dominant role, reflected in many of the ongoing efforts to facilitate a transition process [20–22].
Additionally, in the broader debate surrounding the concept, aside from the opportunities being
highlighted, uncertainty and potential risk factors have also been brought forward. Questions about
the viability and sustainability of the emerging bio-based economy have been raised, stressing potential
conflicts and adverse environmental and social impacts arising from the multitude of competing and
growing claims on biological resources [23–25], a lack of focus on multi-functionality, public goods,
local knowledge and social innovation in the bio-based economy [26], and that ecological sustainability
is often overlooked in official strategies and the broader bio-based economy discourse [23,27,28].
The discourse surrounding the concept has further been criticized for being promissory [29], and a lack
of clear meaning, indicators for sustainability, or measures of success have been underlined [2,30,31].
Additionally, the need for interdisciplinary approaches, the identification of synergies and trade-offs
between parallel visions of the bio-based economy, and insight into the larger societal impacts of
a transition process have been highlighted [4,9,32–34].

The aim of our work is to contribute to an integrated understanding of the multiple processes
and proposals suggested to underpin and facilitate a transition to a bio-based economy in Sweden.
The focus of the study is on terrestrial sources of biomass from forestry and agriculture. For the
sake of space, the present paper outlines the results focused on the agricultural sector. Results linked
to dynamics in the forestry sector, also emphasizing a political dimension of a transition process,
are presented in Bennich et al. (2018) [35]. This paper is organized as follows: The first section
outlines the methodological framework. Thereafter, the results are presented, divided into the change
processes identified as key by the actors participating in the study, followed by an exploration of
interconnectedness, the impact of proposed interventions, and of the potential future transition
pathways to which they might contribute. Our conclusions are drawn in the final section, together
with suggestions for future work.

2. Methodological Framework and Research Process

The study was structured around the following guiding research questions: What are the
social-ecological dynamics currently enabling or hindering a transition to a bio-based economy?
What actions are proposed to facilitate a transition to a bio-based economy, and what pathways do they
form? The research design was based on the use of qualitative tools for systems analysis, specifically
Causal Loop Diagrams (CLDs). The empirical basis for the CLDs was expert interviews. This section

8



Sustainability 2018, 10, 1504

gives an overview of the methodological framework and research process, while a more in-depth
presentation can be found in Bennich et al. (2018) [35].

CLDs are diagramming tools, originating from the fields of system dynamics and cybernetics [36].
They consist of variables connected by arrows, where the links between the variables represent
hypotheses about causal relationships. CLDs are commonly used to conceptualize and communicate
system structure, for clarification of assumptions, and for creating new knowledge and learning in
situations where problems are perceived as complex or unstructured [37,38]. Lane (2008) provides
an overview of the emergence of the use of CLDs, as well as a critical reflection on their strengths
and weaknesses [39]. In relation to the aims of this study, the strength of CLDs lies in their ability
to simultaneously map social and ecological systems, as well as different actor perspectives, in an
integrated way. CLDs are in addition meant to document both chains of cause and proposed effects,
but also any possible system feedbacks, thereby moving from linear to non-linear conceptualization.
The limitations of CLDs include potential trade-offs between precision and simplification. The specific
focus on depicting and communicating key elements and feedbacks of the system under study might
make the underlying rationale of the causal relationships less evident. Moreover, while CLDs can
provide structural insight, they do not allow for rigorous inference about the dynamic behavior arising
from the system structure [39]. For more information on the process of developing CLDs, as well as
on their use in this research, see Bennich et al. (2018) [35]. Expert interviews are often referred to
as efficient means to gain exploratory insight about a specific topic and as an entry points to fields
where it might otherwise be difficult to gain access [40]. In the context of this study, expert interviews
were used to identify key drivers, hindrances, and interventions linked to the transition to a bio-based
economy in Sweden, as perceived by different actor groups. The interview data were then used as
a basis for elicitation of the causal relationships included in the CLDs.

Thus, our starting proposition is that systems analysis and the use of CLDs as an analytical tool can
contribute to developing and documenting a qualitative understanding of the structural components
governing a transition to a bio-based economy, by mapping expert knowledge in integrated conceptual
maps. Based on this understanding, effective interventions may be identified, in contrast to technical,
end-of-pipe solutions, and the ability to avoid policy resistance can be strengthened. Policy resistance
refers to the failure of interventions to generate anticipated results, caused by unexpected internal
responses in the system, and partly attributed to linear cause and effect thinking [39,41].

To support reasoning about potential leverage points and to qualitatively assess the potential
impact of suggested proposals to facilitate change, we build on the Leverage Points Framework [42].
Leverage points can be understood as places in a system where a small disturbance or initial change
may ultimately lead to large-scale system change, i.e., places where well-directed interventions
may lead to substantial and lasting improvements [43]. The framework may serve as a basis for
analyzing the effectiveness of interventions, starting from leverage points at the lower end of efficiency
(e.g., changing the value of parameters, constants, the physical structure of a system, or the relative
length of delays), to higher impact leverage points (changing the relative strength of balancing and
reinforcing feedback loops, adding information feedbacks, or changing the rules guiding the behavior
of the system) [42].

As also outlined in Bennich et al. (2018) [35], the first step of the research process consisted
of actor analysis and outreach. The process was informed by an initial literature review, and was
structured by the guidelines for actor analysis as presented by Lelea, et al. (2014) [44]. Fourteen
experts were selected for semi-structured interviews. The experts were selected based on (1) their
knowledge and experience of sectors relevant to the Swedish bio-based economy; (2) their ability
to represent larger actor groups in these sectors; and (3) their ability to provide diverse standpoints.
The process made use of snowball sampling, specifically aiming to identify actor perspectives that
might currently be overlooked in the bio-based economy debate. Semi-structured interviews were
selected for data collection, as they allow for an in-depth exploration of perceptions and views in
situations where issues are complex, information seemingly conflicting, and where there is diversity in
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the personal history, profession, and educational background of the study group [45,46]. In the second
step, the interviews were carried out, either physically in Stockholm or via Skype. The interviews,
lasting from 60 to 120 min, were based on a number of open ended questions, formulated to enable the
identification of key variables, causal relationships, and reinforcing or balancing feedbacks. Measures
to ensure validity and reliability in the data collection phase included the development and testing of
an interview guide in preparation for the interviews, as well as digitally recording and transcribing
the interviews. In the third step, the data was analyzed and used as a basis for the development of
the CLDs, following the method presented by Kim and Andersen (2012) [47]. For each interview an
initial CLD was developed. These were subsequently integrated by aggregating similarities while
maintaining differences, thereby ensuring that the multiple perspectives of the interviewees remained
visible. The process was documented, to create visible connections between the data segments and the
integrated CLDs. The CLDs were then sent to the interviewed experts for confirmation, along with
an explanatory text and a set of complementary questions. The questions were aimed at generating
additional insight, clarification, and completeness of coverage in terms of proposed system structure.
The CLDs were subsequently revised based on the feedback from the participants, and then used as
a basis to perform a qualitative exploration of the impact of proposed interventions and the transition
pathways they formed. Two researchers were engaged in the process of developing and analyzing the
CLDs, and the resulting output was compared and discussed in an iterative process, aiming to reduce
researcher biases. For an interviewee overview and interview guide, see Bennich et al. (2018) [35].

3. Results

The results, in the form of CLDs, are presented under different sub-headings. Firstly, the four
dynamic change processes in the agricultural sector identified as important in the context of the broader
transition to a bio-based economy are outlined. More specifically, the first section presents dynamics
governing the overarching objective of expanding and maintaining farming activities in Sweden.
This is followed by three more disaggregated CLDs focusing on the desired objectives of employing
more environmentally friendly practices in conventional agriculture, of securing biomass supply for
both food and non-food purposes, and of facilitating a shift to regenerative production, respectively.
The next section presents an integrated CLD, highlighting cross-scale interactions. This section also
introduces the leverage points and interventions that were identified during the interviews. The final
section elaborates on interconnectedness between the agricultural and forestry sectors. Variable names
are indicated by quotation marks.

3.1. Identification of Dynamics Governing the Expansion and Maintenance of Farming Activities

The first change process identified as important during the interviews relates to the underlying
ability to expand and maintain activities within the agricultural sector, perceived as a pre-condition to
achieve other objectives of the bio-based economy. It was emphasized that change in the agricultural
sector is path dependent, and that it takes time and effort to reverse a potential decline in the size of the
sector. The variable “Farming activities” (capitalized, Figure 1) represents the combinations of activities
directly enabling primary production in the agricultural sector (e.g., tilling, planting, fertilizing, irrigation,
pathogen mitigation and harvesting), thus referring to farming in a general sense. During the interviews,
several reinforcing feedbacks either supporting an expansion or triggering a loss of “Farming activities”
were identified. The more “Farming activities” carried out, the higher the “Learning-by-doing” among
the practitioners, making the “Agricultural capacity” expand. The expansion of “Agricultural capacity”
drives the “Conversion of fallow land to actively cultivated land”, enabling further “Farming activities”
(reinforcing feedback, R1, Figure 1). Additionally, more “Farming activities” make the “Available support
functions for farmers” increase, including advisory services and research centers. Having such support
functions in place contributes to the buildup of “Agricultural capacity”, a higher “Conversion of fallow
land to actively cultivated land”, and ultimately to more “Farming activities” (reinforcing feedback, R2,
Figure 1). An expansion of “Farming activities” could also contribute to a higher “Attractiveness of
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profession”, through increasing visibility and awareness in society, in turns supporting the “Education of
new farmers” (reinforcing feedback, R3, Figure 1).
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Figure 1. Causal Loop Diagram (CLD) displaying the dynamics suggested to govern the expansion
and maintenance of “Farming activities”. CLDs consist of variables connected by arrows, representing
hypotheses about causal relationships among the variables. Each link is assigned a polarity, either
positive (+) or negative (−). A positive link indicates that the dependent and independent variable
move in the same direction (if the independent variable increases, so does the dependent variable, and if
the independent variable decreases, so does the dependent variable). A negative link indicates that the
variables move in opposite directions (if the independent variable increases, the dependent variable
decreases, and if the independent variable decreases, the dependent variable increases). Important
feedbacks are highlighted in the diagram. These could be either reinforcing (denoted by a R) or balancing
(indicated by a B). For a further introduction to the use of CLDs in this research, see Bennich et al.
(2018) [35].

The difficulty of generation shifts was identified as a key issue to overcome in the agricultural
sector. The larger the number of people educated to become farmers, the higher the number of
“Successful generation shifts”, resulting in more “Farming activities” than what would otherwise have
been (reinforcing feedback, R4, Figure 1).

Some variables affect, but are not part of, the reinforcing feedbacks R1–4 (Figure 1). A lack of
“Long-term planning” was identified as a factor hindering the process of handing over farms from one
generation to the next. The higher the degree of “Long-term planning”, the more “Successful generation
shifts”. Another variable potentially having an impact on the amount of “Successful generation shifts”
is the “Level of understanding between rural and urban areas”. A higher “Level of understanding
between rural and urban areas” could make the pool of potential new farmers grow, the level of trust
between the current and potential future generation of farmers increase, and additionally ensure that
the needs of the part of the population living in rural areas are recognized to a larger extent. In terms of
the latter, it was suggested that the social welfare system is poorly adapted to the living conditions and
work situation of farmers, where potential improvements include better pensions and financial support
in the case of sickness. Aside from access to social welfare, enabled by a high “Level of understanding
between rural and urban areas”, also the “Perceived financial security” in the agricultural sector was
identified as having an impact on the “Attractiveness of profession”. The variable “Perceived financial
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security” refers specifically to the views and understandings of the financial situation of farmers
among those not themselves active in the profession.

As emphasized by the balancing feedback B1 (Figure 1), land is a limited resource. The more land
that is converted to cultivated land, the lower the potential to further expand cultivation. In addition,
the “Conversion of fallow land to actively cultivated land” is affected by “Competing interest for
land-use”. Factors such as “Proximity to urban areas” and a “Desired expansion of forest land” could
increase competition and pressure on the land, drive prices up, and thereby make it more difficult to
allocate land to farming activities. Another proposed relationship with respect to land is that between
“Successful generation shifts” and the “Average size of farms”. If the farm is not handed over from one
generation to the next, it is likely that the land will be transferred to the neighboring farm, thereby
making the average farm size increase.

3.2. Employment of More Environmentally Friendly Practices in Conventional Agriculture

A second change process identified as important in the context of the transition to a bio-based
economy is the “Employment of more environmentally friendly practices” in conventional agriculture
(capitalized, Figure 2). The need to adopt more environmentally friendly practices relates to a number
of overarching challenges in the agricultural sector, where examples highlighted during the interviews
include a need to reduce greenhouse gas emissions from primary production and processing, to lower
the use of mineral fertilizers and pesticides, and to overcome the dependency on fossil-based sources
of energy. Three drivers explaining the employment of more environmentally friendly practices were
suggested: A financial logic (it makes sense from a cost saving perspective), an emotional rationale
(arising from factors such as personal experience of the negative impacts of intensive use of production
inputs), and the availability of options (i.e., the farmer would employ more environmentally friendly
practices if the option to do so was available).
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Figure 2. Dynamics hypothesized to govern the employment of more environmentally friendly
practices in conventional agriculture. * Underlying dynamics of variable related to the political
dimension of the bio-based economy concept, explained in further detail in Section 3.6.
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The higher the “Intensive use of production inputs”, the larger the “Total cost of intensive
use of production inputs”. Consequently, the “Added financial value of employment of more
environmentally friendly practices” increases, supporting the “Employment of more environmentally
friendly practices”, thereby reducing the “Intensive use of production inputs” (balancing feedback,
B2, Figure 2). Adhering to sustainability criteria opens up the possibility of receiving “Agricultural
subsidies” for environmentally sound practices, adding to the financial incentives for promoting
environmental values (reinforcing feedback, R5, Figure 2). The financial viability of environmentally
friendly practices is, aside from being affected by potential cost reductions or subsidies, to a certain
extent dependent on the ability of the farmer to receive a price premium. With “Collaboration across the
value chain to validate and communicate environmental values”, the willingness of the end consumer
to pay a price premium is expected to increase. The price premium, in turns, contributes to the added
financial value of employing environmentally friendly practices, consequently also increasing the
ability to engage more actors in the work to promote environmental values (reinforcing feedback, R6,
Figure 2).

The emotional rationale for employing more environmentally friendly practices is partly explained
by the “Personal experience of negative impacts of production among practitioners”, creating a stronger
“Environmental awareness”, in turns reducing the “Intensive use of production inputs” (balancing
feedback, B3, Figure 2). Additionally, with higher “Environmental awareness”, a greater “Interest
and ability to innovate” for sustainability may be created. Innovation is suggested to be important
as it can allow for the development of less harmful production inputs and more resource efficient
methods, thereby further contributing to the “Employment of more environmentally friendly practices”
(balancing feedback, B4, Figure 2).

While a high environmental awareness could support innovation for sustainability, a number
of additional variables explaining relative innovation capabilities for sustainability in the bio-based
economy were identified during the interviews. One factor to consider is the role of ownership, where
it was suggested that cooperatives and family owned businesses might be better able to support
innovation for sustainability. This may partly be explained by these structures allowing for longer
planning horizons, and in terms of cooperatives, the possibility to spread risk among the owners.
An additional factor thought of as supporting innovation is “Collaboration for innovation across the
value chain”, the underlying assumption being that novel ideas and solutions are created when actors
with different perspectives meet and work together. Examples of areas of innovation brought up
during the interviews include digitalization, precision agriculture, and new means of collecting and
analyzing data to inform decision making (e.g., the internet of things).

Another factor suggested to affect the ability to employ more environmentally friendly practices is
the structure of the agricultural system. In the current industrial system, a strive to maximize “Biomass
growth rates in conventional farming” requires a low number of “Productive species” and an “Intensive
use of production inputs” such as mineral fertilizer and pesticides. Intensive use of production inputs
harms the “Ecosystem service provision”, thereby creating a self-reinforcing dependency on these
same inputs (reinforcing feedback, R7, Figure 2). This reinforcing feedback may create a lock-in effect,
where it becomes increasingly difficult shift to more environmentally friendly modes of production.

An additional number of reinforcing feedbacks linked to industrial agricultural production that
may create lock-in effects, and that have an impact on the ability to employ more environmentally
friendly practices, were identified during the interviews. “Industrial demand for large volumes
of biomass”, “Industrial demand for even quality biomass”, and an increasing “Average size of
farms”, drive the expansion of “Production systems tuned towards economies of scale”. In these
systems, the fewer the “Productive species” and the more extensive the use of “Automated harvesting”,
the larger the “Ability to meet industrial demand for biomass”, further generating “Production systems
tuned towards scale” (reinforcing feedback, R8, Figure 2). Additionally, “Production systems tuned
towards economies of scale” require “Technology development for large-scale production systems”.
This technology further supports “Automated harvesting”, and therefore leads to a larger “Ability
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to meet industrial demand for biomass”, again reinforcing the development of production systems
based on economies of scale (reinforcing feedback, R9, Figure 2). Aside from technology, the selection
of specialized species and the intensive use of production inputs in these systems boost biomass
growth rates, thereby also supporting the “Ability to meet industrial demand for biomass” (reinforcing
feedbacks, R10–11, Figure 2). In the long run, however, two balancing feedbacks counteract this
development. Few productive species and the intensive use of production inputs negatively affect
the provision of ecosystem services (such as natural pest control), thereby having an adverse impact
on biomass growth rates and consequently also on the ability to meet industrial demand for biomass
(balancing feedbacks, B5 and B6, Figure 2).

3.3. Identification of Dynamics Governing Biomass Availability

The sources and quantities of biomass available in a transition process were brought forward as
central during the interviews. These sources include the biomass derived from “Domestic food
production” as well as the production contributing to the “Total biomass supply for non-food
applications”. Examples of non-food applications are biomass being converted into bioenergy,
chemicals, industrial products, or manufactured goods. During the interviews, it was stressed that
national food self-sufficiency and domestic production capacity are increasingly perceived as key
issues for the future. In addition, the biomass demand for non-food applications is expected to grow,
for instance with an emerging “Interest and ability to innovate”. With innovation, novel biomass
applications are developed and demonstrated, and at the point when maturation is reached and
markets materialize the “Non-food biomass applications” in the agricultural sector would start
to increase, as long as the “Total biomass supply for non-food applications” is able to support
this development.

Three ways of meeting future biomass demand were identified during the interviews, all with
different implications. First, harvest residues and waste products from the food industry could be
utilized to a further extent. The larger the “Domestic food production”, the more “Litter” and “Food
waste” generated and potentially available to the bio-based economy, contributing to the “Total
biomass supply for non-food applications”. The “Outtake of harvest residues” is hindered by a lack of
“Perceived market potential for residues”, described as a match-making problem where farmers are
not connected with potential industrial customers. Nevertheless, when the “Ability and interest to
innovate” increase, solutions such as more data driven and automated means of connecting actors
across the value chain are expected to be developed and employed, thereby increasing the “Perceived
market potential for residues”.

A second way to increase biomass supply in the bio-based economy is to increase the “Conversion
of fallow land to actively cultivated land”, thereby giving rise to more “Land available for expanding
food or non-food crop production”. The choice between producing food and non-food crops is
represented by the balancing feedbacks B8 and B9 (Figure 3). The more land allocated to the production
of food crops, the less land is available for the production of non-food crops, and vice versa. Third,
biomass supply for the bio-based economy can increase by utilizing “Novel crop rotation schemes”,
alternating between the production of crops for food consumption and crops for other purposes.
The balancing feedbacks B10–B13 (Figure 3) stress the limits to biomass supply, in the sense that
any allocation of biomass or area of use is restricted by the biomass availability. The reinforcing
feedbacks R12 and R13 (Figure 3) highlight that the “Biomass growth rate” is affected by the soil
quality, which is enhanced by the amount of “Litter” returned to the soil. The effect of increasing
agricultural production may thereby be reinforced by an improvement in soil quality caused by more
litter and harvest residues on the farm land and hampered by a larger “Outtake of harvest residues”.
Crop rotation schemes hold the potential to improve “Biomass growth rates” through an improvement
in soil quality, thereby creating synergies between productivity related objectives and novel uses of
biomass in the bio-based economy.
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Figure 3. Sources of biomass in the bio-based economy. ** Variable influencing the political dimension
of the bio-based economy, for further explanation see Section 3.6.

3.4. Introduction to Diversified Farming and Regenerative Production

An additional perspective brought forward during the interviews stresses the need for a shift
towards diversified farming and regenerative production. While the variable “Employment of more
environmentally friendly practices” (Figure 2) represents a shift in conventional farming toward more
sustainable modes of production (e.g., toward practices enabling a higher resource use efficiency),
the variable “Regenerative production” (capitalized, Figure 4) refers to a more fundamental shift in the
way agricultural production is carried out. The creation of value in regenerative production is based on
ecological improvement, thereby placing ecosystem functioning at the core of the agricultural practice.
Diversity is a fundamental characteristic of regenerative production, as it is assumed to increase both
resilience and productivity. Thus, the term diversified farming is in this context used to refer to the
practices allowing for the production to be regenerative. Diversified farming is based on a number
of design principles, striving to maximize the ability of plants to photosynthesize, to optimize the
use of surface areas, and to utilize the qualitative components of biomass, as well as the synergetic
relationships between species. Energy use should be optimized in every step of the process, aiming
to realize the potential of agricultural production to have a positive energy balance. Another aspect
highlighted as important during the interviews is the need to achieve self-sufficiency within each farm
or cluster of farms, through utilizing combinations of animal husbandry, fodder production, and food
crop production.

3.4.1. The Transition to Diversified Farming and Regenerative Production

The practices enabling regenerative production were identified as knowledge intensive, requiring
both specific practical knowledge and commitment. When “Regenerative production” is carried out,
practical knowledge is generated through learning-by-doing, and feelings of confidence and will-power
among the practitioners grow. As a result, the overall “Ability to carry out diversified farming”
increases, which in turns facilitates more “Regenerative production” (reinforcing feedback R14,
Figure 4). Additionally, diversified farming requires a shift in mind-set among farmers. “Successful
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generation shifts” (see Figure 1) are perceived as an opportunity in this regard, as they may create an
“Openness to new ideas”, allowing for changes in the way agricultural production is carried out.
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Figure 4. Dynamics suggested to govern the shift to diversified farming and regenerative production.

The variable “Attractiveness of diversified farming” was identified as crucial, as it determines the
“Number of farmers transitioning to diversified farming”, thereby enabling more “Regenerative
production”. More “Regenerative production” does, in turn, have a positive impact on the
“Attractiveness of diversified farming”, creating a reinforcing feedback (R15, Figure 4). Several
factors were suggested to explain why an expansion of regenerative production may increase the
attractiveness of diversified farming. For instance, diversified farming is expected to contribute
positively to the well-being and quality of life of the practitioners. The more “Regenerative production”,
the larger the awareness about such benefits in the larger society, thereby making the perceived
“Attractiveness of diversified farming” increase. Additionally, the more “Regenerative production”,
the lower the uncertainty linked to the production process, another factor contributing positively to
the “Attractiveness of diversified farming”.

The “Attractiveness of diversified farming” is also affected by the financial viability of this type
of production, as compared to more conventional farming practices. The relative profitability is
affected by the “Market price of conventional products”. The higher the “Market price of conventional
products”, the lower the relative profitability of diversified farming, thereby having a negative impact
on the attractiveness of diversified farming. A higher “Market price of conventional products” does on
the other hand also give rise to a larger “Potential customer base” and demand for diversified products,
in this way positively contributing to the attractiveness of diversified farming. The “Attractiveness of
diversified farming” is also promoted by the “Personal experience of negative impacts of production
among practitioners” (see Figure 2) in conventional farming, while being eroded by “Bullying and
pressure from other farmers”. “Bullying and pressure from other farmers” could arise from an
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underlying fear for the spread of pests or diseases among the neighboring farms, as well as from
embedded cultural preferences regarding the appearance of the farm land.

Diversified farming and regenerative production are suggested to have spill-over effects not only
on the quality of life of the individual farmer, but also on the surrounding community. The larger
the “Number of farmers transitioning to diversified farming”, the stronger the “Value driven basis
for communal development”. The value driven basis may refer to a common understanding
and appreciation for the environmental and social benefits provided by diversified farming and
regenerative production. This, in turn, may attract others with similar values, creating an “Influx of
new small-scale actors and entrepreneurs”. This would support the transition process, making the
number of farmers shifting to diversified practices increase (reinforcing feedback R16, Figure 4) and
facilitating cluster development that enhances overall “Community resilience” (reinforcing feedback
R17, Figure 4). Additionally, the stronger the “Value driven basis for community development”,
the greater the “Ability to create broader awareness and support for diversified farming” in the
larger community. This awareness is suggested to create “Local demand” as well as a “Willingness
to pay a price premium” for the production output. These effects would strengthen the “Relative
profitability of diversified farming”, thereby further supporting the “Attractiveness of diversified
farming” (reinforcing feedbacks R18–19, Figure 4). As more “Regenerative production” is carried out,
the “Supply of diversified products” increases, thereby creating a potential for “Expansion beyond
local markets”. When entering new markets, the “Potential customer base” grows, thereby contributing
to the “Relative profitability of diversified farming” through buoying the market price of diversified
farming products (reinforcing feedback R20, Figure 4).

3.4.2. The Biophysical Basis for Diversified Farming and Regenerative Production

As “Regenerative production” expands, the output in terms of standing “Biomass” increases.
Diversified farming supports a large “Plant diversity”, and this diversity in combination with “Debris”
in the form of plant litter and harvest residues enhance “Soil quality” over time. Better soil quality
increases the “Biomass growth rate” and thereby also the standing volume of “Biomass” (reinforcing
feedbacks R21–22b, Figure 4). A higher “Soil quality” also supports biomass production for purposes
other than food crop production. Through a higher “Fodder production” and “Ability to support
grazing”, more “Functional animal husbandry” can be carried out. “Functional animal husbandry”
refers to practices where the animals are seen as an integral part of farming, valuing their ability to
optimize energy use and support production of food crops rather than holding animals primarily
for meat or diary production. With a larger number of animals integrated into the farming, more
“Organic fertilizer” becomes available, again enhancing the “Soil quality” (reinforcing feedbacks 23a–b,
Figure 4).

Achieving an optimal animal intensity based on the capacity of the land to hold these animals is
key to regenerative production. Thus, part of the ability to facilitate a transition to diversified farming
and regenerative production is structural, in the sense that certain farms have better preconditions and
therefore are relatively easier to convert. For example, they may already have a sufficient number of
animals to provide manure for the lands, as well as enough land to grow fodder or allow for grazing,
thereby ensuring self-sufficiency on the farm level.

3.4.3. Dynamics Identified as Counteracting a Transition to Diversified Farming and
Regenerative Production

A number of factors could potentially counteract growth in diversified farming and regenerative
production. One aspect is the ability to find labor with practical skills, considered a bottle-neck in
a transition towards diversified farming as the current educational model is perceived to be built
on a strong theoretical basis. As regenerative production expands, the “Demand for labor with
practical knowledge” increases, thereby making the “Labor gap” grow, and if not addressed, reducing
regenerative production in the long run (balancing feedback B14, Figure 4). Another aspect brought
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forward is the ability to expand to new markets. As the production output increases and actors move
outside the local market, there is a greater deal of anonymity and competition, and therefore also
a greater “Risk of failure” (balancing feedback 15, Figure 4). Anonymity in this case refers to a shift
from selling on a local market where demand is built on reputation and personal contacts, to a market
where the producer has no means to directly communicate with the end consumer (but rather is
dependent on the communication and marketing carried out by the distributor). Also, the nature
of demand growth matters. If the demand growth is step-wise rather than smooth, an immediate
shortage of supply might follow. In response, demand might be met with imports rather than by the
domestic production capacity adjusting to the higher level of demand, thereby halting the transition
to regenerative production on a national scale. Additionally, as the supply of the product increases,
the price would normally fall, negatively affecting the “Relative profitability of diversified farming”
(balancing feedback B16, Figure 4).

The “Ability to carry out diversified farming” is dependent on the problem-solving ability
of the farmer, which is assumed to increase with “Transdisciplinary research at farm-level”.
“Voluntary engagement” from farmers enables this type of research, but the larger the voluntary
engagement the more “Resources drawn from core activities of farmers”, ultimately reducing the
“Voluntary engagement” (balancing feedback B17, Figure 4). Additionally, to be able to carry out
“Transdisciplinary research at farm-level”, not only the “Voluntary engagement” from farmers needs
to be in place, but also the necessary “Academic support systems for transdisciplinary research”.

There are also biophysical limits to “Regenerative production”. For example, the more biomass
that is harvested and sent to the market, the less standing biomass (balancing feedback B18, Figure 4),
the longer the “Growth period” of a specific specie the lower the “Harvesting”, and the larger the plant
diversity the higher the “Competition” for resources, also limiting “Biomass growth rates” (balancing
feedback B19, Figure 4).

3.5. Proposed Leverage Points and Interventions

Aside from the dynamics governing the change processes suggested to underpin a transition to
a bio-based economy, a number of leverage points (i.e., places to intervene in the agricultural system
to support the transition), as well as specific proposals targeting these leverage points, were suggested
during the interviews. Additionally, while the individual CLDs in Figures 1–4 depict dynamics
on different scales, also cross-scale interlinkages were identified in the interview process. Figure 5
displays an integrated CLD, highlighting suggested interventions (in italics), as well as the proposed
cross-scale interlinkages.

3.5.1. Interventions Linked to Environmentally Friendly Practices and Biomass Availability

Interventions aiming at supporting the “Employment of more environmentally friendly practices”
in conventional agriculture include utilizing “Environmental taxes” or other financial instruments to a
larger extent, to make the intensive use of production inputs more expensive. The “Added financial
value of employment of more environmentally friendly practices” would thereby increase, ultimately
lowering the “Intensive use of production inputs” (strengthening the balancing feedback, B2, Figure 5).
Another proposal in this area is to facilitate a “Redirection of farming intensity from high to low quality
farm land”. Aside from lowering the pressure on the most productive lands, this shift would entail
intensifying farming activities on lands that are on the verge of becoming overgrown. This could
positively affect the “Ecosystem service provision”, thereby also holding the potential to reduce the
dependency on “Intensive use of production inputs” (directly affecting the reinforcing feedback R7,
Figure 5).

18



Sustainability 2018, 10, 1504

REGENERATIVE
PRODUCTION

Local demand

Relative profitability
diversified farming

Attractiveness of
diversified

farming
Number of farmers

transitioning to
diversified farming

Ability to carry out
diversified farming

Market price
diversified products

Bullying and pressure
from other farmers

Value driven basis for
community development

Community
resilience

Influx of new
small-scale actors and

entrepreneurs

+

+

+

+

+

+

Willingness to pay a
price premium

+

+

+
+

+

-

Ability to create broader
awareness and support for

diversified farming
+

+

+

R21

R20

R19

R18

Demand for labor
with practical

knowledge
Supply of labor with
practical knowledge

Labor gap
+ -

+

-

Stepwise demand
growth

Communication of
successful
examplesOpenness to

new ideas

Market price
conventional products

Expansion beyond
local markets

Risk of failure

+

Supply of
diversified
products

Supply demand
gap

-

+

-

+

-

Potential
customer base

+

B16

Imports of
corresponding

product

-

R22a

Transdisciplinary
research at farm-level

Voluntary
engagement from

farmers

Resources drawn
from core activities

of farmers

Academic support
systems for

transdisciplinary
research

+

-

+

+

B15

+

+

+

+

Soil quality

Organic
fertilizer

+

Fodder
production +

Functional animal
husbandry

+

+

Ability to
support
grazing

+

+
Crop rotation

schemes

+

+

Plant diversity

+

Competition+

Biomass
growth rate+

-

Biomass

Biomass debris

+

+

+

Harvesting
+

-

+

R14

R15

R16

B14

R17

Technology development
for diversified production

systems

+

Plant breeding programs
for diversified production

systems

Research on
plant

interactions

-

Growth
period

+

+

+

+
+

+ +

+ Green tax shift

+

+

R22b

R23a

R23b

B17

B18

B19

Education
and

compensation
schemes

+

Production systems tuned
towards economies of

scale

Intensive use of
production inputs

+

EMPLOYMENT OF MORE
ENVIRONMENTALLY

FRIENDLY PRACTICES

Agricultural
subsidies

+

Added financial value of
employment of more

environmentally friendly
practices

+
+

Total cost of intensive
use of production

inputs+
+

Collaboration across the
value chain to validate and

communicate environmental
values

Price premium for
promotion of

environmental
values

++

Ecosystem service
provision

Biomass growth rates
conventional farming

-

+

+

Technology
development for

large-scale production
systems

+

Biomass at
fields+

Automated
harvesting
+

-

Ability to meet
industrial demand

for biomass
++

+

Productive
species

-

-

-

+
Dependency on
intensive use of

production inputs
-

+

Cooperative
ownership

models

Family
ownership

Interest and ability
to innovate

Collaboration for
innovation across the

value chain
+

+

+

R5

R9

B10

R10

B6

Environmental
awareness

+

Industrial demand for
even quality biomass

Industrial demand for
large volumes of

biomass

Level of understanding
between rural and urban

areas

Long-term
planning

Learning-
by-doing

Agricultural
capacity

Conversion of fallow
land to actively
cultivated land

Attractiveness of
profession

Available support
functions for farmers

FARMING
ACTIVITIES

+

+

+

+

+

+

+

R3

R1

R2
Education of
new farmers

+

+

Successful
generation shifts+

Average size of
farms-

B5

R4

+

Proximity
to urban

areas
Competing interests

for land-use

Perceived
financial
security

Novel crop
rotation schemes

Food crop
biomass

Harvest rate
+

-

DOMESTIC FOOD
PRODUCTION

+
Biomass litter

++

Biomass growth
rates +

+

Outtake of harvest
residues

-

+

Ability to utilise food waste as
production input in the

bio-based economy

TOTAL BIOMASS
SUPPLY FOR NON-FOOD

APPLICATIONS

+
+

Farmers targeting
novel bio-based

markets
+

Food waste
+

-

+Perceived legitimacy
of agricultural

sector**

Infrastructure
investments

+

Perceived market
potential for residues

B12

B11

R12

National plant
breeding
programs

Resistance to
local stress

+

+

+

Demand for
novel crops

Access to
knowledge

Access to
capital

Willingness to
take risk

Farmer identity
as food

producer

+

Land available for
expanding food or

non-food crop
production

Land allocated
to production of

food crops

+

-

Land allocated to
production of non-food

crops

+

-

+

+

+
+

Non-food
biomass

applications+

-

B1

B8

B13

B9

R13

R6

R8

R7

-
B2

+

+

R11

+

+

+

+

Land
availability-

+

Personal experience of
negative impacts of production

among practitioners

+

+

+

B4 B3

+

+
Redirection of farming

intensity from high to low
quality farm land

+

+

+

+

++
+ -

+

+

B7

+

+ -

+

-
+

School
programs as
platforms for

change

+

Environmental
taxes

+Desired
expansion of
forest land

+

Political
sensitivity**

+

Continuity of actor
dialogue over time*

+

-

-

Figure 5. Proposed interventions (variables in italic) to facilitate desired change in key variables
(capitalized). The CLD also highlights proposed cross-scale interlinkages, as identified during the
interviews. * Impacted by the political dynamics governing a transition; ** Influencing the political
dynamics governing a transition, see Section 3.6.

Specific proposals targeting biomass availability in the bio-based economy include efforts
addressing a perceived lack of capacity to transport and handle harvest residues from the agricultural
sector. By “Infrastructure investments” (bottom, centered, Figure 5), the “Outtake of harvest residues”
would increase, contributing to the “Total biomass supply for non-food applications” and thereby
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enabling more “Non-food biomass applications”. Infrastructure may in this context be understood
in a broad sense, referring to physical but also organizational, technological, and logistical structures
enabling new markets for harvest residue and production side streams to be established. Another
suggestion is to develop and implement “National plant breeding programs” (bottom, left, Figure 5),
aiming to generate a better fit of breeding techniques to Nordic conditions, and a larger variation in
plant characteristics and chemical composition. Expected impacts of this proposal include a better plant
“Resistance to local stress”, generating higher “Biomass growth rates” and larger biomass supplies
for both food and non-food applications. In addition, greater variation in plant characteristics would
create a larger “Demand for novel crops”, making the number of “Farmers targeting novel bio-based
markets” increase, resulting in more “Land allocated to the production of non-food crops”, thereby
contributing to a higher “Total biomass supply for non-food applications”.

3.5.2. Interventions Linked to Diversified Farming and Regenerative Production

Leverage points and proposed interventions affecting the feedbacks governing the transition to
diversified farming and regenerative production fall within a range of categories, including knowledge
production, the organization of labor and technology in diversified farming systems, and the emergence
of new markets.

Developing design principles for diversified farming systems was suggested as crucial to fully
utilize the potential of these systems to provide food for human consumption in a resource efficient
manner. To enable this development, a need to expand the knowledge base was identified. “Plant
breeding programs for diversified systems” could, if successful, increase the output from these systems in
terms of edible, nutritious, and tasty yields, and make them adapted to Nordic geographical conditions
(strengthening the reinforcing feedbacks R22a–b, Figure 5). Also “Research on plant interactions” could
contribute to the development of smart design principles, through the identification of ways to minimize
competition for resources while maximizing synergies between species (strengthening the reinforcing
feedbacks R21–22b, while reducing the strength of the balancing feedback B19, Figure 5).

Another aspect of knowledge generation for diversified production systems concerns a suggested
gap between scientific knowledge and the reality of the farmer. Advice is perceived as unable to account
for multiple complexities and the contextual nature of challenges at the farm. Carrying out more research
among practitioners was identified as a mean to address this gap, thereby enhancing the “Ability to
carry out diversified farming”. Transdisciplinary and farm-based research would help practitioners to
formulate research questions and design suitable interventions to address them, thereby creating a better
problem-solving ability at the farm level. Research processes involving practitioners would also support
the development of design principles for diversified systems, integrating knowledge currently tacit
among those active in the field. A proposed intervention to support this development is to implement
“Education and compensation schemes” to ensure participation among farmers. By strengthening
the interest and ability to participate through education and compensation, the need for voluntary
commitments from the individual farmer could be reduced, thereby enabling transdisciplinary research
projects without being affected by the balancing feedback B17 (Figure 5).

Moreover, a transition to more efficient, diversified farming systems would entail rethinking the
organization of technology and labor. The current technology development within the agricultural
sector has been described as tailored for production of scale and mono-cultures, while there is a lack of
technology for diversified farming. As compared to conventional production, diversified production
systems are characterized by larger complexity, holding a greater number of species within multiple
habitats. In addition, these systems are smaller in scale, bound by the utilization of renewable resources
and ecosystems services such as natural pest control. Acknowledging and addressing the technology
development gap, through “Technology development for diversified production systems”, would
enable larger harvests, thereby contributing positively to the “Supply of diversified products”.

Diversified farming is relatively labor intensive. The proposed “Green tax shift” is assumed to
benefit this type of production, through reducing taxation of labor, thereby making the “Relative
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profitability of diversified farming” increase. In addition, it was pointed out that there is an overall
need to rethink labor in the emerging bio-based economy. The agricultural sector is suggested to
hold the potential to create new jobs, offering an opportunity to address societal challenges such as
unemployment, inequality, and integration. To utilize this potential, diversified production systems
could be based on an organizational design that combines technology for small-scale, complex systems,
with a larger input of human labor. Technology development for diversified farming would then
not replace, but complement, human labor, and a “Green tax shift” would be a mean to realize the
potential of the agricultural sector to contribute to addressing broader societal challenges.

Uncertainty about the market potential and viability of the production process have been identified
as thresholds to overcome in order to facilitate a transition to diversified farming. Market uncertainty
could be reduced by targeting the leverage point “Ability to create broader awareness and support
for diversified farming”, in turns creating “Local demand” and a higher “Willingness to pay a price
premium”. By social means, a value shift could be created that aligns diets to local and seasonal supply.
One proposed intervention is to design and use “Schools programs as platforms for change” (having an
impact on the reinforcing feedbacks, R18–19, Figure 5). Successful examples were highlighted during
the interviews, including municipalities where schools serve primarily seasonal and locally produced
food. Another potential leverage point is the “Attractiveness of diversified farming”, targeted by
implementing proposals such as “Communication of successful examples” of diversified farming
(affecting reinforcing feedbacks R15–19, Figure 5).

3.6. Interconnectedness between the Agricultural and Forestry Sectors

The study serving as a basis for the results outlined in the present paper covered bio-based
resources derived both from the agricultural and forestry sector. In Bennich et al. (2018) [35], the
dynamics governing transition pathways in the forestry sector are presented. During the interviews,
it was highlighted that feedbacks directly related to primary production and processing in the forestry
sector are also coupled with a political dimension of the bio-based economy concept. Key linkages were
pointed out, such as the perceived legitimacy of the forestry sector having an impact on the political
support for the bio-based economy, while political support in turns enable resource mobilization
for innovation or investments in green jobs and traineeship programs [35]. Similarly, dynamics in
the agricultural sector were identified as having an impact on the political support for the bio-based
economy. Firstly, the “Perceived legitimacy of agricultural sector”, to a certain extent determined
by the adherence to the food-first principle, may influence the public support for the bio-based
economy. The level of public support does ultimately either contribute to or erode political support.
Secondly, the proposal to increasingly use “Environmental taxes” or other financial instruments
(Figure 5) to make the use of fossil-based resources relatively more expensive is thought to create
“Political uncertainty” linked to the bio-based economy concept. This sensitivity may reduce the
ability to create a shared understanding and definition of the bio-based economy concept and its
objectives, thereby halting a transition process, also in the forestry sector [35]. Other cross-sectoral
linkages brought forward in the interviews include the connection between the ability of the bio-based
economy concept to bring actors together, which is suggested to be partly governed by political
factors, and the creation of environmental awareness in the agricultural sector. More specifically, the
bio-based economy is perceived as a platform to discuss environmental issues in a non-threatening
way. The larger the “Continuity of actor dialogue” over time, the greater the chances of creating
“Environmental awareness” (Figures 2 and 5). Another factor that was emphasized is that land
is a limited resource, and that developments in the forestry sector might have an impact on the
ability to expand cultivated land (a potential “Desired expansion of forest land” contributing to
“Competing interests for land-use”, thereby lowering the “Conversion of fallow land to actively
cultivated land” in the agricultural sector, Figure 1). This linkage was not recognized by interviewees
in the forestry sector (i.e., acknowledging that a potential expansion of agricultural land might impede
developments in the parts of the bio-based economy linked to the forestry sector). Thus, as also
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stressed in Bennich et al. (2018) [35], the interconnectedness of developments in the agricultural and
forestry sectors, and the dynamics governing public and political support for the bio-based economy,
may create synergies supporting a transition, but could also lead to negative spillover effects halting a
broader transition process. Moreover, perceptions about these linkages differ among the actors in the
bio-based economy.

4. Transition Pathways towards a Bio-Based Economy

4.1. Summary of Proposed Interventions

Transition pathways in the agricultural sector contributing to the emergence of a bio-based economy
may be explored by asking “what-if” questions, using the CLDs and proposals identified during the
interviews as a basis. Recalling the leverage points framework, not all leverage points are seen as equally
efficient in terms of their ability to generate systemic change. However, with respect to the leverage
points suggested during the interviews, many of them rank relatively highly in terms of efficiency, as they
directly affect the relative strength of feedbacks or the overarching goals of the agricultural system.
The specific proposals identified by the interviewees are summarized in Table 1, a majority of which
target leverage points linked to the employment of environmentally friendly practices in conventional
agriculture, biomass availability, or the shift to diversified farming and regenerative production. Leverage
points related to the expansion and maintenance of farming activities were addressed to a lesser extent.
The content of Table 1 is restricted to factors specifically brought up during the interviews.

In addition to the focus of the interventions summarized in Table 1, alternative leverage points
were identified during the interviews. While no specific proposals to facilitate change in these variables
were suggested, they may serve as a starting point for further thinking around potential interventions.

In order to support the expansion and maintenance of “Farming activities”, potential leverage
points identified include the “Perceived financial security” in the agricultural sector, the “Level of
understanding between rural and urban areas”, and the amount of “Long-term planning” carried out,
all contributing to a higher number of “Successful generation shifts” or a greater “Attractiveness of
profession”. In terms of the “Employment of more environmentally friendly practices” in conventional
agriculture, examples of additional leverage points are the “Collaboration across the value chain to
validate and communicate environmental values” and the actors´ “Interest and ability to innovate”.

The aim of securing biomass supplies for the emerging bio-based economy was suggested to
be fulfilled for instance through the implementation of national plant breeding programs, and by
expanding farming activities, thereby increasing the conversion of fallow land to actively cultivated
land. Additional leverage points in regards to securing biomass supplies, particularly for non-food
biomass applications, are the variables linked to the number of “Farmers targeting novel bio-based
markets”. A development with more “Farmers targeting novel bio-based markets” could be facilitated
by a growing market demand for novel crops, but also by interventions increasing farmers “Access to
capital”, “Access to knowledge”, and their “Willingness to take risk”. The shift to “Regenerative
production” is assumed to be supported by interventions targeting the relative profitability of
diversified farming and the ability to create a broader awareness and support for this type of
production. Other potential leverage points may be the “Supply of labor with practical knowledge”
and “Community resilience”. The latter was emphasized based on the observation that isolated
practices are vulnerable, and therefore not likely to be sustained over time.

In summary, a broad range of proposed interventions and places to intervene have been suggested,
ranging from areas such as technology development, use of financial instruments, and efforts to
facilitate change in consumer habits and community values. While certain proposals and places to
intervene in the system were specifically highlighted during the interviews, it should be noted that all
variables in the hypothesized system structure linked to farming activities, the employment of more
environmentally friendly practices, biomass availability, and the shift to regenerative production could
serve as a basis for discussing additional points of intervention.
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4.2. Synergies and Trade-Offs

The results outline multiple and diverse perspectives on the change needed in the agricultural
sector for a transition to a bio-based economy to be facilitated. One area of controversy is the perceived
need to increase adaptation of environmentally friendly practices in conventional agriculture. Views
ranged from this being a necessity for the transition to a bio-based economy, to perspectives considering
the Swedish agricultural sector sufficiently sustainable already. Another area where views differed,
and where there are trade-offs, concerns the allocation of land. One view promotes an expansion of
the cultivated land area, seeing more farm land as a requirement for meeting an anticipated increase in
biomass demand in the transition to a bio-based economy. Another view suggests a shift in farming
intensity rather than an expansion, with the objective of establishing agricultural practices that enhance
ecosystem service provision. Different management approaches will also have different implications in
terms of the combinations of labor and technology required, thus having an impact on the overall ability
of the bio-based economy to contribute to new employment opportunities and rural development.

Aside from areas where priorities differ and where trade-offs exist, there are also change
processes that are seemingly compatible. Interventions with synergistic effects, supporting the
attainment of multiple objectives, include the implementation of new national plant breeding programs,
contributing to biomass production for both food and non-food purposes. Moreover, while some
of the identified objectives are seemingly separated from each other, challenges might still be
shared. One example is the strive to achieve a price premium for promoting environmental values
in primary production. In diversified farming, this is currently achieved predominantly through
building local networks. In conventional farming, a price premium is suggested to be enabled by
collaboration across the value chain to increase communication of the environmental values provided
by agricultural production. Learning across domains may in this case be beneficial in order to achieve
the objective of obtaining a price premium in both diversified and conventional farming. Lastly,
timing and the specific order of intervention might be critical. For instance, the ability to expand and
maintain farming activities might be seen as a prerequisite for a transition, as it ultimately affects the
employment of more environmentally friendly practices in conventional agriculture, the utilization
of new sources of biomass for the bio-based economy, as well as the shift to diversified farming and
regenerative production.

5. Conclusions and Future Research

While agricultural sources of biomass have been recognized as important for the bio-based
economy in Sweden, comparatively little attention has been given to the specific change processes
underpinning a transition process in the agricultural sector. This paper begins to address this gap in
an integrated way by using an approach combining systems analysis and expert interviews in the
development of conceptual maps. These maps, representing causal hypotheses about the interplay of
desired change processes and potential hindrances in the agricultural sector, were subsequently used
to explore proposed interventions and the transition pathways they form. The study also considered
cross-sectoral linkages between the forestry and agricultural sectors.

The results underline the diversity in objectives and views held by different actors. As identified
during the interviews, desired change processes include an expansion of farming activities in Sweden,
the employment of more environmentally friendly practices in conventional agriculture, securing
biomass availability in the bio-based economy, and facilitating a shift to diversified farming and
regenerative production. Even though no consensus on the desired change was held among the actors
represented in the interviews, the process of making hypothesized system structure explicit allows
for the development of a qualitative understanding of the synergies and trade-offs between different
objectives. The approach and results in the form of the CLDs also highlight under which conditions
certain arguments and areas of controversy apply. The polarization created by the fuel versus food
debate may serve as an example. By creating a systemic analysis, the assumption that a transition
process would necessarily entail an expansion of agricultural production for the purpose of growing
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crops for non-food biomass applications is challenged. Different pathways have different implications
in terms of biomass demand, as well as supply, and depending on the objectives either one of these
pathways may be supported by action for change.

The results presented in this paper are exploratory, and further research could entail re-examining
each proposed causality, probing additional insight about the assumptions and conditions under
which it holds. Additionally, the CLDs presented in this paper are based on the accounts of the
interviewed experts. A worthwhile next step could entail comparing these results with other sources of
information, to identify system structure that may have been overlooked during the interviews, as well
as to support the identification of knowledge gaps in the existing literature. Another area of future
research may include a further exploration of the implementation phase of the proposed interventions,
identifying necessary change in causal structure for these actions to be undertaken, or alternatively
to explore additional proposals and their potential impacts. Another direction for future research
includes identifying actor perspectives currently being overlooked in the general debate, for example
linked to the dynamics governing biomass demand. Furthermore, the aim of the study serving as
the basis for the present paper was to provide an integrated understanding of change in the coupled
social and ecological systems enabling or hindering a transition process in Sweden, with a specific
focus on terrestrial biomass sources. Results linked to the dynamics in the forestry sector are outlined
in Bennich et al. (2018) [35] and could be used to put the CLDs linked to the agricultural sector in
perspective. The results also exemplify how actors perceive cross-sectoral relationships differently,
and a way to further explore transition pathways could entail identifying and mapping additional
ways in which the sectors in the bio-based economy are interrelated, how these linkages contribute
to or hinder an overall transition process, as well as how different actors in the bio-based economy
perceive these interlinkages.

Finally, CLDs do not allow for rigorous inference about the relative strength of the feedbacks
identified, or about how the interplay of these feedbacks causes the variables in the system to change
over time. Another avenue for further research may therefore be in the direction of simulation-based
analysis, to test the hypothesized system structure and enable learning about the behavioral output of
the system. The results outlined in the present paper as well as in Bennich et al. (2018) [35] provide
a basis for systemic, holistic thinking around future transition pathways towards a bio-based economy.
A number of feedbacks with the potential to drive or contribute to a transition were identified during
the interviews. Yet, many of these might currently be working in the opposite direction, moving
the system away from a desired state or outcome, thereby preventing a transition from happening.
Moreover, for change to be sustained, there might be a need to pass critical thresholds. Thus, while the
potential to facilitate a transition is perceived as relatively large, there is a need to acknowledge the
inherent difficulties in shifting the direction and dominance of central feedbacks and to deepen the
understanding of the magnitude of change actually required for a transition to happen.
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Abstract: A transition to a bio-based economy would entail change in coupled social–ecological
systems. These systems are characterised by complexity, giving rise to potential unintended
consequences and trade-offs caused by actions aiming to facilitate a transition process. Yet, many
of the analyses to date have been focusing on single and predominantly technological aspects of
the bio-based economy. The main contribution of our work is to the development of an integrated
understanding of potential future transition pathways, with the present paper focusing specifically
on terrestrial biological resources derived from the forestry sector in Sweden. Desired change
processes identified include a transition to diversified forest management, a structural change in
the forestry industry to enable high-value added production, and increased political support for the
bio-based economy concept. Hindrances identified include the ability to demonstrate added values
for end consumers of novel biomass applications, and uncertainty linked to a perceived high level of
polarisation in the forestry debate. The results outline how these different processes are interrelated,
allowing for the identification of high order leverage points and interventions to facilitate a transition
to a bio-based economy.

Keywords: bio-based economy; bio-economy; systems analysis; causal loop diagrams; forestry

1. Introduction

The development of a bio-based economy may be understood as a transition from a society
mainly dependent on fossil-based resources, to an economy built on the use of bio-based resources [1].
The growing interest in the bio-based economy, also referred to as the knowledge-based bio-economy
or the bio-economy, can be explained by factors such as its proposed ability to contribute to a resource
efficient, competitive, and low-carbon economy, as well as to economic activity and new employment
opportunities in rural areas. The bio-based economy has also been conceptualized, similarly to
other emerging concepts such as the circular economy or sharing economy, as contributing to the
development of a green economy [2].

The premises of a bio-based economy lie partly in its cross-sectoral reach, and a transition would
involve multiple actors and interactions across scales and societal domains. The transition process
might entail changes in the way bio-based resources are managed and utilized to provide goods and
services, enabled by factors such as emerging technologies, new institutions, and shifts in attitudes and
values. One way to approach the concept is to employ a coupled social–ecological systems frame [3].
The social in this context refers to all human dimensions relevant to the bio-based economy, including
politics, culture, and cooperation. The ecological refers to the biosphere in which all human activity is
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embedded, and in the case of the bio-based economy more specifically to the dynamics governing the
growth and regeneration of bio-based natural resources. Change in social–ecological systems involves
complex, simultaneous processes, characterized by multiple and interacting feedbacks, non-linear
dynamics, and cause and effect relationships distant in time and space [4]. This complexity gives rise
to elements of uncertainty, but also to potential trade-offs and unintended consequences following
interventions to facilitate change. In order to fathom the possibility of success of a transition to a
bio-based economy, it is crucial to develop an integrated understanding of the seemingly independent
processes governing the necessary change in its different components. However, up until now, many
of the analyses have been addressing aspects of a transition process in isolation. Moreover, the
debate and visions of a bio-based economy have to a large extent been informed by an engineering
and technological perspective, potentially overlooking broader ecological, economic, and societal
implications [5–8]. This paper seeks to contribute to the development of an integrated structural
understanding of the social and ecological processes governing a transition to a bio-based economy.
The following guiding research questions served as a starting point for the study:

• What are the social–ecological dynamics currently enabling or hindering a transition to a
bio-based economy?

• What actions are proposed to facilitate a transition to a bio-based economy, and what pathways
do they form?

In order to answer these overarching research questions, we combine systems analysis and expert
interviews in the development of conceptual system maps. We depart from the proposition that
such structural analysis can provide a space for learning, a basis for discussion, and a qualitative
understanding of the interconnectedness of pathways towards a bio-based economy, allowing for the
identification of high order leverage points for intervention. There are several tools that may help
visualise how components of systems are interrelated, such as high-level system frameworks, maps of
actor networks, subsystem diagrams, stock and flow maps, and policy structure diagrams [9,10]. In this
study, the specific diagramming tool of Causal Loop Diagrams (CLDs) is used, with the empirical
basis in the expert interviews. CLDs are made up by variables connected by arrows, representing
hypotheses about causal relationships. In respect to the purpose of this study, the strength of CLDs lies
partly in their ability to close sequences of causes and hypothesized effects, thereby moving from linear
to feedback thinking. Aside from identifying higher order leverage points, such analysis may support
the identification of unintended consequences and sources of policy resistance, the latter referring to
the tendency of interventions to fail due to the response of the system triggered by the intervention
itself [10,11].

The study focuses on the case of terrestrial biological resources derived from the forestry and
agricultural sectors in Sweden, a country that is promoting a transition on a national scale, and where
both biophysical and socio-economic preconditions are perceived as favourable [1,12]. The present
paper outlines transition pathways in the forestry sector, highlighting how dynamics directly related to
primary production and processing are coupled with a political dimension of the bio-based economy
concept. For reasons of space, the results related to dynamics in the agricultural sector are not covered
in this paper, but presented in Bennich et al., (in review). The remaining part of the paper is structured
as follows: First, the research design and methodological framework are outlined. Thereafter the
results in the form of CLDs are presented. These are subsequently used to explore potential transition
pathways for the future. The paper ends with a concluding discussion and areas for future research.

2. Research Design and Methodological Framework

2.1. Tools for Systems Analysis: System Dynamics Modelling

The research design is based on the system dynamics modelling process [10]. System dynamics is a
method that addresses the structural and endogenous cause of time-dependent system behaviour [13].
Through qualitative causal maps and formal simulation models, dynamic hypotheses about the
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functioning of complex systems are developed and tested. These models may then be used for policy
design and testing, to support management of the systems under study. System dynamics deals
explicitly with characteristics of complex systems, such as non-linear behaviour, delays, and feedback
processes. The system dynamics modelling process typically consist of the following steps [10]:

(1) Problem identification: What is the aim of the modelling process? What is the behaviour of
interest? What are the key variables and concepts giving rise to the behaviour of interest?

(2) Formulation of dynamic hypothesis: What are current theories about the behaviour of interest?
What are endogenous consequences of the feedback structures in the system?

(3) Formulation of simulation model to test the hypothesis (e.g., specification of model parameters
and initial conditions).

(4) Model testing: Does the model replicate reference data? Is the behavioural output robust?
What are the results of the sensitivity analysis?

(5) Policy design and testing: How can proposed policy options be represented in the model and
what are their potential impacts? How do different policy options interact?

For the aim of this study, system dynamics was used as a stepwise method for the description
of the system and for performing qualitative analysis of proposed interventions and pathways for a
successful social–ecological transition to a bio-based economy. In this respect, the study did not extend
to a numerical assessment of potential transition pathways, thereby excluding steps three and four and
instead focusing on steps one, two, and five of the standard modelling process. The dynamic hypothesis
was formulated in the form of conceptual maps, using the tool of CLDs (for further introduction to
connotation and use, see Appendix A). CLDs represent causal hypotheses of system structure, and were
initially used to communicate formal simulation models, or as an intermediary step between system
conceptualisation and the development of a quantitative simulation model [14]. CLDs may however
also be used as an analytical tool by their own means. Aside from making hypothesised system
structures explicit, potential uses include structuring of problem spaces, identification of research
questions, identification of areas of risk and uncertainty, and the development of shared learning and
collaboration [15]. Applications of qualitative system dynamics and CLDs are found in a diverse
number of areas, where examples specifically related to the sustainability field include ecological
economics [16,17], environmental management and governance [18,19], community development [20],
and stakeholder participation in environmental decision making [21].

2.2. Expert Interviews

Expert interviews served as the empirical basis for the CLDs. Expert interviews have long been
used in research, considered an efficient way of gathering data in an exploratory phase of a research
project, a means to obtain knowledge in situations where it might otherwise be difficult to gain access
(e.g., where subjects are considered sensitive or taboo), or as a way to identify and reach out to a
larger circle of interviewees in a specific context [22,23]. However, the purpose, form, and method
for data analysis related to using expert interviews vary. Additionally, multiple perspectives on
critical issues such as what constitutes an expert, how expert knowledge is distinguished from other
types of knowledge, and on the different types of expert knowledge that exist, are still present in the
methodological debate [24].

The main purpose of using expert interviews in this research was to gain exploratory insight
into the drivers and hindrances of a transition to a bio-based economy, broadening the debate around
potential development pathways for the future. Fourteen experts were selected for participation in the
study (for further information about the sample, see Appendix B). The selection was based on an initial
literature review and snowball sampling, informed by the approach for actor identification outlined by
Lelea et al., (2014) [25]. The interviewees were chosen based on their expertise in terms of experience
and knowledge from the forestry and agricultural sectors in Sweden, as well as on their ability to
represent larger actor groups of relevance to the bio-based economy. To elicit multiple perspectives
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on the subject, interviewees were also chosen based on their ability to represent diverse standpoints.
In the snowball sample, specific questions were directed towards identifying actors and perspectives
that may previously have been overlooked in the broader debate.

Semi-structured interviews were selected as means for data collection, as they are well suited
to explore perceptions and views on complex issues, in a sample group with varied professional,
educational, and personal backgrounds [26]. The interviews were based on a number of open-ended
questions (Appendix C), aiming to elicit central variables, causal relationships, and feedback processes
that the interviewees perceived as key to the bio-based economy. The questions were also aiming to
support reasoning about desired as well as unintended changes following proposed interventions
to facilitate a transition. The interviews were carried out in 2017 and early 2018, and took place
either in Stockholm or via Skype. Each interview lasted between 60 and 120 min, and was digitally
recorded and transcribed. Issues of validity and reliability in the data collection phase were addressed
drawing on the process outlined by Barriball and While (1994) [26]. Specific measures undertaken
include the formulation and internal testing of an interview schedule before the actual interviews took
place, interviewer training, and continuous and reflexive analysis to identify and avoid any potential
ambiguities, leading questions, or inappropriate use of probes throughout the interview process.

2.3. Data Analysis and Development of Dynamic Hypotheses

The process of data analysis and development of the CLDs was based on the method presented
by Kim and Andersen (2012) [27]. First, for each interview transcript open coding was used to identify
key variables and proposed interventions to facilitate a transition to a bio-based economy. Second, the
variables were analysed for thematic content, to define relevant system boundaries. In the next step,
the interview transcripts were revisited with the aim of identifying causal links between variables,
expressed as causal arguments by the interviewees. Moreover, desired or unintended consequences of
proposed interventions were identified, exploring their proposed impacts. The data segments were
subsequently translated into CLDs, one for each interviewee.

Next, the CLDs were integrated by maintaining differences while aggregating similarities, in a
process utilising elements of axial coding. In this step, as emphasised by Kim and Andersen (2012),
there is a leap in conceptualisation [27]. The integrated CLDs combine structures collected from
multiple interviews, and specific variable names are replaced with more generalizable terms, in order
to compare and combine the diagrams. As an additional step, to ensure that the CLDs were able to
represent the mental models of the interviewees, a workbook was sent out to the initial interview
sample for confirmation. It contained the integrated CLDs, written descriptions, and a set of questions.
The questions were probing additional feedback thinking, clarification, and missing or redundant
system structure. After receiving and analysing the response to the workbook, the CLDs were revised
accordingly. The final step of model development consisted of simplifying the CLDs, to increase clarity
and coherence. The process was documented to allow for traceability between the data segments and
model structure. Two system analysts worked in parallel on the development of the CLDs, and the
results were compared and discussed to reduce researcher biases.

2.4. The Leverage Points Framework

In order to understand the potential impact of the suggested policies and proposals to facilitate a
transition to a bio-based economy, we built on the leverage points framework initially developed by
Meadows in 1997 [28]. Leverage points are places in a system where a small initial shift may create
large-scale change, and the framework provides a basis for analysing the nature and effectiveness of
interventions. Interventions targeting physical parts of a system fall at the lower end of efficiency. Such
interventions may entail changing parameter values (e.g., tax rates, minimum wages, and fractions of
land set aside for conservation), the size of buffers in the system as compared to the rate at which these
buffers change (such as lowering or increasing an inventory), the physical arrangement of the system
(e.g., construction of infrastructure), or the length of delays in the feedback processes in the system as
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compared to the rate of change in the state of the system. Interventions falling at the higher end of
efficiency include efforts to change the relative strength of balancing or reinforcing feedbacks (where
balancing feedbacks work as control mechanisms in the system and reinforcing feedbacks amplifies
system change), and the creation of new information feedbacks (as a lack of information is suggested
to be a root cause of systems malfunctioning). Even higher on the scale of effectiveness are actions to
change the ability to self-organise, and the overarching rules and goals of the system (acknowledging
the role of power, i.e., where the ability to create and change the rules of a system resides). Lastly, the
leverage points framework emphasises the role of paradigms as sources of systems, and that the ability
to critically reflect on paradigms may prove one of the highest leverage points for system change [28].

3. Results

While parallel visions and understandings of the bio-based economy exist, the results provide
an integrated understanding of the change processes perceived as key by the interviewed experts.
The results, in the form of CLDs, are presented under the following themes: (1) The dynamics directly
linked to primary production and processing in the forestry sector, and (2) The political dimension of
the bio-based economy concept. The thematic separation is made for reasons of clarity, but interlinkages
are indicated and further elaborated in Section 3.4. Variable names are designated by quotation marks
in the text.

3.1. Dynamics Governing a Transition in Primary Production and Processing

During the interviews, key desired change processes identified were a “Shift to diversified
forestry” in primary production, and a “Shift to high value-added production” in processing (variables
in capital letters, Figure 1). The two processes are described in the following subsections.

3.1.1. Drivers of a Transition in Primary Production

A “Shift to diversified forestry” was identified as essential to a transition to a bio-based economy. It
may be understood as a shift away from the currently dominant industrial forestry management model
based on mono-cultures, volume maximization, and clear-cuts. This shift would imply change in multiple
areas, such as management practices, the number of productive species, and the characteristics of the
forest biomass. The larger the “Shift to diversified forestry”, the higher the “Nature values”, encompassing
productive, ecological, recreational, and cultural forest values. Four reinforcing feedbacks govern the
potential “Shift to diversified forestry”. The higher the “Nature values”, the more “Public engagement”,
which in turn gives rise to higher “Demand for non-market values”, reflecting the use value of the forest.
Different underlying factors explain this proposed relationship, such as proximity to urban areas (demand
increases when proximity increases), and accessibility (demand increases with accessibility). As the
“Demand for non-market values” increases, so does the “Forest owner self-confidence and motivation”
to take on an active management role. The impact of changes in demand for non-market values on the
forest owner’s self-confidence and motivation depends on factors such as the sense of community in
the region (the higher the sense of community, the larger the considerations of public interests in forest
management). With active forest management, the overall diversity of management practices increases,
thereby supporting the “Shift to diversified forestry” (reinforcing feedback, R1, Figure 1).

The larger the “Shift to diversified forestry” and the higher the “Nature values”, the higher the
forest owners´ “Perceived ability to provide non-market values”. Similarly, with more diversified
forestry, the “Ability to meet demand for high quality biomass” increases. Successfully providing these
diverse services has an important positive impact on the self-motivation and confidence of the forest
owner. The higher the fulfillment of management goals, the higher the self-motivation and confidence,
leading to a larger “Shift to diversified forestry” (reinforcing feedbacks, R2-3, Figure 1). This effect is
further enhanced by diversified forestry contributing to higher “Soil quality”, which in the long-term
supports the attainment of productivity related management goals (reinforcing feedback, R4, Figure 1).
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Figure 1. Feedback processes governing key elements of a transition process in the forestry sector.
Capitalized variables represent desired change processes, and variables in italic denote proposed
interventions. Causal Loop Diagrams (CLDs) make use of arrows to indicate causal relationships
between system variables. These relationships can be either positive (represented by a plus sign) or
negative (represented by a negative sign). A positive relationship implies that, if variable X is connected
to variable Y, they move in the same direction (an increase in X will lead to an increase in Y, and a
decrease in X will lead to a decrease in Y). A negative relationship suggests that the variables move in
opposite directions (an increase in X will lead to a decrease in Y, and a decrease in X will lead to an
increase in Y). Feedbacks may be either reinforcing or balancing (denoted by a R and B, respectively).
For a further introduction to CLDs, see Appendix A.

3.1.2. Hindrances of a Transition in Primary Production

One balancing and one reinforcing feedback counteract the shift to diversified forestry. First, when
“Nature values” increase, so do the “Prospects of protection”, that is, the prospects of conservation
of land areas with high nature values. These prospects increase the “Perceived threats to owner
autonomy”, causing the “Forest owner self-motivation and confidence” to decrease, thereby hampering
the shift to more diversified forestry management models (balancing feedback, B1, Figure 1). Second,
the discourse in the forestry sector is described as polarized. The higher the “Perceived polarization in
forest discourse”, the higher the “Polarization”, and vice versa (reinforcing feedback, R5, Figure 1).
Polarization erodes “Forest owner self-motivation and confidence”, through creating uncertainty
regarding the relative sustainability and financial viability of different management options.

In addition, there are lock-in effects created by feedbacks linked to the current structure of the
forestry industry, which have an impact on the likelihood of a shift to diversified forestry. Currently,
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the “Ability to meet demand for bulk production of biomass” is high, promoting the industrial use of
forests, and decreasing the “Shift to diversified forestry”. The promotion of industrial forestry can be
explained by factors such as high confidence in the current model as long as it remains profitable, and
actor mobilization creating a larger ability to protect industrial interests. The less forest land allocated to
diversified modes of production, the larger the ability to meet demand for bulk production of biomass
(reinforcing feedback, R6, Figure 1). Second, as the “Ability to meet demand for bulk production of
biomass” increases, so does “Industrial investments in infrastructure and labor”. The larger these
investments are, that is, the higher the production capacity of the forestry industry, the higher the
demand for “Bulk production of biomass”, and the lower the “Shift to diversified forestry” (reinforcing
feedback, R7, Figure 1). However, taking into account a longer time horizon, low diversity in the
forestry industry can lower the “Soil quality”. This can be explained partly by the industrialized mode
of production having negative environmental impacts, but also by an increasing demand for biomass
leading to pressure to utilize harvest residues to a larger extent. Lower soil quality, in turns, erodes the
“Ability to meet demand for bulk production of biomass”, thus weakening the ability to maintain a
highly industrialized mode of forest management over time (balancing feedback, B2, Figure 1).

3.1.3. Drivers of a Transition Linked to Innovation in the Processing Stage

Two change processes have been identified as important with regards to the innovation potential
of the forestry sector. First, the process of the conventional industrial production becoming more
advanced and resource efficient, and second the potential shift towards high value-added production
built on economies of scope rather than economies of scale.

The process of making the current industrial structure more advanced depends on the
“Resources allocated to innovation in existing production designs and processes”. The more
resources allocated towards these ends, the larger the “Resource use efficiency”, in turns leading
to higher “Financial value of bulk production”. The “Financial value of bulk production”, that is, the
profit streams from conventional production, determines the “Resources available for innovation”,
further enabling resource allocation towards innovation in existing product designs and processes
(reinforcing feedback, R8, Figure 1). An additional factor identified as important in this respect is the
“Cross sector collaboration”. The more collaboration across sectors, the higher the innovation potential
in conventional forestry production, and the larger the “Markets for conventional forest products”,
thereby contributing to both the “Resources allocated to innovation in existing production designs and
processes” and the “Financial value of bulk production”.

There is a choice between allocating resources towards existing production processes, or towards
completely novel modes of production. The latter may be described as a new form of forestry,
where biomass is utilized based on qualitative characteristics, rather than on bulk. More “Resources
allocated towards innovation in emerging technologies” makes the “Theoretical potential and capacity
build-up for high value-added production” increase. As long as this entails “Spillover effects”,
increasing “Resource use efficiency” in conventional production processes (i.e., contributing to and
being compatible with the existing industrial structure), the “Resources allocated towards innovation
in emerging technologies” will increase (reinforcing feedbacks, R9-10, Figure 1). The choice of
allocating resources towards emerging technologies depends on the “Organizational innovation
ability”, referring to the ability of an organization to innovate when phasing pressures. The higher the
“Organizational innovation ability”, the larger the tendency to allocate resources towards innovation in
new areas. Counteracting such developments is a reinforcing feedback working through the “Financial
value of bulk production” and “Industrial investments in infrastructure and labor”. The larger the
industrial investments in existing production processes, the larger the lock-in effect, and the lower the
“Organizational innovation ability” (reinforcing feedback, R11, Figure 1). The balancing feedbacks
B3 and B4 (Figure 1) represent the fact that resources are limited, and that the more that is allocated
either to innovation in emerging technologies or to strengthening current production processes, the
less remains to spend elsewhere.
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The “Shift to high value-added production” depends on the “Theoretical potential and capacity
build-up for high value-added production”, as well as the “Ability to meet demand for high quality
biomass” in primary production. Four feedbacks reinforce a potential transition process. As the
“Shift to high value-added production” starts to unfold, the “Trustworthiness” of the actor increases,
facilitating new forms of collaboration across the value chain and related knowledge domains.
Collaboration strengthens innovation capabilities, and creates knowledge about new markets. It also
allows for learning effects through interaction, and for validation of production processes. Thus,
the “Collaboration across knowledge domains” supports the shift to high value-added production
(reinforcing feedback, R12, Figure 1). Another reinforcing feedback is the cost reduction loop. As the
“Shift to high value-added production” occurs, the cost of production decreases, for example through
learning effects. With a lower “Cost of production”, a “Shift to high value-added production” is
further supported (reinforcing feedback, R13, Figure 1). Market development has been identified
as a main hindrance in the transition process towards high value-added production in the Swedish
forestry sector. However, it has also been noted that it is the “Shift to high value-added production”
itself that holds the potential to create new markets for these products. This development hinges
on the “Ability to demonstrate added value for end consumer”. Unless these new applications of
biomass are able to showcase better performance quality wise, markets are not likely to materialize.
If the “Market demand for high value-added products” increases, so will the “Realization of financial
value”, further supporting a “Shift towards high value-added production” (reinforcing feedback, R14,
Figure 1). High initial costs, as well as “Polarization” in the forestry debate, are hindering factors
in a transition process. Lastly, the larger the “Shift to high-value added production”, the greater the
“Demand for high quality feedstock”, driving the “Shift to diversified forestry”. The larger the shift to
diversified forestry, the higher the “Ability to meet demand for high quality biomass”, further enabling
the “Shift to high value-added production” (reinforcing feedback, R15, Figure 1).

3.2. The Political Dimension of the Bio-Based Economy Concept

In addition to the dynamics linked directly to primary production and processing, a political
dimension to the transition to a bio-based economy was highlighted during the interviews.

3.2.1. Key Feedbacks Governing Political Support for the Bio-Based Economy

In order for a transition process to be facilitated, “Political support for the bio-based economy” is
central. Eight reinforcing feedbacks have been identified as important in this regard. The higher the
political support for the bio-based economy, the higher the “Resource mobilization for innovation”.
Both directly, in terms of allocation of public funding to, for instance, research programs, and
indirectly by the means of reducing political uncertainty (currently perceived as high), thereby
attracting resources from private funding sources. Resource mobilization for innovation enables the
“Development of flagship products with high symbolic value”, which in turns increases the “Awareness
among decision makers”, creating more political support for the bio-based economy (reinforcing
feedback, R1, Figure 2). Flagship products with high symbolic value could also create “Public support”,
ultimately increasing legitimacy and political support (reinforcing feedback, R2, Figure 2). Political
support may also facilitate initiatives of other kinds, such as collaborative programs and platforms
for dialogue, engaging actors from different sectors of the bio-based economy. Such programs would
ensure a “Continuity of actor dialogue over time”, enabling the development of a “Shared definition
and understanding of the bio-based economy”. With a shared understanding and consensus on
the bio-based economy concept and its objectives, even stronger political support can be facilitated
(reinforcing feedback, R3, Figure 2). Similarly, clarity on the meaning of the bio-based economy would
increase “Public support”, thereby reinforcing the legitimacy of the bio-based economy and thus
further make the political support increase (reinforcing feedback, R4, Figure 2). Additionally, political
support could enable “Investments in green jobs and traineeship programs”, suggested as a means
to create “Public support”. The underlying idea is to highlight the ability of the bio-based economy
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to contribute to addressing societal challenges such as unemployment, integration, and inequality.
Yet again, when “Public support” increases, so does the political support (reinforcing feedback, R5,
Figure 2). Moreover, political support enables “Investments in measurement and follow-up” of
developments towards a bio-based economy, increasing the “Perceived contribution of the bio-based
economy to the total economy”. As the perceived importance grows, so does the political support
(reinforcing feedback, R6, Figure 2). With investments in the measurement and follow-up, the ability to
develop “Indicators for communication purposes” also increases, contributing to a transition process
through strengthening public support for the bio-based economy (reinforcing feedback, R7, Figure 2).
These indicators would for instance be designed to broaden the public understanding of the bio-based
economy, so that the concept is perceived to encompass more than bio-energy, and to communicate
specific environmental gains (e.g., reductions in greenhouse gas emissions following a transition).
This development is further strengthened by “Investments in measurements and follow-up” from
actors other than the government, enabled by the “Shared definition and understanding of a bio-based
economy” (reinforcing feedback, R8, Figure 2). The relative strength of the feedbacks in Figure 2 are
potentially affected by factors not part of the feedbacks themselves. One such driver is the “Novelty of
bio-based economy concept”, creating a political window of opportunity which increases the “Political
support for the bio-based economy”. Another example is the variable “Service-based share of the
bio-based economy”, encompassing activities related to health, recreation, and tourism, having a
positive impact on the “Perceived contribution of bio-based economy to total economy”. It was
suggested that the potential to further develop the service-based share of the bio-based economy is
relatively high, but currently overlooked in the debate.

Shared definition and
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bio-based economy
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of bio-economy

Perceived contribution of
bio-based economy to the

total economy
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POLITICAL
SUPPORT FOR

THE BIO-BASED
ECONOMY

+

+

Awareness
among decision

makers

+

Continuity of
actor dialogue

over time

+

Development of flagship
products with high

symbolic value

Public
support

+

Administrative
burden

Indicators for
communication

purposes

+
RESOURCE

MOBILISATION FOR
INNOVATION*

+

+

+
+

R1
R2

Lock-ins in
debate

Percieved
polarisation
among actors +

-
+

Investments in
measurement and

follow-up

+

+

+

+

+

R5

R3

R7

PERCEIVED
LEGITIMACY OF
AGRICULTURAL

SECTOR**

+

+

NATURE
VALUES*

+

PERCEIVED
LEGITIMACY OF

FOREST SECTOR*

+

Implementation and
communication of green

jobs and traineeship
programs

+

-

+

-

R6

B1

+R4

R8

Novelty of
bio-based
economy
concept

+

Industry investments in
green jobs and

traineeship programs

+

+

R9

Coherency of
indicator

frameworks

-

Figure 2. The political dimension of the bio-based economy concept, coupled with developments in
primary production and processing. Desired change includes an increase in the political support for the
bio-based economy. Variables in italics represent proposed interventions, and capitalized variables in
orange/blue the connections between sectors. * Developments linked to forestry sector (see Figure 1).
** Developments linked to dynamics in the agricultural sector, see Bennich et al., (in review).

3.2.2. Dynamics Eroding Political Support for the Bio-Based Economy

Two feedbacks counteract the build-up of political support for the bio-based economy.
The attainment of a shared understanding of the bio-based economy is hindered by a
“Perceived polarization among actors”, creating “Lock-ins in the debate”. The more lock-ins, the
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higher the perceived polarization (reinforcing feedback, R9, Figure 2). It was emphasized that these
lock-ins make the debate evolve around details rather than the greater picture or systemic vision
of the bio-based economy, that it makes it difficult find common ground to continue the dialogue,
and that polarization currently constitutes a significant hindrance for the overall transition process.
Another potential hindrance that may become increasingly pressing is linked to administration.
Measurements and follow-up are considered important, but do also increase the “Administrative
burden” on actors of the bio-based economy, thereby reducing “Resource mobilization for innovation”
(balancing feedback, B1, Figure 2). The underlying assumption is that the greater the administrative
burden, the more resources need to be allocated towards meeting reporting requirements, thereby
reducing the willingness and ability to innovate. The higher the “Coherency of indicator frameworks”
for the bio-based economy, the lower the “Administrative burden”.

3.3. Proposed Leverage Points and Interventions

Proposed interventions (variables in italic, Figures 1 and 2) target four different leverage points:
The “Forest owner self-motivation and confidence”, the “Theoretical potential and capacity build-up
for high value-added production”, the “Soil quality”, and the “Implementation and communication of
green jobs and traineeship programs”. The specific intervention proposed to increase forest owner
self-motivation and confidence is to implement “Trainings, workshops, and education programs
for forest owners”, reversing a perceived decline in such activities. This would increase the ability
to shift to diversified forestry, directly strengthening the reinforcing feedbacks R1, R2, R3, and R4
(Figure 1). With independent decision making, the overall ability to cope with the uncertainty created
by the polarized debate is also expected to increase, weakening the effect of the reinforcing feedback
R5 (Figure 1). Taken together, these developments could support the “Shift to diversified forestry”.
The intervention suggested to increase the “Theoretical potential and capacity build-up for high
value-added production” is to ensure “Investments in R&D”, thereby creating greater “Resource
efficiency” in the current industrial structure, as well as higher potential for a “Shift to high-added
value production”. The proposal to increase levels of “Wood-ash recycling” is emphasizing the need to
increase nutrient circularity, in order to improve “Soil quality”.

The proposal to facilitate “Industry investments in green jobs and traineeship programs” is
targeting the fourth leverage point, “Implementation and communication of green jobs and traineeship
programs”. By this means, developments within the forestry sector could serve as a way to address
societal challenges such as inequality, unemployment, and segregation. This would strengthen the
perceived legitimacy of the forestry sector, and so contribute to the build-up of both “Public support”
and “Political support for the bio-based economy” (Figure 2).

3.4. Interconnectedness

During the interviews, it was highlighted that developments in primary production are tightly
coupled with a political dimension of the bio-based economy concept. For example, political
developments have an impact on the access to financial capital, as the “Political support for the
bio-based economy” enables “Resource mobilization for innovation”, thereby supporting “Investments
in R&D” in the forestry sector. Political support, in turns, is partly dependent on perceptions among
the public. The “Perceived legitimacy of the forest sector” makes the “Public support” for the
bio-based economy increase. The perceived legitimacy of the forestry sector is built on the ability of
the forestry sector to provide nature values (including production as well as use-values of the forest),
and additionally on the level of alignment between societal values opposing industrial use of the
forest and actual forest management practices. Moreover, “Nature values” constitute the basis for the
“Service-based share of the bio-based economy”. The more “Nature values”, the higher the ability of
the “Service-based share of the bio-based economy” to expand. The larger the “Service-based share of
the bio-based economy”, the higher the “Perceived importance of bio-based share of all economy”,
ultimately having a positive impact on the “Political support for the bio-based economy”.
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In addition to the interconnectedness between developments in the forestry sector and the
political dimension of the bio-based economy, linkages between the forestry and agricultural sector
were identified. A specific example is the proposal to introduce environmental taxes as a means to
support the adoption of more environmentally friendly practices in the agricultural sector (Bennich,
et al., in review). While this proposal provides an opportunity to support the attainment of the
objectives of a bio-based economy in the agricultural sector, it is suggested to simultaneously increase
the “Prospects of loss of jobs in fossil-based sectors”, making the “Political sensitivity” of the bio-based
economy concept grow, thereby reducing the ability to create a “Shared understanding and definition
of the bio-based economy”, and so lowering the “Political support for the bio-based economy”.
Another factor highlighted during the interviews is that the perceived legitimacy of the agricultural
sector, just as the “Perceived legitimacy of the forestry sector”, has an impact on “Public support”.
While the legitimacy in the forestry sector to a large extent is determined by the ability to provide
nature values, the legitimacy in the agricultural sector is suggested to be based on the provision of food
for human consumption (Bennich, et al., in review). The lower the adherence to the food first principle,
the lower the perceived legitimacy of the agricultural sector, and the less the “Public support” for the
bio-based economy. Hence, the interconnectedness of different dimensions of the bio-based economy
could be seen as an opportunity, where developments within a single sector can support the broader
transition process. It may however also become a hindrance, as developments perceived as undesirable
in one sector might have negative spillover effects in another, thereby impeding the transition.

4. Transition Pathways towards a Bio-Based Economy

4.1. Summary of Proposed Interventions

Transition pathways towards a bio-based economy can be explored by asking “what-if” questions,
departing from the CLDs and interventions proposed during the interviews. In the forestry sector,
proposed interventions rank relatively high on the scale of effectiveness in accordance with the leverage
points framework, as they directly target the relative strength of balancing and reinforcing feedbacks,
and the goals of the system. Worth noting is that the feedbacks identified as drivers of a transition may
also work in the opposite direction, moving the system away from the desired state or outcome, and
that many of the proposed interventions are aiming to ensure shifts in loop dominance to avoid this.
Table 1. provides a summary of suggested interventions and their desired impact, as well as examples
of controversies, uncertainties and questions remaining to be explored. The summary is limited to
suggestions and factors specifically brought up during the interviews.

Additional leverage points identified during the interviews include the variable “Centralisation of
forest governance” (where actions to decentralise forest governance is expected to lower the perceived
threat to owner autonomy, and thereby increase self-motivation among forest owners), the “Ease of
selling forest land” (where efforts to keep the markets well-functioning are assumed to lead to a
larger proportion of engaged forest owners), and the “Marginalisation of women” (where actions
to ensure the inclusion of women would have a positive impact on overall levels of active decision
making in the forestry sector). One of the proposed interventions identified and currently carried out
is the “Investments in R&D”. However, it was emphasised that efforts should be redirected, from
interventions targeting the theoretical potential and capacity build-up through research investments,
to interventions targeting the commercialisation of novel biomass applications. No specific proposals
were identified, but such a shift could supposedly entail addressing any of the variables surrounding
the “Shift to high value-added production”, such as the “Market demand for high value-added
production”, the “Ability to demonstrate added value for end consumer”, or the “Initial costs”
(Figure 1). Another proposed leverage point, linked to the political dimension of the transition to a
bio-based economy, is the “Shared definition and understanding of the bio-based economy concept”
(Figure 2).
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4.2. Synergies and Trade-Offs

As suggested by these results, there are many leverage points and resulting ways in which the
forestry sector can contribute to a transition to a bio-based economy, and large potential for developing
efficient and coherent bundles of proposals to facilitate change. Yet, the multiple change processes
identified as desirable during the interviews result in different priorities in terms of action. Are these
change processes compatible, in the sense that achieving one of the objectives of the bio-based economy
supports, or at least does not hinder, the attainment of other goals? In the forestry sector, there seems to
be a trade-off between diversified and industrial modes of production. Diversified forestry promotes
both productive and use-values of the forest in the long-term, while industrial use promotes productive
values in the short-term. However, diversified forestry hinges on the emergence of markets valuing
qualitative aspects of the biomass, enabled by a shift to high value-added production in the processing
stage. This shift is partly dependent on the current industrial structure, as it generates and directs
capital to the build-up of theoretical potential and capacity for high-value added production. Thus, the
currently dominant industrial use of forests both hinders and enables the shift to diversified forestry
and high value-added production. A shift in loop dominance may facilitate an overall change in the
system, but such developments might be dependent on either timing or, as suggested during the
interviews, actors other than the forestry industry taking the lead in the process.

5. Conclusions and Future Research

The transition to a bio-based economy has been described as a solution to multiple societal
challenges, be they social, economic, or environmental. However, change in coupled social–ecological
systems entails great complexity and uncertainty, and multiple and sometimes contradictory views on
the objectives and priorities of a transition still exist. Yet, until now many of the analyses have mainly
been focused on isolated and, to a large extent, technological transition pathways. This paper attempts
to contribute to a more systemic and integrated understanding of transition pathways for a bio-based
economy, with a specific focus on the forestry sector in Sweden. Our approach combines qualitative
system dynamics and expert interviews in the development of conceptual system maps, depicting the
interplay of key change processes suggested to underpin a transition to a bio-based economy.

The findings make explicit the prevailing diversity in aims and priorities of the bio-based
economy held by different actors in Sweden. Objectives, as expressed by the interviewees, include
a shift to diversified forest management, a structural change in the forestry industry to focus on
high-value added production, and the creation of stronger political support for the bio-based economy.
While recognizing that objectives and priorities differ, the contribution of our study is an integrated
causal theory of change towards meeting these aims. Enabling dynamics identified during the
interviews include the build-up of forest owners’ self-motivation and confidence to take on an active
management role, and the emergence of markets for high-quality feedstock. Hindrances include a
perceived uncertainty about the relative sustainability of forest management practices, and a low
ability to demonstrate added values of novel biomass applications.

The results also highlight a number of leverage points and proposed interventions. Some of these
interventions may have synergetic effects, as in the example of efforts directed towards achieving
forest owners’ active participation in management processes, which are expected to contribute to both
production and environmental management goals. There are also processes that create change that
could potentially inhibit the attainment of other objectives. One example might be investments in R&D,
leading to a larger potential for high-value added production but also making the current structure of
the forestry industry more advanced, thereby creating lock-in effects. The identification of potential
lock-ins supports the possibility to redirect efforts to other points of intervention. Additionally, the
results point to interventions that could result in unintended consequences and policy resistance,
such as centralized decisions to promote conservational efforts without simultaneously intervening
to ensure self-motivation and active decision making among forest owners. Finally, and perhaps
unexpectedly, many of the proposed leverage points and interventions are addressing values, beliefs,
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and attitudes, for instance related to perceptions about risk, uncertainty, and conflict, as well as to
expectations about future market developments, awareness about characteristics of novel biomass
applications among consumers, and the build-up of trust between actors in the bio-based economy.

The examination of transition pathways serving as a basis for this study is exploratory, and there
is room to further test and discuss the propositions made. Avenues for future research may include
re-examining the causalities identified, to deepen the understanding of the conditions under which
they hold. The proposed system structure is also limited to the accounts made by the selected experts,
and further research could entail identifying additional system structures within the boundaries of this
study that for different reasons may not have been identified during the interviews. For example, it
was recognised that developments in the agricultural and forestry sectors are interrelated through the
political dimension of the bio-based economy concept. One way to further explore transition pathways
could include identifying additional interlinkages, in primary production as well as other sectors, and
how these relationships are perceived among different actors.

In terms of proposals suggested to facilitate change, next steps could entail an analysis of the
feasibility of options, identifying where power and responsibilities lie, as well as the causal structure
linked to the implementation phase. Moreover, the CLDs presented in this paper may be used as a
basis to discuss additional proposals and their potential impacts. One example of an area that might
currently be overlooked is the perceived conflict in the forest discourse and the resulting high level of
polarisation. Constituting a barrier to both the shift to diversified forestry and to structural change
enabling high-value added production, interventions lowering the perceived level of conflict may be
crucial to facilitate a transition process. A second example might be the political dimension of the
bio-based economy, where there is large potential to explore additional interventions.

Another possibility for future research lies in further capturing interactions across scales.
Each variable and feedback structure presented in this paper may be disaggregated and analyzed
in sub-systems, adjusted to the level of detail relevant to specific decision-making contexts of actors
in the bio-based economy. An additional aspect to consider is how the dynamics identified at the
regional and national scale relate to broader geographical dynamics, linking to fundamental questions
of distribution of resources, fairness, market powers, and overall levels of consumption. By accounting
for interactions not only between domains but also across scales, different pathways and their potential
implications may be discussed in an explicit way.

Lastly, while the results highlight key feedbacks and stress that the order of intervention matter
in a transition process, they do not allow for any inference about the relative strength of feedbacks,
potential shifts in feedback dominance, or how the speed of change in different parts of the system
affects goal attainment. We therefore foresee room for further work in the direction of quantification
and simulation, allowing for rigorous inference and learning about system behaviour over time.
Deliberate reflection on the use of combinations of qualitative and quantitative modelling in analysing
the bio-based economy could also contribute to the discussion on how modelling tools may be used to
better understand and manage sustainability transitions in a broader context.
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Appendix A. An introduction to Causal Loop Diagrams (CLDs)

CLDs are graphical representations of system structure, and can be used to conceptualize a system,
for communication purposes, or as an analytical tool. In the context of this research, they are used as
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a medium for analyzing transition pathways to a bio-based economy in Sweden (where the present
paper outlines results linked to the forestry sector, while dynamics linked to the agricultural sector
are presented in Bennich, et al., in review). CLDs display key variables and their interactions through
causal relationships and feedback loops. Each link included in the diagrams represent a hypothesis
about the causal structure of the system under study. In our work, the CLDs are based on causal
relationships elicited from expert interviews. Table A1 provides an overview of the CLD connotation.

Table A1. An introduction to the use of CLDs.

Graphical Representation: Denotes: Interpretation:

The link represents a causal
relationship between variable X
and variable Y.
The (+) suggests that the
relationship is positive.

If X goes up (down), then Y will go up (down).
If there is a change in X, then Y will change in the
same direction.
The relationship is one-directional, a change in Y
has no effect on X.

The link represents a causal
relationship between variable Y
and variable X.
The (-) suggests that the
relationship is negative.

If Y goes up (down), then X will go down (up).
If there is a change in Y, then X will change in the
opposite direction.
The relationship is one-directional, a change in X
has no effect on Y.

The figure displays a reinforcing
feedback loop.

A feedback loop is reinforcing if there are no (-)
signs, or if the number of (-) signs is even.
This type of feedback reinforces an initial change
in the system, and is a source of growth, erosion,
and collapse.

The figure displays a balancing
feedback loop.

A feedback loop is balancing if the number of (-)
signs is odd.
If a variable in a balancing loop changes, the
feedback effect opposes and may reverse the
initial change.
Balancing feedback loops are self-correcting.

The mark on the arrow indicates a
delay in the system.

This mark denotes that the causal effect of a
change in variable Y on variable X is significantly
delayed in time.
It is not the usual convention to make delays
explicit in CLDs, unless they are significant in
relation to other causalities in the CLD.

Appendix B. Overview of the Area Expertise, Current Position, and Educational Background of
Interviewees

Interviewee
No.

Specific Area of Expertise Current Position
Educational
Background

1. Climate change, air pollution, and
agriculture Advisor at non-governmental organisation Environmental

Engineering

2. Energy, climate change, and the
bio-based economy

Expert and policy advisor, working at
interest and business organisation
representing the green industries in Sweden

Economics

3. Business development, policy design,
and the bio-based economy

Senior adviser at the Ministry of Enterprise
and Innovation Biology

4.
Gender equality in the forest sector,
forest management models among
private forest owners

Committee member, Forest owner
association Economics

5. Sustainable food systems, policy
making in the agricultural sector

Research coordinator and consultant for
municipalities Agronomy
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Interviewee
No.

Specific Area of Expertise Current Position
Educational
Background

6.
Business development in the green
industries, sustainable agricultural
production systems

Head of corporate social responsibility at
agricultural cooperative

Environmental
Science

7. The bio-based economy and policy
development at the EU level

International coordinator, The Swedish
Forest Agency

Environmental
communication

8. Sustainable agriculture, environmental
communication

Associate professor, Örebro University,
Sweden

Sustainability
Science

9. The bio-based economy, innovation in
the forest industry

Consultant for governments and industry
in forestry related issues

Forest sector and
policy analysis

10. Sustainable forestry Senior lecturer, Lund University, Sweden Environmental
Science

11. Innovation policy, sustainability
transitions, bio-refinery development

Associate senior lecturer, Lund University,
Sweden

Economic
Geography

12.
Decision making among private forest
owners, policy development for the
bio-based economy

Senior lecturer in environmental
management, Stockholm University,
Sweden

Ecology

13. Policy development and collaboration
for the bio-based economy

Coordinator for the circular and bio-based
economy innovation and partnership
platform at the Swedish Government

Agronomy

14. Bio-energy, policy frameworks for the
bio-based economy Desk officer, Government Offices of Sweden Chemistry

Appendix C. Interview Guide for Semi-Structured Interviews

a) Welcoming and gathering of participant information

1. Introduction to the AdaptEcon research project, researcher background, research process.
2. Tell me about your background and your current position?

b) Interview questions

3. Are you familiar with the bio-based economy concept from before? How would you
define a bio-based economy/how do you understand the concept?

4. In what ways do you/your organisation/employer work with a bio-based economy?
5. Can you describe a desirable development that would follow from a transition to a

bio-based economy? What is the desired change that a transition would bring (short
term/long term)?

6. What would be desirable effects on the sectorial (agriculture/forestry) level, and on a
national level?

7. What indicators could be used to trace/measure this development?
8. Can you give examples of actions or proposals to implement in order to facilitate a

transition process?
9. What are the main challenges to overcome in order to facilitate a transition process?
10. Can you come to think of any unintended consequences following a transition process?
11. Can you give examples of uncertainties or areas of risk linked to a transition process?
12. What measures could reduce this uncertainty/risk?
13 What actors should take lead in the transition process?
14. Can you give examples of actors or perspectives relevant to the bio-based economy, but

currently being overlooked in the general debate?
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c) Closing of interview

15. Other questions/comments?
16. Thanking of participant and snowball sampling.
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Abstract: Bio-based plastics are increasingly appearing in a range of consumption products, and after
use they often end up in technical recycling chains. Bio-based plastics are different from fossil-based
ones and could disturb the current recycling of plastics and hence inhibit the closure of plastic cycles,
which is undesirable given the current focus on a transition towards a circular economy. In this paper,
this risk has been assessed via three elaborated case studies using data and information retrieved
through an extended literature search. No overall risks were revealed for bio-based plastics as a group;
rather, every bio-based plastic is to be considered as a potential separate source of contamination in
current recycling practices. For PLA (polylactic acid), a severe incompatibility with PET (polyethylene
terephthalate) recycling is known; hence, future risks are assessed by measuring amounts of PLA
ending up in PET waste streams. For PHA (polyhydroxy alkanoate) there is no risk currently, but it will
be crucial to monitor future application development. For PEF (polyethylene furanoate), a particular
approach for contamination-related issues has been included in the upcoming market introduction.
With respect to developing policy, it is important that any introduction of novel plastics is well guided
from a system perspective and with a particular eye on incompatibilities with current and upcoming
practices in the recycling of plastics.

Keywords: bio-based plastics; recycling; circular economy; policy measures; market uptake;
PLA (polylactic acid); PHA (polyhydroxy alkanoate); PEF (polyethylene terephthalate)

1. Introduction

Bio-based plastics appear already in a broad array of consumption goods. Production of bio-based
plastics currently comprises ca. 1% of total plastics production and this share is expected to rise [1].
The Nova Institute has estimated this growth of overall production of bio-based plastics will increase
by ca. 50% in 2021 (Figure 1) [2]. Hence the share of bio-based plastics would then increase towards
ca. 1.5%, the exact figure depending on the growth of fossil-based plastics. The development and
growth of bio-based plastics fit into the search for alternatives to crude oil as a feedstock of organic
compounds. Crude oil is a finite feedstock, and today most of the products made from it end up as
carbon dioxide in the atmosphere, contributing to global warming. While the production of bio-based
compounds is not at all sustainable by definition, the primary raw material source has the potential to
be renewable if sufficient care is taken in the development of harvesting and production processes.

Sustainability 2018, 10, 1487; doi:10.3390/su10051487 www.mdpi.com/journal/sustainability47
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Figure 1. Global production capacities of bio-based plastics in 2016 and estimations for 2021
(data from [2]).

There are many types of bio-based plastics, and further subdivisions can be made; for instance,
they differ based on their degree of biodegradability, or on their molecular similarity with existing
fossil-based plastics. For example, plastics like bio-based PET (polyethylene terephthalate) or bio-based
PE (polyethylene) are essentially identical to their fossil-based counterparts PET or PE, and are called
‘drop-in’ bio-based plastics for this reason. The only difference is in the production processes of the
building blocks of these plastics, as the primary raw materials are different. There are also bio-based
plastics with building blocks of a particular basis that are much more easily derived from plant-based
feedstocks and from which no fossil-based counterparts have been developed, for reasons of molecular
chemistry. Examples of such plastics are PLA (polylactic acid), PHA (polyhydroxy alkanoate) and PEF
(polyethylene furanoate), which really amount to being new materials with new properties. As such,
they offer the opportunity to compete with fossil-based plastics based on performance and not simply
on price alone. An example is the application of PEF for the packaging of carbonated beverages [3].
It is for this reason that further growth of their market share is generally expected: Figure 1 shows the
highest relative increases for bio-based PET and PHA, and in 2021 PEF is expected to be a newcomer
to the market.

When bio-based plastics will be increasingly used for common applications like bottles, trays,
packaging etc. they will also end up in waste streams and as such enter the established recycling
processes for fossil-based plastics. As explained in the previous paragraph, a number of bio-based
plastics have to be considered as new materials. Hence there may be risks that in some cases, from a
certain minimum occurrence, they might prove to be incompatible with these processes, leading to
a decreased quality of the recycled plastic stream in which the bio-based plastics have ended up [4].
If this is the case, this would hamper the closure of material cycles in plastics recycling, which is
particularly relevant given the current policy focus on the circular economy and on the recycling
of plastics, as reflected in the recent launch of a strategy for plastics in the circular economy by the
European Commission [5].

In this paper, a review of the risks associated with the increased occurrence of bio-based plastics
made from novel building blocks in existing recycling processes will be provided. The results of this
analysis will, on the one hand, allow detection of knowledge gaps in this area. On the other hand,
this analysis will serve policy developments in the field of the circular economy and, in particular,
plastics recycling. In this way, the paper provides an outlook as to if and how policy makers should be
prepared for the increased occurrence of bio-based plastics.
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2. Materials and Methods

The premise for setting up the analysis is that the preferred end-of-life scenario for bio-based
plastic is to collect it as plastic waste and send it for recycling. Hence, for those bio-based plastics that
claim to be biodegradable, the possibilities for collection together with organic waste for composting or
digestion purposes are not included. From the perspective of keeping material cycling in the economy,
mixing these two types of plastics is less desirable. Also, it is logical to organise plastic recycling per
product category to the extent that this is feasible.

In order to undertake the risk analysis, we started by outlining the currently applied recycling
processes. In the first place, we have considered the recycling of PET and HDPE (high-density
polyethylene) bottles. These two plastics display, for the moment, the best outlook in terms of the
production of high-quality recyclates: selective collection is in place in many countries, efficient
mechanical recycling processes have been developed, and there are examples of the high-grade
application of recyclates [6–8]. Next, we expand on the recycling of mixed household packaging waste,
given the increased overall focus on plastics recycling as explained above.

In a next step, the impact of small amounts of bio-based plastics made from new building blocks
was assessed. As we felt that this group of plastics is too heterogeneous in nature, we have chosen a
case-by-case approach by considering subsequently the impact of three examples of such plastics, PLA,
PHA and PEF, in order to develop a more general perspective on the risks. As preparation for these
exercises, we first considered the impact of polyvinyl chloride (PVC) in PET recycling. PVC is known as
an unwanted contaminant even in very low concentrations [8], and gathering the available information
on the case of PVC in PET recycling was considered instructive as a preparation for assessing the
impact of the selected bio-based plastics. Given the very small amounts of these plastics appearing on
the market, setting up separate collection is not viable and hence they will act as contaminants whose
impact on recycling processes and products has to be analysed [9]. The analysis starts by considering
the physical, chemical and other, more practical, properties (for instance related to the particular
application or appearance) of such contamination. Then, these are compared with the properties
of PET and HDPE bottles or household packaging waste constituting the main flows. Eventually,
this results in the identification of the possible pathways that particular bio-based plastics can follow
and the possible impact that may arise from their presence in certain amounts.

The data at the base of this analysis was retrieved from research papers, policy documents,
publications from sector organizations and websites. A deliberate and clear choice was made at the
beginning of the research not to limit the consulted sources to peer-reviewed academic literature only.
We realised that a significant part of this analysis pertains to unit operations interacting in a system,
which is an area under focus by many other actors besides academic researchers. In fact, the reality
that much of the work (including more conceptual aspects) in circular economy research is driven by
non-academic actors has been reported before [10]. In that way, one of the aims of this paper is also to
stimulate and define areas for further knowledge building.

3. Results

3.1. Current Recycling Processes

3.1.1. Polyethylene Terephthalate (PET) and High-Density Polyethylene (HDPE) Bottles

In this section, we focus on the currently operational series of unit operations to recover PET
and HDPE from bottles for recycling. For many years PET and HDPE bottles have been routinely
separated and collected in many European countries. A high-level representation of the recycling
system is shown in Figure 2.

The overview in Figure 2 starts from bottles as they have been isolated from household
waste—depending on how the selective collection of household waste has been organised, they may be
collected separately or combined with other waste streams like metal cans and/or tetra packs. Further
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separation of PET and HDPE bottles takes place in sorting centres, either manually or using optical
recognition with near-infrared (NIR) spectroscopy, estimated to be in use at 60% of the sorting centres
in 2006 [6]. In such equipment, the positive detection of polymer types takes place, and subsequent
separation from the flow is done using air pulses. In a next step, a series of unit operations converts
the bottles into small, cleaned fragments. These unit operations comprise for instance of washing to
remove (residues of) labels, glue, paper etc., removal of caps, fragmenting, and further purification
steps like, for instance, metal separation and flotation. The latter technique takes advantage of the
density differences of HDPE and PET compared to water: HDPE flakes float while PET flakes sink
to the bottom (see Table 1). This allows PET flakes to be obtained without HDPE and vice versa;
also, other impurities can be removed if the density difference is suitable. The separate plastic fragment
streams are then fed to the respective mechanical recycling processes. Here, the flakes are dried, molten
and eventually pellets of rPET (recycled PET) and rHDPE (recycled HDPE) are extruded. During
mechanical recycling, the chemical polymer structure itself is essentially maintained, although some
degradation will always occur to a certain extent. For this reason, a direct full recycling into the same
level of application is not possible. Therefore, it is not possible to obtain bottles solely from rPET
with the same quality as bottles from virgin PET, and hence in practice downcycling is taking place,
for instance in the production of bottles with a certain fraction of recycled content, the production
of bottles for lower grade applications, e.g., soap bottles from beverage bottles, or the production of
applications other than bottles, e.g., rPET textile and fillings or rHDPE storage boxes, tubings and
cable trays [7].

Figure 2. High-level overview of the unit operations from bottle collection to recyclates of polyethylene
terephthalate (PET) and high-density polyethylene (HDPE).

Table 1. Densities and melting points of a number of plastics.

Plastic Type ρ (kg/m3) Tm (◦C)

Polyethylene terephthalate (PET) 1350–1390 255
High-density polyethylene (HDPE) 930–970 125

Polyvinyl chloride (PVC) 1100–1450 210
Polylactic acid (PLA) 1200–1450 155–165

Poly-3-hydroxybutyrate (PHB) 1300 180
Polyethylene furanoate (PEF) 1400–1550 225

The ranges are based on the results of a general search on the internet, completed by data retrieved in the references
consulted for this paper.

3.1.2. Mixed Plastic Waste

This kind of waste comprises all plastic household packaging like foils, cans, jars, margarine
containers, yoghurt pots, flower pots etc. A focus on separate collection for this fraction has appeared
recently, either together with or without bottles (in the former case, such separation can take place
in sorting centres). This fraction is intrinsically much more heterogeneous in nature, due to the
following [11,12]:
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• Objects made from different polymer types can have very similar appearances.
• A same polymer type can be used in very different ways given the application, e.g., with different

additives, crystallization degrees, intrinsic viscosities etc. Compared to bottles, there is much less
uniformity per plastic type among the encountered applications.

• The occurrence of all kinds of add-ons like labels, inks, impurities, combinations etc.
• Different behavior in sorting unit operations depending on the final application; consider,

for instance, the different aerodynamics of foils vs. yoghurt containers vs. clamshells that
become apparent in wind shifting.

• Different objects may clump in the case of bale packing that is too dense.

Such mixed plastic streams are evidently much more challenging with respect to recycling.
At present, there is only marginal production of recyclates of any particular plastic type from streams
in operation today. In fact, there are quite a few applications of recyclates in objects occurring in these
kinds of streams (e.g., PET-thermoforms containing up to 50% rPET from bottles) [13]. Some examples
exist of composite products derived from mixed plastics, like garden tables or traffic infrastructure [14].

3.1.3. Impact of Polyvinyl Chloride (PVC) on Recycled PET (rPET)

The negative impact of PVC (polyvinyl chloride) in PET bottle recycling has been known for
many years in the field. As both PVC and PET have a density higher than water, PVC impurities
that are not taken out in the first unit operations automatically end up in the PET fraction obtained
after flotation and are sent for mechanical recycling. Even with PVC contaminations as low as 0.005%
(coming down to e.g., one bottle of PVC in 20,000 PET bottles) the obtained rPET is not applicable for
most applications any more. The melt temperature of PVC is much lower than that of PET (see Table 1).
This means that at the temperatures applied in the mechanical recycling of PET in a molten state, PVC
contamination is at temperatures much higher than their melting point for a prolonged time. In such
conditions it is typical that degradation starts to occur, leading to chain scissions and/or the release of
functional groups. In the case of PVC, hydrochloric acid is released, chemically breaking the polymer
chains. The decomposed PVC assumes a yellow to brown discoloration and the occurrence of black
spots in the obtained rPET. It is clear that the resulting rPET is unacceptable and has inferior material
properties [8,15,16].

Due to the above, a number of modifications to the chain of unit operations has been implemented
already to protect the quality of rPET from the negative influence of PVC. At first, the occurrence of
PVC in bottle applications decreased considerably over the years, e.g., PVC is currently not used for
food and beverage packaging. The only possible occurrence may still be in all kinds of add-ons to
bottles, like sleeves, labels etc. In fact, the PET recycling sector actively discourages any introduction
of PVC-containing add-ons to PET bottles [8]. PVC can be detected by NIR, so sorting installations
equipped with this technology are able to reject PVC objects, PVC bottles or PET and HDPE bottles
with sleeves, labels or other add-ons made from PVC. The European Pet Bottle Platform (EPBP) website
mentions a separation accuracy level of 85–96%.

In summary, the issue of PVC in PET recycling is known and has been taken up by the field.
The occurrence of PVC in the current bottle fraction is already very low. Together with the application
of NIR separation technology, this should ensure that today PVC does not hamper the mechanical
recycling of PET and HDPE bottles. Let us consider now how the analogy with newly introduced
bio-based polymers works.

3.2. Impact of Polylactic Acid (PLA) on Plastics Recycling

PLA or polylactic acid claims to be a fully bio-based plastic and also to be biodegradable.
The building block of PLA is lactic acid, obtained by fermentation of plant-derived sugars. PLA is
applied in transparent bottles, containers, packaging and foils. Given the high permeability of PLA to
water, it is an interesting material for the packaging of food products like lettuce or bread. Its application
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in bottles is rather modest for the same reason [6]. With respect to bottle applications, starting from
Figure 2 and considering properties and existing knowledge of PLA we can come to a rough analysis
of the behaviour of a PLA bottle in the current recycling chain. At first, visual discrimination based
on appearance between a bottle made from PET and from PLA is not possible: both materials are
transparent and very similar. So, both at the level of consumers and of manual sorting, separation is
not possible unless an extra element is introduced e.g., via labelling [6]. Next, at the level of sorting
centres, if NIR technology is available for the positive detection of PET bottles, then at least the majority
of PLA bottles would become separated. The EPBP estimates an efficiency of 86–95% for this. Other
sources report numbers up to 99.6% (see Table 2). Also, PLA is denser than water so in the flotation tank
any PLA fragments will eventually follow the PET stream towards mechanical recycling [17]. Hence,
the impact of PLA on rPET quality will especially have to be assessed.

Table 2. Separation efficiencies of PLA bottles from PET bottles by near-infrared (NIR) spectroscopy.

Separation Efficiency (%) Reference

86–95 [8]
96 [18]
97 [19]

90–98 [20]
99.6 [21]

3.2.1. Occurrence of PLA in Plastic Waste

Starting from available numbers on the current and expected occurrence of PLA, we have calculated
the level of PLA estimated to occur in the bottle and the mixed plastics fractions from household
waste. This approach allows sufficient accuracy to provide an order-of-magnitude estimation of PLA
occurrence. The raw numbers at the basis of these calculations are available in Appendix A, Table A1.
The next paragraph describes the most important steps and numbers in the calculations.

We started from general numbers describing the European market. In first instance we have
assessed the total amounts of PET, as PLA contaminations are especially relevant with respect to this
fraction (see above). Next we subdivided bottles and mixed plastics. For PET, we started from reported
production data for the year 2015 and estimated production data for the year 2021, and assumed
that 71% is applied in bottles and 10% in objects ending up in the mixed plastics fraction, based on a
number of sources. For PLA, we started from reported production data for the year 2016 and estimated
production data for the year 2021. We found a proportion of 60% of PLA applied for bottles and other
packaging [22]; for bottles only, we did not find any proportion and estimated a range of 5–35% of
total PLA production used for bottles. Taken these proportions together (and assuming as such that all
plastics are retrieved via the existing collection systems), estimations of PLA concentrations in waste
fractions have been obtained as shown in Table 3.

Table 3. Amounts of PET and PLA applied in bottles and in other packaging in Europe, and ratio of
PLA vs. PET (data sources: see Appendix A, Table A1).

Application PET (Mton) PLA (kton) PLA/PET Ratio (%)

2015 2021 2016 2021 2015/2016 2021

Bottles 3.3 3.9 2.9–20 4.2–30 0.09–0.6 0.1–0.8
Other packaging 0.47 0.55 14–32 21–46 3–7 4–8

The overall numbers in the table reflect the fact that production of both PET and PLA is expected
to increase towards 2021, with the increase of PLA relatively higher than that of PET. This is reflected in
the expected (slight) increase of the concentrations of PLA in PET. The ranges appearing in the table are
the result of a chosen range for the total PLA production directed to bottle production. These ranges
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are to be considered as a reflection of the order of magnitude in which to consider current and future
potential contaminations by PLA.

3.2.2. Impact of PLA in Current Recycling of Bottles

The different behavior of PLA at higher temperatures has already been reported to cause a number
of issues in the drying and processing steps of the mechanical recycling of PET [11,15,17,23,24]:

• The difference in melting temperatures between PLA and PET is ca. 100 ◦C (see Table 1).
This means that at the temperatures applied in mechanical PET recycling, implying PET is
in a molten state, PLA contamination is at temperatures much above its melting point for a
prolonged time. In such conditions degradations start to occur, in a similar way as explained
above for PVC. PLA degradation leads to a yellowing of the resulting product. Also, in the
pretreatment of the feed to the mechanical recycling of PET, issues can occur during drying of the
flakes, as the lower softening point of PLA causes the PLA fragments to become sticky, resulting
in an agglomeration of flakes and fouling of the drying installation [17].

• PLA has a different glass-transition temperature, resulting in opaqueness or haziness when
processing rPET into pellets, as PLA and PET will undergo phase separation as they are not
miscible in the solid state [15,25,26].

• Also, upon further processing of contaminated rPET pellets, the pellets with PLA contamination
could stick to surrounding PET pellets, resulting in the formation of clusters, hampering further
operations [15].

The first of the above issues starts to occur from contamination of 2% and higher. The issues with
respect to transparency and discoloration are evidently present already from contamination of 0.1%
or even lower (see Table 4). There is some discussion in literature about where the safe threshold for
having no quality impact at all is situated; a number of claims have been published, both by entities
marketing PLA and by bodies defending the PET recycling industries. These claims need to be checked
further with respect to the exact experimental conditions (lab scale vs. full-size process; to which
extent is virgin PET added) and the exact application (e.g., PLA contamination up to 5 wt % does
not affect a bottle-to-fibre application [20]). An overview of the available data on the impact of PLA
contamination in PET is given in Table 4. However it is clear that PLA contamination should be kept
under stringent control if rPET quality and the ability to process is to be protected, especially with
respect to bottle applications.

Table 4. Reported threshold concentrations for PLA in PET and impact.

Concentration
Impact Test Details Ref.

% ppm

0.05 453 “No visual deviations in terms of colour and
transparency”

Foil of 1.3 mm thickness obtained
by extrusion tests with 70:30 ratio

of rPET:PET
[23]

0.05 453 “Not any significant difference in colour and haze” Plaque let-down study with
plaques between 0.063 and 3 mm [18]

<0.1 <1000 “Makes any rPET resin unsuitable”
“For most applications”—no
further details obtained after

request
[24]

0.1 1000 significant opacification of recycled PET Plaque test [17,20]

0.1 1000 PET recyclate unusable for many end-products n.a. [27]

0.3 3000 “Lowers the onset of crystallization and retards
recondensation” Injection molding [25]

>0.3 >3000 PLA causes yellowing of PET Plaque test [17]

2 20,000 Besides lower quality resin, also agglomeration and
sticking to dryer walls n.a. [17]

5 50,000 Besides lower quality resin, also agglomeration and
sticking to dryer walls n.a. [17]
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In our analysis of the market penetration of PLA, we estimated contamination of collected PET
bottles by PLA to be 0.8% at the highest in 2021 (including the assumption that all PLA bottles are
collected via the existing systems). With NIR separation technology, assuming a sorting efficiency of
90% (a conservative estimation, see Table 2), this assumed contamination level would come down to
0.08%, which is still quite close to the 0.1% threshold to be really sure for having smooth rPET quality.
Then, it is clear that further removal of PLA may be very well required in the recycling chain in order
to assure high-quality rPET. The following options can be considered if additional purification of the
PET bottle stream is necessary:

• Adjustment of NIR sorting equipment for decreasing the number of sorting mistakes leading to
positive selection of PLA bottles or PET bottles with PLA add-ons. This may, however, also lead
to a larger stream of rejected bottles, decreasing the rPET yield and the eventual financial return
of the recycling process [6].

• Installation of additional NIR sorting equipment into the fragment stream going to flotation: this
would lead to a further decrease of 90% of the amount of PLA contamination and would also
allow removal of all kinds of add-ons, as these are in that stage of the process also occurring
as fragments.

• Perhaps the low softening temperature of PLA (see above) would allow running a separation
process based on a hot conveyor belt or a rotating drum, as has been described already for the
removal of PVC from PET [7,16,28].

• Other options are explicit labeling of PLA bottles, either for the purpose of communication at
the consumer level (sorting message), or for instance using chemical markers, allowing smooth
detection in automatic sorting [29].

Any of these options would lead to an increased cost for the overall recycling process, either
because of the installation of new hardware or because of yield losses. In fact, this situation of PLA
contamination in PET is very reminiscent to that of PVC in PET, as described above, with the PET
recycling sector being concerned that even small market penetrations would seriously hinder the
existing recycling infrastructure and actively discourage the use of PLA add-ons of any kind for PET
bottles [8,24]. The difference with PVC is that PLA is becoming more popular for use, hence the trend
is towards increasing amounts of PLA ending up in waste streams.

3.2.3. Impact of PLA in Current Recycling of Mixed Plastic Waste

For the moment, the applications already developed for mixed plastic waste (see above) have not
yet revealed issues to the best of our knowledge—given the expected increase of PLA applications,
the question is whether from a certain moment, for instance, the lower melting and degradation
temperature of PLA could hamper the existing processes, or that the biodegradability could impact
the quality of the products over time, for instance, when applied outdoors.

As explained above, there are currently no operational processes that extract PET from mixed
plastic waste for production of rPET. If in the future such attempts would be undertaken (PET is
one of the common polymers found in mixed plastics waste, occurring in different forms), it is clear
that the same issues with respect to rPET quality would arise. Our estimations have revealed that
contamination of PET by PLA could be as high as 8% by 2021, showing that a very large supplementary
effort would be needed to get below the safe limit of 0.1%.

3.3. Impact of Polyhydroxy Alkanoate (PHA) on Plastics Recycling

PHA (polyhydroxy alkanoate) is a collective name for a group of polymers made of chemically
similar building blocks. PHB (poly-3-hydroxybutyrate) is the most widespread member of the PHA
family. PHA plastics are produced in a biological process induced by micro-organisms. The polymers
obtained are biodegradable. While the different PHA types differ in properties depending on
their chemical composition, a particular characteristic of PHA is its biocompatibility, making them
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suitable for medical applications. PHA also has good barrier properties, of interest for food product
packaging. For these reasons, applications of PHA are found, for instance, in single-use packaging
films, bags, containers, paper coatings, agricultural foils, biodegradable carriers for long-term dosage
of compounds like drugs or fertilizers, and medical applications like surgical pins, sutures, wound
dressings, bone and blood-vessel replacements etc. [30].

3.3.1. Occurrence of PHA in Plastic Waste

Data on the occurrence of PHA were difficult to retrieve. Some overall numbers have been
presented already in Figure 1: PHA shows an estimated fourfold increase between 2016 and 2021;
in the latter year world production is estimated to be 0.25 Mton and European production 0.065 Mton.
With respect to applications, the consulted data sources stress the wide range of applications for PHA,
with most of the applications in soft packaging. However, we did not retrieve numbers allowing
estimation of the amounts ending up in the bottle or mixed plastic fractions. Hence, it is assumed that
current bottle applications are marginal, and that the end-of-life scenarios for many PHA applications
are determined by the application itself, e.g., agricultural foils will biodegrade in the field and medical
waste in general does not end up in the selectively collected household waste streams destined for
recycling [30].

3.3.2. Impact of PHA on Current Plastic Recycling

The few data that were retrieved on properties of PHB allow us to conclude that if it were to
end up in the feed of rPET production (e.g., via the bottle fraction), similar issues as encountered for
PLA with respect to the mechanical recycling of PET may occur. ue to its higher density compared to
water, PHB may eventually end up in the feed to rPET production. Moreover, its melting temperature
is 180 ◦C, much lower than that of PET. The current application of PHA for bottles is estimated to
be negligible. Although a steep increase of applications is expected, the assumption is that the main
developments are in the direction of more complex applications and not bottles [30].

With respect to mixed plastics, most probably some PHA applications are already ending up there.
Given the state-of-the-art of knowledge with respect to the occurrence of the much more common PLA
in this stream (see above), for the moment no further conclusions can be drawn on its impacts.

3.4. Impact of Polyethylene Furanoate (PEF) on Plastic Recycling

PEF (polyethylene furanoate) is produced by the building blocks ethylene glycol and furane
dicarbonic acid. It is obtained from fructose sugar, which can be obtained from many plant feedstocks.
The most particular feature of PEF is its enhanced barrier properties, for instance, for carbon dioxide
and oxygen, making the material very interesting for soft drink bottles and food packaging [3].
Currently, PEF is not available on the market, but its entrance is very near given the announced startup
of Synvina in Antwerp, being a joint venture of BASF and Avantium.

With respect to the future PEF bottles, starting from Figure 2 and considering the properties and
existing knowledge of PEF, we can come to a rough analysis of their behaviour in the current recycling
chain of bottles. Visual discrimination based on appearance between a bottle made from PET and from
PEF is not possible: both materials are transparent and very similar. So both at the level of consumers and
of manual sorting, separation is not possible unless an extra effort were to be introduced, e.g., via labelling.
Next, at the level of sorting centres, if NIR technology is available for positive detection of PET bottles,
it is probable that the majority of the PEF bottles would be separated [31]. Also, PEF is denser than water
(see Table 1) so after flotation PEF fragments will follow the PET stream towards mechanical recycling.
Hence, quality needs to be assessed, especially the impact of PEF on rPET.

3.4.1. Occurrence of PEF in Plastic Waste

The market entrance of PEF is imminent in coming years. For the year 2021, a yearly production in
Europe of ca. 18 kton is expected by the Nova Institute [2]. It is difficult to estimate further production
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growth beyond 2021. Besides the overall growth in plastics produced for packaging and the expected
increase in the share of bio-based plastics, there is also a scenario that PEF might replace PET at an
accelerated rate given the expected superior barrier properties of PEF [3], allowing beverage bottles to
be made with much less material and/or increasing the shelf life of the products.

As PEF contamination is especially relevant with respect to the PET bottle fraction (see above),
we have tried to estimate the relative amounts of PEF compared to the amount of PET used for
bottles (see Table 5). In the calculations for PET, we have used the same assumptions as above for
assessing the market penetration of PLA; for PEF, we have used the estimated production from the
Nova Institute and further assumed that all PEF goes into bottles. It appears from these calculations
that the occurrence of PEF in PET could be as high as 0.45% by 2021.

Table 5. Amounts of PET and PLA applied in bottles and in other packaging in Europe, and ratio of
PLA vs. PET (data sources: see Appendix A, Table A1).

Application PET (Mton) PEF (kton) PEF/PET Ratio (%)

2015 2021 2016 2021 2016 2021

Bottles 3.3 3.9 0 0.067 0 0.45

3.4.2. Expected Impact of PEF on Current Recycling of Bottles

The impact of PEF on the mechanical recycling of PET has been investigated: one source states
that contamination of up to at least 2% has been demonstrated not to lead to any negative impact on
rPET quality, e.g., negative impact on haze, colour and other properties [31]. Another source states
that no negative effect on haze occurs up to 5% [32]. The absence of haze could suggest that PET and
PEF are miscible in the solid state at least up to these amounts [24]. Compared with the estimations
above in Table 5, it appears that at least until 2021 the amount of PEF available on the market will be
far below these levels.

In this context it is relevant to learn that Synvina has proactively approached the EPBP to assess
the impact of PEF on the existing recycling chain of PET bottles, and has obtained a conditional
‘approval’ for market entrance from this entity. Based on dedicated studies, the EPBP concluded that
until a market penetration of 2% is reached there will be no issues with PEF ending up in PET streams.
For larger market penetrations, either additional tests or the development of a separate collection and
recycling system for PEF bottles will need to be in place in order to further anticipate any negative
impact on rPET quality [31].

3.4.3. Expected Impact of PEF in Current Recycling of Mixed Plastic Waste

Given the limited relative occurrence of PEF on the market in the near future, the absence of
negative impacts on PET recycling processes and the main application of PEF expected to be in first
instance in bottles, the amounts ending up in mixed plastic waste will most probably be sufficiently
small to exclude any negative effects in coming years, both in processing mixed plastics as one single
fraction as such and in any attempt to obtain pure plastic waste streams like PET from this fraction.

4. Discussion and Conclusions

The approach followed in the three cases above has shown that the introduction of bio-based
plastics on the current operational range of recycling processes should be considered as the introduction
of a number of types of novel plastics. In the first instance, every new introduction starts as a
contamination, and with respect to further evolutions the following questions are most relevant:

• Which incompatibilities may occur? From which amounts do they become noticeable?
• How strong are the current recycling processes that have been developed?
• By which amounts is the development of dedicated collection and recycling rewarding?
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One aspect of assessing the impact of a contamination comes down to the probability of a novel
plastic ending up in the final products of current plastics recycling. This is a consequence of the
properties of the contamination compared to the main flow of plastics, and the organisation and
technologies of sorting and recycling that deal with this main flow in a certain manner. Starting
with the estimated, measured or known market penetration, it is possible to assess the pathway of a
contamination and to obtain probable concentrations in the recycling processes and at the recyclate
level, and comparing these with the lowest levels on which negative impacts have been observed or
demonstrated—this is the second aspect of the impact of a contamination. This can be measured with
tests; here the definition of what is being tested is crucial, as an incompatibility may be less noticeable
in one application compared to another one. For instance the impact for an rPET bottle destined for
beverages is different compared to the impact for an opaque rPET bottle destined to contain soap.

The latter two of the above questions pertain to the current recycling of PET: processes for
high-grade rPET destined for bottle production have been established and sector organizations have
been founded in particular to protect these activities, e.g., by promoting the design for recycling.
This has resulted in published compatibility lists, e.g., discouraging particular materials for sleeves
and add-ons, with the ability to produce high-grade rPET as the reference. Hence any negative
impacts of contaminations have a higher chance of being discovered right in this chain, so it is not a
coincidence that PET recycling features so prominently in the analyses above. To a certain extent it is
beneficial that compatibility with the established recycling processes is being strived for, because it may
lead to smoother introductions of novel plastics and the detection of possible issues well in advance.
For instance, the market entrance of PEF has been anticipated in this way. On the other hand there is
the risk that the mere power exerted by the incumbent actors in recycling inhibits the introduction of
novel plastics for too long a time, even if such introductions would be beneficial for other reasons.

In this paper, a review has been carried out for three concrete bio-based plastics. For PLA,
the evidence is clear that its presence, even in small amounts, is detrimental to the quality of rPET:
contamination in the feed to mechanical recycling should be maintained well below 0.1% in order to
protect rPET quality. For the bottle fraction, our estimations for now and coming years till 2021 have
shown that state-of-the-art separation (equipped with NIR technology) might lead to a contamination
in the feed to mechanical recycling of PET currently and in the near future not too far below this 0.1%
threshold. In order to further elaborate this analysis, a next step could be to obtain better reference
values by checking the numbers of the estimation, e.g., by sample measurements of bottle waste
streams (also considering sleeves and add-ons). These actions could then be repeated to keep track
of evolutions in PLA concentrations over time. Also, the current occurrence of any quality issues
related to PLA in PET in the field could be checked, e.g., by interviewing companies. The outcome
of these actions should allow an assessment of when the set of currently applied unit operations for
separation and recycling would not be able to lead to rPET of sufficient quality in the longer term.
If this were to be done, then further options to consider are investments in extra unit operations and/or
developing adequate labeling of PLA bottles. The value of the latter option will also be dependent on
any further developments in the direction of bringing value to a separate PLA stream for recycling
PLA. It appears that there are several possibilities for additional technologies for PLA separation,
like an extra separation of flakes using NIR technology, or technologies that are already known for
PVC removal.

With respect to PLA contamination of mixed plastics, our estimations have shown that
contamination may be in the range of several percent. Although any issues were not revealed in
the current study, perhaps due to the application development in this area that is only emerging,
with further sorting and separation technology and application developments the estimated higher
concentration of PLA in mixed plastics might very well give rise to issues (e.g., due to its lower
heat stability compared to many fossil-based plastics). Hence here also sample measurements and
interviews with companies using mixed plastics as an input to their production could be helpful to
establish reference values and to monitor evolution. In this respect, any plans to implement, extend or
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modify post-consumer plastics collection should be thoroughly evaluated with respect to the creation
of possible contamination pathways of PLA into rPET.

For PHA, besides the different kinds of polymers considered, there is also a whole range of
applications and only few data available, making analysis of the current situation difficult. Similar
issues as encountered with PLA might occur, given the rather low heat stability of PHB. For the
moment, no issues are known or expected as the main current applications of PHA do not seem to lead
to end-of-life scenarios hampering the existing high-end mechanical recycling processes. There are no
indications that this would change in the short term, but any trends in application of PHA are to be
monitored given the expected steep increase in PHA production in coming years.

With respect to PEF, no issues are known with respect to the impact on mechanical recycling of
common plastics. For the impact on rPET this has been effectively tested for contamination up to 2%.
As PEF still has to be launched on the market, this allows us to conclude that in coming years no issues
are to be expected. What could happen in the longer term is not clear; much is also dependent on to
which extent a separate collection and recycling system for PEF would be operational and successful.
Anyhow, this has gained the attention of both the (future) producer of PEF and the sector organization
of PET recycling, hence it is very probable that any risk will be anticipated well. In fact the producer’s
approach to assess in advance compatibility with the existing recycling landscape is to be encouraged
as it is a clear demonstration of the necessary system thinking in this field.

Summarizing the three case studies, for PLA the facts are known so future risks can be assessed
by measuring amounts. For PHA, it will be crucial to monitor future application development, and for
PEF, a particular approach for contamination-related issues has been an element of project management.
Hence the study did not reveal bottlenecks or negative impacts generally valid for all bio-based plastics.
One of the next questions could then be what would be the next bio-based candidate material to appear
in post-consumer plastics waste.

Overall, the challenge with respect to bio-based plastics is a matter of guiding well both their
introduction together with developments in the recycling landscape, with a particular eye on their
incompatibilities e.g., with process conditions or combinations with other plastics. The story in this
paper is, therefore, fully written within the context of the current state of the art of applied recycling
technologies and, in general, how post-consumer plastic collection and sorting have been organized.
Hence, the findings are to be seen fully in the light of the current situation. With any future changes of
the recycling landscape, the analysis has to be repeated. For instance, if there were to be initiatives in
extended producer responsibility, maybe the waste streams obtained would become much more pure
and some issues may simply disappear, if for example PLA bottles would then not end up with PET
bottles any more.

With respect to developing policy advice, a number of suggestions for preparing next steps can
be made. First, it is important that introduction of novel plastics is guided well, with a clear focus on
the whole system; see as an example the way the introduction of PEF is being anticipated. Next, it is
important that all plastic types occurring as contamination in current waste streams are considered in
the context of any changes in the recycling landscape. On the other hand, with the supply of plastic
types constantly changing and more abrupt changes to be expected in the (near) future, it has to be
considered that from a certain moment the recycling landscape itself would need a reorganisation;
such an operation requires a realignment of many actors and is, hence, complex, but it would avoid
desirable developments in the production of plastics being blocked for an unnecessarily long time.

Finally, the current analysis did not aim to draw any conclusions about the mere desirability of
bio-based plastics and/or future increases in these plastics. Such developments should, anyhow, not be
steered too much by the concrete implications for the recycling landscape; as long as these plastics can
be recycled well by themselves, the recycling landscape should be able to accommodate them over
time, and here policy has the option to support or even guide this process by carefully managing the
new entries temporarily as contaminants.
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Appendix A

Table A1. Data used to estimate penetration of PLA, PHA and PEF in post-consumer plastics.

Data Value Unit Reference

World plastics production 2015 322 Mton [33]
Yearly growth of world plastics production 8 Mton/y [33]

World plastics production 2021 370 Mton based on previous
World PET production 2015 27.8 Mton [33]
World PET production 2021 32.2 Mton based on previous

Share of PET in world plastics production 9 % calculated 2015 data
Share of PET production in Europe 17 % [33]

Share of PET used for bottles 71 % [33]
Share of PET used for non-bottle packaging 10 % [11]

World production of bioplastics 2016 4.16 Mton [2]
World PLA production 2016 5.1 % [2]

World production of bioplastics 2021 6.11 Mton [2]
World PLA production 2021 5.3 % [2]

European bioplastics production 2016 27.1 % [2]
European bioplastics production 2021 26 % [2]

Share of PLA used for bottles and other packaging 60 % [22]
Share of PLA used for bottles 5–35 % own estimation
World PHA production 2016 1.6 % [2]
World PHA production 2021 4.1 % [2]
World PEF production 2016 0 % [2]
World PEF production 2021 1.1 % [2]
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Abstract: The transformation towards a knowledge-based bioeconomy has the potential to serve
as a contribution to a more sustainable future. Yet, until now, bioeconomy policies have been
only insufficiently linked to concepts of sustainability transformations. This article aims to
create such link by combining insights from innovation systems (IS) research and transformative
sustainability science. For a knowledge-based bioeconomy to successfully contribute to sustainability
transformations, the IS’ focus must be broadened beyond techno-economic knowledge. We propose
to also include systems knowledge, normative knowledge, and transformative knowledge in research
and policy frameworks for a sustainable knowledge-based bioeconomy (SKBBE). An exploration
of the characteristics of this extended, “dedicated” knowledge will eventually aid policymakers in
formulating more informed transformation strategies.

Keywords: sustainable knowledge-based bioeconomy; innovation systems; sustainability
transformations; dedicated innovation systems; economic knowledge; systems knowledge; normative
knowledge; transformative knowledge; bioeconomy policy

1. Introduction

In the light of so-called wicked problems (e.g., [1,2]) underlying the global challenges that deeply
affect social, environmental, and economic systems, fundamental transformations are required in all
of these sustainability dimensions. Therefore, solution attempts need to be based on a systemic
consideration of the dynamics, complementarities, and interrelatedness of the affected systems [3].

A relatively new and currently quite popular approach to sustainability transformations
addressing at least some of these problems is the establishment of a bio-based economy:
the bioeconomy concept relies on novel and future methods of intelligent and efficient utilization of
biological resources, processes, and principles with the ultimate aim of substituting fossil resources
(e.g., [4–11]). It is therefore frequently referred to as knowledge-based bioeconomy [11–13]. Whereas the
idea of a bioeconomy is promoted both by academia and in policy circles, it remains unclear what
exactly it is comprised of, how to spur the transformation towards a knowledge-based bioeconomy,
and how it will affect sustainable development [14,15]. While the development and adoption of
novel technologies that help to substitute fossil resources by re-growing biological ones certainly is
a condition sine qua non, a purely technological substitution process will hardly be the means to confront
the global challenges [3,16–20]. It must be kept in mind that a transformation towards a sustainable
bioeconomy is only one important contribution to the overall transformation towards sustainability.
We explicitly acknowledge that unsustainable forms of bio-based economies are conceivable and
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even—if left unattended—quite likely [21]. All the more, we see the necessity of finding ways to
intervene in the already initiated transformation processes to afford their sustainability.

For successful interventions in the transformation towards a more sustainable bioeconomy,
a systemic comprehension of the underlying dynamics is necessary. The innovation system (IS)
perspective developed in the 1980s as a research concept and policy model [22–26] offers a suitable
framework for such systemic comprehension. In the conventional understanding, according to
Gregersen and Johnson, an IS “can be thought of as a system which creates and distributes knowledge,
utilizes this knowledge by introducing it into the economy in the form of innovations, diffuses it
and transforms it into something valuable, for example, international competitiveness and economic
growth” ([27], p. 482). While welcoming the importance attributed to knowledge by Gregersen
and Johnson and other IS researchers (e.g., [28–32]), particularly in the context of a knowledge-based
bioeconomy, in this article, we aim to re-evaluate the role and characteristics of knowledge generated
and exploited through IS. We argue that knowledge is not just utilized by and introduced in
economic systems, but it also shapes (and is shaped by) societal and ecological systems more generally.
Consequently, especially against the backdrop of the required transformation towards a sustainable
knowledge-based bioeconomy (SKBBE), that which is considered as “something valuable” goes beyond
an economic meaning (see also [33], on a related note). For this reason, it is obvious that the knowledge
base for an SKBBE cannot be a purely techno-economic one. We rather see a need for exploring
additional types of knowledge and their characteristics necessary for fostering the search for truly
transformative innovation [16].

From the sustainability literature, we know that at least three types of knowledge are relevant
for tackling (wicked) problems related to transformations towards sustainability: Systems knowledge,
normative knowledge, and transformative knowledge [34–38]. Undoubtedly, these knowledge types
need to be centrally considered and fostered for a transformation towards an SKBBE.

In the course of this paper, we aim to clarify the meaning and the characteristics of knowledge
necessary for sustainability-oriented interventions in the transformation towards a bioeconomy.
To reach this aim, we will explore the following research questions:

• Based on a combination of IS research with the sustainability science perspectives, what are the
characteristics of knowledge that are instrumental for a transformation towards an SKBBE?

• What are the policy-relevant implications of this extended perspective on the characteristics
of knowledge?

The article is structured as follows: Section 2 sets the scene by reviewing how knowledge has
been conceptualized in economics. Aside from discussing in which way the understanding of the
characteristics of economic knowledge has influenced innovation policy, we introduce the three
types of knowledge (systems, normative, and transformative) relevant for governing sustainability
transformations. Section 3 specifies the general meaning of these three types of knowledge, highlights
their relevance and instrumental value for transformations towards an SKBBE, and relates them to
the most prevalent characteristics of knowledge. Subsequently, Section 4 presents the policy-relevant
implications that can be derived from our previous discussions. The concluding Section 5 summarizes
our article and proposes some avenues for further research.

2. Knowledge and Innovation Policy

The understanding of knowledge and its characteristics varies between different disciplines.
Following the Oxford Dictionaries, knowledge can be defined as “[f]acts, information, and skills
acquired through experience or education” or simply as “theoretical or practical understanding of
a subject” [39]. The Cambridge Dictionary defines knowledge as the “understanding of or information
about a subject that you get by experience or study, either known by one person or by people
generally” [40]. A more detailed definition by Zagzebski ([41], p. 92) states that “[k]nowledge is
a highly valued state in which a person is in cognitive contact with reality. It is, therefore, a relation.
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On one side of the relation is a conscious subject, and on the other side is a portion of reality to which
the knower is directly or indirectly related”. Despite this multitude of understandings of knowledge,
most researchers and policymakers probably agree with the statement that knowledge “is a crucial
economic resource” ([28], p. 27). Therefore, the exact understanding and definition of knowledge
and its characteristics strongly affect how researchers and policymakers tackle the question of how
to best deal with and make use of this resource. Policymakers intervene in IS to improve the three
key processes of knowledge creation, knowledge diffusion, and knowledge use (its transformation
into something valuable). Policy recommendations derived from an incomplete understanding and
representation of knowledge, however, will not be able to improve the processes of knowledge flow in
IS and can even counteract the attempt to turn knowledge into something genuinely valuable.

2.1. Towards a More Comprehensive Conceptualization of Knowledge

A good example that highlights the importance of how we define knowledge is the understanding
and treatment of knowledge in mainstream neoclassical economics. Neoclassical economists describe
knowledge as an intangible good with public good features (non-excludable, non-rivalrous in
consumption). Due to the (alleged) non-excludable nature of knowledge, new knowledge flows freely
from one actor to another (spillover) such that other actors can benefit from new knowledge without
investing in its creation (free-riding) [42]. In this situation, the knowledge-creating actors cannot fully
benefit from the value they created, that is, the actors cannot appropriate the returns that resulted from
their research activity (appropriability problem) [43]. There is no need for learning since knowledge
instantly diffuses from one actor to another and the transfer of knowledge is costless. As Solow
is often accredited with pointing out, knowledge falls “like manna from heaven” (see, e.g., [44,45]
with reference to [46,47]), and it can instantly be acquired and used by all actors [48].

In contrast to mainstream neoclassical economics, (evolutionary or neo-Schumpeterian)
innovation economists and management scholars consider other features of knowledge, thus, providing
a much more appropriate analysis of knowledge creation and innovation processes. Innovation
economists argue that knowledge can rather be seen as a latent public good [48] that exhibits many
non-public good characteristics relevant for innovation processes in IS. Since these more realistic
knowledge characteristics strongly influence knowledge flows, their consideration improves the
understanding of the three key processes of knowledge creation, knowledge diffusion, and knowledge
use (transforming knowledge into something valuable) [27]. In what follows, we present the latent
public good characteristics of knowledge and structure them according to their relevance for these key
processes in IS. Note that for the agents creating, diffusing, and using knowledge, we will use the term
knowledge carrier in a similar sense as Dopfer and Potts ([49], p. 28), who wrote that “the micro unit in
economic analysis is a knowledge carrier . . . acquiring and applying knowledge”.

Characteristics of knowledge that are most relevant in the knowledge creation process are
the cumulative nature of knowledge (e.g., [50,51]), path dependency of knowledge (e.g., [52,53]),
and knowledge relatedness (e.g., [54,55]). As the creation of new knowledge or innovation results
from the (re-)combination of previously unconnected knowledge [56,57], knowledge has a cumulative
character and can only be understood and created if actors already have a knowledge stock they
can relate the new knowledge to [54,58]. The more complex and industry-specific knowledge
gets, the higher the importance of prior knowledge and knowledge relatedness (see also the
discussions in [55,59]).

Characteristics of knowledge that are especially important for the knowledge diffusion process are
tacitness, stickiness, and dispersion. Knowledge is not equal to information [60,61]. In fact, as Morone [62]
also explains, information can be regarded as that part of knowledge that can be easily partitioned
and transmitted to someone else; information requires knowledge to become useful. Other parts of
knowledge are tacit [63], that is, very difficult to be codified and to be transported [64]. Tacit knowledge
is excludable and, therefore, not a public good [65]. So, even if the knowledge carrier is willing to share,
tacitness makes it impossible sometimes to transfer this knowledge [66]. In addition, knowledge and
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its transfer can be sticky [67,68], which means that the transfer of this knowledge requires significantly
more effort than the transfer of other knowledge. According to Szulanski [67], both knowledge and the
process of knowledge exchange can be sticky. The reasons may be the kind and amount of knowledge
itself but also attributes of the knowledge carriers. Finally, the dispersion of knowledge also influences
the possibility of diffusing knowledge. Galunic and Rodan [64] explain dispersed knowledge by using
the example of a jigsaw puzzle. The authors state that knowledge is distributed if all actors receive
a photocopy of the picture of the jigsaw puzzle. In contrast, knowledge is dispersed if every actor
receives one piece of the jigsaw puzzle, meaning that everybody only holds pieces of the knowledge
but not the ‘whole’ picture. Dispersed knowledge (or systems-embedded knowledge) is difficult to be
transferred from one to the other actor (as detecting dispersed knowledge can be problematic, too [64]),
thus hindering knowledge diffusion.

Characteristics of knowledge (and knowledge carriers) that influence the possibility to use the
knowledge within an IS, that is, to transform it into something valuable, are the context specificity and
local characteristics of knowledge. Even if knowledge is freely available in an IS, the public good
features of knowledge are not necessarily decisive, and it might be of little or no use to the receiver.
We have to keep in mind that knowledge itself has no value; it only becomes valuable to someone if
the knowledge can be used, for example, to solve certain problems [69]. Assuming that knowledge
has different values for different actors, more knowledge is not always better. Actors need the right
knowledge in the right context at the right time and have to be able to combine this knowledge in the
right way to utilize the knowledge. The “resource” knowledge might only be relevant and of use in
the narrow context for and in which it was developed [64]. Moreover, to understand and use new
knowledge, agents need absorptive capacities [70,71]. These capacities vary with the disparity of the
actors exchanging knowledge: the larger the cognitive distance between them, the more difficult it is to
exchange and internalize knowledge. Hence, the cognitive distance can be critical for learning and
transforming knowledge into something valuable [72,73].

Note that while we have described the creation, diffusion, and use of knowledge in IS as
rather distinct processes, this does not imply any linear character or temporal sequence of these
processes. Quite the contrary, knowledge creation, diffusion, and use and the respective characteristics
of knowledge may overlap and intertwine in a myriad of ways. For example, due to the experimental
nature of innovation in general and the fundamental uncertainty involved, there are path dependencies,
lock-ins (for example, in terms of stickiness), and feedback that lead to evolutionary cycles of
variation/recombination, selection, and transmission or retention of knowledge. Moreover, the vast
literature on knowledge mobilization, knowledge translation, and knowledge transfer (e.g., [74–77])
suggests that there can be various obstacles between the creation, diffusion, and use of knowledge,
and that so-called knowledge mediators or knowledge brokers may be required to actively guide these
interrelated processes (see also [78], on a related discussion). Consequently, we caution against reading
the “trichotomy” of creation, diffusion, and use as connoting that knowledge will be put to good use
by the carriers in the end so long as the conditions, such as social network structures, for diffusion are
right. In fact, the notion of “optimal” network structures for diffusion may be misguided against the
backdrop of the (in-)compatibility of knowledge, cognitive distance, and the dynamics underlying the
formation of social networks [58].

2.2. How Knowledge Concepts Have Inspired Innovation Policy Making

Depending on the underlying concept of knowledge, different schools of thought influenced
innovation policies in diverse ways (see also [60,79,80]). Following the mainstream neoclassical
definition, the (alleged) public good characteristics of knowledge may result in market failure and
the appropriability problem. As a consequence, policies have mainly focused on the mitigation of
potential externalities and the elimination of inefficient market structures. This was done, for example,
by incentive creation (via subsidies or intellectual property rights), the reduction of market entry
barriers, and the production of knowledge by the public sector [81]. As Smith also states, “policies of
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block funding for universities, R&D subsidies, tax credits for R&D etc. [were] the main instruments of
post-war science and technology policy in the OECD area” ([82], p. 8).

Policies changed (at least to a certain extent) when the understanding of knowledge changed.
Considering knowledge as a latent public good, the main rationale for policy intervention is not market
failure, but rather systemic problems [81,83]. Consequently, it can be argued that the mainstream
neoclassical perspective neglects the importance (and difficulty) of facilitating knowledge creation,
knowledge diffusion, and knowledge use in IS (see also [79,80], on a related note). Western innovation
policies are often based on the IS approach and inspired by the more comprehensive understanding
of knowledge and its implications for innovation. They generally aim at solving inefficiencies in the
system (for example, infrastructural, transition, lock-in/path dependency, institutional, network,
and capabilities failures as summarized by [83]). These inefficiencies are tackled, for example,
by supporting the creation and development of different institutions in the IS as well as fostering
networking and knowledge exchange among the system’s actors [81]. Since “knowledge is created,
distributed, and used in social systems as a result of complex sets of interactions and relations rather
than by isolated individuals” ([84], p. 2), network science [85] especially has provided methodological
support for policy interventions in innovation networks [86–88].

It is safe to state that innovation policies have changed towards a more realistic evaluation of
innovation processes over the last decades [89], although in practice, they often still fail to adequately
support processes of knowledge creation, diffusion, and use. Even though many policymakers
nowadays appreciate the advanced understanding of knowledge and innovation, what Smith wrote
more than two decades ago is arguably still valid to some extent, namely that “linear notions
remain powerfully present in policy thinking, even in the new innovatory context” ([82], p. 8).
Such a non-systemic way of thinking is also reflected by the strongly disciplinary modus operandi
which is most obviously demonstrated by the remarkable difficulties still present in concerted actions
at the level of political departments.

2.3. Knowledge Concepts in Transformative Sustainability Science

Policy adherence to the specific knowledge characteristics identified by economists has proven
invaluable for supporting IS to produce innovations. However, to what end? So far, innovation has
frequently been implicitly regarded as desirable per se [3,90,91] and, by default, creating something
valuable. However, if IS research shall be aimed at contributing to developing solution strategies
to global sustainability challenges, a mere increase in innovative performance by improving the
flow of economically relevant knowledge will not suffice [3]. In times of globally effective wicked
problems challenging our current production and consumption patterns, it is evident that research
into knowledge creation and innovation cannot be a task for economists or any other isolated
discipline alone (see also [92], on a related discussion). Additional types of knowledge particularly
relevant for addressing wicked problems have been proposed by sustainability science in general
and transformational sustainability research in particular [36]. Solution options for the puzzle of
reconciling economic development with sustainability goals have been found to require three kinds of
knowledge: First, systems knowledge, which relates to the understanding of the dynamics and processes
of ecological and social systems (including IS); second, normative knowledge, which determines the
desired (target) states of a system; and third, transformative knowledge, which builds on systems
and normative knowledge to inform the development of strategies for changing systems towards
the desired state [34–38]. Although there are alternative terms for these three types of knowledge
(such as explanatory knowledge, orientation knowledge, and action-guiding knowledge, as used in [93]),
for the sake of terminological consistency with most recent publications, we adopt the terms systems
knowledge, normative knowledge, and transformative knowledge.

The fundamental significance of these three kinds of knowledge (systems, normative,
and transformative) for sustainability transformations has been put forward by a variety of research
strands from theoretical [34,35] to applied planning perspectives [94,95]. Explorations into the specific
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characteristics in terms of how such knowledge is created, diffused, and used within IS, however,
are missing so far. For the particular case of a dedicated transformation towards an SKBBE, we seek to
provide some clarification as a basis for an improved governance towards desired ends.

3. Dedicated Knowledge for an SKBBE Transformation

A dedicated transformation towards an SKBBE can be framed with the help of the newly
introduced concept of dedicated innovation system (DIS) [3,16,96], which goes beyond the predominant
focus on technological innovation and economic growth. DIS are dedicated to transformative
innovation [97,98], which calls for experimentation and (co-)creation of solution strategies to overcome
systemic inertia and the resistance of incumbents. In the following, we specify in what ways the IS
knowledge needs to be complemented to turn into dedicated knowledge instrumental for a transformation
towards an SKBBE. Such dedicated knowledge will thus have to comprise economically relevant
knowledge as regarded in IS as well as systems knowledge, normative knowledge, and transformative
knowledge. Since little is known regarding the meaning and the nature of the latter three knowledge
types, we need to detail them and illuminate their central characteristics. This will help to fathom the
processes of knowledge creation, diffusion, and use, which will be the basis for deriving policy-relevant
implications in the subsequent Section 4.

3.1. Systems Knowledge

Once the complexity and interdependence of transformation processes on multiple scales
is acknowledged, systemic boundaries become quite irrelevant. In the context of an SKBBE,
systems knowledge must comprise more than the conventional understanding of IS in terms of
actor configurations, institutions, and interrelations. As already stressed by Grunwald ([99], p. 154),
“sufficient insight into natural and societal systems, as well as knowledge of the interactions
between society and the natural environment, are necessary prerequisites for successful action in the
direction of sustainable development”. Although the IS literature has contributed much to systems
knowledge about several levels of economic systems, including technological, sectoral, regional,
national, and global IS, the interplay between IS, the Earth system (e.g., [100,101]), and other relevant
(sub-)systems (e.g., [102–106]) must also be regarded as a vital part of systems knowledge in the
context of sustainability and the bioeconomy. On that note, various authors have emphasized the
importance of understanding systemic thresholds and tipping points (e.g., [107–110]) and network
structures (e.g., [111,112]), which can thus be considered important elements of systems knowledge.
In this regard, it may also be important to stress that systems knowledge is (and must be) subject
to constant revision and change, because, as Boulding ([113], p. 9) already emphasized, “we are not
simply acquiring knowledge about a static system which stays put, but acquiring knowledge about
a whole dynamic process in which the acquisition of the knowledge itself is a part of the process”.

To give a prominent example which suggests a lack of systems knowledge in bioeconomy policies,
we may use the case of biofuels and their adverse effects on land-use and food supply in some of
the least developed countries [114,115]. In this case, the wicked problem addressed was climate
change due to excessive CO2 emissions, and the solution attempt was the introduction of bio-based
fuel for carbon-reduced mobility. However, after the first boom of biofuel promotion, emissions
savings were at best underwhelming or negative since the initial models calculating greenhouse gas
savings had insufficiently considered the effects of the biofuel policies on markets and production:
whereas the carbon intensity of biofuel crop cultivation was taken into account, the overall expansion
of the agricultural area and the conversion of former grasslands and forests into agricultural land was
not [114,115]. These indirect land-use change (ILUC) effects are estimated to render the positive effects
of biofuel usage more than void, which represents a vivid example for how (a lack of) comprehensive
systems knowledge can influence the (un)sustainability of bioeconomy transformations.

In accordance with much of the IS literature’s focus on knowledge and the common intellectual
history of IS and evolutionary economics (e.g., [23]), it becomes clear that an economic system,
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in general, and a (knowledge-based) bioeconomy, in particular, may also be regarded as “a
coordinated system of distributed knowledge” ([69], p. 413). Potts posits that “[k]nowledge is
the solution to problems. A solution will consist of a rule, which is a generative system of
connected components” ([69], p. 418f.). The importance of rules is particularly emphasized by the
so-called rule-based approach (RBA) to evolutionary economics developed by Dopfer and colleagues
(e.g., [49,116–121]). According to the RBA, a “rule is defined as the idea that organizes actions or
resources into operations. It is the element of knowledge in the knowledge-based economy and
the locus of evolution in economic evolution” ([49], p. 6). As Blind and Pyka also elucidate, “a
rule represents knowledge that enables its carrier to perform economic operations, i.e., production,
consumption and transactions. The distinction between generic rules and operations based on these
rules is essential for the RBA” ([122], p. 1086). According to the RBA, these generic rules may be
further distinguished into subject and object rules: subject rules are the cognitive and behavioral rules
of an economic agent, whereas object rules are social and technical rules that represent the organizing
principles for social and technological systems [49,118]. The latter include, for example, Nelson-Winter
organizational routines [123] and Ostrom social rules (e.g., [124–126]). From this brief summary of the
RBA, it already becomes clear that an understanding of the bioeconomic systems’ rules and their
interrelations is an instrumental element of systems knowledge. Or, as Meadows puts it, “[p]ower
over the rules is real power” ([127], p. 158).

Since it can be argued that the creation, diffusion, and use of systems knowledge is the classical
task of the sciences [93,99], most of the characteristics of latent public goods (as outlined above)
can be expected to also hold for systems knowledge in terms of its relatedness, cumulative properties,
and codifiability. Special features to be considered when dealing with systems knowledge in the context
of a transformation towards an SKBBE will be twofold: First, systems knowledge may be quite sticky,
that is, it may require much effort to be transferred. This is owed to the fact that departing from linear
cause-and-effect thinking and starting to think in systems still requires quite some intellectual effort
on the side of the knowledge carrier (see also [128], on a related note). Second, systems knowledge
can be expected to be strongly dispersed among different disciplines and knowledge bases of great
cognitive distances, such as—with recourse to the example of ILUC—economics, agricultural sciences,
complexity science, and other (social and natural) sciences.

3.2. Normative Knowledge

According to Abson and colleagues ([35], p. 32), “[n]ormative knowledge encompasses both
knowledge on desired system states (normative goals or target knowledge. . . ) and knowledge related
to the rationalization of value judgements associated with evaluating alternative potential states
of the world (as informed by systems knowledge. . . )”. In the context of an SKBBE, it becomes
clear that normative knowledge must refer not only to directionality, responsibility, and legitimacy
issues in IS (as discussed in [3]) but also to the targets of the interconnected physical, biological,
social, political, and other systems (e.g., [102]). Thereby, for the transformation of knowledge into
“something valuable” within IS (cf. [27]), the dedication of IS to an SKBBE also implies that the goals of
“international competitiveness and economic growth” (cf. [27]) must be adjusted and re-aligned with
what is considered something valuable in conjunction with the other interconnected (sub-)systems
(for example, social and ecological ones) (see also [129,130] on the related discussion about orientation
failure in IS).

Yet, one of the major issues with prior systemic approaches to sustainability transformations,
in general, seems to be that they tend to oversimplify the complexity of normative knowledge and
value systems by presuming a consensus about the scale and importance of sustainability-related goals
and visions [131]. As, for instance, Miller and colleagues [132] claim, “[i]nquiries into values are largely
absent from the mainstream sustainability science agenda” ([132], p. 241). However, sustainability
is a genuinely normative phenomenon [93] and knowledge related to norms, values, and desired
goals that indicate the necessity for and direction of change is essential for the successful systemic
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change towards a sustainable bioeconomy (and not just any bioeconomy for the sake of endowing the
biotechnology sector). Norms, values, and narratives of sustainability are regularly contested and
contingent on diverse and often conflicting and (co-)evolving worldviews [3,131–138].

Similar ambiguity can be observed in the context of the bioeconomy (e.g., [15,139]). When taking
the complexity of normative knowledge seriously, it may even be impossible to define globally effective
rules, norms, or values (in terms of a universal paradigm for an SKBBE) [21]. Arguably, it may be
more important to empower actors within IS to “apply, negotiate and reconcile norms and principles
based on the judgements of multiple stakeholders” ([140], p. 12). The creation of normative knowledge
for an SKBBE can thus be expected to depend on different initial conditions such as the cultural
context, whereas the diffusion of a globally effective canon of practices for an SKBBE is highly unlikely
(see also [141]). Normative knowledge for an SKBBE is, therefore, intrinsically local in character despite
the fact that sustainable development is a global endeavor.

Moreover, the creation of normative knowledge is shaped by cultural evolutionary processes
(e.g., [138,142–149]). This means, for example, that both subject rules that shape the sustainability
goals of the individual carriers (for example, what they consider good or bad) and object rules that
determine what is legitimate and important within a social system or IS are subject to path dependence,
competition, and feedback at the level of the underlying ideas (e.g., [58,131,150,151]). The diffusion of
normative knowledge about the desired states of a system is therefore always contingent on its context
specificity and dependent on cultural evolution. In Boyd and Richerson’s words, “people acquire
beliefs, attitudes, and values both by teaching and by observing the behavior of others. Culture is not
behavior; culture is information . . . that, together with individuals’ genes and their environments,
determines their behavior” ([145], p. 74). While many object rules are codifiable as laws and formal
institutions, most subject rules can be assumed to remain tacit so that normative knowledge consists of
a combination of tacit and codified knowledge. Of course, “people are not simply rule bound robots
who carry out the dictates of their culture” ([145], p. 72), but rules can often work subconsciously to
evolve institutions (e.g., [152]) and shared paradigms that span the “bounded performative space”
of an IS (see, e.g., [3], on a related note).

Consequently, when referring to normative knowledge and the constituting values and belief
systems, we are not only dealing with the competition and evolution of knowledge at the level of
rules and ideas driven by (co-)evolutionary processes across the societal sub-systems of individuals,
the market, the state, civil society, and nature [106]. To a great extent, the cognitive distances
of competing carriers within sub-systems and their conflicting strategies can also pose serious
impediments to normative knowledge creation, diffusion, and use. This complex interrelation
may, thus, be understood from a multilevel perspective with feedback between worldviews, visions,
paradigms, the Earth system, regimes, and niches [153].

3.3. Transformative Knowledge

Transformative knowledge can, in the context of this article, be understood as knowledge about
how to accelerate and influence the ongoing transformation towards an SKBBE. As, for instance,
Abson and colleagues [35] explain, this type of knowledge is necessary for the development of
tangible strategies to transform systems (based on systems knowledge) towards the goals derived
from normative knowledge. Theoretical and practical understanding must be attained to afford
transitions from the current to the desired states of the respective system(s), which will require a mix
of codified and tacit elements. Creating transformative knowledge will encompass the acquisition of
skills and knowledge about how to effect systemic changes, or, as Almudi and Fatas-Villafranca put it,
how to deliberately shape the evolutionary processes in other sub-systems (a mechanism referred to
as promotion [106]). Although wicked problems that necessitate these changes are most often global
in nature, their solution strategies will have to be adapted to the local conditions [97]. While global
concepts and goals for a bioeconomy may be relatively easy to agree upon, the concrete measures and
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resource allocation will be negotiated and disputed at the regional and local scales [154]. This renders
transformative knowledge in IS exceptionally local.

In line with the necessity for a change of goals and values, scholars of the educational sciences
argue that effective transformative knowledge will also require a revision of inherited individual value
frames and assumptions on the side of the knowledge carriers themselves [155]. This process of
fundamentally challenging personal worldviews inherent in the absorption of truly transformative
knowledge makes this type of knowledge extremely sticky and inhibited by lock-ins and path
dependence. For a transformation from a fossil to a bio-based economy, the collective habituation
to a seemingly endless and cheap supply of fossil resources and the ostensibly infinite capacity of
ecosystems to absorb emissions and waste must be overcome. In line with findings from cultural
evolution and the RBA, sustainability education research has also pointed to the importance of
acknowledging that human action is driven not only by cognitive knowledge but also unconsciously
by “deeper” levels of knowing such as norms, assumptions, values, or beliefs [156]. Consequently,
only when being effective on these different levels of consciousness can transformative knowledge
unfold its full potential to enable its carriers to induce behavioral change in themselves, a community,
or the society. Put differently, the agents of sub-systems will only influence the replication and
selection processes according to sustainable values in other sub-systems (via promotion) if they expect
advantages in individual and social well-being [106].

Besides systems and normative knowledge, transformative knowledge thus requires the skills
to affect deeper levels of knowing and meaning, thereby influencing more immediate and conscious
levels of (cognitive and behavioral) rules, ideas, theories, and action [157,158]. Against this backdrop,
it may come as no surprise that the prime minister of the German state of Baden-Wuerttemberg,
member of the green party, has so far failed to push state policies towards a mobility transformation
away from individual transport on the basis of combustion technology. In an interview, he made it
quite clear that although he has his chauffeur drive him in a hybrid car on official trips, in his private
life he “does what he considers right” by driving “a proper car”—namely a Diesel [159].

From what we have elaborated regarding the characteristics of transformative knowledge,
we must conclude that its creation requires a learning process on multiple levels. It must be kept in
mind that it can only be absorbed if the systemic understanding of the problem and a vision regarding
the desired state are present, that is, if a certain level of capacity to absorb transformative knowledge
is given. Furthermore, Grunwald [93] argues that the creation of transformative knowledge must be
reflexive. In a similar vein, Lindner and colleagues stress the need for reflexivity in IS, and they propose
various quality criteria for reflexive IS [130]. In terms of its diffusion and use, transformative knowledge
is thought to become effective only if it is specific to the context and if its carriers have internalized
the necessity for transformation by challenging their personal assumptions and values. Consequently,
since values and norms have evolved via cultural evolution, transformative knowledge also needs to
include knowledge about how to influence the cultural evolutionary processes (e.g., [133,160–163]).
To take up Brewer’s culture design approach, “change processes can only be guided if their evolutionary
underpinnings are adequately understood. This is the role for approaches and insights from cultural
evolution” ([160], p. 69).

4. Policy-Relevant Implications

4.1. Knowledge-Related Gaps in Current Bioeconomy Policies

The transformation towards an SKBBE must obviously be guided by strategies derived from
using transformative knowledge which is, by definition, based on the other relevant types comprising
dedicated knowledge. We suspect that the knowledge which guided political decision-makers in
developing and implementing current bioeconomy policies so far has, in some respect, not been
truly transformative. Important processes of creating, diffusing, and using systems and, especially
normative knowledge, have not sufficiently been facilitated. We propose how more detailed insights
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into the characteristics of dedicated knowledge can be used to inform policymakers in improving
their transformative capacities. Based on the example of two common issues of critique in the current
bioeconomy policy approaches, we will substantiate our knowledge-based argument. Bioeconomy
policies have been identified (i) to be biased towards economic goals and, therefore, take an unequal
account of all three dimensions of sustainability [21,164–168]; and, to some extent related to it;
(ii) to only superficially integrate all relevant stakeholders into policy making [21,165,169–173].

Bioeconomy policies brought forward by the European Union (EU) and several nations have
been criticized for a rather narrow techno-economic emphasis. While using the term sustainable as
an attribute to a range of goals and principles frequently, the EU bioeconomy framework, for example,
still overemphasizes the economic dimension. This is reflected by the main priority areas of various
political bioeconomy agendas which remain quite technocratic: keywords include biotechnology,
eco-efficiency, competitiveness, innovation, economic output, and industry in general [14,164].
The EU’s proposed policy action along the three large areas (i) the investment in research, innovation
and skills; (ii) the reinforcement of policy interaction and stakeholder engagement; and (iii) the
enhancement of markets and competitiveness in bioeconomy sectors ([174], p. 22), reveals a strong
focus on fostering economically relevant and technological knowledge creation. In a recent review [175]
of its 2012 Bioeconomy Strategy [174] the European Commission (EC) did indeed observe some room
for improvement with regard to more comprehensive bioeconomy policies by acknowledging that
“the achievement of the interlinked bioeconomy objectives requires an integrated (i.e., cross-sectoral
and cross-policy) approach within the EC and beyond. This is needed in order to adequately
address the issue of multiple trade-offs but also of synergies and interconnected objectives related to
bioeconomy policy (e.g., sustainability and protection of natural capital, mitigating climate change,
food security)” ([175], p. 25).

An overemphasis on economic aspects of the bioeconomy in implementation strategies is likely
to be rooted in an insufficient stock of systems knowledge. If the bioeconomy is meant to “radically
change [Europe’s] approach to production, consumption, processing, storage, recycling and disposal
of biological resources” ([174], p. 8) and to “assure over the long term the prosperity of modern
societies” ([4], p. 2), the social and the ecological dimension have to play equal roles. Furthermore,
the systemic interplay between all three dimensions of sustainability must be understood and must
find its way into policy making via systems knowledge. While the creation of systems knowledge
within the individual disciplines does not seem to be the issue (considering, for example, advances
in Earth system sciences, agriculture, and political sciences), its interdisciplinary diffusion and use
seem to lag behind (see also [160], on a related note). The prevalent characteristics of this knowledge
relevant for its diffusion have been found to be stickiness and dispersal (see Section 3.1 above). To
reduce the stickiness of systems knowledge and, thus, improve its diffusion and transfer, long-term
policies need to challenge the fundamental principles still dominating in education across disciplines
and across school levels: linear cause-and-effect thinking must be abandoned in favor of systemic ways
of thinking. To overcome the wide dispersal of bioeconomically relevant knowledge across academic
disciplines and industrial sectors, policies must encourage inter- and transdisciplinary research even
more and coordinate knowledge diffusion across mental borders. This, in turn, calls for strategies that
facilitate connecting researchers across disciplines and with practitioners as well as translating systems
knowledge for the target audience (e.g., [74]). Only then can systems knowledge ultimately be used
for informing the creation processes of transformative knowledge.

This brings us to the second issue of bioeconomy policies mentioned above: the failure of
bioeconomy strategies to involve all stakeholders in a sincere and open dialogue on goals and
paths towards (a sustainable) bioeconomy [169,170,173]. Their involvement in the early stages
of a bioeconomy transformation is not only necessary for receiving sufficient acceptance of new
technologies and the approval of new products [168,170]. These aspects—which, again, mainly affect
the short-term economic success of the bioeconomy—are addressed well across various bioeconomy
strategies. However, “[a]s there are so many issues, trade-offs and decisions to be made on the design
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and development of the bioeconomy, a commitment to participatory governance that engages the
general public and key stakeholders in an open and informed dialogue appears vital” ([168], p. 2603;
italics added). From the perspective of dedicated knowledge, there is a reason why failing to
integrate the knowledge, values, and worldviews of the people affected will seriously impede the
desired transformation: the processes of creation, diffusion, and use of normative knowledge and
transformative knowledge are contingent on the input of a broad range of stakeholders—basically,
of everyone who will eventually be affected by the transformation. The use of normative knowledge
(that is, the agreement upon common goals), as well as the use of transformative knowledge
(that is, the definition of transformation strategies), have both been identified to be intrinsically
local and context-specific (see Sections 3.2 and 3.3). A policy taking account of these characteristics will
adopt mechanisms to enable citizens to take part in societal dialogue which must comprise three tasks:
offering suitable participatory formats, educating people to become responsible citizens, and training
transdisciplinary capabilities to overcome cognitive distances between different mindsets as well
as to reconcile global goals with local requirements. In this respect, there has been a remarkable
development at the European level: while the German government is still relying on the advice of
a Bioeconomy Council representing only the industry and academia for developing the bioeconomy
policy [154], the recently reconstituted delegates of the European Bioeconomy Panel represent a variety
of societal groups: “business and primary producers, policymakers, researchers, and civil society
organisations” ([175], p. 13). Unsurprisingly, their latest publication, the bioeconomy stakeholders’
manifesto, gives some recommendations that clearly reflect the broad basis of stakeholders involved,
especially concerning education, skills, and training [176].

For a structured overview of the elements of dedicated knowledge and their consideration by
current bioeconomy policy approaches, see Table 1.

4.2. Promising (But Fragmented) Building Blocks for Improved SKBBE Policies

Although participatory approaches neither automatically decrease the cognitive distances
between stakeholders nor guarantee that the solution strategies agreed upon are based on the most
appropriate (systems and normative) knowledge [95], an SKBBE cannot be achieved in a top-down
manner. Consequently, the involvement of stakeholders confronts policymakers with the roles of
coordinating agents and knowledge brokers [74,75,77,177]. Once a truly systemic perspective is taken
up, the traditional roles of different actors (for example, the state, non-governmental organizations,
private companies, consumers) become blurred (see also [178–180]), which has already been recognized
in the context of environmental governance and prompted Western democracies to adopt more
participatory policy approaches [181]. A variety of governance approaches exist, ranging from
adaptive governance (e.g., [182–184]) and reflexive governance (e.g., [130,185]) to Earth system governance
(e.g., [18,101,186]) and various other concepts (e.g., [107,187–190]). Without digressing too much into
debates about the differences and similarities of systemic governance approaches, we can already
contend that the societal roots of many of the sustainability-related wicked problems clearly imply
that social actors are not only part of the problem but must also be part of the solution. Against
this background, transdisciplinary research and participatory approaches such as co-design and
co-production of knowledge have recently gained momentum with good reason (e.g., [37,191–198])
and are also promising in the context of the transformation towards an SKBBE. Yet, the question
remains why only very few, if any, bioeconomy policies have taken participatory approaches and
stakeholder engagement seriously (see, e.g., [170,199], on a related discussion).
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To better acknowledge the characteristics of dedicated knowledge, we can propose a combination
of four hitherto rather fragmented but arguably central frameworks that may be built on to improve
bioeconomy policy agendas in terms of creating, diffusing, and using dedicated knowledge (note that
the proposed list is non-exhaustive but may serve as a starting point for developing more adequate
knowledge-based bioeconomy policies):

• Consider the roles of policymakers and policy making from a co-evolutionary perspective
(see also [138]), where the “state” is conceived as one of several sub-systems (for example,
next to the individuals, civil society, the market, and nature) shaping contemporary capitalist
societies [106]. Through the special co-evolutionary mechanism of promotion, political entities are
able to deliberately influence the propagation (or retention) of certain knowledge, skills, ideas,
values, or habits within other sub-systems and, thereby, trigger change in the whole system [106].

• Take up insights from culture design (e.g., [133,160–163,200]) and findings on transmission and
learning biases in cultural evolution (e.g., [201–203]) that may help to explain and eventually
overcome the stickiness and locality of both systems and normative knowledge and thereby
increase the absorptive capacities of DIS actors for dedicated knowledge.

• Use suggestions from the literature on adaptive governance such as the combination of indigenous
knowledge with scientific knowledge (to overcome path dependencies), continuous adaptation of
transformative knowledge to new systems knowledge (to avoid lock-ins), embracing uncertainty
(accepting that the behavior of systems can never be completely understood and anticipated),
and the facilitation of self-organization (e.g., [183,184]) by empowering citizens to participate in
the responsible co-creation, diffusion, and use of dedicated knowledge.

• Apply reflexive governance instruments as guideposts for DIS, including principles of
transdisciplinary knowledge production, experimentation, and anticipation (creating systems
knowledge), participatory goal formulation (creating and diffusing normative knowledge),
and interactive strategy development (using transformative knowledge) ([130,204]) for the
bioeconomy transformation.

In summary, we postulate that for more sustainable bioeconomy policies, we need more adequate
knowledge policies.

5. Conclusions

Bioeconomy policies have not effectively been linked to findings and approved methods of
sustainability sciences. The transformation towards a bioeconomy, thus, runs into the danger of
becoming an unsustainable and purely techno-economic endeavor. Effective public policies that
take due account of the knowledge dynamics underlying transformation processes are required.
In the context of sustainability, it is not enough to just improve the capacity of an IS for creating,
diffusing, and using economically relevant knowledge. Instead, the IS must become more goal-oriented
and dedicated to tackling wicked problems [3,205]. Accordingly, for affording such systemic
dedication to the transformation towards an SKBBE, it is central to consider dedicated knowledge
(that is, a combination of the understanding of economically relevant knowledge with systems
knowledge, normative knowledge, and transformative knowledge).

Drawing upon our insights into such dedicated knowledge, we can better understand why
current policies have not been able to steer the bioeconomy transformation onto a sustainable path.
We admit that recent policy revision processes (e.g., [173,175,176,206–208])—especially in terms
of viewing the transition to a bioeconomy as a societal transformation, a focus on participatory
approaches, and a better coordination of policies and sectors—are headed in the right direction.
However, we suggest that an even stronger focus on the characteristics of dedicated knowledge and its
creation, diffusion, and use in DIS is necessary for the knowledge-based bioeconomy to become truly
sustainable. These characteristics include stickiness, locality, context specificity, dispersal, and path
dependence. Taking dedicated knowledge more seriously entails that the currently most influential
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players in bioeconomy governance (that is, the industry and academia) need to display a serious
willingness to learn and acknowledge the value of opening up the agenda-setting discourse and
allow true participation of all actors within the respective DIS. Although in this article, we focus on
the role of knowledge, we are fully aware of the fact that in the context of an SKBBE, other points
of systemic intervention exist and must also receive appropriate attention in future research and
policy endeavors [127,209].

While many avenues for future inter- and transdisciplinary research exist, the next steps
may include

• enhancing systems knowledge by analyzing which actors and network dynamics are universally
important for a successful transformation towards an SKBBE and which are contingent on the
respective variety of a bioeconomy,

• an inquiry into knowledge mobilization and, especially the role(s) of knowledge brokers for
the creation, diffusion, and use of dedicated knowledge (for example, installing regional
bioeconomy hubs),

• researching the implications of extending the theory of knowledge to other relevant disciplines,
• assessing the necessary content of academic and vocational bioeconomy curricula for creating

bioeconomy literacy beyond techno-economic systems knowledge,
• applying and refining the RBA to study which subject rules and which object rules are most

important for supporting sustainability transformations,
• and many more.
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Abstract: The monitoring of the European bioeconomy is hampered by a lack of statistics on emergent
and partially bio-based sectors. In this study, we complete the picture of the bioeconomy in the
European Union (EU) by first estimating a set of socioeconomic indicators in missing sectors. Second,
we identify four broad bioeconomy patterns within the EU that differ according to the specialisation
of Member States’ labour markets in the bioeconomy (location quotient) and according to the apparent
labour productivity of their bioeconomies. The patterns are geographically distributed in (i) Eastern
Member States and Greece and Portugal; (ii) Central and Baltic Member States; (iii) Western Member
States; and (iv) Northern Member States. They are strongly related to the level of gross domestic
product (GDP) per capita in Member States, and to their political histories (e.g., their year of accession
to the EU, and the existence and maturity of their bioeconomy strategies). Within each group,
diversity exists in terms of sectoral bioeconomy development. Third, we examine temporal dynamics
over the period 2008–2015, stressing with the cases of Slovenia, Portugal, Greece and Finland that
a transition from one group to another is possible. Finally, we take a closer look at the East–West
bioeconomy disparities within Europe and suggest measures to promote EU bioeconomies.

Keywords: bioeconomy; EU Member States; apparent labour productivity; jobs and growth; typology

1. Introduction

Europe’s bioeconomy encompasses the production of renewable biological resources and the
conversion of these resources and waste streams into value-added products such as food, feed,
bio-based products and bioenergy [1]. As a core principle, the European Bioeconomy Strategy aims
to balance social, environmental and economic gains by linking the sustainable use of renewable
resources with the protection and restoration of biodiversity, ecosystems and natural capital across
land and water [2].

The 2017 review of the Bioeconomy Strategy created a major opportunity for a new political
impetus and orientation [3]. The roadmap ‘Update of the 2012 Bioeconomy Strategy,’ published in
early 2018, reinforced the main purpose of the strategy and provided an updated plan for concrete
actions [2]. These actions relate to research and innovation, including education, special attention to
the development of bio-based markets, the minimisation of harmful impacts and maximisation of
co-benefits of the bioeconomy, and better exploitation of the potential in EU Member States and their
regions [2].

Both the review and the roadmap stress the need to assess progress through better monitoring
and assessment frameworks, in particular providing SMART (specific, measurable, attainable, relevant
and timely) indicators across relevant sectors.

In this article we present the most recent socioeconomic key numbers, discuss and propose
additional indicators, and illustrate the use of further derived indicators for the analysis of EU
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Member States’ bioeconomies in transition, as a contribution to the upcoming set-up of monitoring
and assessment frameworks. The paper gives some insights into the situation of individual countries,
as such contemplating also potentially existing path dependencies.

The majority of bioeconomy policy documents [1–3], but also scientific publications [4], describe
the bioeconomy in terms of indicators, turnover and jobs as calculated by the Joint Research Centre
(JRC) and the nova-Institute for Ecology and Innovation (www.nova-institute.eu) [5–7].

According to our most recent estimations, the EU-28 bioeconomy created 18 million full-time
jobs and generated €2.3 trillion of turnover in 2015. To date, turnover has been the main economic
indicator used to quantify the bioeconomy and its different sectors. In this article we argue that value
added should receive more attention, primarily because it avoids double-counting and provides the
additional value to the whole economy created by a sector. Furthermore, it is more in line with EU
Member State calculations and allows comparisons with national accounts. Expressed in value added,
the bioeconomy amounted to €620 billion in Europe in 2015. In particular, sectors with high inputs
reduce its overall share in the bioeconomy.

In a second step, with the objective of analysing the state and potential pathways of individual
EU Member States in the bioeconomy, this paper puts forward the use of the sectoral apparent
labour productivity (or value added per person employed) and the so-called location quotient (see
also [5]). Addressing economic performance through a productivity measure gives further insights
into the growth potential of specific bioeconomy sectors in individual EU Member States, which is of
particular importance from the perspective of the EU and its various policies that have implications
for territorial coherence.

Accordingly, this paper proposes a simplified socioeconomic indicator framework, the positioning of
EU Member States on a transition path to higher productivity and, finally, a grouping of Member States.

It should be stressed that this approach does not constitute a holistic assessment framework,
in particular because it omits the environmental dimension of sustainability. Nonetheless, it gives
insights into the state and the transition of EU Member States in this matrix of key economic and social
indicators, and thus provides an initial contribution to the monitoring of the bioeconomy in the EU.

The article is structured as follows. Following the introduction, the second section describes the
materials and methods, in particular the way the indicators are calculated. The third section provides
the results, starting with an overview of the socioeconomic indicators and followed by a detailed
analysis of the clustering of EU Member States. The fourth section discusses the choice of value added
as the main economic indicator and then looks into the untapped potential and bioeconomy-related
strategies for Eastern EU Member States.

2. Materials and Methods

2.1. Scope of the ‘European Bioeconomy’

This paper follows the official definition of the bioeconomy as published in communication COM
(2012) 60 of the European Commission mentioned in the introduction [1]. Briefly put, the bioeconomy
incorporates all the economic activities related to the production and manufacturing of biomass.
According to the official statistical classification of economic activities of the European Community
(NACE rev. 2) [8], these economic activities correspond to the list of sectors presented in

Table 1. Note that the NACE classification does not differentiate bio-based and non-bio-based
activities. This is the case, for instance, in the manufacture of textiles that can use biomass as a feedstock
(cotton, ,wool, silk, etc.), or synthetic fibres, or both. Sectors making use of biomass and other kinds of
feedstock are called ‘hybrid’ sectors. They are marked with a * in Table 1.

85



Sustainability 2018, 10, 1745

Table 1. NACE sectors considered part of the bioeconomy.

NACE Code Bioeconomy Sector (Parent Categories in Bold)

A01 Agriculture
A02 Forestry
A03 Fishing and aquaculture

A032 Aquaculture
A031 Fishing

- Manufacture of food, beverages and tobacco
C10 Manufacture of food
C11 Manufacture of beverages
C12 Manufacture of tobacco

- Manufacture of bio-based textiles
C13 * Manufacture of bio-based textiles
C14 * Manufacture of bio-based wearing apparel
C15 Manufacture of leather

- Manufacture of wood products and furniture
C16 Manufacture of wood products

C31 * Manufacture of wooden furniture
C17 Manufacture of paper

- Manufacture of bio-based chemicals, pharmaceuticals, plastics and rubber (excluding biofuels)
C20 * Manufacture of bio-based chemicals (excluding biofuels)
C21 * Manufacture of bio-based pharmaceuticals
C22 * Manufacture of bio-based plastics and rubber

- Manufacture of liquid biofuels
C2014 * Manufacture of bioethanol
C2059 * Manufacture of biodiesel
D3511 * Production of bioelectricity

* hybrid sector.

2.2. Determination of the Bio-Based Proportion of Hybrid Sectors

The extent to which a given hybrid sector is bio-based is determined following the approach set
out by Ronzon et al. [5]: experts estimate the proportion of biomass incorporated in each product
produced by the hybrid sector; and, at sector level, the proportion of biomass incorporated in all
products from this sector makes up the sectoral bio-based share.

In the present study, the quantification of sectoral bio-based shares strictly follows the same
methodology as described by Ronzon et al. [5], except for the case of the manufacture of bio-based
chemicals and pharmaceuticals (NACE rev. 2 sectors C20 and C21). In order to track possible
developments, the nova-Institute for Ecology and Innovation has updated the product bio-based
shares of these two sectors after a new round of expert interviews in which experts have worked on
the statistical classification of products by category (CPA) list of products belonging to sectors C20 and
C21. Consequently, the sectoral bio-based shares of the two aforementioned sectors were estimated
using the production value from the EUROSTAT-Prodcom dataset (see Equation (1)).

BBSi,k,l =
∑n

j=1 bbsj × Production valuej,k,l

∑n
j=1 Production valuej,k,l

, (1)

where:

� BBSi,k,l is the bio-based share of sector i (NACE Rev. 2), in EU Member State k and for year l;
� bbsj is the bio-based share of product j, given that sector i manufactures j = n products.

Bio-based shares vary from 0 for products that do not incorporate biomass (e.g., Prodcom code
20.12.23.30, Synthetic organic tanning substances) to 1 for those that are made entirely of biomass
(e.g., Prodcom code 20.12.22.50, Tanning extracts of vegetable origin);

� Production valuej,k,l is the production value of product j, by EU Member State k and for year l.

Finally, the sectoral bio-based share for the production of bio-electricity is derived from the
EUROSTAT—energy balances, using the nrg_105a dataset, which decomposes the gross electricity

86



Sustainability 2018, 10, 1745

generation by source. As for the precedent sectoral bio-based shares, it is calculated per Member State
and year and then applied to EUROSTAT—Structural Business Statistics data (sbs_na_ind_r2).

2.3. Calculation of Monitoring Indicators

This study is based on the analysis of the number of persons employed in bioeconomy sectors,
their turnover, value added and derived indicators (see details in official definitions [9]):

• The number of people employed (code V16110 in EUROSTAT—Structural Business Statistics)
is the total number of persons who work in the observation unit, as well as persons who work
outside the unit who belong to it and are paid by it.

• The turnover (code V12110 in EUROSTAT—Structural Business Statistics) comprises the totals
invoiced by the observation unit.

• The value added at factor cost (code V12150 in EUROSTAT—Structural Business Statistics) is the
gross income from operating activities after adjusting for operating subsidies and indirect taxes.

In the case of fully bio-based sectors, data for these indicators are retrieved from different
EUROSTAT datasets and from Scientific, Technical and Economic Committee for Fisheries (STECF)
reports (see Table 2).

Table 2. Data source for fully bio-based sectors.

Bioeconomy
Sector

NACE Code Used
for Calculations

Number of Persons
Employed

Turnover Value Added

Agriculture A01
EUROSTAT—Labour

Force Survey
(lfsa_egan22d)

EUROSTAT—Economic
accounts for agriculture

(aact_eaa01) EUROSTAT—National
accounts (nama_10_a64)

Forestry A02 EUROSTAT—Forestry
Employment (for_emp_lfs)

EUROSTAT—Forestry
economic accounts

(for_eco_cp)

Fishing A03 STECF 2014 STECF 2016

Manufacturing
sectors

C10; C11; C12; C15;
C16; C17 EUROSTAT—Structural Business Statistics (sbs_na_ind_r2)

Sources: [10–12].

Indicators are estimated for hybrid sectors by applying their sectoral bio-based share to
EUROSTAT—Structural Business Statistics data (sbs_na_ind_r2; see Ronzon et al. for more details [5]).

The derived indicators used in this study include apparent labour productivity (code V91110 in
EUROSTAT—Structural Business Statistics) and location quotient. Apparent labour productivity refers
to the ratio of value added to persons employed. Location quotient refers to the proportion of persons
employed in a particular sector and in a given Member State compared with the European proportion
(see Equation (2)). A location quotient of sector i in Member State k greater than 1 means the labour
market of Member State k is more ‘concentrated’ in sector i than the EU-28 labour market.

LQi,k,l =
% people employedi,k,l

% people employedi,EU28,l
, (2)

where:

� LQi,k,l is the location quotient of sector i (NACE Rev. 2), in EU Member State k and for year l;
� % people employedi,k,l is the proportion of people employed in sector i (the bioeconomy or a

NACE Rev. 2 sector), in EU Member State k and for year l; and
� % people employedi,EU-28,l is the proportion of people employed in sector i (the bioeconomy or a

NACE Rev. 2 sector), in the EU-28 and for year l.
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For example, the bioeconomy location quotient of 3.8 in Romania means that in the Romanian
labour market the proportion of persons employed in bioeconomy sectors is nearly four times higher
than the proportion of bioeconomy workers on the EU28 labour market.

Data are compiled within the JRC-Bioeconomics dataset and they can be gathered at https:
//datam.jrc.ec.europa.eu/datam/perm/od/7d7d5481-2d02-4b36-8e79-697b04fa4278 (see also the QR
codes in the Supplementary Materials).

3. Results

3.1. Key Socioeconomic Indicators

According to our estimations, the EU-28 bioeconomy employed 18 million people and generated
€2.3 trillion of turnover or €620 million of value added in 2015. In other words, this sector employed
8.2% of the EU-28 labour force and generated 4.2% of the EU-28 GDP. Agriculture and the manufacture
of food, beverages and tobacco accounted for about two thirds of the value added and turnover of the
bioeconomy and three quarters of bioeconomy employment. These sectors generated €174 billion and
€233 billion of value added respectively in 2015.

Even though these two sectors dominate the bioeconomy when measured with the three
indicators—employment, turnover and value added—sectoral contributions vary according to the
degree of labour intensiveness of the sector (see Table 3 and Appendix A Table A1). Agriculture, being
a low labour productive sector, employs 51% of bioeconomy workers but generates only 28% of the
bioeconomy value added. The other sectors tend to increase their contribution to the bioeconomy
when measured in value terms rather than employment terms. For example, the manufacture of
food, beverages and tobacco employs only 25% of the bioeconomy workers, but generates 37% of the
bioeconomy value added. The manufacture of bio-based chemicals, pharmaceuticals, plastics and
rubber (excluding biofuels) employs fewer than 3% of the workers in the bioeconomy, but generates
more than 9% of its value added.

Table 3. Contribution of bioeconomy sectors to the total bioeconomy labour market, turnover and
value added (%), EU-28, 2015.

Sector Workers Turnover Value Added

Agriculture 51.0 16.8 28.0
Forestry 3.0 2.2 3.8
Fishing 1.2 0.5 1.1

Manufacture of food, beverages and tobacco 25.1 51.0 37.6
Manufacture of bio-based textiles 5.6 4.6 4.6

Manufacture of wood products and furniture 7.8 7.7 7.6
Manufacture of paper 3.6 8.3 7.3

Manufacture of bio-based chemicals, pharmaceuticals, plastics
and rubber (excluding biofuels) 2.5 7.8 9.1

Manufacture of liquid biofuels 0.1 0.5 0.4
Production of bioelectricity 0.1 0.5 0.5

Differences in sectoral contribution to the bioeconomy turnover versus value added arise from
differences in cost structure. Costs of bought-in goods and services are relatively higher in the
manufacture of food, beverages and tobacco than in agriculture. As a result, its proportion of the
bioeconomy’s turnover (51%) is far larger than its proportion of value added (38%), while the opposite
is true in agriculture (17% of turnover versus 28% of value added).

Over time, bioeconomy employment tends to reduce while value added increases. The number of
people working in the bioeconomy was 2.5 million fewer in 2015 than in 2008, mainly because of the
ongoing restructuring of the agricultural sector, which lost 1.5 million people during the same period
(which equates to 63% of the reduction in jobs in the EU-28 bioeconomy). In contrast, the value added
generated by the bioeconomy has increased by €45 million and the apparent labour productivity has
also improved from €28,000 of value added per person employed in 2008 to €34,400 in 2015.
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We can observe five levels of sectoral apparent labour productivity in the EU bioeconomy, which
more or less follow sectoral levels of capitalisation (see bars on Figure 1): (i) €19,000 of value added per
person employed reached in agriculture; (ii) around €30,000 of value added per person employed in the
manufacture of bio-based textiles, in fishing and aquaculture and in the manufacture of wood products
and furniture; (iii) between €40,000 and €50,000 per person employed in forestry, the manufacture of
bio-plastics and the manufacture of food, beverages and tobacco; (iv) €70,000 per person employed in
the manufacture of paper and paper products; and (v) more than €120,000 per person employed in the
manufacture of bio-based chemicals and bio-based pharmaceuticals as well as in the production of
bioelectricity. Nevertheless, behind these EU averages, sectoral levels of apparent labour productivity
show very wide ranges of variation at Member State level (see points on Figure 1).

Figure 1. Sectoral apparent labour productivity in the EU-28 bioeconomy, 2015: bars show EU-28
apparent labour productivity; points show Member States’ apparent labour productivity. Note that
apparent labour productivity in Ireland for the manufacture of bio-based pharmaceutical is out of scale
on this graph, reaching 784 k€ per person employed.

3.2. Clustering of EU Member States

The indicators shown in Section 2 illustrate considerable heterogeneity among EU Member States.
As a first step to identify the state and potential evolution of Europe’s bioeconomy, we propose a
clustering or typology for the EU Member States based on the socioeconomic indicators selected.
The clustering reduces the complexity of the analysis of 28 countries and can therefore support
monitoring and policy decision-making.
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Policy initiatives already exist at the supra-national level. The Scandinavian countries of Denmark,
Finland and Sweden have founded the Nordic Bioeconomy [13]. The BIOEAST initiative comprises the
Central and Eastern European countries of Bulgaria, the Czech Republic, Hungary, Poland, Romania
and Slovakia [14]. This initiative argues that an east-west divide exists in the EU, with eastern countries
serving only as raw material providers for big companies in the west and having limited access to
research. Developing bioeconomy strategies for these countries can contribute to overcome existing or
perceived geographical imbalances and better exploit untapped potential.

Literature related to bioeconomy typologies is still in its infancy. Philippidis et al. [15], and Mainar
Causapé et al. [16] employed disaggregated social accounting matrices and multipliers to analyse the
bioeconomy of the EU. Employing the same tools of analysis, a similar case study was conducted for
the Spanish economy (Cardenete et al.) [17]

A typology of European regions according to their bioeconomy profile and approach is proposed
by Spatial Foresight et al. [18] with the aim of gathering stakeholders around specific bioeconomy
sectors/products.

In this article we focus on a more aggregated and macro-economic analysis, taking into account
two criteria for a typology: the concentration of national labour markets into the bioeconomy, and
apparent labour productivity of the bioeconomy. The first criterion acts as a proxy for the employment
situation, while the second reflects economic growth potential. This approach enables comparisons
between countries, insights into the complex interactions of job and growth creation, and, finally,
the identification of potential future pathways of countries that exhibit similar dynamic patterns.

3.2.1. Eastern Member States, Portugal and Greece (Group 1.1)

This group is defined by a strong specialisation of national labour markets in the bioeconomy
(location quotient higher than 1.6 in 2015) but a level of apparent labour productivity of the bioeconomy
below half the EU-28 level (i.e., less than €18,000 of value added per person employed in 2015).
It comprises Romania, Greece, Lithuania, Poland, Croatia, Portugal, Latvia and Bulgaria (see Figure 2).

These Member States joined the European Union after 2004 and show the lowest levels of GDP
per capita of the EU-28 (below €11,600 per capita), with the exception of Greece and Portugal, which
entered the EU in 1981 and 1986 respectively and reached around €17,000 of GDP per capita in 2015
(far below the EU-28 level of €26,600 per capita (Eurostat sdg_08_10, http://ec.europa.eu/eurostat/
web/products-datasets/-/sdg_08_10)).

Over half of the bioeconomy labour force in this group is concentrated in biomass-producing
sectors (i.e., agriculture, forestry and the fishing sector), which generate 33–63% of the bioeconomy
value added. The agriculture sector alone contributes between 38% and 81% of bioeconomy jobs
and 23–55% of the value added. The agricultural focus is extremely strong in Romania and Greece,
where it provides more than 70% of bioeconomy jobs and around 55% of the bioeconomy value added.
In Latvia, Bulgaria and Lithuania, the relatively low contribution of agriculture to bioeconomy jobs
(38–48%) is compensated for by a strong contribution of the forestry sector (6–14% versus 3% on
average in the EU-28). The contribution of agriculture and forestry to the bioeconomy value added is
also higher in this group than the average in the EU-28. The fishing sector contributes nearly 5% of the
bioeconomy jobs in Greece, which is not negligible compared with other EU-28 Member States (1.2%
on average across the EU-28).
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Figure 2. Bioeconomy patterns across EU-28 Member States.

As regards downstream bio-based value chains, the manufacture of food, beverage and tobacco
is the second largest employing sector (7–24% of bioeconomy employment), after agriculture, and
the second largest contributor to the bioeconomy value added (15–38%). Nevertheless, its relative
contribution is below the EU-28 average in both employment and value added terms (see Figure 3).
The strong forestry basis of Latvia and Lithuania has triggered the development of the manufacture
of wood products and furniture (respectively 22% and 16% of bioeconomy jobs; 27% and 16% of the
bioeconomy value added) but not the manufacture of paper sector (which is less than the EU average).
The manufacture of bio-based textiles contributes more to the bioeconomy labour market in Portugal
(17%), Bulgaria (15%), Croatia (7%) and Lithuania (6%) than on average in the EU (5.5%). Finally,
the manufacture of bio-based chemicals, pharmaceuticals, plastic and rubber is under-represented in
the bioeconomy labour market (less than 1.7% of bioeconomy employment) compared with the EU
average (2.5%) as well as in value added terms (less than 4% of the bioeconomy value added versus 9%
in the EU). The case of Portugal is remarkable: it reaches high levels of productivity compared with
the other Member States of this group in forestry, the manufacture of wood products and furniture and
the manufacture of paper sectors. Thus, these three sectors generate one-quarter of the bioeconomy
value added in Portugal while employing only 11% of the bioeconomy labour force.
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Figure 3. Heat map of the sectoral contribution to bioeconomy jobs and value added in EU Member
States, 2015: light grey shows a contribution below the EU average, dark grey shows a contribution
above the EU average, white indicates missing data.

In summary, the bioeconomy pattern of this group is geared towards biomass-producing sectors
and the manufacture of food, beverage and tobacco sector. Other low-productive manufacturing
sectors can play a significant role according to historical sectoral specialisation (e.g., the manufacture
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of bio-based textiles in Portugal) or to biomass endowment (e.g., the manufacture of wood products
and furniture in Latvia and Lithuania). More labour-productive sectors, such as the manufacture of
paper and the manufacture of bio-based chemicals, pharmaceuticals, plastics and rubber, are not very
developed. The apparent labour productivity in all bioeconomy sectors is lower than the EU-28 average,
except in the Portuguese forestry sector. Therefore, there remains a large potential for the development
of the bioeconomy in these Member States. This is in line with the research and innovation (R&I)
bioeconomy index calculated in 2017. This index refers to the bioeconomy R&I maturity level of a
given country or region. It derives from four variables: (i) the innovation capacity and activity, (ii) the
existence of a specific bioeconomy strategy, (iii) the existence of bioeconomy-related clusters and (iv)
the intensity level of bioeconomy-related activities [18]. In the case of Member States of group 1.1,
the index does not exceed 5 on a scale from 1 to 10 in any of these Member States except Portugal
(which has a level of 6/10) [18]. It is also important to note that, among these countries, only Latvia
has its own bioeconomy strategy, the LIBRA. Drawn up in 2017, the strategy runs until 2030 [19].

3.2.2. Baltic and Central Member States (Group 1.2)

This group is defined by a medium specialisation of national labour markets in the bioeconomy
on the EU-28 scale (location quotient from 0.9 to 1.3) and a level of apparent labour productivity of the
bioeconomy of between half the EU-28 level and the EU-28 average level (i.e., €18,000 to €26,000 of
value added per person employed in 2015). It comprises Slovakia, Cyprus, the Czech Republic, Estonia,
Hungary, Malta and Slovenia (see Figure 2). Note that Malta presents a lower location quotient (1.6)
and a lower bioeconomy value added per capita (€14,000) than the other Member States in this group.
Nevertheless, we classify it in group 1.2 because this group is the closest to Malta’s characteristics.

These Member States joined the European Union after 2004. In 2015, their GDP per capita varied
between €11,000 and €21,000, below the EU-28 average level of €26,600 per capita (Eurostat sdg_08_10,
http://ec.europa.eu/eurostat/web/products-datasets/-/sdg_08_10) but in general higher than levels
reached in group 1.1.

Agriculture and the manufacture of food, beverage and tobacco are the main sources of
bioeconomy jobs and value added in group 1.2. This group differs from group 1.1 in that the highest
levels of apparent labour productivity reached were in the agricultural sector. As a result, agriculture
in group 1.2 contributes a similar proportion to the whole bioeconomy value added (18–48% according
to the Member States) while employing a lower proportion of bioeconomy workers (24–46%) than in
group 1.1. The very low proportion of agricultural jobs within the bioeconomy labour market reflects
a sectoral development towards other biomass-producing sectors, in which the Member States are
better endowed (e.g., in Malta the fishing sector provides 19% of bioeconomy jobs and in Estonia,
Slovakia and the Czech Republic forestry provides 8–11% of bioeconomy jobs). The manufacture of
food, beverage and tobacco contributes to the whole bioeconomy value added in a similar proportion
to the Member States of group 1.1 (17–30%) and has an apparent labour productivity below the EU-28
average level (see Figure 3). However, the Czech Republic is an exception, with 47% of the bioeconomy
value added generated by the manufacture of food, beverage and tobacco. The manufacture of food,
beverage and tobacco is the top employing sector of the Maltese and Czech bioeconomies and the
second in the other group 1.2 Member States (except Estonia).

The manufacture of wood and furniture is another important manufacturing sector of this group,
in particular in Estonia, where it represents the main source of bioeconomy jobs (31%) and value added
(34%). It is the third source of bioeconomy jobs in the other Member States of this group (except in
Malta where the fishing sector contributes to 19% of bioeconomy jobs) and it generates 11% and 15%
of the bioeconomy value added in the Czech Republic and Slovenia, respectively. The paper industry
contributes 7–9% to the bioeconomy value added in these countries. Finally, the most labour productive
sectors of the bioeconomy—i.e., the manufacture of bio-based chemicals, pharmaceuticals, plastics
and rubber—are less developed than the average in the EU, Hungary’s and Czech’s manufacture of
bio-based pharmaceuticals being an exception (see Figure 3).
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This group of Member States could illustrate the initial stage of a bioeconomy transition
characterised by the intermediate levels of apparent labour productivity achieved in low productive
sectors. Intermediate levels of productivity are indeed observed in agriculture and forestry. Labour
productivity remains low in the other bioeconomy sectors. Therefore, there is still potential for (i)
improving the apparent labour productivity in bio-based manufacturing sectors and (ii) developing
the bio-based industry in general. R&I bioeconomy indices confirm a low to medium maturity in
bioeconomy R&I in this group of Member States (the index ranges from 1/10 to 6/10). The transition
could be assisted in future years by national R&I orientations: the biochemical and biopharmaceutical
sectors are a R&I priority in Slovenia, the Czech Republic and Slovakia; the biochemical sector alone
is a priority in Estonia; and Malta and Slovenia focus their bioeconomy R&I on biorefineries [18].
Hungary has a 2011–2020 ‘National Environmental Technology Innovation Strategy’ in place [20]
that addresses some sectors of the bioeconomy: renewable energy, agriculture and soil protection,
the construction industry, and waste. R&I priorities in these Member States demonstrate efforts to
develop the bio-based sectors.

3.2.3. Western Member further States (Group 2.1)

This group is defined by a low-to-medium specialisation of national labour markets into the
bioeconomy on the EU-28 scale (location quotient from 0.4 to 1) and a level of apparent labour
productivity of the bioeconomy between the EU-28 level and twice the EU-28 average level (i.e., €43,000
to €67,000 of value added per person employed in 2015). It comprises Austria, Spain, Italy, Germany,
Luxembourg, France and Finland (see Figure 2). However, the classification of Finland in group 2.1
(‘Western Member States’) might be temporary, as it is close to meeting all the characteristics of the
bioeconomy in group 2.2 (‘Northern Member States’); See Section 3.3). Note that Luxembourg will
not be included in the following comments because of a lack of data for many sectors, which distorts
the overall picture. Indeed, data for Luxembourg are available for only a few sectors: agriculture,
the manufacture of food, beverages and tobacco, and the manufacture of wood products.

This group includes Member States that joined the EU between 1952 and 1995. They reach a
medium level of GDP per capita (€23,100 to €36,200, Luxembourg being an outlier with €81,300 of
GDP per capita).

Although agriculture and the food industry dominate the bioeconomy in this group of Member
States, these states tend to be more diversified across sectors than those in group 1.2. A slightly higher
proportion of bioeconomy workers is employed in the manufacture of paper and bio-based chemicals
and pharmaceuticals. Higher apparent labour productivity levels are reached in all the bioeconomy
sectors (see Figure 3), so high labour productive sectors contribute even more to the total bioeconomy
value added. The bioeconomy profiles of France and Spain are squeezed into the agriculture and
food industry sectors, which generate more than the three quarters of their bioeconomy value added.
In contrast, the contribution of agriculture to the bioeconomy value added is low in Germany (16%)
and Austria (17%). The food industry sector in these countries’ bioeconomies is pivotal (respectively
44% and 36% in value added) but they have also developed woody biomass value chains (respectively
25% and 36% of the bioeconomy value added from forestry and the manufacture of wood and paper)
and the manufacture of bio-based chemicals, pharmaceuticals, plastics and rubber (12% for Germany
and 7% for Austria).

Within this group, Finland presents a special profile with (i) the lowest representation of agriculture
and the manufacture of food, beverages and tobacco in its bioeconomy (in terms of both jobs and
value added) and (ii) among the highest levels of labour productivity in the EU-28 in forestry and
the manufacture of wood and paper. Consequently, woody biomass value chains provide 61% of the
bioeconomy value added in Finland (versus 10–36% in the other Member States of this group).

In more general terms, the higher sectoral diversification and productivity in this group suggest a
higher maturity of the bioeconomy manufacturing sectors than in groups 1.1 and 1.2. Biorefineries and
biochemicals are among the R&I priorities of all Member States of this group (except Luxembourg) as are
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biopharmaceuticals for all Member States except Italy [18]. In addition, most of these Member States have
developed a national bioeconomy strategy, which reflects a certain political support to this sector. Indeed,
national bioeconomy strategies were already in place in 2014 in Finland [21] and Germany [22]. National
strategies were released more recently, in 2016 and 2017, in Mediterranean Member States: Spain [23],
France [24] and Italy [25]. A bioeconomy policy paper is under development in Austria. Luxembourg is
the only Member State of this group with no strong strategic orientation towards the bioeconomy.

3.2.4. Northern Member States (Group 2.2)

This group is defined by a low degree of specialisation of national labour markets in the
bioeconomy on the EU-28 scale (location quotient from 0.4 to 0.8, except Ireland with 1.1) and
the highest levels of apparent labour productivity of the bioeconomy in the EU-28 (i.e., €72,000
to €104,000 of value added per person employed in 2015, which is above twice the EU-28 average
level). It comprises Denmark, the Netherlands, the United Kingdom, Sweden, Belgium and Ireland
(see Figure 2).

This group comprises Member States that joined the EU between 1952 and 1995. Their GDP per
capita is above the EU average (€31,300 to €51,400).

The bioeconomy of these Member States is close to that of group 2.1 but it differs in the even greater
significance of the manufacture of bio-based chemicals and pharmaceuticals. Another characteristic
of this group is that the manufacture of bio-based textiles is not well developed (fewer than 3% of
bioeconomy jobs and less than 2% of the bioeconomy value added) and there is only one Member State,
Sweden, that exhibits an orientation towards the woody biomass value chains. As in group 2.1, sectoral
apparent labour productivities tend to be higher than in groups 1.1 and 1.2 except in agriculture
and fishing. However, they are even higher than in group 2.1 in the manufacture of food, beverages
and tobacco and in the manufacture of bio-based pharmaceuticals. Bioeconomy labour markets are
dominated by jobs in agriculture and the food industry, but, because of the very high levels of labour
productivity achieved in other sectors, the distribution among sectors of the bioeconomy value added is
less concentrated. The major contributors are, in descending order, the manufacture of food, beverages
and tobacco, the manufacture of bio-based pharmaceuticals, agriculture, the manufacture of paper and
the manufacture of wood products and furniture.

R&I bioeconomy indices confirm a medium to high maturity in bioeconomy R&I in this group
of Member States (the index ranges from 5/10 to 10/10). Biorefineries and the biochemical and
biopharmaceutical sectors are R&I priorities in these Member States (except for the biochemical sector
in Denmark, and the biopharmaceutical sector in Denmark and Ireland) [18]. All states in this group
put a bioeconomy or a bioeconomy-related strategy in place between 2012 and 2015 (Denmark [26],
the Netherlands [27], the United Kingdom [28], Sweden [29], Belgium (Flanders [30]) and Ireland [31]).
Their bioeconomy strategies and visions tend to cover a wide variety of sectors, considering market
and research and innovation aspects as well as more efficient and environmentally friendly processes.

3.3. EU Member States in Transition

Over the period 2008–2015, the four bioeconomy patterns observed have evolved in a context of
agricultural restructuring and a reduction of the agricultural labour force (1.5 million fewer persons
employed in the agriculture sector in the EU-28 during this period), which was not compensated
for with job creation in other bioeconomy sectors. During this same period, the apparent labour
productivity has improved, with major gains in high labour productive sectors (growth of more than
€13,000/person employed in the manufacture of paper, of bio-based chemicals, pharmaceuticals and
plastics and in the production of bioelectricity) than in low labour productive sectors (growth of less
than €6,000/person employed in agriculture and the manufacture of wood and bio-based textiles).
A gradient is also observed alongside the four bioeconomy patterns identified: the apparent labour
productivity increases by €10,000 to €33,000/person in group 2.2, by €5000 to €16,000/person in
group 2.1, by −€2000 to €8000/person in group 1.2 and by 0 to €6000/person in group 1.1. Overall,
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bigger increases in bioeconomy value added are observed in Member States of groups 2.1 and 2.2
(except Spain and Luxembourg).

Although the four bioeconomy patterns continued between 2008 and 2015, a few Member States
have experienced individual developments: Slovenia, Portugal, Greece and Finland.

Slovenia is a very interesting case, as it shows a type 1.2 profile in 2015 with some characteristics
of type 1.1 that could be the mark of an uncompleted transition from group 1.1 to group 1.2. Slovenia’s
characteristics of type 1.1 in 2015 are the relatively high specialisation of its labour market in agriculture
(7% of total jobs, 59% of bioeconomy jobs), the low apparent productivity of agriculture and the low
diversification of its bioeconomy (in particular the manufacture of food, beverages and tobacco, which
accounts for only 16% of bioeconomy jobs).

Looking at Slovenia in 2008, its bioeconomy presented all the characteristics of a member of group
1.1, that is to say a location quotient higher than 1.5, an apparent labour productivity lower than half
the EU-28 average and a high specialisation in agriculture with a low level of labour productivity (see
Figure 4). Nevertheless, it had already achieved levels of apparent labour productivity at the top end
of the group 1.2 range in many bioeconomy sectors (i.e., forestry, fishing, the manufacture of bio-based
textiles, the manufacture of bio-based plastics and the manufacture of food, beverages and tobacco).
It also already generated a GDP per capita comparable to those of Member States in group 1.2. Between
2008 and 2015, the apparent labour productivity of the Slovenian bioeconomy improved by €5000
of value added per person employed. Major improvements occurred in fishing, the manufacture of
paper, forestry and the manufacture of bio-based chemicals, bio-based pharmaceuticals and bio-based
plastics. Therefore, in 2015 the apparent labour productivity in Slovenia attained the first or second
rank of group 1.2 in all bioeconomy sectors except agriculture and the production of bioelectricity.

Assuming that the Slovenian bioeconomy has been evolving towards a bioeconomy pattern of
type 1.2 from a 1.1 pattern, the last step would be a rise in the level of apparent labour productivity in
agriculture. This would also raise the overall apparent labour productivity of the bioeconomy. It would
certainly be concomitant to a reduction in agricultural jobs, entailing a further reduction of the location
quotient of the Slovenian bioeconomy.

Within group 1.1, the Portuguese bioeconomy has also evolved substantially so that, by 2015,
its characteristics were closer to those of group 1.2. First, the Portuguese bioeconomy labour market
was less concentrated in agriculture in 2015 (51% of bioeconomy workers) than it was in 2008 (62% of
bioeconomy workers). The number of agricultural workers in Portugal has shrunk drastically (reducing
by 234,000 workers during this period). This has been accompanied by a stronger specialisation in
the manufacture of food, beverages and tobacco and in the manufacture of bio-based textiles (both
of which employed 17% of bioeconomy workers in 2015 versus 13% in 2008). Second, the apparent
labour productivity of the Portuguese bioeconomy has grown more (+€6000 of value added per person
employed) than in other Member States of group 1.1. The production of bioelectricity generated
€40,000 per person employed more in 2015 than it did in 2008. The manufacture of paper sector and
the forestry sector recorded progress of around €30,000 per person employed, and the production of
bio-based chemicals, pharmaceuticals and plastics sector was €10,000 more productive per person
employed in 2015 than it was in 2008. Consequently, apart from the agriculture and fishing sectors,
where labour productivity remained very low throughout the period, the Portuguese bioeconomy
sectors attained the highest levels of apparent labour productivity within group 1.1. The labour
productivity of forestry and the manufacture of paper is even higher in Portugal than in group 1.2.
As a result, in 2015, the apparent labour productivity of the Portuguese bioeconomy was as high as
half the EU-28 average, i.e., at the threshold between groups 1.1 and 1.2. Nevertheless, its location
quotient remained high (1.7) compared with group 1.2. It seems that the non-bioeconomy sectors
did not develop as fast as in the other EU Member States between 2008 and 2015, a period that was
marked by a deep economic crisis in Portugal (the GDP per capita contracted from €17,200 to €16,600
in this period). Although the proportion of bioeconomy workers in the whole economy reduced from
17% in 2008 to 14% in 2015, this remains high compared with Member States of group 1.2 (where it
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was at most 11%). Finally, if the trends of 2008–2015 continue in the coming years, the Portuguese
bioeconomy could complete the last steps of a transition and present a bioeconomy pattern of type 1.2.

Figure 4. Evolution of the location quotient and apparent labour productivity in the bioeconomy of the
28 EU Member States, 2008–2015 (the cases commented on in Section 3.3 are shown in bold). Note that
Romania is missing since it is out of scale (location quotient of 3.76). Its position on the graph is almost
unchanged in 2015 compared to 2008.

The Greek case illustrates the opposite trend: in 2008, it displayed a hybrid bioeconomy pattern that
positioned it between groups 1.1 and 1.2, but by 2015 Greece had consolidated its position within group
1.1. Indeed, over the 2008–2015 period its location quotient increased from 1.7 to 2.1 and its apparent
labour productivity did not stay above half the EU-28 average threshold. The change in location quotient
is linked with the very strong impacts of the 2008 economic crisis on the employment structure of Greece.
Total employment in Greece decreased by 22% in this period, affecting the bioeconomy sectors to a lesser
extent (11% of job losses). Within the bioeconomy, only the manufacture of bio-based textiles and the
manufacture of wood and furniture reduced their labour market share. All other bioeconomy sectors
either maintained or increased their standing in the national labour market, especially the agriculture
sector, which contributed 10.69% of Greek jobs in 2008 and 12.37% in 2015.

The evolution of the apparent labour productivity of the Greek bioeconomy has to be put in
perspective with the European dynamic: the bioeconomy labour productivity remained stable in
Greece (around €18,000 per person employed) while it was improving in all the other EU-28 Member
States (except Cyprus and Romania). As a result, Greece’s performance deteriorated compared with
the EU-28 average: from above half the EU average in 2008, to just half the average in 2015.

The Greek case emphasises the relationship between the bioeconomy and the rest of the economy.
In the same way, Greece has moved fast in a context of recent economic crisis, suggesting that it can
catch up once the economic environment recovers.
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The Slovenian, Portuguese and Greek examples are illustrations of ongoing developments within
the Member States of groups 1.1 and 1.2. However, we have not observed any case of transformation
of a bioeconomy pattern of type 1 (including 1.1 and 1.2) to type 2. This suggests that the necessary
leap in productivity might be more difficult to achieve than a transition from group 1.1 to 1.2, or that it
requires longer than the time period here observed, or that the enabling conditions for such a transition
were not met between 2008 and 2015. In contrast, it seems that an evolution from a bioeconomy pattern
of type 2.1 towards one of type 2.2 is unfolding in Finland. The Finnish bioeconomy has shown a leap
in productivity from €51,000 per person employed in 2008 to €67,000 per person employed in 2015 and
it is approaching the threshold of twice the EU average level. Labour productivity has grown faster in
Finland than in the other bioeconomies of group 2.1 with major improvements in the manufacturing
sectors (mainly biofuels, paper, bio-based chemicals, bio-based pharmaceuticals and wood) and the
forestry sector. In 2015, the apparent labour productivity in woody biomass value chains reached
levels equivalent to that of Member States of group 2.2. The bioeconomy strategy adopted in Finland
in 2014 may reinforce this trend as it focuses on the sectors that have progressed more: the wood value
chain (with actions in forestry, timber construction and bioenergy) and the manufacture of bio-based
chemicals and pharmaceuticals as part of the strategic focus on the health sector [21]. In conclusion,
the conditions seem to be met that will enable the Finnish bioeconomy to acquire the full characteristics
of group 2.2, the group of Northern European Member States.

4. Discussion

4.1. Reflections on Turnover and Added Value as Economic Indicators

The 2012 Communication from the Commission to the European Parliament, the Council,
the European Economic and Social Committee and the Committee of the Regions on ‘Innovating for
Sustainable Growth: A Bioeconomy for Europe’ [1] presented the economic significance of the bioeconomy
in terms of turnover. The JRC [5,6,32] and the nova-Institute for Ecology and Innovation [5,7] followed
this approach and presented results at EU and Member State levels in terms of turnover.

Turnover corresponds to the total value of market sales of goods and services to third parties and
therefore is, in most cases, higher than value added or the share of GDP [9].

Sectors with a high proportion of inputs (or high costs of bought-in goods and services) have a
particularly high turnover. This becomes evident when directly comparing turnover and value added
by bioeconomy sector, (gross) value added being defined by EUROSTAT as output minus intermediate
consumption. As shown in Section 3.1, the turnover share of the manufacture of food, beverage and
tobacco sector in the bioeconomy (51%) is far more important than its value-added share (38%), while
the opposite is true in agriculture (17% of turnover share versus 28% of value-added share).

According to our investigations, ongoing research by the Food and Agricultural Organization of
the United Nations (FAO) [33] and the MontBioeco study [34], most countries provide value-added
data, for example Germany [35] or the Netherlands [36].

The authors of this article propose that, in the future, value added should be considered the main
economic indicator instead of turnover, primarily because it avoids double-counting and provides
the additional value created by a sector. Furthermore, it is more in line with EU Member States’ own
calculations and allows for comparisons with national accounts.

The use of value added or GDP has several limitations, in particular in the context of sustainable
development (see, for example, the World Economic Forum [37]). However, as one of several indicators
describing the economic, social and environmental status of the bioeconomy, both provide key
information on economic growth compared with the rest of the economy.

4.2. The Untapped Potential in Central and Eastern Europe

Many regions in Central and Eastern Europe have a strong agricultural tradition and have selected
the bioeconomy as a smart specialisation strategy [38]. As already outlined in Section 3.2, the BIOEAST
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initiative assists Central and Eastern European countries (CEEC, this term is used throughout the
rest of this chapter and also when the literature refers to new Member States) to operationalise their
bioeconomy visions for 2030, drawing on their biomass potential to develop a sustainable increase in
biomass production and circular processing of the available biomass and, in viable rural areas, also to
develop an innovative, inclusive, climate-ready and inclusive growth model [14].

This article focuses on socioeconomic indicators to explain the development and potential of the
bioeconomy in individual EU Member States and, eventually, in a cluster of states within the EU. It is
not within the scope of this analysis to prove that much more biomass can be produced sustainably
within CEEC to drive the development of their bioeconomies. Two main aspects are discussed below,
which could support the argument of the untapped potential in CEEC: land abandonment and the
increase of productivity.

Agricultural land abandonment, or outflow, in the EU is expected to continue at a rate of a
decrease of 0.2% in utilised agricultural area (UAA) per year until 2030. This is, however, much
lower than the average observed between 2011 and 2016, when UAA decreased by 0.7% per year. By
2030, arable land is projected to have decreased by 3% to reach 104 million ha [39]. For the CEEC,
depending on the sources, different developments are plausible. According to the Agricultural Member
States Modelling (AGMEMOD) model results, the sown area has not changed significantly in the
past and is not expected to do so in the future [40]. On the other hand, Stürck et al. [41] came to the
conclusion, in different modelled scenarios, that land abandonment will occur, particularly in Eastern
and Southern Europe.

The EU in total shows only marginal growth of yield development for major crops in the EU,
particularly because of the high yield levels already achieved, mainly in the EU-15 (Member States that
joined the EU before 2014: Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy,
Luxembourg, the Netherlands, Portugal, Spain, Sweden and the United Kingdom) [39]. In contrast,
the production of major crops is expected to increase significantly in CEEC, almost entirely through
increased yields (e.g., for wheat and maize, increases of 15% and 50% respectively are projected for
2026). Notwithstanding, according to the AGMEMOD projections for 2026, the EU-15’s yields will still
be around 40% higher than for CEEC [40]. The Global yield gap atlas (http://www.yieldgap.org/)
explains the difference between actual yields and agro-climatically achievable yields in the same
region. For CEEC, several examples underpin the existing gap from the northwestern EU countries [42].
Similarly, the potential from forestry and agroforestry residues could be further exploited [43].

The potential to provide more biomass from agriculture for different bio-based activities could be
further enhanced through a development push for rural areas of CEEC, where, in some regions, small
semi-subsistence farms still dominate [40]. Furthermore, double-cropping could substantially increase
biomass output [42]. The same opportunity to increase productivity also applies, in principle, to
animal production [40]. Higher productivity through an improved input/output ratio would therefore
require less feedstock, which would then be available for other uses in the bioeconomy. In this
context, the much smaller proportion of the processing industry in CEEC to date has to be stressed.
Country-specific mapping of the potential for bio-based industries is provided by the Bio-based
Industries Consortium for Poland [44] and Romania [45].

These considerations suggest the existence of an untapped potential in CEEC for further biomass
production. Closing the yield gap would allow a higher level of labour productivity, which, all other
things being equal, would reduce the location quotient and therefore further enable a transition path
similar to that taken by northwestern EU countries.

4.3. Possible Strategies

The Member States typology developed in this paper suggests that, in spite of national specificities
inherent to natural endowment and historical political and economic choices, including path
dependencies, similarities in economic structures can help to identify type-specific needs and tailor
bioeconomy development strategies.
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The bioeconomy of group 1.1 (Eastern Member States) presents a strong specialisation—in terms
of both employment and value added—in agriculture and the manufacture of food, beverages and
tobacco, followed by low productive sectors. The bioeconomy of these Member States shows many
similarities with that of group 1.2 (Baltic and Central Member States). In addition, the data from
Slovenia indicate that a transition from a bioeconomy of type 1.1 to type 1.2 is possible. We might
therefore expect future sectoral changes from the primary sector to the secondary sector as a first step
of a transition towards a bioeconomy pattern of type 1.2. Such a transition can, of course, be supported
by industrial and innovation policies, but the Greek case shows that it is also strongly dependent on
the macro-economic environment: opposite sectoral changes occurred all over the Greek economic
and financial crisis period. However, the agriculture sector in particular and the bioeconomy sectors
more generally were less affected by job losses than the rest of the economy. The role agriculture
plays in rural areas and as an economic and social buffer is not to be underestimated. The valorisation
of biomass’s untapped potential could ease this transition process, starting with measures aimed at
reducing the yield gap in these countries while preserving their natural capital.

The bioeconomy labour market of Member States of group 1.2 suggests that outflows from primary
sectors have already occurred. Nevertheless, levels of labour productivity remain low compared with
Northern and Western Member States. The productivity divide widened between 2008 and 2015
because of lower bioeconomy productivity growth in Member States of groups 1.1 and 1.2 than
in Member States of groups 2.1 and 2.2. No Member State of group 1.1 or 1.2 has effected such a
productivity leap to reach the levels attained in group 2.1. Kuusk et al. also concluded that the sectoral
reallocation at stake in Central and Eastern European countries (CEEC) from low productive sectors
to more productive ones did not lead to substantial productivity gains over the period 2001–2012:
‘In most of the CEE countries there has been some labour transfer into sectors with relatively higher
initial productivity, whereas sectors with faster productivity growth over the year have on average seen
lower employment shares. Nevertheless, given the relatively small size of the sectoral change effects,
the contributions from the structural bonus and the structural burden are indeed very modest’ [46].
They quantify higher productivity gains within sectors than between sectors (i.e., gains arising from
sectoral reallocation). Looking at industrialisation processes in CEEC, Stojčić and Aralica describe two
opposite trends during the period 2000–2015 [47]: (i) restructuring of manufacturing sectors in the
Czech Republic, Hungary, Poland, Bulgaria, Lithuania and Romania in terms of labour productivity
versus (ii) deindustrialisation due to declining competitiveness in Slovakia, Estonia, Latvia, Croatia
and Slovenia. They argue that export competitiveness was the main driver of the restructuring of
the manufacturing sectors (trend (i)) and it is most likely the result of quality upgrading and of
integration into higher segments of global value chains. So, in order to foster industrial processes in
the manufacturing sector, they recommend targeting the industries with the largest market potential,
supporting their integration into global value chains and supporting their segmentation into high
value-added segments. They also stress that past industrial policies that centred around international
technology transfers have fallen short in creating growth in productivity. Innovation in firms and
industries in CEEC is most likely to emerge from a ‘doing-using-interacting’ (DUI) mode of innovation,
i.e., experience-based innovation emerging within firms or within firm networks [48] (The DUI mode
is opposed to the STI (science, technology and innovation) mode, which accompanies technology
transfers). On the one hand, these recommendations align with Smart Specialisation Strategy (S3)
EU policies in the sense that they are rooted in a regional assessment, in the targeting of regional
sectoral advantages and in regional networks of industries and stakeholders [48]. On the other hand,
Smart Specialisation Strategies emphasise the role of research, development and innovation (RDI) in
territorial development, while Stojčić and Aralica expect more productivity growth and spillovers to
come from market competitiveness than from innovation [47].

Labour productivity in the Member States of groups 2.1 and 2.2 already reaches very high
levels. The development of the bioeconomy in these Member States is more oriented towards shifting
production and manufacturing processes towards more resource-efficient and environmentally friendly
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processes. Note that such orientations are also relevant to the Member States of groups 1.1 and 1.2, in
combination with the measures described above. They include realising the transition to a low-carbon
economy by replacing fossil fuels with bio-based drop-ins and dedicated bio-based chemicals [49]. With
this aim, the bioeconomy strategy of the European Union, as designed in 2012, gave a strong emphasis
to investments in research, innovation and skills as one of the three pillars of the overall strategy. €975
million of EU funds are allocated to the Bio-Based Industries (BBI) Public–Private Partnership (PPP)
for the period 2012–2020, complementing €2.7 billion of private investments. Annual calls finance
development activities and fund the construction of pilot plants in strategic value chains. Optimisation
of biomass flows is another component of the bioeconomy shift. It implies enhancing process efficiency,
valorising byproducts and waste streams in the production of more diverse final products from initial
feedstock (e.g., the biorefinery concept) as well as promoting the cascading use of bio-based products
until the end of their lives. These concepts are already included in the Circular Economy Action
Plan [50]. The European Commission’s Communication on the Circular Economy [51] called for the
inclusion of these concepts in the Bioeconomy Strategy of the European Union after its revision in 2017.
The updated bioeconomy strategy should be released in 2018.

Supplementary Materials: All the data used in this study are compiled in the JRC Bioeconomics dataset. Please
find the bulk download at https://datam.jrc.ec.europa.eu/datam/perm/od/jrc-datam-biomass-estimates/
download/dataset.zip. The data can also be browsed at https://datam.jrc.ec.europa.eu/datam/perm/od/
7d7d5481-2d02-4b36-8e79-697b04fa4278. Pre-visualisations of the data are accessible as interactive infographics at
https://datam.jrc.ec.europa.eu/datam/mashup/BIOECONOMICS.
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Appendix A

Table A1. Quantified Socioeconomic Indicators of the EU Bioeconomy in 2015 (number of persons
employed, turnover, value added and apparent labour productivity).

Sector Workers Turnover Value Added
Apparent Labour

Productivity

Number of persons
employed (€ million) (€ million) (€000 per person

employed)
Agriculture 9,227,200 380,164 173,597 19

Forestry 539,000 50,101 23,834 44
Fishing 222,392 11,650 6957 31

Manufacture of food, beverages and tobacco 4,544,452 1,153,006 233,408 51
Manufacture of bio-based textiles 999,235 103,497 28,341 28

Manufacture of wood products and furniture 1,407,184 173,724 47,165 34
Manufacture of paper 643,104 186,616 45,590 71

Manufacture of bio-based chemicals,
pharmaceuticals, plastics and rubber

(excluding biofuels)
444,967 177,044 56,314 127

Manufacture of liquid biofuels 26,271 12,194 2560 97
Production of bioelectricity 13,844 10,831 3138 217

Bioeconomy 18,067,648 2,258,827 620,903 34
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Abstract: Developments in technology have enabled envisioning the derivation of materials and
products from renewable biomass as an alternative to finite fossil-based resource consumption.
Therefore, bioeconomy is regarded as an opportunity for sustainable economic growth. Countries are
formulating strategies in accordance with their goals to attain a bioeconomy. Proper measurement,
monitoring, and reporting of the outcomes of these strategies are crucial for long-term success.
This study aims to critically evaluate the national methods used for the measurement, monitoring,
and reporting of bioeconomy contribution to the total economy. For this purpose, research and
surveys have been conducted on selected countries (Argentina, Germany, Malaysia, the Netherlands,
South Africa, and the United States). The results reveal that the bioeconomy targets set up in the
strategies often reflect the country’s priorities and comparative advantages. However, comprehensive
approaches to measure and monitor bioeconomy progress are frequently lacking. Most countries
only measure the contribution to gross domestic product (GDP), turnover, and employment of
the sectors included in their bioeconomy definition, which may provide an incomplete picture.
In addition, this study identifies the mismatch between the targets and measurement methods, as the
environmental and social impacts of bioeconomy are often foreseen, but not measured. It is concluded
that existing global efforts towards sustainable bioeconomy monitoring can be strengthened and
leveraged to measure progress towards sustainable goals.

Keywords: bioeconomy; bio-based products; GDP; policy measures; sustainability assessment;
sustainable development

1. Introduction and Background

Modern economies rely on resources which are finite in nature. On top of their long-term
unsustainability, utilization of fossil-fuel resources and unsustainable consumption of derived products
also pose risks to societies and the environment due to their negative impacts such as climate change
and ecosystem degradation [1,2]. Nevertheless, advancements in industrial biotechnology have
enabled the derivation of materials, chemicals, and energy from renewable biomass, which could
provide substitutes for fossil-based and finite resources [3]. This substitution potential forms the core
of a still-evolving bioeconomy concept.

The literature on bioeconomy vision has been evolving in parallel with the concept and has been
clustered under three major perspectives: (1) the biotechnology vision, which emphasizes innovations
and utilization of biotechnology at commercial scales; (2) the bioresource vision, which emphasizes
the improvement of value chains on upstream biomass production; (3) and the bioecology vision,
which emphasizes the positive impacts of energy and resource optimization on ecosystem health [4].
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These perspectives underline the potential of bioeconomy in the opportunities it offers, such as
low-carbon economic growth, preservation of natural resources, restoration of environmental and
ecosystem health, and welfare of rural communities.

Due to its promising potential in addressing these global challenges, bioeconomy has been directly
or indirectly included in policy agendas worldwide [5,6]. Country objectives and bioeconomy priorities
encompass economic growth, employment, energy security, food security, fossil-fuel reduction,
mitigation and adaptation to climate change, and rural development [7]. With respect to their potentials
in deploying the bioeconomy vision, countries have different opportunities, which might also affect
their policies. Countries can be classified as countries with: (1) an abundance of renewable biological
resources, but a lack of downstream processing industries; (2) both high feedstock potential and
advanced processing industries; and (3) low feedstock potential but advanced processing industries [8].
These variations in potential also create differences in countries’ objectives for adopting a bioeconomy
strategy and in the evaluation of success towards their achievement.

Measuring bioeconomy contribution to countries’ overall economy can be an important indicator
of development. No internationally agreed methodology exists today to measure progress in attaining
the ambitions and targets set by bioeconomy policies and strategies. Moreover, given the differences
among countries’ constraints, opportunities, and priorities, the development of a uniform way to assess
the contribution of bioeconomy to the national economy is challenging. In addition, incomprehensive
measurement processes might lead to the omission of potential negative impacts of bioeconomy.
This lack of a coherent methodology could also create confusion when trying to compare the importance
of bioeconomy within and across countries. One first step towards a globally recognized methodology
could be to assess the current efforts of individual countries to define bioeconomy and the frameworks
for measuring, monitoring, and reporting its contribution. In fact, regional efforts for the harmonization
of the measurement of bioeconomy exist, for example, in the European Union (EU). A European
Commission (EC) strategy for the bioeconomy was launched in 2012, and the EC Joint Research Centre
(JRC) has been assigned to monitor jobs and turnover in the EU bioeconomy for all the member states
and sectors. However, for a global methodology, a more geographically balanced analysis would
be useful.

Typical economic models that can be adopted to measure the bioeconomy contribution to
a country’s economy include the value added/GDP approach, the input-output (I-O) and social
accounting matrix (SAM) analysis, the computable general equilibrium (CGE) model, the partial
equilibrium (PE) model, and other economic models and tools [9]. However, these approaches do
not systematically consider environmental and social aspects. In fact, the objective of this study is
to analyze how the contribution of bioeconomy is measured in the overall national economy, using
information from a geographically representative list of countries (Argentina, Germany, Malaysia,
the Netherlands, South Africa, and the United States). Furthermore, the alignment of the country
objectives and the parameters measured have been analyzed in order to assess whether social and
environmental impacts of bioeconomy were captured through selected measurement, monitoring,
and reporting frameworks adopted by the countries.

Within the scope of this study, the bioeconomy has been defined as “the knowledge-based
production and utilization of biological resources, biological processes, and principles to sustainably
provide goods and services across all economic sectors” [7]. It involves three elements: (1) the use
of renewable biomass and efficient bioprocesses to achieve sustainable production; (2) the use of
enabling and converging technologies, including biotechnology; (3) and integration across applications
such as agriculture, health, and industry. In accordance with the Food and Agriculture Organization
of the United Nations (FAO) development [7], the term “bio-based economy” excluded food and
feed production. Instead, it was used to take the production of nonfood goods into consideration,
i.e., bio-based materials, chemicals, and pharmaceuticals; pulp and paper; construction materials;
textiles; and bioenergy. “Bio-based industry” refers to the industrial production of all possible
bio-based goods. The strategies related to bioeconomy, bio-based economy, and bio-industries
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were all considered as “bioeconomy strategies”. This assessment has been built upon previous
and ongoing efforts to foster global bioeconomy. In this respect, the countries to be investigated
have been selected among the members of the FAO International Sustainable Bioeconomy Working
Group (ISBWG), which includes 23 members as of March 2018: 11 countries (Argentina, Brazil, China,
Germany, Italy, Kazakhstan, Malaysia, the Netherlands, South Africa, Uruguay, and the United
States), the German Bioeconomy Council, the European Union (EU) Commission, Organisation for
Economic Co-operation and Development (OECD), International Center for Tropical Agriculture
(CIAT), Stockholm Environment Institute (SEI), United Nations Environment Programme (UNEP),
World Wide Fund (WWF), the Nordic Council of Ministries, the EU Bio-Based Industries Consortium,
Wageningen University, the World Business Council for Development (WBCSD), and FAO.

The countries selected for the study are located in five continents, differ in terms of levels of
economic development, and have different bioeconomy strategies and priorities. For instance, some
countries have little land availability but advanced technologies, while others prioritize farmers
and rural development and have greater land availability. For all the countries, the study reviews
bioeconomy objectives and priorities as well as measurement, monitoring, and reporting frameworks.
From the sample countries and a review of existing literature, a pathway towards a sustainable
bioeconomy monitoring is then proposed.

2. Approach and Methods

The study was based on desk research of policy documents, strategies, and statements on the
bioeconomy and its measurement for a selected number of countries (Argentina, Germany, Malaysia,
the Netherlands, South Africa, and the United States). Because of their demonstrated interest in
developing a global bioeconomy framework, the selection process was primarily performed among
the ISBWG member countries, following the selection process illustrated in Figure 1. The structural
organization of the analysis included an evaluation of the available information in terms of: (1) how
countries define bioeconomy; (2) which are the objectives and/or priorities of their strategy; (3) and
the methodology they use to measure, monitor, and report the contribution of bioeconomy to their
economy or objectives (Figure 1).

The relevant information for the analysis was gathered from official bioeconomy strategies
and documents, upon availability. When a government official document on how to measure the
contribution of bioeconomy to the total economy was not available, commissioned studies, studies
from research institutes, and/or non-profit organizations were used instead. Table 1 summarizes
the sources of information and documents analyzed in order to understand the definition of
bioeconomy, the objectives/priorities of the bioeconomy strategy, and the measurement, monitoring,
and reporting frameworks established by each selected country. Whenever possible, the information
was complemented and validated by a survey, which was distributed to government representatives
(Table 2). The survey included the same questions to which answers were sought while scanning
through the written materials.
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Figure 1. Selection process and structural organization of the analysis.

Information collected through desk research and surveys has been used for the analysis and has
been complemented with an extensive literature review of objectives and priorities of bioeconomy
strategies in other low-, middle-, and high-income countries (outside the study focus) in order to
improve the quality of the discussion. For this purpose, the survey was distributed to all ISBWG
members (not only to those in the study focus).

Table 2. Questionnaire submitted to ISBWG members on assessing bioeconomy contribution to
countries’ economy.

Bioeconomy Definition

How does your Country define bioeconomy?

Which sectors are included into your bioeconomy strategy?

(e.g., Agriculture; Automotive and mechanical engineering; Chemistry (incl. bioplastics); Biofuels/bioenergy;
Biorefining; Construction/Building industry; Consumer goods such as cosmetics and cleaning products; Feed;
Fisheries; Food and Beverage industry; Forestry; Health; Knowledge/Innovation; Mining; Pharmaceuticals
industry; Pulp and paper; Textiles)

Objectives/Priorities

Which are the objectives/priorities of your country strategy (e.g., food security, energy security, fossil fuel
reduction, rural development, economic growth, employment, mitigation and adaptation to climate
change, etc.)?
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Table 2. Cont.

Measurement, Monitoring and Reporting Framework

Does the country strategy include criteria to measure the contribution of bioeconomy to the overall economy?
If yes, which ones?

Which approach does your country use to measure bioeconomy contribution? (e.g., GDP approach;
Input-Output matrix; Computable General Equilibrium (CGE) Model; Partial Equilibrium (PE) Model)

Does your country measure the impact of bioeconomy on the following areas? (Turnover/sales; Value added;
Job creation; Market development; Investments; Intellectual property; R&D spending; Trade balance; Poverty
alleviation; Food security and sustainable agriculture; Health and well-being; Education; Gender equality;
Availability and sustainable management of water; Access to affordable, reliable, sustainable and modern
energy; Inclusive and sustainable industrialization and innovation; Inequality and inclusiveness; Inclusive,
safe, resilient and sustainable cities; Ensure sustainable consumption and production patterns; Climate change;
Oceans, seas and marine resources; Terrestrial ecosystems, forests, land degradation and biodiversity)

Are indicators to measure bioeconomy contribution defined? If so, which ones?

Short Discussion

Which is, in our opinion, the main limitation of your country approach to measure bioeconomy contribution?

3. Analysis and Results

3.1. Bioeconomy Definitions and Strategies

It is observed that the sectors and subsectors considered in bioeconomy were different among the
analyzed countries, which is a reflection of the differences in their priorities and strategies. Table 3
summarizes the various sectors included in the bioeconomy definition by the six analyzed countries,
and the sectors taken into account for the quantification of bioeconomy contribution to overall national
economy. The first important point is the variation in the definition of bioeconomy. For instance,
the Netherlands has a focus on bio-based economy, excluding the agriculture and food sectors [17]
and still has not agreed on a which sectors are included in the bioeconomy [31]. The United States
aims to analyze the bioeconomy, but USDA shows results limited to bio-based products industries,
which exclude the energy, food, feed, livestock, and pharmaceutical industries.

Table 3. Sectors included into BE strategy and monitoring in the selected countries.

Argentina Germany Malaysia The Netherlands * South Africa USA *

Agriculture �� �� �� � ��
Automotive and mechanical engineering ��

Chemistry (incl. bioplastics) �� �� �� �� � ��
Biofuels/bioenergy �� �� �� �� �

Biorefining �� �� � ��
Construction/Building industry ��

Consumer goods (e.g., cosmetics, cleaners) �� �� �
Feed �� �� �� �

Fisheries �� �� �� �
Food and Beverage industry �� �� �� �

Forestry �� �� �� �� ** � ��
Health �� �

Knowledge/Innovation �� �� �� �
Mining �

Pharmaceutical industry �� �� �� �� �
Pulp and paper �� �� �� �

Textiles �� �� �� � ��
References: [11] [12] [32] [20] [23,33] [29]

* The monitoring system analysis for the Netherlands refer to bio-based economy and the results for the United
States refer to bio-based products industries. ** Only forest-based industry. Legend: �: included in bioeconomy
strategy, ��: included in the bioeconomy strategy and monitored or measured.

According to Argentina, the bioeconomy includes agriculture, forestry, fishing, food production,
and pulp and paper production, as well as parts of textile, chemical, energy, and biotechnological
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industries (medical and pharmaceutical industry). The German bioeconomy includes agriculture,
forestry, fishing, manufacturing, and trading of bio-based products. Similarly, the Malaysian
bioeconomy includes agriculture, forestry, fisheries, food, feed, healthcare wellness products, chemicals,
and renewable energy. South Africa’s bioeconomy strategy focuses on agriculture, industrial,
and environmental bio-innovation and health but has yet to develop metrics to monitor performance.

It is worthwhile to note that the decision on which sectors to include is also relevant when trying
to measure the bioeconomy’s contribution to countries’ economies in terms of GDP and value added,
since the calculations would only take the included sectors into account [34].

3.2. Bioeconomy Objectives and Priorities

The sectors included in the bioeconomy strategy often reflect the priorities identified by the
country and comparative advantages linked, for instance, to endowment in biomass resources,
historical economic specialization, labor productivity, and past investments in R&D [7,11,35–39].

For instance, in Argentina, bioeconomy is seen as a tool for sustainable development in the
country. It is recognized as a positive alternative for the generation of new behaviors and sources
of employment to face the double challenge of climate change and the continued need for economic
progress indispensable for poverty reduction [10].

In Germany, the National Policy Strategy on Bioeconomy’s priorities for advancing towards
a knowledge-based bioeconomy are: the development of a secure supply of high-quality food;
the transition from a fossil-based economy to an economy that is increasingly efficient in terms
of raw materials and based on renewable resources; the supply of renewable resources; the sustainable
use of renewable resources while conserving biodiversity and soil fertility; protection of the climate;
the strengthening of Germany’s innovative power and its international competitiveness in business
and research; securing and creating employment and added value, particularly in rural areas;
and sustainable consumption [13].

In Malaysia, bioeconomy is seen as a key contributor to economic growth, which can provide
benefits to the society via breakthroughs in agricultural productivity, innovations in healthcare, and the
adoption of sustainable industrial processes [15].

The objectives of the South African bioeconomy strategy are to make the country more competitive
internationally (especially in the industrial and agriculture sectors), to create more sustainable jobs, to
enhance food security, and to create a greener economy as the country shifts towards a low-carbon
economy [23]. In particular, the strategic economic sectors identified are (i) agriculture, (ii) health,
and (iii) industry and environment.

In the Netherlands, the bioeconomy strategy encourages knowledge development and innovation
in nine top sectors: agriculture and food, water, chemicals, energy, life sciences and health, horticulture
and propagation materials (seed stock), logistics, high-tech systems, and materials and creative
industries [18]. However, the Dutch government focuses more often on the bio-based economy,
defined as “economic activity based on biomass, with the exception of human food and feed”, with the
condition that it is based on recently captured carbon [40]. The most important drivers behind the
adoption of a bio-based economy strategy were: striving for more sustainability (reduction of CO2

emissions, circular economy); the awareness of the finite nature of fossil fuels; and the economic
opportunities offered to Dutch businesses through the use of renewable biological resources and
residues [18].

In the United States, the five strategic objectives introduced by the National Bioeconomy Blueprint
aimed to generate economic growth and address societal needs. Some of these strategies include
supporting R&D investments, facilitating the transition of bio-inventions from research lab to market,
developing and reforming regulations, updating training programs, and aligning academic institution
incentives with student training for national workforce needs. They also include identifying and
supporting opportunities for the development of public–private partnerships and precompetitive
collaborations in their objectives [25].
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3.3. Measurement, Monitoring, and Reporting Frameworks

The countries selected for the study use various approaches for measuring the bioeconomy
contribution to their economy and in attaining the objectives.

In the case of Argentina, a standard approach was adopted to measure the contributions (gross
production value and value added) of bio-based products to the national GDP, referencing the general
principles of the System of National Accounts (SNA) for the calculation of GDP and internationally
comparable satellite accounts (e.g., for education, capital, productivity, and environment). A paper by
an intermediate service provider Bolsa de Cereales [11] designs a general methodology for the criteria,
procedures, and databases to be used in the measurement of bioeconomy and its contribution to GDP.
The sectors included in the calculation of the bioeconomy’s contribution to the GDP are “agriculture,
forestry, fishing, food production, and pulp and paper production, as well as [bio-based] fractions of
textile and chemical industry, and energy and biotechnological industries (health and pharmaceutical
industry)” [11], which are in alignment with the sector included in the country’s bioeconomy strategy.
However, the study from Bolsa de Cereales considers only the economic variables, without taking into
account the social and environmental aspects of the bioeconomy. For instance, the study does not report
on regional and territorial development, employment, food security, energy security, sustainability,
or climate change mitigation and adaptation, which are among the objectives of the bioeconomy vision.
Not addressing these issues would not only give an incomplete picture of the achievement of these
objectives, but it also might pose the risk of overlooking the potential negative impacts of bioeconomy
on these dimensions.

In Germany, most of the areas contributing to bioeconomy are monitored by traditional statistical
accounts [12]. However, in most of the cases, methodologies for data collection and assessment
are not streamlined to assess the impact of the bioeconomy. This leads to sparse information on
impacts, along with data gaps, uncertainties, lack of comparability of results, and the potential
double counting of impacts. A comprehensive and system monitoring approach to measure the
contribution of German bioeconomy to the overall economy is currently under development by a
joint interministerial undertaking, consisting of three main projects: the monitoring of biomass flows,
the Systemic Monitoring and Modelling of the Bioeconomy (SYMOBIO), and the identification of
economic key performance indicators to monitor the bioeconomy [41].

Malaysia has developed a Bioeconomy Contribution Index (BCI) to measure the contribution
of bioeconomy to the overall economy, which is a combination of five components/parameters:
bioeconomy value added, bio-based exports, bioeconomy investments, bioeconomy employment,
and productivity performance [14]. The BCI is a comparative tool designed to provide a holistic
view, encompassing multiple aspects of the bioeconomy, and it is used to identify trends, patterns,
and synergies within the industry. The index compares the performance of each specific component
for a selected year against the adjusted (i.e., accounting for changes in variables such as inflation
rates and import–export values) expected base performance (in the base year 2005), determined by a
dynamic computable general equilibrium (DCGE) model [15]. The share of bioeconomy contribution to
national development is estimated from the SAM, assuming that Malaysia is a price taker country [42].
Until now, the BCI has been primarily measuring revenues and economic flows, but it could be
further improved to consider broader socioeconomic or environmental aspects. For instance, the BCI
could incorporate social measures (e.g., poverty reduction and income inequality in the bioeconomy
industry), and environmental measures (e.g., CO2 emissions and level of local biodiversity), in order
to evaluate whether the bioeconomy poses a risk or contributes to sustainability in all dimensions [42].

Since the Netherlands lacks a clear protocol on defining the boundaries of the bioeconomy,
until now their focus has been on the bio-based economy (BBE). In 2013, the Netherlands established
a BBE monitoring protocol to quantify its size and to monitor its development over time in order
to make trends visible and comparable with developments abroad [16]. The protocol defines the
system boundaries, the units to express the size of BBE, and utilization of available data or their
collection, if missing. The protocol is built on existing statistical data on production and consumption,
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prevents double counting of bio-based raw materials, and accounts for raw material flows monitoring.
However, it raises some problems linked to classification of business sectors, classification of product
groups, and timely acquisition of data [16].

The South African bioeconomy strategy [23] contains some indicators to monitor progress in
the bioeconomy in comparison with other high- and middle-income countries, broadly divided
into “knowledge and skills” indicators (full-time equivalent researchers, scientific publications,
and bioeconomy-related publications) and “financial support” indicators (gross domestic expenditure
on R&D as percentage of GDP and funding and governmental support). Moreover, the methodology
provides 18 output indicators (related to industry, market, knowledge transmission and application,
and knowledge base and human resources) to be used to track and monitor the bioeconomy
strategy [23]. However, systematic metrics to measure and monitor South Africa’s bioeconomy
have not yet been implemented. Moreover, most indicators in the strategy are derived from the
measurement of a knowledge-based economy or biotechnology innovation policies. Therefore, they do
not cover social and environmental issues, which would make it difficult to determine negative impacts,
if they exist, on these aspects. Ongoing efforts are anticipated to result in detailed implementation
plans and value propositions for specific sectors and initiatives that will help refine targets [33].

The USDA report [29] examines and quantifies the effect of the bio-based products industry from
an economics and jobs perspective at the state level. It was preceded by a report analyzing the effect
at national level [28] and by another report [43] which provides a snapshot of available information
on the bioeconomy in the country and a platform upon which to build future efforts to measure
the bioeconomy. The report adopts a three-pronged approach to gather information: interviews of
representatives of government, industry, and trade associations involved in the bio-based products;
data collection from government agencies and published literature on the bio-based products industry;
and economic modelling. Despite being intended as a platform for understanding and tracking the
progress of the bioeconomy in the United States, the USDA 2016 report does not provide a complete
picture of the bioeconomy, as it does not report on the bioenergy sector, which is included in the US
strategy. Instead, it only focuses on seven major sectors chosen to represent the bio-based industry’s
contribution to the US economy (agriculture and forestry, biorefining, bio-based chemicals, enzymes,
bioplastic bottles and packaging, and forest products and textiles). In 2017, the Department of Energy
(DOE) also provided some figures about the size of the bioeconomy [30], building up the Billion Ton
Bioeconomy Vision, but without a systematic measurement approach. The DOE estimates are taken
from a paper considering direct employment and revenues from biomass resources fed into a number
of end-uses and products including heat and power generation, bio-based chemicals and products
(including wood pellets), and biofuels and coproducts [44].

3.4. Limitations in Data Availability and Statistical Approaches

Most of the analyzed countries currently measure the contribution of bioeconomy to their GDP and
other economic variables only. This economic approach, however, has some limitations in reflecting the
contribution in the economic sphere, above all because no standard methodology has been established
to enable international comparison of bioeconomy contribution to GDP. Additionally, as mentioned
above, products and activities comprised within the bioeconomy greatly vary according to country’s
priorities and comparative advantages.

The most common classifiers of economic activity, trade and products at the international level
(International Standard Industrial Classification (ISIC), North American Industry Classification System
(NAICS), Classification of Economic Activities in the European Community (NACE), Nomenclature
for External Trade (NET), and Classifier per Category (CPC)) are not compatible with the complexity
of the bioeconomy [11,37] since they are not appropriate for the heterogeneous nature and variety
of bio-based products. ISIC, NACE, and NAICS group production units according to the similarity
of their productive processes, technology, inputs, and equipment. Their classification criteria make
no distinction between bio- or nonbio-inputs [11]. Even the System of National Accounts (SNA 08)
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from the United Nations, which provides recommendations for measuring the national production,
wellbeing, and other economic issues in an internationally comparable way, does not allow for the
measurement of the bioeconomy [11]. Classifiers based on traditional industrial activities are not
compatible with the bio-based industry. This can lead to under or overestimation of the size of
the bioeconomy.

The high number of bio-based products and their heterogeneity make it very difficult to provide
a full quantitative picture of the status and evolution of the bioeconomy [45]. Often, data on the
bioeconomy are retrieved from surveys of the bio-based industry [11,27,46]. These surveys represent an
important first step for a systematic approach to quantify the bioeconomy. However, they face difficulties
in assembling the requested data and suffer from incomplete response rate [46]. These limitations
are even more relevant in low- and middle-income countries, where statistical systems are not well
developed. Under these circumstances, the surveys may not be updated and/or may include limited
and biased samples (as shown for instance by the Argentinian and South Africa analyses, where the last
company surveys were taken in 2003 [47]). Digitalization efforts as the ones undertaken in Malaysia to
improve data collection can play an important role in the measurement and monitoring of bioeconomy.

4. Discussion

4.1. The Need for Defining the Bioeconomy Boundaries at National, Regional, and Global Levels

Due to the lack of a homogenous definition of bioeconomy and its sectors, a common ground
which enables comparing the contribution of bioeconomy among countries is missing. Also, at national
level, the definition of the bioeconomy boundaries is sometimes unclear. For instance, in the case
of the Netherlands, the estimated impacts of bioeconomy were different among the official studies
analyzed due to the variety of methodologies and input data [17,20,21]. Also in the United States,
most of the sectors considered by the DOE to estimate the size of bioeconomy were excluded from the
USDA 2016 report, leading to different estimates of the bioeconomy impacts in the country [29,30].
For this reason, the efforts of the US Biomass R&D Board to coordinate programs within and among
departments and agencies of the federal government towards a single, harmonized bioeconomy vision
should ideally produce a single comprehensive approach able to monitor and measure all the sectors
included in the vision in a coherent way.

When the countries do not have a holistic bioeconomy strategy, they tend to adopt a fragmented
approach by separately considering the different uses of biomass in each sector (e.g., agriculture,
forestry, energy, and transport). This approach to governing the bioeconomy leads to different policies
for different uses of biomass, different incentives for investment, and different regulations for the
areas from which feedstocks are sourced [48]. In these countries, the efforts should aim at integrated
approaches across different levels, sectors, landscapes, and end-uses in order to avoid boom and bust
policies as it happened for first-generation biofuels in the EU and elsewhere.

Nevertheless, some regional efforts to harmonize the measurement of the bioeconomy’s economic
significance exist. For instance, since the launch of the European Commission (EC) strategy for
the bioeconomy in 2012, the EC Joint Research Centre (JRC) is monitoring jobs and turnover in the
European Union bioeconomy for all the member states and sectors [49]. More specifically, the EC
Bioeconomy Knowledge Centre shows turnover, employment, and location quotient (i.e., the share
of employment in the bioeconomy in a member state divided by the EU employment share in the
bioeconomy) [49]. In order to enable achievement of the full potential of the bioeconomy, global
guidelines on the measurement and regulation of the value chains could be beneficial [8]. FAO has
been already coordinating the global efforts towards the development of international Bioeconomy
Sustainability Guidelines. These could be used by the countries to measure sustainability aspects
of their bioeconomy strategy and monitor the achievement of economic, social, and environmental
targets and priorities.
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4.2. Bioeconomy as a Means to Achieve Sustainable Development Goals

The bioeconomy has already been adopted by a significant number of countries as a new vision
of development to decouple the economy from the fossil-fuel dependence and as a valid path towards
the achievement of the Sustainable Development Goals (SDGs) and the commitments under the
Paris Climate Agreement. For instance, efficient and sustainable natural resource management is
directly tied to at least 12 of the 17 SDGs and can cut greenhouse gas (GHG) emissions by 60% by
2050 [50]. In addition, for lower-income countries, better management of natural resources is often a
key component of poverty eradication, climate-change mitigation, and resilient economic growth [51].

In low- and middle-income countries with available biomass resources and/or well-developed
primary sectors, a sustainable bioeconomy could unlock new opportunities for economic development
and industrialization and support economic and social objectives, such as reducing unemployment and
expanding access to energy. For instance, in Argentina (and similarly in other Latin American countries
with high feedstock availability), the increase in the value added to agricultural production can create
employment and improve the competitiveness of export-oriented sectors. The agriculture sector of the
region has the potential to generate productivity gains, which could result in significant improvements
in countries’ inclusion in international trade [11]. Improvement in agricultural productivity can also
play an important role in building resilience while increasing yields for farmers [35]. Countries with a
low labor-productivity level in the bioeconomy sectors but abundant primary production and a sound
manufacturing base could add value through bio-based methods of production [37].

The agriculture sector is also a key component of the bioeconomy strategy for middle-income
countries such as Malaysia and South Africa. In Malaysia, the performance of the palm oil sector seems
to somewhat determine the overall direction of Malaysian bioeconomy development [36]. In South
Africa, enabling job creation through the expansion and intensification of sustainable agricultural
production and processing is part of the three strategic objectives of the bioeconomy.

In the United States, with both high feedstock potential and advanced industries, the bioeconomy
is based both on the expansion of biomass and on ‘bio-inventions’ [25,52]. However, a bioeconomy
vision based on the expansion of biomass can face challenges, such as the reliable availability of raw
materials due to the increased climate and severe weather impacts, water availability, and stability of
the markets [43].

In contrast, some high-income countries such as the Netherlands have excluded the agriculture
and food sector from their bio-based economy strategy. The main reasons for this is the limited
domestic supply of ecologically sustainable biomass, which concerns several other EU countries
as well. Estimates suggest that, for the EU, the sustainable biomass supply will be enough to
meet about 10–20% of the final energy and feedstock consumption in 2030 [39]. Considering that
land use is the most critical issue in sustainable biomass production, countries with limited land
availability face relevant constraints. In countries with limited biomass availability, such as some
Western European countries, the bioeconomy strategies focus more on biochemistry and bio-pharmacy
benefiting from long-standing experience and R&D investments [49]. In countries focusing on high
value-added bioeconomy sectors, the bioeconomy can generate higher turnover compared to the
employment generated, whereas the less value-added sectors of the bioeconomy (mainly primary
biomass production in agriculture, forestry, and fisheries) typically generate more employment.

Technical innovation and new business models associated with the bioeconomy should also
potentially aim at decoupling economic growth from resource use in countries with available
resources [51]. A sustainable bioeconomy would not foster depletion of resources, degradation
of the environment, loss of biodiversity, and social injustice. As Germany recognizes in its bioeconomy
strategy, the structural transition towards a bio-based economy can only be successful if it secures
the supply of food, it protects the environment, the climate, and biodiversity, and it supports the
development-policy objectives in developing countries and emerging economies [13].
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4.3. Linking Goals and Measurement Frameworks

If a bioeconomy strategy aims to contribute to sustainable development and to environmental
and social objectives (e.g., employment, food security, energy security, and mitigation and adaptation
to climate change [10]), these should be clearly included in the strategy objectives and should be
measurable (by means of quantitative, qualitative, or as aggregate indicators). Environmental and
sustainability components in bioeconomy development approaches should be closely connected with
supply and production of bio-resources, as well as with consumption patterns. In fact, the core of
transformational strategies is not limited to the technological aspects but includes behavior change
and institutional innovations for enabling settings and long-term incentives, both at the company and
of international policy levels [38].

This study shows that a means to monitor progress in reaching the targets set in the bioeconomy
policies and strategies is lacking in many countries, and the difficulty of measuring it can be a
consequence of the lack of a clear definition of the bioeconomy concept and of concrete and measurable
objectives. In fact, strategies often show nonmeasurable objectives and qualitative targets. In the case
of South Africa and the United States, for example, the suggested output indicators of critical factors to
monitor bioeconomy strategy [23] and the bio-based economy indicators and composite indicators [27]
have not been measured in the practice yet due to the lack of sufficient data.

Most countries monitor bioeconomy progress just with economic values and shares of GDP, while
other aspects of sustainability and resource availability are addressed only to a limited extent [53].
The GDP is a parameter which certainly gives information on the bioeconomy contribution to the
economy. However, it is not ideal due to the inadequacy of the standard industrial classification
systems to systematically monitor bio-based production, the lack of systematic data, and the often
scattered information collected at national level. In addition, GDP is being increasingly criticized as an
inappropriate indicator to measure sustainable development since it includes activities considered
detrimental to humans and the environment and does not take into consideration social aspects that
define human wellbeing nor the environmental aspects (which are all important information to assess
the real contribution to the overall economy). Moreover, the GDP does not include transfer payments,
such as subsidies for fossil fuels [54].

In addition to GDP, other economic indicators often used to measure bioeconomy are: turnover
(revenue from sales); employment; resource use (crops, wood, waste, land, capital, etc.); primary
production of biomass in the country (agriculture, forestry, residues, fisheries, and waste); import of
biomass to the country; global land use for biomass based consumption in the country; production of
bio-based products; price of biomass and bio-based products; consumption of bioeconomy products;
and trade flows [18,27,34,49]. Further indicators focus on the drivers of innovation, such as investments
and spending in R&D or intellectual property. However, it can be difficult to capture the impacts of a
new innovation due to a time lag between investments and outcomes. These types of indicators could
be used to compare country performance in the development of a bioeconomy (e.g., which countries
have a bioeconomy strategy or have dedicated R&D funds).

Some countries currently measure only the effect of bio-based products on the GDP, although
bioeconomy related services could be included in the measurement of the bioeconomy. For instance,
Finland includes nature tourism, hunting, and fishing as bioeconomy services in its bioeconomy
strategy [55]. Also, the Malaysian BCI currently measures primarily revenues and economic flows,
but it could be improved to take bio-services into account as well as broader socioeconomic or
environmental aspects. For instance, the BCI could incorporate measures of poverty reduction or
income inequality in the bioeconomy industry, it could account for CO2 emissions, or level of local
biodiversity [42].

Nevertheless, some efforts to develop measurable social and environmental indicators to monitor
the bioeconomy exist. For instance, Italy has developed a set of sustainability indicators with
measurable impacts on food security, natural resources sustainability, dependence on nonrenewable
resources, and climate change, in addition to economic growth [56]. These indicators on sustainability
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dimension are based on the results of Systems Analysis Tools Framework for the EU Bio-Based
Economy Strategy (Sat-BBE) consortium [34]. In order to measure the environmental impact of the
bioeconomy, the EC JRC has developed and integrated modelling framework (IMF) to implement
the consequential life cycle assessment (C-LCA). This framework identifies the consequences that a
decision in the foreground system has for other processes and systems of the economy, both in the
analyzed background system and on other systems outside the boundaries, and allows policy impact
assessment once it is fully implemented [46]. However, data gaps still need to be filled and concepts
and methodology, including the IMF for the environmental impact assessment, need to be further
developed and implemented.

Other environmental assessment and environmental management techniques include carbon
footprinting, eco-audit, environmental and social impact assessment, and strategic environmental
assessment [57]. An ongoing project, MontBioEco (from the Natural Resources Institute Finland (Luke),
the Standing Committee on Agricultural Research (SCAR) Bioeconomy Strategic Working group
(BSW), and CASA Ministry of Agriculture and Forestry Finland (MMM)) is developing a synthesis on
bioeconomy monitoring systems in the EU Member States, including indicators and subindicators.
The analysis has currently developed 22 indicators and 146 subindicators around 5 main objectives:
creating jobs and maintaining competitiveness; reducing dependence on nonrenewable resources;
mitigating and adapting to climate change; and ensuring food security and managing natural resources
sustainably [58]. This assessment includes the development of measurable indicators and subindicators
that go beyond economic monitoring.

In countries with an existing bioenergy or biofuels strategy, efforts towards monitoring
the sustainability of bioeconomy can be linked with the previous efforts on biofuels, biomass,
and bioenergy. Moreover, several standard, certification, and labelling initiatives already set some
indications both on the “quality” of the bio-products and on their sustainability. For instance, the USDA
has developed a Certified Biobased Product label which certifies the carbon content of a number of
bio-products. Many existing bio-product certifications and standards give indications for monitoring
environmental and social sustainability.

A further step in monitoring bioeconomy should ideally include the measurement of taxation and
regulatory support. For instance, the Dutch RVO estimates also the investment in BBE R&D through
tax credits and fiscal exemptions [20].

Other national studies are analyzing existing policy to assess how public finance, regulations,
and capacity building can enable growth of the bioeconomy (see for instance [59] for Thailand).

Bioeconomy is also an opportunity for young people and next generations, and it is often linked to
improving science, technology, engineering, and mathematics (STEM) education and training programs
to meet the workforce needs. For instance, these aspects come as a key priority in the US bioeconomy
strategy and the Finnish bioeconomy strategy, for which developing the bioeconomy competence
base by upgrading education, training, and research is a key objective [55]. Also, the South African
bioeconomy strategy and the indicators suggested in the strategy, being driven by the Department of
Science and Technology, have an “innovation” bias. In fact, most indicators in the strategy are related to
science, technology, and innovation, as they are derived from the measurement of a knowledge-based
economy or biotechnology innovation policies [23].

Finally, in Argentina, Malaysia, and South Africa, one of the bioeconomy objectives is to
strengthen infrastructure to support economic growth and increase access to national and international
markets [10,15,23]. Therefore, this aspect should ideally be included in a pathway towards a sustainable
bioeconomy monitoring including socioeconomic and environmental impacts. Other aspects, such as
the inclusion of gender (not mentioned as priority in any of the strategy analyzed), may be included
in the measurement framework, in order to reflect country’s priorities and strategy. Consideration
of social and environmental aspects would not only minimize the risks associated with bioeconomy
transition but would also enable evaluation of the real picture of the bioeconomy impacts. Similarly,
in countries heavily depending on the import of biomass, a broader perspective on the evaluation
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of bioeconomy would enable internalization of the potential negative impacts on societies and the
environment at a global scale [60].

5. Conclusions

This study underlines the lack of a homogenous definition of bioeconomy across the countries
analyzed, which does not allow any straightforward comparison of the relevance of bioeconomy in the
different economies.

The sectors comprised mostly reflect priorities identified by the country and comparative
advantages linked, for instance, to availability of natural resources, traditional industries, labor
productivity, and past investments in R&D. For instance, the agri-food sector is identified as a priority
for Argentina, Malaysia, and South Africa, while the Netherlands and the Unites States focus more on
nonfood sectors.

Most countries measure bioeconomy progress just with economic values and shares of GDP.
On top of the lack of international consensus on which products and activities are comprised within
the bioeconomy, the GDP approach has several limitations due to the inadequacy of the standard
industrial classification systems to systematically monitor bio-based production, the lack of systematic
data, and the often scattered information collected at national level.

Some ongoing efforts aim to harmonize the definition and measurement of bioeconomy,
at least across macroregions (such as the EU) will allow development of structured and comparable
measurement and monitoring methodology of the trends in bioeconomy, at least for some sets of
countries (as the EC already does for few economic indicators).

Usually, bioeconomy strategies also consider intangible aspects, such as institutional set-up,
policies, governance, regulations, incentives, and financial instruments, which create an enabling
environment for the bioeconomy as well as social and environmental issues. Several countries
emphasize the role that bioeconomy plays in their development strategy, which is an important aspect
to reflect in their measurement efforts. This could allow monitoring, for instance, progress in meeting
the SDGs or environmental targets. In fact, important synergies between countries commitments
towards the measurement of SDGs and bioeconomy can be leveraged.

In order to facilitate the measurement and monitoring of bioeconomy at a national level,
the governments could enhance and coordinate communication between different domestic agencies
and entities and establish protocols for sharing data, formalize bio-based industry measurement
standards, develop a comprehensive survey for bio-based industry and commodity usage, and review
and revise industry classification systems. Ongoing efforts aim to harmonize the definition and
measurement of bioeconomy, at least across macroregions such as the EU. These efforts will allow for
the structured and comparable measurement and monitoring of the trends in bioeconomy. These efforts
should go hand in hand with the development of relevant and comprehensive guidelines on how to
measure the sustainability of the bioeconomy, possibly agreed at an international level. These sets of
indicators should also consider the social and environmental dimensions of sustainability, since their
omission or exclusion might lead to an overlook of the potential stresses caused by bioeconomy on the
social wellbeing of communities and the environmental viability of ecosystems.
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Abstract: Bio-products and bio-based value chains have been identified as one of the most promising
pathways to attaining a resource-efficient circular economy. Such a “valorization and value-addition”
approach incorporates an intricate network of processes and actors, contributing to socio-economic
growth, environmental benefits and technological advances. In the present age of limited time and
funding models to achieve ambitious sustainable development targets, whilst mitigating climate
change, a systematic approach employing two-tier multi-criteria decision analysis (MCDA) can be
useful in supporting the identification of promising bio-based value chains, that are significant to the
EU plans for the bio-economy. Their identification is followed by an elaborate mapping of their value
chains to visualize/foresee the strengths, weaknesses, opportunities and challenges attributable to
those bio-based value chains. To demonstrate this methodology, a systematic review of 12 bio-based
value chains, prevalent in the EU, sourcing their starting material from biomass and bio-waste, has
been undertaken. The selected value chains are mapped to visualize the linkages and interactions
between the different stages, chain actors, employed conversion routes, product application and
existing/potential end-of-life options. This approach will help chain-actors, particularly investors and
policy-makers, understand the complexities of such multi-actor systems and make informed decisions.

Keywords: value chain; multi-criteria decision analysis; circular economy; value
chain-mapping; bioeconomy

1. Introduction

Escalating environmental and economic pressure to use our resources responsibly and add value
to the used material/products in the commercial sphere has helped the development of technology
routes and material circularity in nearly every global sector. According to the EU Circular Economy
Strategy, the aim of such systems thinking is to “close the loop by becoming resource efficient through
development and establishment of industrial symbiosis, to reduce the pressure on EU’s natural
capital” [1].

The approach to attaining/creating a circular economy is cascading of material, which may
be virgin raw materials, by-products or wastes resulting from any given sector. The concept of
cascading and its significance to the establishment and growth of a resource/energy efficient, green and
low-carbon economy has been a recurring theme in EU policies since 2012, particularly in the EU Forest
Strategy, EU Bioeconomy Strategy and EU Circular Economy package [2]. To understand the state of
our transition, transparency on the EU-level biomass potential is essential. Bioeconomy, according
to the European Commission, is a part of the economy that utilises bio-based renewable resources
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sourced both from land and sea, processed to produce materials and energy for consumption [3].
A fully-functional bioeconomy is one of the many pathways that have been identified to attaining
a circular economy, both at micro-level (local rural development) and macro-level (nation-wide) [4].
The principles of both circular economy and bioeconomy are in synergy, in terms of the ultimate goal
of attaining a sustainable technological and socio-economic development by decoupling economic
growth from resource exhaustion and subsequent environmental degradation [5]. The two economies
share a growing overlap, however, there is currently a need to push circularity down to the consumer
level, which is where the largest share of waste is found with no end-of-life valorisation. This has
been stated as one of the biggest challenges of the bioeconomy. However it is acknowledged that
some sectors of the bioeconomy cannot satisfy the principles of circular economy (e.g., bioenergy and
biofuel) because they are considered a dead end route for biomass [6]. In terms of current targets for
sustainable growth, bioeconomy, in combination with circular economy, has the potential to directly
contribute to 11 out of the 17 UN’s Sustainability Development Goals (SDGs) (Figure 1). The direct
contribution of circular and bio-based economy to sustainable consumption and production (SDG 12),
reducing our pressure on the environment, air, water and land (SDG 13, 14, 15) is the ultimate aim of
the concept. By working in partnership with rural communities and local bio-based infrastructure [7,8]
(SDG17), utilising the rural knowledge pool, alleviation of poverty (SDG 1 and 2), forging skills among
communities (SDG 4) to take an interest in guarding the local ecosystem services encourages the
development of sustainable communities (SDG11), in addition to creating jobs and socio-economic
opportunities (SDG 8). Use of bioenergy, devising smart strategies and value-chain pathways to lock
the chain’s GHG emissions, either via carbon capture or soil incorporation of high quality biochar,
have been identified as potential means of achieving the ambitious Paris climate target [9].

 

Figure 1. Potential for circular bio-based value chain to contribute to achieving UN’s SDGs and the
potential of value chain mapping and analysis in quantifying these goals.

Having comprehended the synergies between a circular economy and a bioeconomy and its
potential for contributing to the global sustainability targets from a number of earlier studies [5,10], it is
crucial to understand where we stand to take appropriate and smarter “next steps”. Prior to exploring
the opportunities that bioeconomy could offer, the probability of it being successfully established must
also be systematically investigated.
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A methodical approach for the selection and mapping of the most promising circular bio-based
value chain is presented in this paper. The purpose of the methodology expressed in this paper is
to encourage innovative thought processes, within the chain-actors and other external stakeholders,
on how to identify and focus precious resources and efforts in the development of multi-functional
value chains and business models using a set of selection criteria, and to be able to foresee the
complexities and performance needs of the value chain, thereby minimising risks and shocks to the
conceptual process system. This approach is clearly missing, not only within the bio-based sector but
also within industrial sectors that are gearing-up towards a transition to circularising their supply
chains. The suggested methodology can, therefore, be adopted for application within non-bio-based
value/supply chains as well. To demonstrate this methodology, some exemplary bio-based value
chains have been selected from a pool of bio-based value chains that are prevalent in the EU. This study
employs a two-tier multi-criteria decision analysis to identify these most promising value chains.

1.1. Background

A value-chain is defined as a set of interlinked activities that deliver products/services by adding
value to bulk material (feedstock). In a bio-based value chain, the feedstocks tend to be biomass drawn
from an existing primary production route (e.g., agriculture, forestry and livestock), or of a novel (e.g.,
microalgae) or secondary origin (e.g., sludge, industrial wastewater and household organic waste).
A generalised schematic for an ideally circular bio-based value chain has been presented in Figure 2.

Figure 2. Figure 2. A generalised map of a bio-based value chain.

Value chains, in particular those that valorise secondary resources are designed to turn available
organic material into different valuable product, ranging from high-value chemicals to secondary-use
by-products and renewable energy [11]. Pathways that are capable of transforming waste/secondary
feedstock into an array of high value products are called integrated biorefineries [12]. Integrated
biorefineries contain a “pre-treatment plant” that prepares the feedstock for upcoming transformation
and refining technologies within the supply chains, before packaging and distribution.

The first stage of a complex bio-based value chain is biomass availability. Brosowski et al. (2016)
define the quantity of biomass, generated by a confined area of land (country) that is currently used
or has the potential to be used as the “biomass potential” [13]. Biomass potential may be measured
from a number of relevant sustainability-based angles: theoretical, environmental, economic and
sustainable. Theoretical potential provides an estimation of potential biomass productivity based on
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the physical characteristics of all available arable land. Environmental and economic biomass potential,
based on the fraction of the theoretical biomass potential, gradually adds land exclusions such as
legally protected area, slopes, biodiversity richness and take into account the technical capability
of the pre-existing biomass processing framework. Sustainability potential is the final filter that
takes the technical, economic and environmental restrictions (and associated biomass capacities)
into account providing the net estimated biomass production capacity for a given geographical
location [14]. Focusing on EU biomass supply, the agricultural and forestry feedstock within the EU
constitutes 1.13 billion tonnes of dry biomass [15]. From a stakeholder perspective, which draws
data via engagement (interviews and survey questionnaire) with EU-based value chain actors, more
than 40% of renewable material is invested in non-conventional industrial applications in EU-28.
In such successful bio-based industries there are in-house developed frameworks for value-chain
actors to communicate and synchronise their operations [15]. From the perspectives of bio-based
industries, according to a 2016 study undertaken by the Joint Research Centre (JRC), European
Commission, EU-28 has been determined to be home to 133 bio-based industries, excluding the relevant
industrial research and development (R&D) institutions [16]. Nevertheless, a survey undertaken by
the Bio-based Industries Consortium (BIC) and Nova Institute [17], revealed 224 bio-based industries
with biorefineries processing different types of feedstock, mapped across EU demonstrating a sharp
growth, as presented in Figure 3.

 

Figure 3. Biorefinery map in Europe (Source: [17]).

Long-term, innovative systems thinking which encourages the exploitation of organic
waste/residues from agriculture, animal husbandry, domestic, industrial and commercial industries
are exploited, is essential. Such solutions not only help gain access to and expand the innovation
boundaries but also enable a systematic and feasible transition to a bioeconomy. Such a transition
has been identified to benefit the economy through the creation of SMEs and skilled employment
opportunities, in addition to reaching EU’s climate change mitigation targets and to reduce dependence
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on fossil-derived resources [18]. With mounting pressure from a number of factors including limited
time, finance, resources and impending environmental targets, the suggested method helps envisage
the potential performance of any bio-based value chains. This is crucial to not only policy-makers,
but also to any decision-making stakeholder in the value chain, in terms of material, financial,
human resource allocation and operation [19,20]. From the socio-economic perspective, creation
of a multi-regional/local value chain, networks, growth of SME’s and other employment opportunities,
development of waste-management infrastructure (where lacking), local skill-forging and knowledge
dissemination are some of the practical benefits of a fully-functional bio-based value chain [21].

From a sectoral perspective, the EU biorefinery map (Figure 3) represents the prevalence
of high numbers of oil and fat based biorefineries dedicated to the production of biofuel and
oleochemical products.

1.2. Bioeconomy Strategies Initiatives

The primary policy framework of the European bioeconomy is represented by the European
Bioeconomy Strategy and Action plan adopted by the EU in 2012 [22]. It provides policy framework
conditions for developing new technologies and processes for the production and commercialization
of renewable biological resources and their conversion into bio-based products. An ongoing
revision of the bioeconomy strategy aims at establishing a more coherent and holistic policy and
financial framework for the European bio-based economy, supporting access to sustainably produced
biomass, fostering investments and further developing the commercialization of bio-based products.
One important recommendation is to further develop the synergies and complementarities between EU
policies and funding instruments with interconnected objectives with the bioeconomy. Among these
policies, an important role is played by the circular economy strategy and by other sectorial policies
that govern traditional sectors of the bioeconomy (e.g., the Common Agricultural Policy [CAP]).

However, from a value chain and bio-product perspective, a majority of current bioeconomy
strategies are dedicated to bioenergy and biofuel-based value chains, followed by food and beverage
chains. Prevalence of many such value chains may be attributed to the EU’s race towards renewable
energy consumption targets set in the Energy Strategy for 2030 [23]. However, a surge in integrated
biorefineries that synthesise bio-based products other than biofuels is evident from the most recent
report compiled and analysed from a stakeholder engagement approach undertaken by the Bio-based
Industrial Consortium (BIC) and Nova Institute [17]. The growth of biomass-cascading biorefineries is
also supplemented by the keenness of European bio-based industries to valorise organic-rich bio-waste
(mainly agricultural residue and sludge). Besides, seizing an opportunity to synthesise value-added
products from low-cost feedstock, an unhindered supply of starting material (one of the key barriers
to bio-product synthesis), is a promising start for a bio-based business model. According to a study
undertaken by Meyer-Kohlstock et al., (2015), the supply of biomass and waste for consumption
within other value chains was predominantly sourced from the agri-food and livestock sector [24].
Though bio-based value chains create opportunities to circularise, some chain-level dynamics
influence the environmental, commercial and social practicability of the same by varying degrees.
These dynamic factors include biomass supply logistics, feedstock costs (influenced by whether
the feedstock is primary or secondary), feedstock treatment requirements and ethical compliance
requirements. Firstly, it is essential to identify a bio-based value chain with techno-economic potential,
and that is environmentally and socio-economically sensible. Secondly, when developing a bio-based
business model around the identified value chain, it is imperative to anticipate the various interactions
among processes, stakeholders and related process-dynamics on the overall performance of the chain.
The aim of this paper is to provide a two-fold methodology that helps identification of promising
bio-based value chains and to demonstrate how value chain mapping can help stakeholders visualise
the various interactions embedded in a value chain. Escalating environmental and economic pressure
to use our resources responsibly and add value to the used material/products in the commercial sphere
has helped the development of technology routes and material circularity, in nearly every global sector.
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According to the EU Circular Economy Strategy, the aim of such systems thinking is to “close the loop
by becoming resource efficient through development and establishment of industrial symbiosis, to
reduce the pressure on EU’s natural capital” [1].

2. Methodology

2.1. Value Chain Selection Criteria

Multi-criteria decision analysis (MCDA) is a valuable tool for decision making in complex process
systems using multiple parameters that influence the embedded processes within a value chain.
These parameters can be differently weighed as “significant factors” by the various chain-actors. Also,
incorporating this flexibility into the scope of this assessment, MCDA in decision making enables
a systematic investigation and transparency in analysis [20]. The goal of MCDA, in general, is to
provide an opportunity to explore the knowledge and concerns put forward by the chain-actors,
weigh them from an unbiased viewpoint, systematically analyse, identify the most important criteria,
and subsequently, make decisions within a complex multi-actor process systems. This study employs
two-tier MCDA to rank bio-based value chains based on a set of selection criteria, highlighting
the significance of their adherence to the principles of circular economy. The outcomes of this
analysis highlight the importance of these selection criteria dedicated to highlighting the circularity
characteristics of any bio-based value-chain/business model. An elaborated mapping methodology to
understand the strengths, weaknesses, opportunities and challenges embedded in a bio-based value
chain, attributable to the synthesis of a variety of bio-products, also demonstrating the significance
of upstream processes and material use on the downstream activities (mainly post-consumption and
end-of-life management) has been presented as a part of this paper. Please see Figure 4 for a flow
diagram that elaborates the MCDA methodology employed in this study for value chain selection
and mapping.

A variety of bio-based value chains have been identified to be prevalent in the EU and are
presented in Table 1. This list of preliminary value chains was drawn from the literature review
earlier, focusing on bio-based value chains/products covered by EU certification schemes and
market demand [25]. The list comprises bio-based value chains with (but not limited to) diverse
characteristics covering:

• From virgin food-based feedstock to bio-waste cascading;
• 100% bio-based to partially bio-based, value chains;
• Those with a fully-functional waste management infrastructure to those that lack one;
• Diverse product functionality.

Table 1. List of EU-based value chains considered for selection, analysis and mapping exercise.

Sector Value Chain

Chemicals Cellulose to bio solvents
Disposable food packaging Starch to bioplastic food packaging

Agriculture Starch to bio-based mulch films
Fabrication Starch to bioplastics for fabrication
Automotive Vegetable fats to bio lubricants

Agriculture/waste management Solid biomass to fine chemicals
Textiles Cellulose to fabric

Food packaging Cellulose to plastic paper cups
Construction Waste biomass to insulation material
Construction Waste biomass to wood-plastic composites
Agriculture Polysaccharides to crop health inducers

Animal husbandry Plant-based chemicals to fine chemicals
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For systematic identification of promising value chains, a multi-criteria selection approach
was used. A set of selection criteria were chosen based on the gaps that were identified from
review of published literature and policy. There are a number of different bio-based value chains
prevalent in the EU. To identify those multi-functional value chains (perhaps under-represented), for
example, those that integrate material circularity, utilising agricultural by-products/waste, capability
to create better and wider socio-economic growth/employment opportunities and needing less or no
further investment in the form of a dedicated infrastructure, it is essential to use a few key criteria.
The performance of candidate value chains from the viewpoint of these selected criteria must be
assessed in detail. This approach will help this study weigh the potential and resilience of these
candidates in the commercial market, against the backdrop of the EU’s bioeconomy policies and in
our journey towards “closing the loop”. The selection criteria chosen for the first-round assessment of
bio-based value chains are presented in Figure 5. The rationale for choosing these selection criteria
may be found under the respective descriptions in the upcoming segments.

Figure 5. Selection criteria for the identification of the most promising bio-based value chains.

Feedstock variability: The flexibility of bio-based value chains to produce products and
by-products from a variety of feedstocks is crucial. Biomass, the starting material of any bio-based
value chain, is cost-susceptible to both market volatility and also seasonal in nature. Dependence on
a seasonal feedstock will lead to a seasonal value chain, thereby resulting in seasonal products (and
byproducts) which gives bio-based products a less attractive perspective among consumers [26].

Multi-regional supply chain: A multi-regional value chain, besides adding value to a low-value
feedstock, also contributes to the economic growth of dependent communities via creation of jobs,
development of skills and the knowledge pool of the local communities, leading to improved
community wellbeing and social equity. Such approaches require a harmonised approach to reporting
and communication of information among the embedded chain actors for transparency on practices
and traceability of materials. However, such an approach could facilitate EU states with transition
economies to establish bioeconomy models, with the needed investment from national funding
initiatives [27].

Variety of end-of-life: End-of–life characteristics play a prominent role at any given stage of
a value chain. From a top-down approach, a process that is capable of utilising waste biomass for
raw feedstock, also called “cascading use” is a valuable, sustainable business model as there will a
regular influx of low-cost feedstock, promising a continuous product supply to the market. From a

130



Sustainability 2018, 10, 1695

“bottom-up” approach, strategic management and utilisation of waste (post-product consumption) is
capable of delivering three-fold benefits: environmentally through reduction of waste for treatment
and disposal; economically by enabling resource efficiency and through transformation of waste (as
low-cost raw material for a secondary industry); and socially through creation of jobs, new value
chains and social equity [28]. To be able to “catch up” with the 2014 EU Landfill Directive (which
aims to phase out landfilling recyclable waste, e.g., bioplastics, paper, glass and bio-waste), we need to
identify candidate value chains that generate products that can potentially circularise the value chain.
Selection of value chains based on the capabilities of the products to demonstrate a variety of end-of
life characteristics would be valuable to report via this study.

Gaps in sustainability schemes: From assessing the outcomes of the literature review, it is
evident that sustainability schemes for bio-based products (e.g., bioplastics, bio-solvents, bio-based
adhesives and binders, enzymes and cosmetics, etc. but not bioenergy) are either still in their infancy or
have variable levels of maturity with major sustainability related gaps to cover. Some major gaps and
limitations include a lack of clear criteria for sustainability/circularity assessment of bio-based products
on one hand and on the other hand, an overlap in the existing certification schemes. For example,
for the CEN standards for bioplastics (CEN/TC/249), some of the sustainability criteria such as the
determination, declaration and reporting of the bio-based carbon content [29–32] are required via the
following standards:

• CEN/TS 16137:2011: Plastics—Determination of bio-based carbon content
• CEN/TS 16295:2012: Plastics—Declaration of the bio-based carbon content
• CEN/TS 16398:2012: Plastics—Template for reporting and communication of bio-based carbon

content and recovery options of biopolymers and bioplastics—Data sheet

However, these standards do not explicitly direct the economic operator to take further
responsibility to address/quantify the sustainability criteria associated with bioplastics including
production derived emissions to air, water and soil or economic and social impacts. A discrete set of
standards is under development by the technical committee (CEN/TC/411) for bio-based products
to report the sustainability aspects of bio-based products [33]. These standards are responsible for
the determination, declaration and reporting of environmental impact assessment (e.g., EN16751:
Bio-based products: sustainability criteria). The scope of EN16751 in particular, despite providing
guidance on undertaking impact assessment and reporting on bio-based products, covers the stages
from feedstock acquisition up to the feedstock “pre-processing” phase. Lack of guidance on assessment
and reporting of environmental burden resulting from “manufacturing” to “end-of-life” phases, and
lack of assessment methodologies and thresholds are some of the major gaps and limitations in
these standards.

Country-based feedstock preference: Consistency in raw material supply and chain-productivity
is essential for the successful uptake of bio-based products and their associated value chains.
The guarantee of a promising flow of feedstock to the facilities can only be ensured through the choice
of “locally sourced” feedstock. “Locally-sourced” feedstocks generally have established logistics and
reporting procedures, which can communicate their point of origin to the economic operator. Moreover,
utilisation of such “locally generated feedstock” can be associated with positive social impacts from
employing decades of skilled cultivation related knowledge from the local rural community and its
established infrastructure, catalysing its development with an innovative biorefinery, subsequently
reducing the overall cost of value-chain establishment [34,35].

Multi-sector application: The ability of a bio-based product and its value chain to cover a range
of applications (in different industrial sectors) was identified as an important criterion for value
chain selection. Undertaking this task for value chains with products that serve a rather smaller
demand/specialised demand could make this study highly specific, deviating from the aim of creating
a harmonised sustainability framework for horizontal sector application. Therefore, focus is placed
on value chains and bio-based products that have the potential to be applied in a variety of sectors
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(e.g., bio-based mulch film catering to agricultural/horticulture industries and other industries like the
landscaping industry; versatile fine chemicals that find application as solvents in paints and coating,
adhesives and binders, fuel additives and agrochemicals).

Application of These Value Chain Selection Factors with Multi-Criteria Decision Analysis

First round assessment and selection: A dedicated matrix composed of a combination of the
preliminary value chains which are to be assessed from the viewpoints of each of these selection criteria
was developed as a part of this first-tier analysis. Since this study is a part of a project with a wider
vision, the expertise of the consortium members in bioeconomy was invited. Their recommendations
in terms of the performance of the set of preliminary value chains, in combination with the set of
selection criteria, presented in Figure 5, was obtained and reviewed. Scores, in the form of rating (scale
of 1–10), were allocated to the recommendations (yes/maybe/no) with justification provided by the
consortium members.

Secondly, each of the selection criteria were allotted weighting factors based on their relevance
and significance to the principles of material circularity and bioeconomy transition. The weighting
factors are presented in Table 2. The criteria that have been allocated a weighting of 0.2 are those
that directly contribute to innovative or under-represented but resource efficient value chains which
subsequently have the potential to encourage the establishment of a circular economy. Criteria with
a weighting of 0.1 (preference within EU member states) has been covered further with an elaborate
evaluation under second round assessment. Relevant characteristics of each of the bio-based value
chains were assessed and reviewed against the weighted selection criteria to finally assign ranks from
the first round. The outcomes of the first round of assessment and further discussion on this approach
to the identification of promising bio-based value chains have been presented in Section 3.1.

Table 2. Distribution of weighting to the “value-chain selection” criteria.

Selection Criteria Weighting

Feedstock variability 0.2
Gaps in certification/sustainability schemes 0.2

Multi-sector application 0.15
Variety in End-of-life options 0.2
Multi-regional supply chain 0.15

Preference within EU member states 0.1

Second round assessment and selection: The second round of assessment was initiated with the
collation of information and analysis of national policies, bioeconomy initiatives and growth plans
established by individual EU member states. This review provides an insight into the bioeconomy
strategy adopted by individual states based on their strengths such as natural bio-resources, preference
for bioeconomy development, access and development of technological innovations and maturity
level. A summarised list of initiatives and action plans associated with each of the EU member states
is presented as a part of the supplementary information.

Upon collation, analysis and categorisation of these initiatives, the preference of these member
states over the choice of feedstock, bio-refining technology, current and desired products/sector
development and techno-economic or social optimisation route were identified and ranked.
This information was used to calculate weighted scores called “preference scores” to specific
(feedstock-conversion route-bio-product combinations, based on the preference demonstrated by
the EU-collective bioeconomy strategies. These scores, (as a % of total number of strategies), have been
presented in Table 3. Information on most of the EU-relevant bioeconomy strategies and initiatives
collated and analysed as a part of the second round of assessment, is presented in the supplementary
section in Table S1. The outcomes of this second round of assessment have also been discussed further
under Section 3.1.
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Table 3. EU value chain preference scores as a function of strategy type and nature (as a % of total
number of EU bioeconomy strategies).

Value Chains Targeted by the Strategies Strategy Type EU Chain Preference Scores

Bio energy and fuel production Renewable energy 0.74
Food and beverage production Primary food production 0.6
Crop based primary production Using waste and residue 0.37
Animal based primary products Using waste and residue 0.32
Forest based primary production Using waste and residue 0.26
Bio-based material and plastics Products/Technology and research 0.26
Marine based primary production Primary food production 0.2
Bio-based chemicals Products/Technology and research 0.21
Bio-based construction and furniture Common conversion 0.2
Biorefinery Products/Technology and research 0.2
Cosmetics and health Biomass conversion 0.17

2.2. Value Chain Mapping

Within the H2020 programme, an industrial value chain is defined as stages of value creation
by enterprises and other organisations as part of the process of designing and delivering goods
and services for their users [22]. Nevertheless, new and innovative value chains are not required
to be novel value chains but can be seen as new combinations across value chains, an innovative
technology/product brought from one sector or context into another resulting in a disruptive effect.

Value chain maps are a valuable, flexible and convenient tool to develop and analyse the scope and
performance potential of a bio-based business model by breaking down the various process dynamics
into logistics, sectors of application and embedded stakeholders. The strengths, weaknesses, costs and
competition from other value chains in the production of specific commodities can be visualised via
value chain maps. The next step in identifying such promising value chains is to understand the chain
complexities via such a “mapping exercise”.

In this study, the initial “cradle-to-grave” value chain mapping provides a generalised yet
visual schematic of the dynamics including the resource flow and actors integrated within bio-based
value-chains that have been chosen via the assessments above. For the selected and finalised list of
bio-based value chains, the following chain characteristics are crucial and relevant to visualising their
significance to a circular economy. The characteristics are as follows:

• Material/energy inputs and outputs, including potential products, co-products, waste
and emissions;

• Sector-level contributions;
• Technology/conversion routes;
• Chain-actors or stakeholders linkages
• End-of life (variable) characteristics emphasising the fate of the outputs from each of the life

cycle stages.

3. Results and Discussions

3.1. Value Chain Selection

A two-tier multi-criteria decision analysis was undertaken to identify and select the most
promising value chains and the outcomes of this assessment have been presented in Table 4.

Bio-plastics, bio-based solvents, bio-lubricants, fabrics and fine chemicals followed by bio-based
insulation material were chosen to progress to a second round of assessment. Within the second
round of assessment, they were subjected to a similar weighted scoring, set against a background
of EU-wide bioeconomy initiative. This “bioeconomy preference score” is primarily based on
the target-feedstock and technology preferences of the bioeconomy initiatives and other relevant
sustainability schemes established/planned with an active interest to transform from a linear economy
to circular bio-based economy.
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Table 4. Selection of bio-based value chains from first-round “multi-criteria” assessment.

Sector Value Chain Score Rank Status

Chemical Cellulose to bio-based solvents 7.44 1 Selected
Food Packaging Starch to bio-plastics 7.25 2 Selected

Agriculture Starch to bio-based mulch films 6.62 3 Selected
Fabrication Starch to bioplastic framing material 6.09 4 Selected

Multiple sectors Vegetable fats/plant lipids to bio-based lubricants 5.50 5 Selected
Textile Cellulose to fabric 5.50 6 Selected

Chemical Solid biomass to fine chemicals 5.20 7 Selected
Construction Waste agri. biomass to insulation material 4.78 8 Selected

Food packaging Wood/cellulose to plastic paper cups 4.37 9 -
Food packaging Straw to food packaging 4.31 10 -

Construction Solid biomass to wood-plastic composite 4.00 11 -
Agriculture Algal polysaccharides to phytoprotectives 3.91 12 -

In terms of feedstock preference, EU member states seemed to possess a clear strategy on utilising
feedstock generated locally or nationally with minimal logistics and not demanding an additional
stream (land-conversion)/infrastructure for feedstock generation (in other words, use excess and
residual biomass). As a result, a majority of the initiatives highlight a feedstock preference in the
following order: agricultural (63%), forestry (35%), waste stream (organic waste from domestic
and commercial waste) (25%). In terms of initiatives, there are those that either focus on pursuing
innovative technology routes or prefer a combined approach to utilising biomass with innovative
biomass transformation technologies. Preference for bio-based value chains based on the nature and
goal of the initiatives assessed as a part of this study was identified and ranked in Table 5.

Table 5. Selection of value chains from a second round of “initiatives-based preference” assessment.

Sector Value Chain
EU Chain
Preference

Scores

Final
Score

Rank Status

Food Packaging Starch to bio-plastics 0.63 4.57 1 Selected
Agriculture Starch to bio mulch films 0.63 4.17 2 Selected
Fabrication Starch to frame material 0.63 3.84 3 Selected
Chemicals Cellulose to bio-based solvents 0.47 3.50 4 Selected

Multiple sectors Vegetable fats/plant lipids to bio-based lubricants 0.58 3.19 5 Selected
Chemical Solid biomass to fine chemicals 0.58 3.02 6 -

Construction Waste agri. biomass to insulation material 0.57 2.72 7 -
Textile Cellulose to fabric 0.31 1.71 8 -

It is evident that there is a greater emphasis on development and exploitation of bio-based
chemicals and bio-plastics in the conceived bioeconomy agenda and the existing bio-based
infrastructure. There is a huge array of bioplastics, classified under roughly 10 categories, that
are prevalent worldwide [36]. Currently, there is a focus on bioplastics that can be synthesised from
one important feedstock, starch. This is due to the current availability of a mature and commercial
conversion route that provides a feasible solution to existing “plastic waste management issues”.
In addition to this, the multi-functionality of bioplastic under study (PLA synthesised from starch),
which (in combination with other polymers) may be utilised to create mulch films, disposable
cutleries, framing materials and fibres defines its suitability to address the current challenges facing
our transition to a fully-functional bioeconomy. Similarly, bio-based chemicals such as solvents,
lubricants, dyes and pigments offer a greener and relatively low-environmental impact alternatives
to their conventional counterparts facing restrictions of use from regulatory bodies such as REACH
(Registration, Evaluation, Authorisation and Restriction of Chemicals) and ECHA (European Chemicals
Agency) [37]. In addition to their lessened impact in terms of eco and human toxicity, their promising
potential to create opportunities for socio-economic growth and reduce dependence on non-renewable
resources creates a sustainable pathway for development. The construction sector is one of the biggest
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contributors of landfill waste in the EU owing to the design flaws in the product. Construction materials
(particularly contemporary insulation material) are seldom created for any kind of responsible
end-of-life management [38].

In view of the commercial, environmental and socio-economic potential identified from the value
chains selected from the second round of assessment, they were adopted for an elaborate value-chain
mapping in the Section 3.2.

3.2. Value Chain Mapping—Case Studies

The five bio-based value chains chosen from the second round of assessment have been adopted to
be mapped for full (general) coverage of the resource flows, technology/conversion routes employed,
the various stakeholders and the fate of the products or the other waste streams that may result from
the value chain. These schematics have been presented in Figures 6–9.
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3.2.1. Bio-Based Chemicals

The market for bio-based chemicals in general is worth $6 billion and at a projected annual
growth rate of 16.16%, the market is expected to reach $27 billion by 2025 [39]. Bio-based chemicals
include a broad spectrum of products, which may be classified as commodity chemicals, intermediate
chemicals and specialty chemicals, based on their application. Commodity chemicals refer to the “high
volume-low value” products, sourced from biomass (but not restricted to), such as fatty acids, methyl
esters and alcohols. Intermediate products refer to the refined sugar complexes, basic polymers,
pigments/dyes, plant oils and other types of starches. Specialty chemicals, synthesised either
independently from plant or prepared from intermediate chemicals includes bio-based chemicals such
as advanced polymer solvents and other preparations for final formulation in personal care products,
pharmaceuticals, paint coatings, additives, domestic/industrial detergents and other applications.

In particular, bio-based solvents are broadly classified into plant-based alcohols, diols, organic
acids, glycols and many more. From an economic perspective, according to the above mentioned
report [39] the global bio-based solvent market was worth roughly 6 billion USD in December 2016
and it is currently projected to grow at a CAGR of 7.8%, reaching 9 billion by 2024. The versatility
of bio-based chemicals, particularly bio-based solvents (for example, in pharmaceutical, cosmetics,
agriculture, cleaning, printing inks and adhesive applications), and demand/room for innovation and
product development, coupled with stringent regulations on hazardous pollutants released from the
use of conventional chemicals have fostered increased research interest and financial investment via
national programmes and government support. Moreover, the feedstock variety that can be used to
generate a myriad of bio-based chemicals makes these value chains innovative and techno-economically
viable, in addition to their improved environmental performance.

3.2.2. Bioplastics

The EU preference to develop a manageable and multifunctional bioplastic category for the
commercial market stems from the rapid and unsustainable consumption of conventional plastics
for a variety of purposes, at a global level [40]. In addition, the discovery of alarming levels of micro
plastics in our food sourced from soil, water and sea, has led to the awareness of the interactions
between plastic degradation and the environment (bioaccumulation) [41]. This is evident in a number
of initiatives, listed in the supplementary information, that all target withdrawal from fossil-based
resources over the next decade with particular focus on energy and plastic consumption. Unlike a
decade ago, modern bioplastics are catching up with bio-based solvents in terms of multi-sectoral
application (including packaging, agriculture, cosmetics, electronics, construction and automotive) [36].
Evidence of encouragement of bio-based product development and growth can be seen from a plenary
meeting of the European parliament that voted in favour of “biodegradable mulch films” during the
revision of EU Fertiliser Regulation [42] and a recent increase in “big brands” adopting bio-plastics
to appeal to their prominent (high spending power coupled with relatively high environmental
awareness) consumer base [43].

3.2.3. Other Bio-Based Products

Bio-lubricants, predominantly synthesised from oil crops, find application in the domestic,
industrial, automotive and aviation industry. Among the 220 EU-28 biorefineries assessed as a part
of the study undertaken by the Bio-based Industries Consortium and Nova Institute (Figure 3), 20%
are dedicated to the manufacture of oleochemical from plant-derived fats. Environmental concerns
and strict standards for management of leakage, maintenance and disposal of unused fossil-derived
lubricants provide evidence for the growth and development of this sector. A EU-H2020 funded project
entitled FIRST2RUN [44] is dedicated to the identification and development of integrated bio refineries
that utilise low-input, under-utilised oil crops, grown in marginal lands to synthesise bio-lubricants
and bioplastics from vegetable oil. Besides valorisation of marginal lands and low-input biomass,
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this project envisages the capability of such a value chain to create a skilled labour pool, generate
other bio-based products and energy (composting unused parts of the plants), thereby revitalising the
local economy.

Agricultural waste transformed into green, low-environmental impact insulation material was
the conventional technology until the discovery of fossil resources, which gave rise to relatively
inexpensive polymers and materials (e.g., polyurethane, mineral wool). However, some environmental
and human health concerns are associated with these insulation materials (from long-term release
of aerosols and vapour) such as respiratory issues and eye and skin irritation, particularly in the
case of foam insulations. Natural fibre insulation such as cotton wool and wood fibre boards
have been identified to perform similarly to their petro-derived counterparts and are particularly
advantageous with regards to complying with any environmental building certification schemes [45].
Bio-based binders and other additives, such as polylactic acids (PLA) and polyhydroxyalkanoates
(PHA) generated from other starch-based value chains, may be utilised in the preparation of these
insulation materials. Dry lignocellulosic biomass can also be processed into compressed fibres for
dashboard panels, geotextiles and animal bedding [46].

Limitations: MCDA can be a valuable tool, however, there are a few concerns when it is applied
to immensely complex systems. When a process system involves social interactions such as producers,
regulatory authorities and consumers, it becomes challenging to call one perspective as more important
than the other. MCDA is also capable of overlooking or under-representing some key factors within a
complex value chain. An essential and independently functional element within a bio-based value
chain, eco-system services, is one such example. It is essential to be able to apply MCDA for smaller
scale analysis to be able to predict all possible determinants of a particular chain-stage prior to its
broader application. However, this can be time-consuming. Input/output (IO) analyses, which is a
methodology that involves monitoring the sectoral trade data to quantify the complex interactions
between the different nodes of a given value chain may also be utilised to study the dynamics of
a value chains in real-time. However, its data needs depend on statistical information drawn from
datasets published by government and international authorities (UN-FAOSTAT, EUROSTAT) [47] and
the data may not always be available. Besides being data intensive, it may not always be possible to
derive data for bio-based value chains based in rural communities, with IO methodology.

Value chain maps can be laborious and time-consuming to develop, depending on the complexity
of the value chain under analysis. The map is only an informative tool for the visualisation of bio-based
business models, identification of market opportunities and the scope of the value chain. It may not be
able to highlight any changes in the dynamics associated with the factors (chain actors, inputs/outputs
and technology routes) presented in the chain.

For this study, the mapping has been carried out to highlight, in general, probable material,
wastes/emissions, conversion/refining routes associated with a given feedstock and end bio-product
synthesised from it. These maps do not provide explicit information on coverage of these value
chains by specific sustainability schemes/certification programmes as there are diverse products and
co-products that could be produced as a part of the value chain. To establish this level of detail,
the goal, scope and the product of analysis would have to be established beforehand.

3.3. Gaps and Challenges That Can Be Addressed

From having undertaken the multi-criteria decision analysis, a number of key aspects associated
with the bio-based business models were brought into consideration, out of which, only a few general
criteria were chosen as the selection criteria. Some of the key gaps and challenges that are addressed
in this section were drawn based on our analysis and the mapping exercise on the overall. These are
some key hurdles faced by existing and new bio-based business models in the current context of our
transition to a bio-based economy. These points have been highlighted to encourage holistic systems
thinking, starting from the feedstock procurement stage, through product design, which influences
the final product cost up to the need for a dedicated end-of life management infrastructure which
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has an influence on public perception of bio-based products. Such systems thinking will encourage
streamlining the innovation, processes and delivery of an incredibly complex bio-based value chains.
Application of systems thinking can be customised to the practices in other non-bio-based sectors
thereby facilitating our transition to a fully-functional circular economy.

“Food vs. non-food bio products” conflict: We live in an era of a global lack of food security,
the supply chain of which alone is highly complex and fraught with unforeseeable risks such as crop
failure from climate change or geo-political instability. To add to this, use of agro-food based biomass
as the starting feedstock not only puts the bio-based business model at risk but also invites “food vs.
bio-based products” conflict, undermining the sustainability characteristics of a bio-based value chain.
However, substituting primarily food-based feedstock with waste-based feedstock or by-products
would incorporate material circularity e.g., starch rich feedstock can be drawn from food retailers and
food processing industries by using vegetable peels instead of starch rich crops. This strategy not
only encourages waste valorisation but also reduces both the risks involved and the dependence of
bio-based industries on the primary food supply chains.

Feedstock costs: Biomass may seem economically unfeasible compared to cheap petroleum
feedstocks and their intermediates. The cost of feedstock which in turn is influenced by its
supply/demand ratio in the commercial market makes it even more difficult for bio-based business
models to increase profit margins and sometimes to breakeven. However, encouragement and
development of innovative multi-functional bio refineries that are capable of utilising low-value,
low-cost and waste biomass can prove to be an ideal alternative; such biorefineries must also be able to
transform such waste feedstock into product designs that can be disassembled during their end-of-life
with the product components being re-circularised back into the manufacturing loop. Re-incorporation
of material can have long-term economic benefits to such business models, in addition maintaining the
value of all the first-chain process inputs.

Supply risks: The seasonal nature of the biomass supply stemming from the cultivation
time-span of biomass is an issue. However, further challenges posed to cross-border biomass supply
from climate change, diminishing ecosystem services due to human intervention (e.g., intensive
farming), variable food/biomass demand, geopolitical instabilities and social ethical concerns also
undermine the “sustainable” characteristics of a bio-based value chains. It is therefore essential to
encourage biorefinery and business models that are built on pre-established climate change resilient
but low-demand biomass (e.g., millet and sorghum in Africa). From a cost perspective, their low
demand reduces biomass costs, from a socio-economic perspective, accessing the knowledge pool of
the local rural communities can be mutually beneficial via opportunities for rural development and
encourages their interest in maintaining the local ecosystem services.

Interconnectedness of value chains: Uneven distribution or complete lack of technological
readiness for a multi-regional/local value chain to be established is a key hurdle in transformation
to a bio-based economy. This requires creation of awareness and a strong social connection between
inter-chain stakeholders to encourage technological and operational coherence. The thought-process
among the different chain actors (particularly among those involved between the feedstock
procurement to packaging stage) has to be parallel with each other. Family businesses embed such
wider thoughtful thinking and are mostly successful in staying established on a long-term, despite
various external shocks, particularly from low-demand, inflation, etc. The key aspect to note is
the trust developed with fellow stakeholders and customers with the consistency and quality of
product. Occasional lack of co-operation due to process-level disparities between the embedded
stakeholders of the value chains could be overcome via the establishment of national standards,
covering stakeholders embedded in a value chain, with standardised templates for recording, reporting
and communicating information.

Penetration of non-bio-based value chains: A recent shift in consumer behaviour, challenges
to penetrating non-bio-based value chains (existing fossil-based supply chains) owing to consumer
perception of “brand-value” and relatively cheaper products need to be considered. However, the trend
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is changing as there is a growing demand among consumers in small businesses owing to the “trust”
factor that they are mainly passion driven rather than profit-driven [48].

Public perception of bio-based products: According to a review of various reports by Spatial
Foresight, (2017), the general public’s perception of bio-based products are highly variable [3].
As much as there is keenness to switch to bio-based products owing to their overall environmental
benefits, the sporadic market supply, the expensive nature of such products and sometimes, limited
functionality and durability of the bio-based products seem to hinder their acceptance. For members of
the public who choose to opt for a more sustainable life, the existing product end-of-life management
infrastructure is partially to fully unsuitable to pursue a circular waste management practice, leading
to an overall skepticism. Therefore, a holistic approach is needed in our transformation to not only a
bio-based economy but also to a circular economy.

“Top-down” and “bottom-up” initiatives: Stronger policy-level improvisation via “top-down”
approaches drive chain-actors to encourage good practice such as producer responsibility (e.g.,
packaging industry) and deploy “re-direct used material” strategies. Similarly, “bottom-up”
approaches, such as altering consumer behaviour via responsible and innovative retail design and
practices, must also be devised. This may also include incentives/loyalty schemes for consumers
who opt for bio-based products that upon consumption can be recovered and re-introduced into
another product.

4. Conclusions

The purpose of this paper is to provide a methodology to assess existing or novel bio-based
value chains from key angles that are of significance to our journey to attaining a fully functional
bio-based circular economy. Due to the limited time and resources, it is essential to distinguish the
most promising bio-based business model from the rest, and that is precisely what this paper, with
its methodology suggests. EU-based bioeconomy and bio-based value chains are diverse in nature
and are not restricted to those value chains that have been considered in this study. The preliminary
list of 12 value chains was selected based on their relevance and significance to the bioeconomy, their
current activity level/contribution and coverage by various sustainability and certification schemes.
These bio-based value chains have been selected to ensure the representation of EU’s diverse bio-based
value chains in addition to their potential to address the key environmental, techno-economic and
socio-economic threats and challenges faced globally. The value chains were selected in two-steps
via multi-criteria decision analysis (MCDA), wherein the first step, the preliminary value chains
were ranked by placing them against a back drop of five key selection criteria in the current context:
feedstock variability; EU feedstock preference; variety of end-of-life options; multisector application
and multi-regional supply chains. This step led to the identification of eight bio-based value chains
which were subjected to a second round of assessment where five out of the eight value chains showed
a promising interest/inclination for bioeconomic development. For the selected five bio-based value
chains which included starch to bio-plastics, starch to bio mulch films, starch to frame material,
cellulose to bio-based solvents, vegetable fats/plant lipids to bio-based lubricants, elaborate value
chain maps were developed to demonstrate the highly informative nature of this tool and its crucial
role in understanding the complex interactions among the various process stages, associated processes
and stakeholders within a more complex value chain.

Value chain maps provide valuable insight into the integrated activities, actors and technology, in
addition to the material flow, and have provided a foresight of the scope and qualitative performance
potential (in socio-economic and environmental terms) within each of the life cycle stages. Inability to
acquire real-time information from any changes to the process dynamics may be a limitation. However,
for a preliminary assessment, value-chain mapping provides an overall breakdown of the various
elements presented above. The methodology prescribed in this paper not only helps understand
the embedded complexities and overcome them within bio-based value chains but are also equally
applicable to complex non-bio-based supply chains that foresee a transformation by closing their loop
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to encourage product and process circularity. Overall, the suggested method could be used by policy
makers, investors, business groups and economists to understand the interdependencies among the
various embedded chain-actors, dependence of the chain on material consumption and the various
technology routes available for innovative and sustainable production of bio-based products that can
potentially replace high-impact fossil-derived products.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/6/1695/
s1, Table S1: Bioeconomy initiatives and strategies analysed for the second round of the value chain assessment
and selection.
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Abstract: The sustainability of bio-based products, especially when compared with fossil based
products, must be assured. The life cycle approach has proven to be a promising way to analyze
the social, economic and environmental impacts of bio-based products along the whole value chain.
Until now, however, the social aspects have been under-investigated in comparison to environmental
and economic aspects. In this context, the present paper aims to identify the main social impact
categories and indicators that should be included in a social sustainability assessment of bio-based
products, with a focus on the consumers’ category. To identify which social categories and indicators
are most relevant, we carry out a literature review on existing social life cycle studies; this is followed
by a focus group with industrial experts and academics. Afterwards, we conduct semi-structured
interviews with some consumer representatives to understand which social indicators pertaining
to consumers are perceived as relevant. Our findings highlight the necessity for the development
and dissemination of improved frameworks capable of exploiting the consumers’ role in the ongoing
process of market uptake of bio-based products. More specifically, this need regards the effective
inclusion of some social indicators (i.e., end users’ health and safety, feedback mechanisms, transparency,
and end-of-life responsibility) in the social life cycle assessment scheme for bio-based products.
This would allow consumers, where properly communicated, to make more informed and aware
purchasing choices, therefore having a flywheel effect on the market diffusion of a bio-based product.

Keywords: social life cycle assessment; bio-based products; social indicators; consumers; sustainability

1. Introduction

Social sustainability is an essential component of sustainable development, even though it has
been largely under-investigated when compared to economic and environmental components [1].
This is particularly true when restricting the spectrum of the analysis to the bio-based economy [2].
The bio-based economy includes the production of renewable biological resources and the conversion
of these resources, residues, by-products and side streams into value added products such as food, feed,
bio-based products, services and bioenergy [3]. According to the European Standard (EN 16575:2014),
bio-based products are wholly or partly derived from materials of biological origin, excluding materials
embedded in geological formations and/or fossilized. These might include chemicals, lubricants,
surfactants, enzymes, pharmaceuticals, cosmetics, food additives, etc.

Promoting the use of bio-based products can support the transition from a linear towards a circular
economy, creating jobs and enhancing a more sustainable growth [4]. However, while some policy
documents (e.g., [5,6]) have supported the production of renewable biological resources and their
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conversion into value added products and bio-energy, there are also concerns about sustainability [7].
With the aim of ensuring an effective transition towards sustainability, it is of paramount importance
that apposite assessment methods exist and are employed to discern pros and cons of different
sustainability options [8].

In this respect, life cycle sustainability assessment (LSCA) represents a valuable framework whose
transdisciplinary nature clearly demonstrates the importance of integrating not only with economic
models but also with ecological and social theories [9]. However, as emphasized by [10], unlike
reputable methods for assessing environmental and economic performance with environmental life
cycle assessment (ELCA) and life cycle costing (LCC), social life cycle assessment (SLCA) is still in the
development phase, and therefore misses the necessary empirical experience [11]. This is due in part to
the lack of standardized social indicators for social performance measurements. The development of
general SLCA indicators could provide organizations with relevant information to better understand
those social factors that might influence their development over time [12]. This, in turn, would
support empirical experience and accordingly contribute to the development of standardized LCSA
constructs [10]. Moreover, the use of social indicators can assist decision makers in providing a
fit-for-purpose social sustainability scheme, including standards, labels and certifications, based on the
product-related impacts on the wellbeing of different stakeholders’ categories [13].

Apart from deeply analyzing the theoretical foundations of SLCA, some academics have asked
for scientific developments in providing improved methods and case studies with regard to the
choice of impact categories and related indicators (e.g., [14,15]). Nonetheless, there is still a restricted
number of contributions aimed at reviewing which social sustainability aspects are most relevant to
consider throughout the SLCA. However, Kühnen and Hahn [10] recently reviewed trends, coherences,
inconsistencies, and gaps in research on SLCA indicators across industry sectors. They found only
a few sectors receiving adequate empirical attention to draw cautious conclusions that often neglect
relevant social issues; this is because they focus mainly on worker- and health-related indicators.
Lastly, Martin et al. [8], by means of a systematic review of scientific life cycle studies on bio-based
products and an open space workshop with experts from academia and industry, underlined a
discrepancy between those indicators found to be relevant, and the indicators that are recurrently
included in the studies.

In this article, we complement the recent interest in understanding what key sustainability
impacts and related indicators should be considered for the development, production, and market
uptake of bio-based products [8]. We do this by focusing on a specific stakeholder category, namely
consumers. This could help fill the gap concerning the overall lack of attention of SLCA research to
stakeholder categories other than workers (see [10]). In this vein, SLCA is also a valuable tool for
positioning a product in the market and to guide consumer purchases (see [16]). This becomes even
more relevant when considering public measures for bio-based products, such as public procurement
policies, and where mechanisms for establishing a level playing field with fossil-based products
have not yet been implemented [4]. Furthermore, even when demand-side measures have been
undertaken, such as in Italy (see [17]), the negative consequences originating from a general lack of
social acceptance among consumers represent an important warning to all bioeconomy stakeholders
(See http://news.bio-based.eu/the-fight-on-plastics-heats-up-in-the-eu/). Accordingly, focusing on
consumers is of paramount importance for deepening our knowledge of the main social aspects that
may influence future demand and thus the market uptake of bio-based products, which is currently
still limited.

The scope of our analysis ranges from scientific publications and official published documents
(e.g., conference proceedings and books), including some from fields other than SLCA, to the so-called
“grey literature” (e.g., dissertations and reports). These mostly focus on studies concerning the current
situation of the bio-based sector in Europe from 2010 to early 2018. Our intended audience includes
academics, practitioners and consumer organizations, as well as decision makers who are looking for
reliable evaluation tools to enhance the understanding of which social aspects are worth considering,
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together with the key phases of design, production, marketing and consumption of bio-based products
from the perspective of circular bioeconomy.

The rest of the paper is organized as follows: Section 2 frames the social sustainability of bio-based
products and presents the research questions. Section 3 describes the methodology. Section 4, starting
from SLCA studies applied to bio-based products, proposes a comprehensive list of social impact
categories and indicators tailored to bio-based products; the section shows results relevant to the
consumers’ category. Section 5 contains a discussion of the results. Finally, Section 6 concludes and
suggests further developments of the study.

2. The Context of Analysis and Research Questions

In recent years, the socio-economic sustainability of products and processes has gained greater
global attention. With reference to the bioeconomy, the European Union (EU) highlighted that bio-based
products have a strong socio-economic dimension that needs to be taken into consideration [3,5].
Along this line of reasoning, Fritsche and Iriarte [18] observed that, in the early phases of the
development of the bioeconomy, there was a focus on environmental criteria. At present, however,
the further expansion of bio-based products makes the inclusion of social and socio-economic criteria
a key issue.

Various studies have identified a wide range of social and socio-economic impacts related to
bio-based products at different levels (company, local, national and international). In particular, it has
been clearly pointed out that for the assessment of social aspects of bio-based products, upstream
processes in the agricultural sector have a high social risk potential [19]. Indeed, the production of
biomass affects access to land and land use [18] and the price of feedstocks, with direct and indirect
effects on food production and security (see [20,21]). Moreover, given that a great percentage of raw
materials are produced in countries with lower human rights standards, working conditions in this
phase must be carefully monitored (see [20]). Another crucial issue relates to the impact of bio-based
products on health and safety (see [22,23]). In this respect, Álvarez-Chávez et al. [24] have focused on
the health and safety impacts of bioplastics throughout their life cycle.

Among the varying impacts, the effects of bio-based products on employment and the creation
of new jobs (for example, temporary in nature or not), in both rural and industrial areas, also
gained particular attention (e.g., [25–28]). Moreover, the literature also calls to other types of impact.
Examples include those related to gender issues (see [2,29]).

Overall, the transition towards a bio-based economy is expected to deliver social and
socio-economic benefits in a broad spectrum of areas, spanning from health and safety to working
conditions, employment and prosperity, access to material and non-material resources, food and energy
security, and gender issues (see [2,29]). These areas have been intertwined with Europe 2020 objectives
and UN sustainable development goals (SDGs) (see [30,31]). Therefore, measuring these potential
social and socio-economic improvements is of utmost importance for ensuring the sustainability of
bio-based products while at the same time promoting their market uptake. Accordingly, this paper
will seek to answer the following research questions:

RQ1: Which are the main impact categories and social indicators that should be included in a social
sustainability assessment of bio-based products that take into consideration the whole value chain, from a
social life cycle perspective?
RQ2: Which of the impact categories and social indicators, identified as pertaining to the consumers’ category,
are most relevant and could therefore, if properly communicated, encourage greater market penetration of
bio-based products?

3. Methodology

To follow our research aims, we carried out a two-step investigation by means of:
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(i) a literature review on existing social life cycle studies on bio-based products, accompanied
by a focus group to identify and validate the main social indicators pertaining to the
consumers’ category; and

(ii) semi-structured interviews with bioeconomy experts to ascertain the most relevant social impact
categories and indicators from the consumers’ perspective.

In the first step of our methodological approach, we conducted an in-depth peer-reviewed
literature review from scientific journals and official published documents (e.g., conference proceedings
and books), including some from fields other than SLCA. This review was then complemented by
information from the so-called “grey literature” (e.g., dissertations and reports), mostly focusing on
studies concerning the current situation of the bio-based sector in Europe.

For the examination of environmental, economic and social aspects, the review was carried out by
looking at two main academic databases of peer-reviewed literature, namely Scopus (www.scopus.com)
and Web of Science (www.webofscience.com); these databases were used because of their wide-ranging
coverage of English-language scientific journals in social sciences. To extend our research, in order
to also consider studies and reports not published in academic journals, we employed the Google
search engine. We carried out a broad keyword search to detect important documents available online
at the beginning of 2018. In this respect, we paired some anchor keywords (i.e., bio*, soci*, and
sustainab*) with other search strings (i.e., “life cycle”, “supply chain”, “indicators”, and “impacts”).
Additionally, by means of an iterative method of search and discussion between the two authors and
other scholars belonging to the same research group, additional search words were used with the
aim of focusing the analysis mainly on social aspects in the context of bio-based products: bio-based
products, bio-based products life cycle, social assessment of bio-based products, social indicators of
bio-based products. This exercise allowed us to select studies dealing with the social dimension of
bio-based products.

Our literature review shows the presence of more than 1000 studies on LCAs, focusing at a
cradle-to-grave level. With the aim of addressing our research aims, and after having screened article
abstracts, we found more than 500 papers that were relevant for a social performance assessment
of a product, and more than 100 concerning bio-based products. However, the number of SLCA
contributions concerning bio-based products was much smaller and amounted to 18 studies, four of
which are case studies applied to bio-based products. See more information in Table 1.

To identify the main social indicators and criteria related to consumers, we also conducted a focus
group exercise on the sustainability assessment of bio-based products, under the Horizon 2020 funded
project STAR-ProBio. The study consisted of a group of 10 purposely sampled participants from
different European countries (i.e., state agencies, public procurement experts, standardization and
certification organizations, businesses and business associations, NGOs, and academia). They were
intentionally selected and invited by means of gate-keepers (i.e., project partners) who were able to
recruit people who, although with different professional backgrounds, share knowledge and general
expertise on the bio-based economy; this was done to ensure both homogeneity and heterogeneity in
the group creation [32].

The second step of our approach was meant to corroborate the preliminary findings that emerged
from the literature review and the focus group, concentrating on the consumer stakeholder category.
In particular, building from key issues raised in the first two steps, we administered a follow up
semi-structured questionnaire to three experts with long-term involvement and expertise in the context
of consumers’ behavior and attitudes. These representatives were selected from a range of different
organizations: (1) a consumer association; (2) a partner of the EU project BIOWAYS, involved in
public awareness of the potential benefits of bio-based products; and (3) a public research center
involved with consumers’ acceptance drivers related to bio-based products. The questionnaire was
administrated by telephone and lasted approximately one hour. The interviewees were asked to
validate and integrate the proposed list of impact categories and social indicators according to their
perspectives and knowledge, and then to appraise them in accordance with a five-option Likert scale,
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by arguing the weight of each answer. This exercise enabled us to elicit the value tree of the impact
categories, social indicators, and possible indicators for the consumers’ category.

4. Results

4.1. S-LCA Applied to Bio-Based Products

The literature review identified 18 studies concerning the social life cycle assessment for bio-based
products. Eleven articles were scientifically published in peer-reviewed journals related to social,
environmental, and sustainability topics, and four were case studies performing SLCA on bio-based
products. In addition, we found seven contributions on bio-based products pertaining to the so called
“grey literature”.

Overall, the discussion over the sustainability of bio-based products throughout their life cycle,
especially biofuels, has until now focused primarily on environmental issues [33–35]. In recent years,
however, social and socio-economic aspects have gained increasing attention and have progressively
been included in all sustainability schemes for biofuels [36]. However, when it comes to other bio-based
products, the situation still lags behind [37]. This is probably imputable to the fact that bio-based
products involve longer and more complex value chains [38] that make the assessment of social and
socio-economic impacts extremely challenging.

Nonetheless, it is worth mentioning that there are some examples making increasing efforts to
investigate the social and socio-economic impacts of bio-based products within a life cycle perspective.
The Global-Bio-Pact EU FP7-funded project proposed a set of indicators and criteria for assessing
the socio-economic impacts of biomass production and numerous conversion chains, with the aim
of demonstrating the opportunities and limitations of the inclusion of socio-economic criteria in a
European/International certification scheme [39]. The selection process was based on:

• a review of the literature;
• screening of socio-economic criteria and indicators in existing certification and standards; and
• indicators for bioenergy sustainability developed by initiatives such as the Global Bioenergy

Partnership [40].

The impacts are related to six major categories: (i) contribution to the local economy;
(ii) working conditions and rights; (iii) health and safety; (iv) gender; (v) land rights and conflicts;
and (vi) food security. Additionally, the H2020 BioSTEP project, which engaged with the screening
of social and socio-economic dimensions of bio-based products and processes, has revealed
several interesting insights, with specific reference to bio-based plastics, chemicals and lubricants.
Specifically, the following aspects were identified as the most risky: (i) the competition for feedstock
and potential contribution to food insecurity; (ii) limited understanding among consumers; (iii) limited
public perception in the EU; and (iv) job creation [20].

When looking specifically at the use of SLCA, it is worth noting that there is a rapidly growing
literature with a strong focus on biofuels (e.g., [36,41–43]). Furthermore, there are also several studies
utilizing SLCA to assess the social sustainability of recycling [44], packaging systems [45], and new
technological processes (e.g., [46,47]). Table 1 reports a selected list of exemplifying studies performing
SLCA on bio-based products. Impact categories, social indicators and scale of the analysis are identified
for each of these studies. As can be clearly seen, there are important indicators common to these
studies, such as health and rights of workers and contribution to employment, while others such
as community engagement are less frequently addressed. Moreover, these studies have often taken
different approaches since, as mentioned above and unlike with ELCA, there is still not a standardized
methodology for SLCA.
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In this respect, the approach developed by the EU-FP7 funded project “Prospective Sustainability
Assessment of Technologies” (PROSUITE) has recently attracted great interest among scholars
involved in bio-based product sustainability assessment. It integrates the social assessment within a
comprehensive framework that brings together the three dimensions of sustainability. By identifying
five main impact categories: (1) human health; (2) social well-being; (3) prosperity; (4) natural
environment; and (5) exhaustible resources, PROSUITE defined a set of indicators with the objective of
minimizing potential overlapping. With reference to social well-being, and in line with [48], PROSUITE
took four core aspects into consideration: (i) autonomy; (ii) safety, security and tranquillity; (iii) equality;
and (iv) participation and influence. This work was subsequently taken up by [29] who suggested a
general “modified systemic approach for a social sustainability impact assessment”, tailored to the
bio-based economy. In particular, the authors paid particular attention to the second step of the SLCA,
i.e., the inventory analysis. Within this step, the developed approach emphasized the importance
of identifying, through the involvement of experts, the impact of (sub-)categories and indicators
associated with the stakeholders’ categories. Indeed, the identification of criteria for selecting these
categories and indicators has been recognized as one of the most critical issues in conducting an SLCA
(see, among others, [44]), which is also influenced by different perspectives and local contexts [49].
Taking this into account, the main indicators must also be selected and/or validated by the stakeholders
(see [36]). Moreover, with reference to context-specific SLCA, various scholars [50,51] suggest
the integration of top-down, universally recognized social sustainability aspects with bottom-up
context-specific social aspects (for example, drawing on national and regional sustainability strategies,
sector-specific issues and stakeholders’ interests). In this vein, Mattila et al. [52] suggested an approach
based on the integration of global methods with participatory methods involving local stakeholders.

In recent years, great efforts have been also made by the European Committee for Standardization
(CEN) in defining social sustainability of bio-based products, in particular by the CEN technical
committee for bio-based products (CEN/TC 411). When setting social criteria for the bio-based part of
bio-based products (excluding food, feed and energy), EN 16751:2016 focused on:

(1) labor rights (including indicators on bargaining rights, elimination of forced labor, child labor
and discrimination, safe working conditions for employees, knowledge required and training,
living conditions, and satisfaction of the basic needs of employees);

(2) land use rights and land use change (including indicators related to respect for land use rights
and on food security);

(3) water use rights in areas with water scarcity (including indicators on the identification of potential
negative impacts related to water resources and measures to address them); and

(4) local development (description of measures undertaken to address local development).

It is worth noting, however, that access to data on bio-based products represents a major challenge.
In this context, the Social Hotspot Database (SHDB), developed by Benoit-Norris et al. [53], represents
a reference point for SLCA practitioners. However, as Ekener-Petersen et al. [36] pointed out, this
database provides data at the sector level but not on specific sites/plants and products. This limitation
makes it possible to identify only potential impacts (i.e., the identification of aspects where there are
significant risks of social impact) but not actual impacts. Currently, another database on “Product
Social Impact Life-Cycle Assessment” (PSILCA) has been developed by the sustainability consulting
and software company GreenDelta. This database covers 88 indicators in total, addressing 25 main
indicators (sub-categories). However, as emphasized by Rafiaani et al. [29], there are no specific data
for bio-based products.

4.2. List of Social Impact Categories and Indicators Tailored to Bio-Based Products

At the end of this extensive review of social sustainability with a specific focus on bio-based
products, a list of social impact categories and associated indicators can now be proposed
(see Appendix A). This list is built on a set of frameworks that have already been applied by the
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literature. These are the BioSTEP project [20], the UNEP-SETAC guidelines and methodological
sheets [54,55], the PROSUITE approach [46], the Global-Bio-Pact project [39], and the Global Bioenergy
Partnership (GBEP) [40].

The list is composed of eight impact categories (see Figure 1), identified as relevant to bio-based
products, i.e., health and safety, social acceptability, food security, employment, income, human rights
and working conditions, gender issues and discrimination, and access to material resources and land
use change.

Figure 1. Impact categories tailored to bio-based products. Source: own elaboration.

Each impact category is related to different potentially affected categories of stakeholders [54], i.e.,
workers, consumers, local community, value chain actors and society. Consequently, each stakeholder
category connected to different impact categories can, in turn, be associated to a wide range of
indicators (Figure 2).

Figure 2. General framework for S-LCA tailored for bio-based products. Source: adapted from [54].

4.3. Focus Group Exercise

During the focus group, the experts were asked to identify the key sustainability criteria to
be included in a sustainability assessment scheme for bio-based products. With reference to social
categories and indicators to be included in an overall assessment, several issues were brought into
discussion. First, it was outlined that, although environmental criteria are more evident for consumers,
socio-economic criteria should also be considered. More specifically, it was pointed out that, even
though the obligatory inclusion of social criteria for industry might be perceived as an obstacle
to the creation of a level playing field with fossil-based products, it has also been stressed that
properly communicating social impacts might be a key factor for increasing consumers’ demand for
bio-based products.

Another interesting point that came from the discussion relates to environmental criteria, i.e.,
the bio-based content of products. This content is strongly interlinked with one of the impact categories
identified in the previous section, i.e., consumers’ social acceptability. Specifically, it was stressed that a
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product that is not 100% bio-based may destabilize the consumer, not only for its potential detrimental
effect on the environment but also for social reasons, in particular for possible negative health impacts.
However, this is an issue that remains open since many products are not 100% bio-based; it has been
emphasized that this represents a critical issue for consumers’ social acceptability. The relevance
of both social acceptability and health and safety for consumers, is in line with some preliminary
results of a survey carried out in the framework of an H2020 project in which one of the focus group
participants was involved.

The discussion then moved to consumers’ perception towards bio-based products.
Particularly, as clearly emerged, there is still no clear understanding of the bio-based idea, whose
meaning might often be confused with “organic”, “biodegradable” and “compostable” ideas. However, it
has been stressed that consumers are usually aware that they would pay a higher price for bio-based
products, and, therefore, their willingness to pay for such products must be supported by adequate
information, including social criteria.

4.4. Validation of Social Impact Categories and Indicators Related to Consumers

To elicit consumers’ perspectives about the most significant social impact categories and indicators
to be included in the SLCA of bio-based products, we performed semi-structured interviews with
experts. The interviews were carried out by telephone in February 2018, following an ice-breaking
approach. More specifically, after clarifying our research goals, the respondents were asked to express
their personal views about the role of consumers in defining the most relevant factors to enhance the
market uptake of bio-based products. This was the opening question and enabled us to involve the
respondents in the topic under investigation. We then illustrated our selected impact categories and
social indicators (see Figure 3) in order to check their relevance (i.e., validation) for the consumers
and, thus, to ascertain whether our experts believed they must be included in the social assessment
of bio-based products related to this specific stakeholder category. Subsequently, they were asked to
explore the possible integration of such social aspects.

Figure 3. Value tree of the social impact categories and indicators for consumers’ category. Source:
own elaboration.

Overall, the respondents found the identified impact categories and social indicators relevant in
the assessment of social sustainability of bio-based products, since they adequately describe the social
aspects that characterize the investigated context. In particular, each question was assessed according
to a five-option Likert scale (from −2 = not important to 2 = very important) to measure their relevance
and to allow any possible neutral answers on an odd-numbered scale (see Figure 4).
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Figure 4. Five-option Likert scale for social indicators. Source: own elaboration.

All respondents recognized the health and safety impact category as “very important” since
it is considered to be a key determinant for consumers. In particular, they emphasized that
consumers’ willingness to pay is strongly affected by this category. In line with the findings that
emerged from the focus group, this has been outlined as a crucial factor for justifying the additional
price that consumers are willing to pay for a product just for the fact that it is commonly understood as
“eco-friendly” or, as for our case, “bio-based” (i.e., green premium). (In the framework of the European
project BIOFOREVER (www.bioforever.org), nova-Institute is conducting a number of surveys on
GreenPremium prices for bio-based products.) Moreover, one respondent stressed the importance of
considering health and safety as separate impact categories since they explicitly reflect two different
social themes. The social item found to be relevant for the Health and Safety impact category from the
literature review, i.e., end-users health and safety, was ranked as “very important” by all respondents.

The second impact category, i.e., social acceptability, was found to be relevant by all respondents.
In particular, two out of three recognized it as “very important” for the social assessment of bio-based
products. Consumer social acceptability is driven by some specific social indicators that are worth
taking into account, namely, feedback mechanisms, transparency and end-of-life responsibility.
The presence of feedback mechanisms was found to be “important” for two respondents, and “very
important” for the other. This highlights the significant role of feedback for consumers since they
represent paths to communicate and signal their (dis)satisfaction to the organization in the use of
bio-products. Moreover, as discovered by the interviews, those consumers oriented towards bio-based
products often share a specific pro-environmental and social attitude that reflects their sensibility
towards current concerns (i.e., climate change, depletion of resources, working conditions, quality of
life, etc.); they wish to share these concerns with companies to gain more information on the products.

With reference to transparency, two respondents acknowledged this as “very important”, while
the third defined it as “important”. In this vein, the presence of clear sustainability reports, labels and
certification highlighting the (over)compliance with existing regulations, enable an informed choice
for the consumer without intent to mislead or conceal. Moreover, according to respondents’ opinions,
the presence of strong transparency is another necessary condition to balance the higher prices of
bio-based products compared to conventional ones with the same technical performance, as also
already emphasized in the focus group exercise.

Finally, the end-of-life responsibility namely, the disposal, re-use or recycling of bio-based products,
was rated by two respondents as “very important”, highlighting the increasing diffusion among
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consumers of the circular economy concept. Conversely, according to an interviewee, the end-of-life
responsibility social indicators, although recognized as “important”, are a mere dimension on which
consumers want to be informed for conscious recycling and disposal of the products.

5. Discussion

Following a general tendency of the literature, most of the studies on bio-based products
entailing a life cycle perspective have focused on some fundamental themes recognized as crucial
to be protected, i.e., human health, natural environment, natural resources, and man-made
environment [56]. These have been defined as areas of protection (AoPs) and are addressed by
the ELCA. However, as outlined by Reitinger et al. ([15], p. 381), “we are faced with the paradoxical
situation of avoiding harm to environment and human health while ignoring other aspects of human life and
thus the aims of sustainability”. It was therefore suggested (i.e., [48,51]) that SLCA should complement
the existing AoPs analyzed in ELCA by focusing on social well-being, which has been considered the
primary AoP of LSCA [57]. Accordingly, the social impact assessment would involve impacts on the
stakeholders’ well-being that are associated with a wide range of indicators measuring the quality of
life of people on both an individual and a collective level [46].

In this vein, the development of general SLCA indicators could provide organizations with
relevant information to better understand those important social factors for positioning a product in
the market and to guide consumer purchases (see [16]). It is worth noting that the use of biomass
does not make bio-based products automatically sustainable or even, by definition, more sustainable
than fossil-based products [58]. To this end, an SLCA therefore becomes crucial to compare “options,
especially when complex supply chains are involved” [59]. In fact, for a market uptake of bio-based products,
certain necessary conditions must be achieved, not only in terms of the implementation of appropriate
policies (see, e.g., [17,60]) but also on the conditions that relate directly to consumer acceptability
(see [61]).

As became apparent from the case studies considered in our review, and according to several
scholars [8,19], SLCA studies on bio-based products have focused mainly on social indicators relating to
the worker stakeholder category while overlooking other stakeholders. Indeed, focusing on consumer
perspectives is very important to deepen our knowledge on the main social sustainability indicators
able to guarantee consumer well-being and therefore enhance the market development of bio-based
products. In this regard, although it was stressed during the focus group exercise and expert interviews
that consumers still have very little understanding of “bio-based” as a concept [62], they are at the
same time aware of the higher pricing of bio-based products in comparison with more traditional
products. In line with the literature (see [61,63]), we found that the willingness to pay represents a
key factor. More specifically, the health and safety of consumers appears to be the factor that most
influences the consumer’s willingness to pay. In fact, moving towards the choice of bio-based products
is also viewed as a change of consumer propensities. Far from dismissing the relevance of the health
and safety impact category for both bio-based and traditional products, we observed that respondents
emphasized that consumers expect bio-based products to perform their intended functions better, and
to not pose risks to their health and safety. Therefore, as reported in Appendix A, both the presence
of labels or standards (e.g., GRI 416) certifying an organization’s systematic efforts to address health
and safety along the life cycle of a product, and the organization’s adherence to customer health
and safety regulations, could have a flywheel effect on the market diffusion of a bio-based product.
Furthermore, the analysis suggests that willingness to pay is also strongly related to social acceptability,
whose lack represents a dramatic barrier (see [64]). This is in line with recent literature that proves that
consumers, when confronted with eco-friendly purchase alternatives, respond not only rationally but
also emotionally [65]; this could also be reflected in consumer acceptance of bio-based products [63].
Accordingly, the willingness to pay must be supported by adequate information, through certification,
labels and development of standards for LCSA studies that are the core transparency (see Appendix A).
Furthermore, the dynamic and active involvement of companies in providing user-friendly feedback
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mechanisms, in particular by means of social networks media, has been highlighted as a further
catalyst for the market development of the bio-based products.

Finally, the end-of-life responsibility indicators also emerge as an important factor since, in several
European countries, separate waste collection is mandatory or advocated. In this context, designing
products in a smarter way, extending their useful lives, and providing complete and clear information
for consumers regarding sustainable end-of-life options represent necessary changes for going well
beyond the traditional resource efficiency and recycling of waste.

The discussion above clearly indicates the need for the development and dissemination of
improved methods capable of exploiting the consumers’ role in the ongoing process of market
uptake of bio-based products. This need regards the effective inclusion of some social indicators
(i.e., health and safety, and social acceptability, feedback mechanisms, strong transparency, and
end-of-life responsibility) in the assessment scheme for bio-based products. This allows consumers,
where properly communicated, to make more informed and aware purchasing choices.

6. Conclusions and Recommendations for Further Analysis

Together with environmental sustainability, demonstrating that bio-based products are also
sustainable from a social and socio-economic perspective is critical to augment public acceptance and
increase demand (see [66]). Overall, the proposed study provides an in-depth understanding of the
impact categories and social indicators that should be included in an SLCA for bio-based products.

Our investigation allows the identification of a preliminary list of impact categories and social
indicators grounded on an extensive literature review. Additionally, the focus group conducted under
the Horizon 2020 funded project STAR-ProBio, and the interviews with experts, give us the opportunity
to better explore and validate the impact categories and associated social indicators for consumers.

Several findings emerged from our investigation and can be synthetized as follows:

1. Eight impact categories have been identified as relevant for SLCA tailored to bio-based products.
Moreover, a wide range of social indicators have been associated with different impact categories
for potentially affected stakeholder categories.

2. Although the inclusion of social criteria in the assessment scheme for bio-based products might
be perceived by the industry as an obstacle towards the creation of a level playing field with
fossil-based products, if properly communicated, it might be a key factor for increasing consumer
demand for bio-based products. Furthermore, as consumers are willing to pay a higher price
for bio-based products, that willingness to pay should be supported by adequate information,
including social life cycle impacts of the product.

3. The elicited experts’ perspectives about the most significant consumer impact categories and
social indicators to be included in the SLCA of bio-based products seem to endorse the findings
that emerged from the literature review. In fact, both health and safety and social acceptability of
consumers are perceived as very important impact categories on which to focus to achieve a
comprehensive social assessment from the demand side. Moreover, the presence of adequate
feedback mechanisms, strong transparency and end-of-life responsibility might allow consumers
to make more informed and aware purchasing choices.

Our findings support evidence for going beyond the traditional life cycle assessment of products.
From this perspective, SLCA provides the opportunity to accomplish a comprehensive social
sustainability assessment in which all the involved parties (from industry to policy makers) should
make an effort to tackle the proposed social indicators along the life cycle of the product. Its adherence
to customer acceptance and health and safety could have a flywheel effect on the market diffusion of
bio-based products.

The main limitation of this study rests on the restricted sample size of experts interviewed.
However, it represents the first attempt in the literature to assess the relevance of social impact
categories and social indicators from the perspective of consumers. Future empirical studies could
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apply our two-step methodology to other stakeholder categories, or other sectors that are relevant for
transition towards sustainability.
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Abstract: Policymakers worldwide are promoting the use of bio-based products as part of sustainable
development. Nonetheless, there are concerns that the bio-based economy may undermine the
sustainability of the transition, e.g., from the overexploitation of biomass resources and indirect
impacts of land use. Adequate assessment methods with a broad systems perspective are thus
required in order to ensure a transition to a sustainable, bio-based economy. We review the
scientifically published life cycle studies of bio-based products in order to investigate the extent to
which they include important sustainability indicators. To define which indicators are important, we
refer to established frameworks for sustainability assessment, and include an Open Space workshop
with academics and industrial experts. The results suggest that there is a discrepancy between the
indicators that we found to be important, and the indicators that are frequently included in the
studies. This indicates a need for the development and dissemination of improved methods in
order to model several important environmental impacts, such as: water depletion, indirect land use
change, and impacts on ecosystem quality and biological diversity. The small number of published
social life cycle assessments (SLCAs) and life cycle sustainability assessments (LCSAs) indicate that
these are still immature tools; as such, there is a need for improved methods and more case studies.

Keywords: sustainability; life cycle assessment; SLCA; social; economic; LCC; LCSA;
bio-based; bioeconomy

1. Introduction

Policymakers in many countries have developed goals and strategies for the development
of bio-economies as a means to reach sustainability goals, secure energy supplies, and develop
competitive, innovative products [1–4]. Sweden, in particular, with vast resources of biomass,
has created increased optimism on the emergence of a bio-based economy [5]. In recent years, the use
of renewable energy has dramatically increased compared with other European member states, and the
share of renewables in the Swedish transport sector is dominated by biofuels [6]. In addition, the use
of bio-based materials in other sectors has also continually increased to meet demands [5].

Nonetheless, while several policy documents have promoted the bio-based economy in Sweden
on many positive premises [3], there are also concerns that the expectations created for the bio-based
economy may undermine the sustainability of the transition [7]. Examples include the overexploitation
of biomass resources, and indirect impacts of land use [8,9].
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In order to ensure a sustainable transition to a bio-based economy, it is important that appropriate
assessment methods exist and are applied for assessing the advantages and disadvantages of available
options from a sustainability perspective. To reduce the risk of sub-optimization and burden-shifting,
methods should have a broad systems perspective. Addressing such concerns, life cycle-based tools
have been developed, including tools to review environmental impacts through life cycle assessments
(LCA), economic indicators through life cycle costing (LCC), and social indicators throughout the life
cycle using social life cycle assessments (SLCA).

The past decade saw the development of different frameworks for life cycle sustainability
assessments (LCSA) in order to combine the environmental, economic, and social perspectives; e.g.,
Klöpffer [10] and Guinée et al. [11]. While the importance of using the life cycle perspective is not
contested, the way in which such an assessment can and should be conducted is still debated, as LCSA
struggles with applicability challenges [12]. Examples of challenges include identifying the scope of the
economic, social and environmental impacts that need to be assessed, understanding and managing
the complex relationship between these impacts, selecting indicators for the impacts, and finding
input data [13,14]. Therefore, it is important to understand how LCSA is being used, as well as its
development and potential for improvement. In this study, we focus on the choice of indicators in life
cycle studies relevant to a bio-based Swedish economy.

There is a limited number of reviews specific to the indicators, their selection, etc. in the literature
for LCSA. However, Kühnen and Hahn [15] recently presented a systematic review of indicators
in the global scientific SLCA literature across all of the sectors, finding that the social aspects most
commonly accounted for relate to workers’ health and safety. A review of environmental life cycle
assessments on biofuels in Sweden found that these studies typically include a small number of
environmental indicators; see Lazarevic and Martin [16]. Several previous reviews with a broad scope
have criticized such limitations, and recommend including a wider range of indicators [17–19] as
the different environmental impacts do not necessarily correlate and trade-offs can occur [20–22].
This argument grows even stronger when the scope of the study is expanded to also include social and
economic impacts.

2. Aim and Scope

This study expands on the review by Lazarevic and Martin [16] by expanding from biofuels to
bio-based products in general, and from environmental impacts to sustainability indicators. Our aim,
then, is to investigate to what extent important sustainability indicators are already used in the life
cycle studies of bio-based products. We also discuss how LCSA can be expanded or improved in order
to better contribute to the transition to a sustainable bio-based economy.

The scope of our investigation is limited to scientific publications between 2010 and 2015. We focus
on assessments that are relevant to decisions made in Sweden, i.e., assessments of products that are
produced or used in Sweden. The discussion on how LCSA can be improved is relevant also beyond
the Swedish decision-making context.

The target audience of the article is the scientific community, practitioners who seek tools for
evaluating the value chains of bio-based products, and decision-makers in industry and governmental
institutions with a drive to understand what sustainability aspects are most important to consider in
the development, production, and promotion of bio-based products.

3. Methodology

3.1. Identifying Important Sustainability Indicators

To investigate to what extent relevant sustainability indicators are used in life cycle studies, we first
need to establish which indicators are important. There is no objective truth regarding what impacts
should be included in a sustainability assessment. Instead, the perception regarding the importance of
impacts and indicators is subjective. In the context of this paper, we combine stakeholder processes in
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order to identify prominent indicators. We use the following literature to establish what environmental
and social indicators are important in sustainability assessments in general:

• impacts addressed by the planetary boundaries (PB) framework [23],
• the default list of impact categories in the European guide for Product Environmental

Footprints [24], and
• impacts covered by the United Nations Environmental Programme and Society of Environmental

Toxicology and Chemistry UNEP-SETAC Life Cycle Initiative guide for social life cycle
assessment [25].

The planetary boundaries are chosen because of the widespread impact of this framework.
We chose to use the guides for Product Environmental Footprint (PEF) and UNEP-SETAC SLCA
because each of them is a product of a process involving a broad range of researchers involved in life
cycle studies, and in the case of PEF, many stakeholders are involved as well.

We also carried out an ‘Open Space’ workshop (OSW) with experts in Sweden to identify and
validate important indicators in the sustainability assessments of bio-based products. This serves the
purpose of capturing aspects that are specific to bio-based products and/or to the Swedish context.
Information on how the OSW was carried out in will be provided later in this paper.

Life cycle sustainability assessments include the social, environmental, and economic pillars of
sustainability. However, the aforementioned approaches and frameworks do not cover the economic
dimension. Thus, in addition to the indicators from these sources, we claim the life cycle cost to be
an important sustainability indicator. This is the only economic indicator in the LCSA framework
presented by Klöpffer [10]. It can be regarded as relevant because environmentally preferable products
often have a higher acquiring cost, but can be cheaper over the span of a life cycle due to, for example,
lower energy demand; see, e.g., Klöpffer and Ciroth [26]. Another reason is that the competitiveness of
sustainable products on the market depends on their production costs [27]. Bio-based products often
compete with cheaper alternatives, and an assessment of the production cost may be important in
order to estimate what market penetration is possible. However, it has been argued that the life cycle
cost indicator might not be sufficient to assess the economic dimension of sustainability [13], as it does
not reflect the extent to which products affect the economic capital available for future generations [28].
Ekvall et al. [29] also demonstrated that economic sustainability can include aspects such as business
opportunities and business risks.

3.2. Open Space Workshop

Open Space is a self-organizing technique that aims to generate creativity and informal discussion
on a common theme [30]. Open Space workshops begin without a fixed agenda beyond this overall
theme; specifying the agenda is instead one of the tasks assigned to the workshop participants.
Ekvall et al. [29] previously used this method to identify important indicators and research questions
in a LCSA of a 50-km pipeline for residual heat.

Invitations to our Open Space workshop were distributed mainly to researchers and industry
practitioners in Sweden. The 19 participants who attended the workshop were primarily researchers
in academia, institutes, and industry, with a background in environmental life cycle assessment (LCA)
or energy systems analysis.

At the beginning of the workshop, the participants generated ideas for important sustainability
aspects and indicators. After an initial allotted time for individual brainstorming, the participants
formed five small groups, each of which selected three to five sustainability aspects or indicators that
they considered important for assessments of bio-based products. The ideas were presented for the
rest of the workshop participants and posted on a wall, and the overlaps were eliminated. From these
aspects and indicators, the participants selected eight for in-depth group discussions with an aim to
agree on why the indicator is important, and on what aspects or indicators should be considered and
accounted for in a sustainability assessment of bio-based products.
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At the end of the workshop, each participant was given six yes-votes and three no-votes to freely
distribute among all of the ideas for sustainability indicators, in addition to all of the aspects identified
in the previous group discussions. We interpreted the result of the voting as an indication of what
the workshop participants considered important to account for in a sustainability assessment of
bio-based products.

3.3. Inventory of Existing Life Cycle Studies

We performed a systematic literature review (cf. [16,31]) to identify what sustainability indicators
are included in scientifically published life cycle studies. This included LCSAs, but also LCAs, SLCAs,
and LCCs.

We used a Boolean string to find peer-reviewed publications in the Scopus database
(www.scopus.com). This string included the following terms (see Supplementary material for the
exact Boolean search strings):

• “bio”, “biomass”, and “bio-based”, because they are common words in discussions of
bio-based products,

• “forest” and “wood” because forestry is an important industry in Sweden,
• “bioenergy”, “biofuel”, “biogas”, “biodiesel”, “ethanol”, Hydrogenated vegetable oil “HVO”

and Fatty Acid Methyl Esters “FAME”, because they denote the most common biofuels in
Sweden [6], and

• “district heating”, because this is an important sector for the use of solid biofuel.

The abstracts found were reviewed to find papers that applied at least a cradle-to-gate perspective.
These included more than 900 LCAs. In order to facilitate the analysis of the papers, we excluded
LCA papers that did not have any co-author from a Swedish research institution. We gave priority to
research at Swedish institutions because it is often funded by the Swedish government or industry,
which are likely to have an interest in the feedstock, processes and products that are relevant for the
Swedish market, which limited the number of studies to 63.

The number of LCSAs, SLCAs, and LCCs was much smaller, and we included not only papers
with contributions from Swedish institutions, but also from countries that are important for imports
from and/or exports to Sweden of bio-based products, including: Norway, the United Kingdom
(UK), Germany, Finland, Denmark, the Netherlands, Russia, the United States of America (USA),
Poland, Portugal, Latvia, Estonia, Italy, China, Brazil, Australia, Indonesia, Ukraine, and Lithuania;
see information on trade statistics; see e.g., Swedish Energy Agency [6] and SLU [32]. See more
information in Tables A1–A4 Appendix A.

The selected papers were reviewed, and key information about each paper was compiled,
including the goal of the study, indicators, methodological considerations, system boundaries,
stakeholders, etc. This information was collected in a separate matrix for LCAs, SLCAs, LCCs,
and LCSAs (see Supplementary materials for more details). We used it to determine the extent to
which important sustainability indicators are considered in the studies. Furthermore, we merged some
indicators. For example, we included assessments of changes in soil organic carbon in the broader
category “direct land use change”. All of the indicators related to toxicity (e.g., human and freshwater
toxicity) were grouped as “toxicity potential”.

4. Results

4.1. Important Indicators

For the context of this paper, we identified the following sustainability indicators and aspects to
be important, besides the life cycle cost:
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• from the PB framework [23]: climate change, stratospheric ozone depletion, chemical pollution,
atmospheric aerosol concentration, nitrogen and phosphorus emissions, acidification of oceans,
freshwater consumption, land-system change, and biodiversity loss;

• from the PEF guide [24]: climate change, ozone depletion, freshwater eco-toxicity, human toxicity
(cancer and non-cancer impacts), emissions of particulate matter, human health impacts of
radiation, photochemical ozone formation, acidification, eutrophication (terrestrial and aquatic),
water depletion, depletion of fossil and mineral resources, and land transformation;

• from the UNEP-SETAC guide for SLCA [25]:

◦ impacts on workers: freedom of association, child labor, fair salary, working hours,
forced labor, discrimination, health and safety, and social benefits and security;

◦ impacts on local community: access to material and immaterial resources, delocalization
and migration, cultural heritage, safe and healthy living conditions, indigenous rights,
community engagement, local employment, and secure living conditions;

◦ impacts on consumers: health and safety, feedback mechanisms, consumer privacy,
transparency, and end-of-life responsibility;

◦ impacts on other value-chain actors: fair competition, social responsibility,
supplier relationships, and intellectual property rights; and

◦ impacts on society overall: public commitments to sustainability issues, contribution to
economic development, the prevention and mitigation of armed conflicts,
technology development, and corruption.

• from the Open Space workshop [33] (see Table 1): climate change, biodiversity, working conditions,
water use, ecosystem functions, and the use of various resources.

There is a large overlap between the PB framework and the impact categories in the PEF guide,
because both focus on environmental sustainability and its impacts. The overlap is clear in the
impact categories of climate change and ozone depletion. Ocean acidification is closely linked to
climate change, since carbon dioxide emissions drive both. Chemical pollution and aerosols in
the PB framework can affect the climate, but also dominate the toxicity impacts in the PEF guide.
Eutrophication is dominated by emissions of nitrogen and phosphorus.

The PB framework and the PEF guide also differ on some points. The PB indicator for water
use relates to the global consumptive use of freshwater, while the PEF indicator takes regional water
scarcity into account. The PB indicator for particles includes solid and liquid particles that reside in
the atmosphere, while the PEF indicator focuses on solid particles that are emitted to the atmosphere.
The PEF indicator for land transformation focuses on changes in organic soil content, while the
corresponding indicator in the PB framework has a broader scope related to the function, quality,
and spatial distribution of the land cover. This has implications for biodiversity, which also is an
explicit indicator in the PB framework, but is not included in the PEF impact categories. The PEF
guide, on the other hand, includes more detailed indicators that are related to toxicity impacts and also
several impacts that are not in the PB framework, such as: ionizing radiation, photochemical ozone
creation, and the depletion of resources other than water.

The results from the Open Space workshop, with its focus on impacts related to bio-based products
and the Swedish context, also strongly overlaps the PB framework and PEF guide, because the
indicators identified as important are dominated by environmental aspects. However, note that
the workshop participants identified biodiversity as one of the top environmental indicators for
sustainability assessments of bio-based products, indicating that the impact categories listed in the
PEF guide might not be enough for this purpose.

The indicator “working conditions” was the non-environmental aspect that was given top
priority in the workshop. This indicator really includes a broad range of aspects and impacts.
The UNEP-SETAC guide for SLCA, for example, divides work-related social aspects into the
sub-categories Freedom of Association and Collective Bargaining, Child Labor, Fair Salary,
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Working Hours, Forced Labor, Equal opportunities/Discrimination, Health and Safety, and Social
Benefits/Social Security.

Notably, the only clearly economic indicator that was identified as even potentially important is
not life cycle cost, but regional value creation. This indicator also received a few votes in the end.

Table 1. Sustainability aspects identified by the participants in the Open Space workshop as potentially
important to include in a sustainability assessment of bio-based products, and the result of the voting
indicating which indicators were considered important [33].

Indicator Selected for Group Discussion Yes-Votes No-Votes

Climate impact yes 12 0
Biodiversity yes 10 0

Working conditions yes 10 0
Water use yes 9 0

Ecosystem functions no 9 1
Resource use yes 7 0

Emissions of particulates yes 2 0
Odor no 4 1

Human health no 3 0
Corruption/Human rights yes, as a joint topic 3 0

Regional value creation no 2 0
Resource availability no 0 0

Eutrophication no 0 0
Intragenerational and

intergenerational human
well-being

yes 2 3

4.2. Life Cycle Studies Identified

Our literature search resulted in more than 100 scientifically published life cycle studies of
bio-based products: 63 LCAs, 30 LCCs, seven SLCAs, and six LCSAs. Most of these were assessments
of products produced from wood or food crops (such as cereals and vegetable oils), but the literature
also covered the assessment of products made from several other biological feedstock materials
(Table 2). In many cases, the biological material was part of an assessment that also included other
materials. In some cases, the exact feedstock material was not clear in the published paper. In several
cases, the articles identified in the literature review applied more than one of the life cycle methods,
i.e., two or three of the LCA, LCC, and SLCA methods (see e.g., [34–36]). In this case, the feedstock
type and product type in Tables 2 and 3 were applied to only one column. For those reviewing all three
tools, these were applied in the LCSA column, and for those reviewing environmental and economic
tools, these were applied in the LCA column.

Table 2. Type of feedstocks in the life cycle studies found in the literature review. Figures shown in
parenthesis, e.g., (+10), refer to studies that include the biological feedstock as one of two or more
feedstock types. LCA: life cycle assessment; LCC: life cycle costing; LCSA: life cycle sustainability
assessments; SLCA: social life cycle assessments.

Feedstock Types LCA LCC SLCA LCSA Total

Wood 21 (+ 10) 7 (+ 3) 2 2 32 (+ 13)
Food crop 15 (+ 9) 6 (+ 2) 4 1 26 (+ 11)

Non-food crop 5 (+ 8) 3 (+ 2) 0 1 9 (+ 10)
Algae 1 1 0 0 2

Animal-based 1 0 0 0 1
Waste 3 (+ 4) 2 (+ 2) 0 1 6 (+ 6)

Manure 0 (+ 3) 1 (+ 2) 0 0 1 (+ 5)
Wool 0 1 0 0 1

Not specified 1 5 0 1 7
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A majority of the studies were LCAs or LCCs of energy products, but a broad range of other
products were also assessed (Table 3). Energy products included various biofuels (e.g., ethanol,
biogas, and Fischer–Tropsch diesel) and heating systems (e.g., district heating, pellets, and briquettes).
Construction products included individual products, such as coatings, as well as whole building
systems. Commodities included products such as bioplastics, cups, and fertilizers.

Table 3. Type of products assessed in the different methods from the literature review.

Product Type LCA LCC1 SLCA LCSA Total

Energy 37 21 7 2 67
Construction 5 3 0 0 8
Commodity 19 5 0 3 27

Mixed 2 2 0 1 5

The total number of products for the LCC studies included 31, while only 30 studies were found. This is because
one study (Zhang et al., 2013) assessed several products.

The products assessed are produced in various regions of the world. Approximately a quarter
of the LCA studies and the majority of the LCC studies were assessments of products produced
outside Europe. The SLCAs, for example, include products produced in Brazil [37,38], Indonesia [39],
Australia [40,41], China [34,41], and the UK [42], as well as France, the USA, and Lithuania [37].
The LCSAs were primarily of European origin, but examples from China [34] and Mexico [35]
were also present. More details about the distribution of the literature can be found in the
Supplementary Materials.

4.3. Indicators Present in Life Cycle Assessments

Climate change is accounted for in all 63 LCA papers in our review (see Table 4). Energy use is
also included in most LCAs. Acidification and eutrophication are both included in about half of the
studies. Many studies also include direct land use and/or land use change. The former is primarily
calculated as land occupation in square meters, while the latter usually focus on changes in the organic
carbon content of the soil, as proposed in the PEF guide (and ultimately related to greenhouse gas
emissions). Overall, though, the LCAs of bio-based products typically include few impact categories.

Compared to the environmental impacts and indicators that we identified as important, nearly
all of the important indicators are covered in at least one case study. However, there is a divergence
between what impacts are important, and how often they are used. Climate change and water use or
depletion was explicitly listed as a significant impact in all three sources: the PB framework, the PEF
guide, and the Open Space workshop. Climate change was included in all of the LCAs, but only two
case studies accounted for water depletion. Acidification, which neither the PB framework or the Open
Space workshop listed as very important, was included in more than half of the LCAs. Ecosystem
quality, resource use, and indirect land use change are important according to two or all three sources,
but were only included in very few scientifically published LCAs. Impacts on biodiversity were
explicitly mentioned as important in the PB framework and were one of the top-priority indicators
according to the Open Space workshop; still, it was not accounted for in any of the LCAs in our
literature review.

Only eight of the 63 LCA articles included in our literature review provide reasons for the choice
of impact categories. Five studies specified the product type (e.g., biofuel or fertilizer) as the cause of
the selection, while one study also specified the biomass type (i.e., Jatropha) as the cause of selection.

None of the studies justified their choices through referring to the geographical context of the
assessment. Which indicators are important can otherwise depend on where in the world the biomass
is extracted and converted into products. For example, Lazarevic and Martin [16] indicated that
environmental challenges in regions outside of Sweden can be different to those in regions that are
more commonly assessed with LCA (Europe and USA), and that the choice of impact categories
normally coincides with European environmental problems. The geographical context can significantly
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affect the technique and technology used, and how the bio-based product is treated at the end-of-life.
It can also affect the impacts of a specific environmental intervention (emission or resource extraction).

Table 4. Environmental impact categories included in the 63 LCA publications and their explicit (exp.)
or implicit (imp.) importance according to the planetary boundaries (PB) framework [23], the European
Union (EU) guide to Product Environmental Footprints (PEF) [24], and our Open Space workshop (Table 1).

Impact Category No. of Studies % of Studies PB Framework PEF Guide Open Space

Climate change 63 100% exp. exp. exp.
Energy use 44 70% imp. imp.

Acidification 35 56% imp. exp.
Eutrophication 34 54% imp. exp.

Photochemical oxidant
formation 21 33% exp.

Direct land use change 18 29% exp. exp. imp.
Direct land use 13 21% imp. imp.

Toxicity impacts 8 13% imp. exp.
Abiotic depletion 7 11% exp. imp.
Ozone depletion 6 10% exp.

Particles 4 6% imp. exp.
Human health 3 5% imp. imp.

Ecosystem quality 3 5% imp. imp. exp.
Resources 3 5% exp. exp.

Indirect land use change 2 3% exp. exp.
Water depletion 2 3% exp. exp. exp.

Resource use 1 2% exp. exp.
Biodegradability 1 2%

Gross calorific values 1 2%
Human health damage
by particles and ozone 1 2% imp. imp.

Biodiversity 0 0% exp. exp.

4.4. Indicators Present in LCCs

It is clear from the number of LCCs found that life cycle costs are included in many LCA studies.
Of the 30 identified LCCs, 17 were included in studies that combined it with LCA; only 13 solely
reviewed the LCC. Economic indicators included the life cycle cost, which were shown as different
monetary values per functional unit, and other economic indicators to show the economic viability
and sustainability of the different systems. While most studies reviewed the life cycle cost from a
producer’s (company) perspective, several studies also outlined the societal costs and benefits when
comparing different technologies. Similar to the indicator “regional value creation” identified in
the OSW, these studies took a larger perspective in order to understand the implications of regional
production and consumption.

4.5. Indicators Present in Social LCAs

Several of the seven identified SLCAs (c.f. [34,37–42]) used the UNEP-SETAC guide [25] as the
basis for their choice of impact categories. Furthermore, Ekener-Petersen et al. [37] used the Social
Hotspots Database, where the categories are also based on the UNEP-SETAC guidelines, although they
were somewhat adjusted. The other studies defined their own impacts categories. While the number
of aspects or impact categories accounted for differences between the studies, working conditions
and socio-economic repercussions, such as local employment, food security, and energy security,
are reoccurring. Other aspects such as human rights (e.g., indigenous rights, child labor, etc.),
governance (e.g., corruption, public commitments to sustainability, etc.) and cultural heritage (e.g.,
land acquisition, community engagement, etc.) are also addressed in several studies. The social aspects
assessed in the articles reviewed cover both positive and negative impacts. Positive impacts relate,
for example, to the increase in numbers of jobs (e.g., [38,42]) or public commitment to the sustainability
of businesses [39].
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All of the articles covered impacts on the stakeholder groups, or “workers”, which was indicated
as important both in the UNEP-SETAC guidelines and in the results from our Open Space workshop
(Table 1). All of the papers also included impacts on the “local community”. Impacts on the society
at large and value chain actors are covered in only a selected few of the studies; c.f. [34,37,39].
The stakeholder categories were not explicitly selected and justified in most of the case studies
reviewed. It is also important to note that the reviewed case studies primarily covered stakeholders
who were involved in the production phase of the life cycle.

4.6. Indicators Present in Life Cycle Sustainability Assessments

The six LCSA articles found in the literature review [34,35,43–46] each applied in total between
eight and 29 indicators in the assessment of environmental, economic, and social sustainability. A total
of eight environmental impact categories were included in the studies reviewed: climate change,
energy use, acidification, eutrophication, abiotic depletion, photochemical oxidant creation, toxicity,
and particulate emissions. All of these were also included in multiple LCA studies (see Table 4).
All of the articles covered climate change. Other commonly used environmental impact categories
included acidification and energy use. Eutrophication, abiotic depletion, photochemical oxidant
creation, toxicity, and particle emissions were less frequently used. All of the environmental impact
categories found in the LCSA studies were recommended in the PEF guide. Most of them are also part
of the PB framework, although the latter does not address abiotic depletion. Similar to the results from
the review of LCA studies, none of the LCSA studies accounted for biodiversity, although both the
OSW and PB frameworks identified these as important.

The LCSAs included, in total, four economic indicators. Life cycle cost was the most prevalent
of these. Other economic indicators included investment cost and net present value. The social
sustainability was assessed using a range of quantitative and qualitative indicators. The most
common indicators in the LCSA studies reflected different aspects of accidents/safety risks,
economic development, and education. Keller et al. [44] also accounted for impacts on a higher
systems level through the indicator “socio-economic repercussions”. Furthermore, Santoyo-Castelazo
and Azapagic [35] used qualitative indicators such as public acceptability and diversity of supply.
They modeled health impacts through the use of the indicator “human health potential”, and suggested
that global warming potential and abiotic resource depletion be used to account for social impacts on
future generations. This creates a link between LCA and SLCA in the LCSA.

Many of the studies justified their choice of impact categories and indicators. The majority of
the studies used stakeholder input in order to identify relevant indicators and aspects for the LCSA.
Several of the studies discussed the challenges of combining all three pillars. These challenges were
primarily related to developing a methodology for several of the impacts and indicators, combining
quantitative and qualitative indicators, and adapting the assessments to the objects under review.

5. Discussion

5.1. Why Important Indicators are Missing

Our literature review suggests that the current practices of impact category selection for LCAs of
bio-based products, and for the environmental dimension of LCSAs, focus on a limited, reoccurring
set of indicators with limited justifications provided. These results are coherent with the recently
published review of LCAs on biofuels in Sweden [16].

There is a discrepancy between how often an impact category is used in the LCAs, and how
important it is according to the sources we have used. In particular, water depletion, ecosystem quality,
indirect land use change, and biodiversity are important according to two or all three of our sources,
and also implied by, for example, Lewandowski [8] and O’Brien et al. [9]. Still, they are excluded from
most or all of the published LCAs. Impact categories that are less clearly important for bio-based
products, e.g., acidification impacts, are included in a much larger number of studies. This suggests
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that the choice of impact categories in LCAs of bio-based products is not primarily decided by the
importance of the environmental impact.

A simple explanation for the discrepancy between the importance and frequency of the indicators
would be that the indicators we identified as important in our project are, in fact, not really that
important. This explanation is contradicted by, for example, the United Nations (UN) Sustainable
Development Goals, which state that water-use efficiency should substantially increase, and water
scarcity should be addressed in order to substantially reduce the number of people suffering from water
scarcity [47]. They also call for urgent and significant actions in order to reduce the degradation of
natural habitats and halt the loss of biodiversity, including the integration of ecosystem and biodiversity
values into national and local planning [48]. From the Swedish perspective, water scarcity is not yet an
urgent matter in most parts of the country; however, the national environmental objective related to
groundwater mentions the increased demand for, and hence pressure, on groundwater reservoirs [49].
One of the 16 national environmental objectives focuses entirely on biodiversity [50], and another four
focus on land use and its impacts on ecosystems [51–54].

Another explanation for why important impact categories and indicators were excluded would be
that no methods (or data) exist that allow for including all of them in an LCA. This is contradicted by
all of the important indicators, except biodiversity, being included in at least one study. Methods also
exist for taking impacts on biodiversity into account [55,56]. Hence, rudimentary methods, at least,
exist to account for all of the important environmental impacts in LCAs. However, data availability
in order to allow for the review of certain systems will need to be improved; see e.g., discussions by
Martin and Brandão [57].

A more plausible explanation for why several important environmental indicators are often
missing in the LCAs is that the methods that exist generate results that are regarded as poor indications
of the actual impacts. For example, several of the studies recognized the importance of biodiversity,
but referred to methodological immaturity for the exclusion of the indicator; see also [55,56].

The existing methods can also be difficult to apply. Indirect land use change can, for example be
quantified through the use of the general equilibrium model from the Global Trade Analysis Project
(GTAP); see Kløverpris et al. [58]. However, learning to run such a model might require more time and
resources than are available for a specific LCA.

All of the SLCAs include impacts on workers, which is the stakeholder group that was given
the highest priority in the Open Space workshop. This is consistent with the finding of Kühnen and
Hahn [15] that indicators related to workers, in particular their health and safety, are the most common
type of indicators in the global SLCA literature. The small total number of published SLCAs and
LCSAs means that no social indicator is included in a large number of life cycle studies of bio-based
products. This might be because the expertise needed to carry through SLCAs is still scarce, and/or
because of a lack of mature methods. The latter reason is supported by three of the seven SLCAs
having the explicit aim of developing the SLCA methodology.

5.2. The Need for Improved Indicator Modeling Methods

The discussion above indicates a need for the continued development and dissemination of
operational methods in order to model specific, important impacts. This need concerns several
environmental impacts and indicators, in particular water depletion, ecosystem quality, indirect land
use change, and biodiversity.

As stated in Section 4.3, the impacts of a specific emission or resource extraction can significantly
vary, depending on where it occurs. This may be accounted for through spatially explicit impact
assessment methods. Lazarevic and Martin recommended taking regional differences into account
when reviewing impacts in a Swedish context [16] through using, e.g., the Swedish Environmental
Objectives [51]; however, the use of such methods is still not common practice in LCA databases [16,22].

The need for improved life cycle impact assessment methods includes social impacts in general,
and impacts on workers in particular. Social impacts also depend on the geographical context. Our
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study takes a Swedish perspective, which includes a well-developed social welfare system; as a result,
negative social impacts might not be as important to address as in other regions. However, the biomass
that is employed to produce products consumed in Sweden is often sourced from other parts of the
world, thus, it has implications that extend outside of Sweden [59,60]. An accurate assessment of the
social sustainability needs to take this into account.

There is also a need for development of methods in order to assess the economic impacts,
and associated indicators. The relevance of the life cycle cost as an indicator was that the
competitiveness of a product depends on its production costs [27], and that environmentally preferable
products often have a higher acquiring cost, but can be cheaper to use because of lower energy
demand [26]. This indicates the need for two different economic cost indicators: a cradle-to-consumer
calculation of the costs of production and distribution, and a life cycle calculation of the costs for the
consumer. In addition, as indicated in Section 3.1, operational methods should perhaps be developed
and disseminated for estimating the business risks and opportunities [29], and the impact of the
product on the economic capital of future generations [28].

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/10/2/547/s1.
Excel File: The excel file includes details from the matrices produced to document the articles reviewed in
the literature review for the LCA, LCC, SLCA and LCSA articles.
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Appendix A. Literature Search Details

The following subsections provide details on the literature search, terms used for the searches
used to identify the articles in Scopus and details about input into the matrices.

Appendix A.1. Life Cycle Assessment (LCA)

Table A1. LCA literature search specifications.

Document Search Settings Specification

Boolean string (article title,
abstract, keywords)

“LCA” OR ”life cycle assessment” OR ”life cycle analysis”
AND
“bio” OR “biomass” OR “biobased” OR “forest” OR “wood” OR
“biofuel” OR “biodiesel” OR “biogas” OR “ethanol” OR “HVO”
OR “FAME” OR “bioenergy” OR “district heating”

Date range (inclusive) published 2000 to 2015
Country/territory limited to Sweden
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Appendix A.2. Life Cycle Sustainability Assessment (LCSA)

Table A2. LCSA literature search specifications.

Document Search Settings Specification

Boolean string (article title,
abstract, keywords)

“Life Cycle Sustainability Assessment”
OR ”life cycle sustainability analysis” OR ”life cycle” OR
“sustainability assessment” OR LCSA OR “sustainability analysis”
OR “Economic” OR “social” OR “environmental”
AND
“bio” OR “biomass” OR “biobased” OR “forest” OR “wood” OR
“biofuel” OR “biodiesel” OR “biogas” OR “ethanol” OR “HVO”
OR “FAME” OR “bioenergy” OR “district heating”

Date range (inclusive) published 2000 to 2015

Country/territory limited to

Sweden, Norway, UK, Germany, Finland, Denmark,
The Netherlands, Russia, USA, Poland, Portugal, Latvia,
Estonia, Italy, China, Brazil, Australia, Indonesia,
Ukraine, Lithuania.

Appendix A.3. Life Cycle Costing (LCC)

Table A3. LCC literature search specifications.

Document Search Settings Specification

Boolean string (article title,
abstract, keywords)

“Life Cycle” OR “LCC” OR ”life cycle cost” OR ”life cycle costing”
OR “Life Cycle Cost Analysis” OR LCCA OR “Life cycle cost
assessment” OR “Life Cycle Economic Analysis”
AND
“bio” OR “biomass” OR “biobased” OR “forest” OR “wood” OR
“biofuel” OR “biodiesel” OR “biogas” OR “ethanol” OR “HVO”
OR “FAME” OR “bioenergy” OR “district heating”

Date range (inclusive) published 2000 to 2015

Country/territory limited to

Sweden, Norway, UK, Germany, Finland, Denmark,
The Netherlands, Russia, USA, Poland, Portugal, Latvia,
Estonia, Italy, China, Brazil, Australia, Indonesia,
Ukraine, Lithuania.

Appendix A.4. Social Life Cycle Assessment (SLCA)

Table A4. SLCA literature search specifications.

Document Search Settings Specification

Boolean string (article title,
abstract, keywords)

“Life Cycle” OR “SLCA” OR ”social life cycle” OR ”life cycle
assessment” OR “Socio-economic” OR S-LCA OR “life cycle
analysis” OR “LCA” OR “social impacts” OR “social sustainability”
AND
“bio” OR “biomass” OR “biobased” OR “forest” OR “wood” OR
“biofuel” OR “biodiesel” OR “biogas” OR “ethanol” OR “HVO”
OR “FAME” OR “bioenergy” OR “district heating”

Date range (inclusive) published 2000 to 2015

Country/territory limited to

Sweden, Norway, UK, Germany, Finland, Denmark,
The Netherlands, Russia, USA, Poland, Portugal, Latvia,
Estonia, Italy, China, Brazil, Australia, Indonesia,
Ukraine, Lithuania.
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Appendix A.5. Limitations for the Literature Search

The search was also limited to a set of specified feedstock materials and biomass value chains.
In addition to the general keywords “bio”, “biomass” and “biobased”, the specification is based on
three Swedish bio-based markets:

Appendix A.5.1. The Forest Product Market (Forest Products are Here Defined as Products Derived
from Forest Biomass)

Sweden is covered by almost 70% forest [61], and forestry is an important industry in Sweden.
Sweden has both export and import of forest products (round wood, chips, pellets, wooden products
(e.g., particle boards, paper, and pulp)) with several countries (more than 5000 M SEK per year: Norway,
Germany, Finland, Poland, Denmark, Latvia, Estonia, The Netherlands, China, Russia, UK, Portugal,
USA, and Italy) [62]. The keywords “forest” and “wood” were therefore added to the Boolean string.

Appendix A.5.2. The Biofuel Market

The biofuel market in Sweden mainly consists of three markets: a local (Swedish); biogas,
a regional (European); biodiesel, and a global; ethanol [63]. The keywords “biofuel*”, “biogas”,
“biodiesel” and “ethanol” were therefore added to the Boolean string. Figure A1 shows the biofuels
with the highest consumption volumes in Sweden. Based on the figure, the keywords “HVO” and
“FAME” were also added to the Boolean string.

 

Figure A1. Biofuel consumption in Sweden from 2000 to 2014 (shown in GWh annually). Figure from [60].

Appendix A.5.3. The Bioenergy Market

Main energy sources for district heating are residues from the forest industry, forest residues,
recovered waste wood, refined wood fuels, municipal and industrial biogenic waste, bio-oils, and peat.
Bioenergy also plays an important role in industry and electricity production [64]. Sweden also imports
waste, mainly from Norway and the UK, of which 85% goes to energy recovery [65]. The keywords
“bioenergy” and “district heating” were therefore added to the Boolean string.

Appendix A.5.4. Date Range, Document Type, and Subject Areas

The project focuses on documents published 2000–2015.

Appendix A.5.5. The Swedish Context

The project focuses on research which is relevant for Swedish conditions. We therefore limited
the literature review to articles written by one or more authors from a Swedish institution. Our
rationale is that Sweden based authors (often) are financed by the Swedish state or industry. These
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have an interest in feedstock, processes and products relevant for the Swedish market. For LCC
and SLCA, a limitation to Sweden resulted in too few studies. If this is the case, the scope can be
broadened to include the countries that are most important in a Swedish import/export context of
forestry products [62], biofuels [60,66,67] and waste [65]. These included Norway, UK, Germany,
Finland, Denmark, The Netherlands, Russia, USA, Poland, Portugal, Latvia, Estonia, Italy, China,
Brazil, Australia, Indonesia, Ukraine and Lithuania.

Appendix A.5.6. Criteria for Selection

From the studies identified from the literature searches above, only those studies meeting the
following guidelines were chosen for the review. These included:

(1) Following the LCA methodology (excluding LCI studies),
(2) focusing on biomass value chains (for example, the waste for district heating should be (mainly)

bio-derived),
(3) involving case studies (e.g., no review studies, discussions) and
(4) following a peer-review process.

Thereafter, each article abstract was reviewed to ensure that it was relevant for the study.
As identified in the text, the articles were then reviewed and relevant information and details on
the articles, and key information such as the goal of the study, methodological considerations,
system boundaries, stakeholders, impact categories and specific aspects covered were compiled.
The information was used to determine the extent and details of important sustainability aspects
considered in LCA, LCC, SLCA and LCSAs applied to biomass value chains of relevance for Swedish
conditions, see the Supplementary materials for a copy of the matrices for the respective life cycle
based methods.
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Abstract: The concept of the bio-based economy has gained increasing attention and importance in
recent years. It is seen as a chance to reduce the dependency on fossil resources while securing a
sustainable supply of energy, water, and raw materials, and furthermore preserving soils, climate and
the environment. The intended transformation is characterized by economic, environmental and
social challenges and opportunities, and it is understood as a social transition process towards a
sustainable, bio-based and nature-oriented economy. This process requires general mechanisms
to establish and monitor safeguards for a sustainable development of the bio-based economy on a
national and EU level. Sustainability certification and standardisation of bio-based products can
help to manage biogenic resources and their derived products in a sustainable manner. In this paper,
we have analysed the current status of sustainability certification and standardisation in the bio-based
economy by conducting comprehensive desktop research, which was complemented by a series of
expert interviews. The analysis revealed an impressive amount of existing certification frameworks,
criteria, indicators and applicable standards. However, relevant gaps relating to existing criteria
sets, the practical implementation of criteria in certification processes, the legislative framework,
end-of-life processes, as well as necessary standardisation activities, were identified which require
further research and development to improve sustainability certification and standardisation for a
growing bio-based economy.

Keywords: bio-based economy; sustainability; certification; standardisation; sustainability criteria;
gaps; sustainability assessment

1. Introduction

The bio-based economy (BBE) is seen as a chance to supersede the era of fossil resources and
technologies, to foster health and nutrition of a growing world population, and to secure a sustainable
supply of energy, water, and raw materials, while preserving soils, climate and the environment [1].
The intended transformation is characterized by economic, environmental and social challenges and
opportunities, and it is understood as a social transition process towards a sustainable, bio-based and
nature-oriented economy. Currently, more than 40 countries have defined specific strategies for the
development of a BBE or the bioeconomy (BE) [2]. Even though there is a slight difference between
the two terms BBE and BE, both concepts are often used synonymously in the literature [3]. For the
purpose of this study, we refer to the concept of the BBE as defined by the EU, which suggests that
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a “bio-based economy integrates the full range of natural and renewable biological resources—land
and sea resources, biodiversity and biological materials (plant, animal and microbial), through to the
processing and the consumption of these bio-resources” [4]. Management and control of the intended
transitions needs appropriate measurement, information, and tools to cover not only the BE as a whole,
but also the different dimensions of BE development [5]. This requires general mechanisms to establish
and monitor safeguards for a sustainable development of the BBE economy on a national and EU level.

Sustainability certification of bio-based products can help to manage biogenic resources and their
derived products in a sustainable manner. The development and use of sustainability assessment
schemes for bio-based products which contribute to a clear and evidence-based view of the economic,
social and environmental impact/benefits of bio-based solutions is, therefore, an important goal in
current research activities.

The concept of sustainable resource management was originally developed for the organization
of forestry resources [6]. The management concepts tried to ensure that extraction of timber did not
surpass regenerative capacity; thus, future generations can benefit from the forests the same way
the present generation does [7]. It is not surprising that the beginnings of sustainability certification,
which started by the end of last century, are also related to forest management systems. Additionally,
as described by [8], early sustainability certification activities are described for agricultural production
processes. To fight global deforestation and especially the destruction of native forests in the tropics
and subtropics, the Forest Steward Ship Council® (FSC®) was founded in 1993. Starting with the
certification of forest management, the certification was expanded stepwise to the whole supply chain
of products, including transportation steps and processing of biomass, but also to biomass resources
outside the forests. This so-called chain of custody certification provided a basis for sustainability
certifications for all kinds of lignocellulosic and non-lignocellulosic biomass-based supply chains.
This enables complete traceability of the biomass, because each supply chain element is subject to
certification. FSC® has become very successful. As of today, there are more than 200 million ha of forests
certified globally and until now 33,829 chain of custody certificates were issued [9]. Although this
number seems to be significant, it represents only ca. 5% of the global forest area. Nonetheless, there is
an increasing demand for FSC® certified materials and products. FSC® certified products and materials
have become a standard in some industries. In any case, sustainability certification has reached a stage
at which it is being officially accepted to ensure the implementation of sustainability requirements laid
down in laws and regulations [10]. There are, for instance, Green Public Procurement requirements that
include forest certification according to internationally recognised schemes (e.g., FSC® and PEFCTM)
as a proof of fulfilment of sustainability criteria.

The EU biofuel market is a good example of a regulated market with binding sustainability
requirements based on EU legislation (i.e., [11]). As a reaction to intense debate about the possible
impact of national and international biofuel policies (e.g., the 10% target of the Renewable Energy
Directive (RED)) on price increases of agricultural commodities [12] or land use changes ([13], legally
binding sustainability criteria for liquid biofuels and bioliquids were developed and were, since 2009,
implemented in the RED). The mandatory sustainability criteria included in this directive are mainly
limited to environmental criteria. Economic or social criteria are not included, mostly because of the
existing EU background regulations and potential conflicts with WTO regulations in case they would
be applied outside the EU [14]. The main goal of the implementation of the RED criteria is (1) to prevent
that areas with high ecological value or high carbon stocks are converted to agricultural areas dedicated
to the cultivation of crops used for biofuel production; and (2) that a certain GHG emission saving
from biofuels in comparison to the use of fossil fuel is ensured. An expansion of the sustainability
criteria from liquid biofuels to all sectors of bioenergy including heat and power production from solid,
liquid and gaseous biomass from 2021 is under discussion [15]. Currently, each market actor along
the supply chain of biofuels, for example, biomass producers, traders, processors, biofuel refineries,
petroleum companies, etc., must fulfill the mandatory sustainability requirements of the RED. To show
compliance with the criteria, market actors have to obtain a certificate. The European Commission
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has officially recognized a number of so-called voluntary schemes for that purpose. The respective
schemes differ according to the applicability concerning the geographic and feedstock scope as well as
the parts of the supply chain elements being covered. Furthermore, the criteria and indicators used
by sustainability certification schemes in the EU BBE can vary significantly. Mostly, the topics and
even more the criteria and indicators covered by the various schemes do not reflect the complete and
holistic understanding of the sustainability concept, covering social, economic and environmental
impacts. Instead, the currently available certification schemes are often the result of stakeholder
processes. Consequently, the criteria and indicators included represent the individual perception
of the stakeholders involved regarding the relevance of certain criteria and indicators regarding the
sustainability of the products to be certified. Furthermore, effective sustainability certification activities
are often embedded in a specific regulatory framework, which can already set standards regarding
specific sustainability requirements (e.g., EU labour rights conditions, cross compliance regulations,
etc.) [16]. After a few years in operation, especially the more advanced schemes were revised and
further developed. In addition, their scope was extended to applications and products beyond liquid
biofuels (e.g., solid biofuels, bioplastics, biochemicals, etc.).

While the current sustainability certification activities (e.g., in the context of the RED) are focused
mainly on environmental and social aspects, product standardisation supports market implementation
by reducing economic hurdles [17]. Both tools (certification and standardisation) can play an important
role in enabling the existing regulatory system to adapt and support innovation [18]. Based on the
EU mandate M/429 from 2008, the European Committee for Standardization (CEN) established a
standardisation programme for bio-based products. Consequently, CEN’s Technical Committee (TC)
411 was created in 2011. Its scope comprises horizontal aspects of the BBE, including a common
terminology, methods for determining bio-based content in a product, Life Cycle Assessments (LCA),
sustainability of biomass and guidance on the use of existing standards for the end-of-life (EOL)
options. Based on the European standardisation Mandates M/491 [19] and M/492 [20], TC 411 has
been developing standards to help specific sectors move towards higher renewable biomass content.

In addition, other CEN TCs deal with specific bio-based products and applications. For example,
TC 249 is responsible for the development of standards for biopolymers and TC 19 is tasked with
creating standards for bio-based lubricants [21], while CEN/TC 383 works on European standards
establishing sustainability criteria for biofuels. This standardisation work relates to relevant legislation
supporting the development of sustainable bioenergy [11,22].

The development of harmonized and vertical standards for the BBE on an EU level will support
the future sustainability of the sector despite the many challenges that still exist [17]. Nevertheless,
observers have called for more advanced tools for conducting sustainability assessments of bio-based
products [17]. The goal is to better demonstrate both bio-based products potential to solve important
sustainability challenges and reduce concerns about possible negative implications [17].

The existing certification schemes and standardisation approaches provide a contribution to the
establishment of the EU BBE. However, it is difficult to identify, if these approaches cover the different
aspects of sustainability that influence consumption decisions. With a growing BBE, these aspects
will become more and more important (e.g., [23]). Therefore, this paper aims to provide a systematic
identification of potential gaps in terms, for example, of important aspects not covered by existing
sustainability certification and standardisation tools within the EU BBE and come up with a set of
first recommendations to overcome these gaps. The results presented were developed as part of the
EU-funded H2020 research project STAR-ProBio.

2. Materials and Methods

Our analysis of existing sustainability certification and standardisation activities was based
on a threefold approach. Firstly, we conducted a comprehensive analysis of existing sustainability
assessment activities in different sectors of the BBE. This included the development of a general
understanding regarding the frequency and market penetration of the various sustainability criteria
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used by certification frameworks, as well as the identification of differences between sectors of the
EU BBE. Secondly, a series of interviews with experts (policy makers, policy advisers, scientists,
certification schemes, certification bodies) were conducted to identify mega-trends regarding current
and future gaps in sustainability certification. Thirdly, the comprehensive overview of criteria and
indicators which was generated with the first approach was used to verify and generalise the trends
and opinions which were formulated during the interviews.

2.1. Analysis of Existing Sustainability Certification Schemes, Labels, and Initiatives in the EU Bio-Bio-Based
Economy

This analysis was conducted in three steps. Firstly, sustainability frameworks (the expressions
framework and system are used synonymously in this context), with a focus on the EU BBE,
were identified by desktop research and by using available databases such as Standards Map and Label
Online (a). Secondly, the selected relevant frameworks were analysed to build an inventory of the
sustainability criteria and indicators used in current sustainability certification (b). Thirdly, relevant
standardisation activities were analysed (c).

During the first step, which aimed to picturise the sustainability frameworks presently available
for application within the BBE, a preliminary list was generated. This process followed a three-stage
course of action, which is illustrated in Figure 1. During steps one and two, a desktop research using
web databases (ITC Standards Map, Label Online) was used to identify frameworks relevant for the
BBE. With this approach, we could identify ~100 existing sustainability certification frameworks with
relevance for the BBE.

Figure 1. Analysis of relevant frameworks currently available for application in EU BBE–procedure.

The resulting list of frameworks was supplemented by a review of scientific literature. A simple
database spreadsheet was produced to allow for a first characterisation (e.g., with regards to parameters
such as: regional focus, product focus, sectors of the BBE covered by the framework, etc.) of
the identified certification frameworks. In the final step, based on a set of criteria, the sample
was reduced by half, in order to make an in-depth analysis of the frameworks feasible. For this
purpose, the following criteria were determined among STAR-ProBio project partners: Scope of the
certification framework, overall transparency of the system (in terms of accessibility of all relevant
system documents and publication of certificate holders), comprehensiveness relating to the three
sustainability dimensions (environmental, social, and economic), relevance of the framework (in terms
of number of issued certificates).

The described procedure resulted in a list of sustainability frameworks for further elaboration.
The frameworks were arranged within a table (see Figure 5) that includes information on the
kind of framework (label, initiative, scheme, please see Table 1 for a set of working definitions),
the BBE sector addressed, the supply chain coverage (single supply chain elements, full supply chain,
etc.), the geographic scope (national, global), the feedstock scope (some frameworks are limited
to certain feedstock or feedstock groups), and the sustainability dimension (social, environmental,
economic) addressed.
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Table 1. Definition of the different types of frameworks included in the analysis.

Framework Definition

Labels

Labels communicate the guarantee of certain product characteristic to the consumer,
which ideally is described in an adequate level of transparency. A certification process can be a
precondition for the labelling of a product. However, there are products self-labelled by the
producer.

Initiatives

Sustainability initiatives are herein referred to as initiatives compiling sets of sustainability
criteria and indicators for a particular purpose. They might be organised as a heterogeneous
group of people with different background and with different interests. The goal of this type
of initiative is to reach a consensus between the different parties. In the resulting set of criteria,
the different interests are reflected. This type of initiative is often referred to as
“multi-stakeholder initiative” or “roundtable”. The second type of initiative considered is
consisting of a group of people belonging to one party. They can have a varying backgrounds
and interests. The one objective, quality sustainability initiatives have in common is the
outcome/product, which is a set of criteria for further unspecified or specified use.
The outcome can be used internally, e.g., for the sustainability strategy of an organisation or
may be picked up by others.

Certification
schemes

Certification schemes are based on a normative framework. The output of initiatives may be
used as the basis for a certification scheme. Sustainability initiatives therefore sometimes turn
into a certification scheme holder over time as it happened with different roundtables.
The most important characteristic of a certification scheme, as it is understood in this context,
is that it includes a third-party verification of the sustainability criteria, stipulated in the
system documents. Also, the whole certification process is usually based on accreditation
standards (e.g., ISO 19011 or ISO 17065), in which the separation of evaluation and
certification is to mention an important feature. As a result of the certification process, a label
on a product shows compliance with the respective certification scheme.

During this in-depth analysis, an inventory of the sets of criteria and indicators from the selected
certification frameworks was developed (please see [24]). Since criteria and indicator sets are often
adjusted and revised frequently by the certification frameworks, the latest versions of the core
system documents were obtained for each framework. The inventory database which was developed
throughout this process can be considered some kind of meta-standard including all criteria and
indicators identified from the analysis. Since criteria and indicators are named and defined quite
differently between the various frameworks, it was necessary to harmonise and structure the criteria
and indicator sets. For this purpose, firstly the sustainability criteria and (if applicable) respective
indicators were isolated from each framework. Gradually, terminology was harmonised and the
criteria and respective indicators were organised according to the three sustainability dimensions
(i.e., environmental, social and economic).

The assignment of criteria to the three dimensions of sustainability was done using a hierarchic
structure with thematic categories and main principles summarising different criteria and their
respective indicators (for an example, please see Figure 2). This was a necessary step to reach a
point at which a manageable compilation could be formed out of the multitude of criteria of the
analysed frameworks. Furthermore, several frameworks express equal criteria in slightly different
ways, at different levels of detail or aggregation. In addition, a differentiation between criteria and
indicators was not given for every framework analysed, due to the very diverse presentations of
criteria sets in the available system documentation. The final database [24] allows tracing back the
original, more detailed wording of a certain criteria.
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Figure 2. Example of criteria list generated from the analysis of sustainability certification frameworks.

2.2. Expert Interviews

To complement the detailed analysis of the framework documents, we conducted a number of
interviews with experts from industry, science, policy making, standardisation and certification bodies,
as well as non-governmental organizations. The main objective of these interviews was to develop
a better understanding of the current discussion regarding the status of sustainability certification
and standardisation in the EU BBE. Furthermore, the individual feedback received during the expert
interviews provided valuable insights into the expert’s perceptions of the relevance of specific topics.
The points mentioned by the experts were discussed and checked against the results from the analysis
of existing sustainability certification frameworks and standardisation activities.

The selection of interviewees followed principles of the grounded theory approach: theoretical
sampling and theoretical saturation. According to [25], theoretical sampling uses samples that are
relevant for a given research question based on individual selections. The sampling must be carried
out until theoretical saturation is reached, i.e., until no new or significant information seems to
appear in relation to the relevant questions. Following this approach, and under consideration of the
available project resources, 25 experts were identified for interviews. In the context of our research,
it was important to receive input from experts with a general expertise regarding bio-based products
and sustainability certification and standardisation. In most cases, these persons belong to research
institutes or universities—for example, professors—or they work as experts at European organisations.
Additionally, we wanted to learn more about the specific views of producers and consumers, as well
as those of representatives of standardisation and certification bodies. Experts from various European
countries were selected. They represent the above-mentioned high-level experts for bio-based products,
as well as producers of bio-based products, consumers, and members of standardisation committees.

Following the above-mentioned concept [25], a sampling series is finished if a repetition of
the answers is experienced and the extent of new information based on additional samples is low.
These repetitions could be experienced, for example, regarding the suggestions to learn from specific
other standards and to adopt the good practice of the RED with certain modifications for bio-based
products as well. However, specific questions on standardisation issues beyond the scope of these
interviews remained, requiring specific information exchanges with representatives of standardisation
TCs. In total, 20 interviews were conducted in the first interview series. It is clear that this cannot
necessarily be considered a fully representative sample size. Furthermore, it is possible that the focus
of the discussion points mentioned during the interviews could differ with a different proportional
distribution of the stakeholder groups represented by the experts. More research is recommended
to deepen our results and/or to derive new conclusions. Regarding specific standards issues,
an additional series of information exchange activities with experts was conducted, based on specific
questions, see Section 2.3.

The 20 interviews were conducted using a standardised questionnaire (see Appendix B).
Figures 3 and 4 provide impressions regarding the background of the experts, interviewed during the
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process of gap assessment. It is important to note that the total number differs between the two figures.
The reason for this is that a couple of experts gave multiple answers regarding their background and
associated stakeholder group.

Figure 3. Stakeholder group of the interviewed experts and their mentioned amount (multiple
responses allowed).

Figure 4. Country of origin of the interviewed experts and their mentioned amount.

2.3. Analysis of Existing Sustainability Standards in the EU Bio-Based Economy

In addition to the analysis in the field of sustainability certification, the focus of the third analytical
step was on existing sustainability standards for bio-based products and standards in related areas.
The database Perinorm (https://www.perinorm.com) and relevant documents were analysed for this
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purpose using 22 keywords. Perinorm contains approximately two million records of the European
and global key facts on standards, technical regulations and legislation. It includes documents
from the European and international standards bodies, the European Committee for Standardization
(CEN), the European Committee for Electrotechnical Standardization (CENELEC), the European
Telecommunications Standards Institute (ETSI), the International Organization for Standardization
(ISO), the International Electrotechnical Commission (IEC) and the International Telecommunication
Union (ITU), as well as those from standard bodies in Japan, China, USA, Jordan, South Africa,
Canada, and Brazil. Based on the results obtained, more specific information can be obtained regarding
the classification (type of standard, industry), document maturity (draft standards, standards etc.),
valid records, country of origin and relation to European and international standards. Table 2 shows
keywords used for the Perinorm search. Search results were further specified. For example, entries
in the following fields were deleted: sustainable tourism, tractors, and machinery for agriculture
and forestry, aluminium structures and electronic signatures. Several standards on environmental
management, such as JS 14040 and JIS Q 14040, were also deleted, because both refer to the ISO
standard with the same name.

Table 2. Keywords of the Perinorm search.

Keyword Total Keyword Total Keyword Total

algae products 75 biofuel 94 life cycle assessment 1046
animal-based 3 biofuels 1.527 plant-based 30

bio-based 60 biomass 1.420 starch-based 1
bio-based 300 bioplastics 27 sustainability 3361

biochemicals 290 cellulose-based 95 sustainable 487
biodegradable 445 end-of-life 410 value chain 65

biodiesel 283 footprint 126
bioenergy 16 forest products 88

Considering the importance of the issues of direct and, in particular, indirect land use change
(iLUC) related to the sustainability of bio-based materials and bioenergy (see, e.g., [26]), three additional
terms were analysed afterwards. For the term “indirect land use change” and its abbreviation “ILUC”,
no results were obtained. On the other hand, the term “land use change” led to 17 hits, and to
the identification of a relevant international standard; the latter was analysed in greater detail: ISO
13065 [27]. In addition to this, four national standards that deal with this topic [28–31] were identified.
Due to the low number of results, the suitability of an additional search term “land use” was analysed.
On the European and international level, the search for valid standards led to 153 hits. However,
most of them were focused on other areas, such as agricultural machinery, tractors, etc., and were not
relevant for the purpose of this assessment. Exemptions are EN 16214-4 and ISO 14055-1. The Perinorm
results were further analysed, screened and clustered to get deeper insight in the current standards
landscape of bio-based products (see Tables A13 and A14 in Appendix D).

Our paper aims at addressing the need for more advanced tools for conducting sustainability
assessments by integrating its work appropriately in this existing standardisation landscape.
For that reason, not only experts for bio-based products in general, but also experts from the
field of standardisation were interviewed. Thirteen European and international TCs and PCs
(Project Committees) were identified as relevant for this work. In particular, attention was drawn
to three technical committees: CEN/TC 411–Bio-based products, ISO/TC 207–Environmental
management and ISO/PC 248–Sustainability Criteria for Bioenergy.
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3. Results

3.1. Overview on Existing Certification Frameworks

Existing activities regarding sustainability certification in the EU BBE can differ significantly with
regard to their operability, stakeholder involvement, scope, etc. To allow for a differentiation, we have
distinguished three types of sustainability frameworks (for our working definitions please see Table 1):
(a) labels, (b) sustainability initiatives, and (c) certification schemes.

Analysing the currently existing sustainability certification activities in the EU BBE, we found a
broad range of existing certification frameworks addressing different sectors, and scopes regarding
feedstocks, the completeness of the supply chain as well as coverage of geographic areas. Figure A1
gives a wide overview of available sustainability certification frameworks in the EU BBE. Figure 5
provides a summary of the frameworks selected for an in-depth assessment during our analysis.
Additional information can be found in Appendix A.

The criteria and indicators included in the analysed certification frameworks were assessed
and structured into a database [24] which is available on the Homepage of the STAR-ProBio project.
This collection of information allowed for a comparison between the statements made by experts
(e.g., regarding criteria and indicator gaps in current sustainability certification) and the currently
available certification frameworks.

3.2. Gaps in Current Sustainability Certification Activities

The assessment approach described under Section 3.1 revealed a number of areas with needs and
demands for further research regarding assessment tools and general frameworks, as well as criteria
and indicators for certification activities in the BBE.

During the interviews conducted (see Section 2.2 and Appendix C), the experts mentioned
several areas of potential gaps in sustainability certification. The statements made by the experts
were compared to the criteria and the inventory database which was prepared during the analysis
of the existing certification frameworks (see [24]). Based on this process, we summarised the
identified discussion points into seven main topics with demand for future research and development.
A comprehensive overview on the expert statements received during the process and the allocation of
these statements to the seven main topics is included in Appendix C, Tables A6–A12.

The main topics identified can be summarised as follows:

• Gaps and weaknesses in criteria and indicator sets
• Harmonisation in criteria assessment and operationalisation
• Legislation and consensus for minimum criteria in all BBE sectors
• Leakage effects from EU BBE policies
• New innovative, inter-sectoral products
• EOL
• Traceability of sustainability and certificates along the value chain

In the following paragraphs of this Section, we will describe the findings for each of the
topics identified.
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3.2.1. Gaps and Weaknesses in Criteria and Indicator Sets

It is important to mention that our analysis of certification frameworks showed an impressive
list of sustainability criteria and indicators included in current sustainability certification of the EU
BBE (compare [24]). The criteria and indicators available cover a wide range of sustainability aspects.
While some experts stated that the future challenges for the further development of sustainability
certification are not about developing more criteria and indicators, but instead the already available
criteria and indicators should be used better and more frequently, another expert mentioned that
there are still some gaps regarding the specific principles, criteria and indicators currently used in
sustainability certification (please see Table A6) We compared the results from the expert interviews to
the criteria matrix resulting from our analysis of certification frameworks to identify potential gaps.
During the interviews, the work of the S2BIOM consortium was mentioned by one expert. Based on
this input, we conducted a review of additional sources to be included in our assessment [32–35]).

Although our analysis and comparison of the questionnaire responses and the criteria assessment
showed a wide range of criteria and indicators implemented, the following topics, criteria and indicator
seem not to be significantly reflected by certification frameworks so far:

• Land use efficiency
• Tertiary resource efficiency (for the purpose of this paper, we followed the following

categorisations: primary biomass resources as composed by plants, secondary biomass
resources are related to animals/livestock production, tertiary biomass resources are related
to post-consumption, post-production residues/wastes)

• Functionality (output service quality)
• (indirect) land use change GHG emissions
• SO2 equivalents
• PM10
• Risks for negative impacts on food prices and supply
• Levelised life-cycle cost (excluding subsidies, including CAPEX, OPEX)
• Bio-based content and recyclability/biodegradation

The development of a detailed definition or a consistent conceptual design for these topics, criteria
and indicators is outside the scope of this paper; however, to support the discussion and the work
in ongoing research activities, the following Table 3 includes proposals for basic definitions of the
topics mentioned.
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It is important to mention that the certification frameworks analysed for this study were developed
under specific regulations, for specific markets and applications as well as under consideration of their
specific stakeholder perspectives. These influencing factors have led to individual set-ups of topics,
principles and criteria included in the various certification activities. Consequently, the uptake and
implementation of additional or new criteria and indicators into certification frameworks depend on
a number of elements. Among others, the existing legal framework and the requirements regarding
sustainability certification in the different sectors of the BBE on EU and member state (MS) level,
as well as the availability of appropriate standards and tools to support the implementation, have to
be considered. Furthermore, the self-conception (during our analysis we experienced significant
differences regarding comprehensiveness of the criteria sets of the different frameworks analysed.
While some frameworks work with sets of minimum criteria (e.g., the core sustainability criteria
of the RED), others tend to frequently update and expand their criteria and indicator sets) and
market positioning of the certification framework, as well as the expectations of the stakeholders
involved, are additional elements that influence the possibility to add new criteria to existing
certification frameworks.

3.2.2. Harmonisation and Level Playing Field in Criteria Assessment and Operationalisation

The second topic identified during our assessment was specifically mentioned by several of the
interviewed experts (please see Table A7). It was directly mentioned by representatives of certification
bodies and certification schemes that there is already an overwhelming number of sustainability criteria
and indicators available. According to the interview results, the recent challenge and demand is not
the development of completely new criteria and indicators, but the (a) adaptation and more precise
communication of the existing ones, as well as (b) a harmonisation of the actual operationalisation of
the existing criteria by the certification schemes and certification bodies. These statements are slightly
contradictory compared to the topic presented in the previous section (see Section 3.2.1). Reason is
mainly, that the topics were identified as relevant by experts with different backgrounds. While
additional demand for research regarding criteria and indicators was mentioned mainly by experts
from scientific institutions, the topic of harmonisation and a better operationalisation was brought up
by representatives of certification bodies and certification frameworks.

During our analysis and the interviews, we found that, even though a number of certification
frameworks cover the same principles or criteria, the methods or procedures of applying and assessing
those criteria in practical audits can differ significantly between the frameworks and even between the
certification bodies which conduct auditing processes on behalf of the same certification framework.
This can be problematic, especially for criteria whose assessment in an actual auditing process is time
or resource intense, or which can be linked to a price benefit for the certified product. An example is
the calculation of the GHG mitigation threshold value for liquid biofuels in the EU market. This is a
mandatory sustainability criteria under the RED framework. Since in some countries (e.g., in Germany),
the outcome of the GHG mitigation threshold assessment is not only relevant for the general acceptance
of a biofuel in the market, incentives such as a GHG-related biofuel quota might result in price benefits
for additional GHG savings beyond the threshold value of the RED. As a consequence, there is a strong
incentive for producers to optimise the GHG footprint of their biofuel. This optimisation process might
also involve possibilities which do rather stem from the GHG calculation methodology itself than
from an actual optimisation of the process value chain for biofuel production [37–39]. Interestingly,
one would expect that especially the wide availability of detailed regulations and rules (e.g., ISO
standards or the calculation framework for biofuels as defined in the EU renewable energy directive
2009/28/EC and the related communications) for the calculation of GHG mitigation effects from
bio-based materials would help to harmonise the actual calculation procedure. However, even in the
highly regulated (with regard to the GHG calculation rules) sector of biofuels, significant differences
do exist between the different certification schemes and the certification bodies implementing the
respective rules and guidelines. While the general methodology for GHG emission calculation
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(especially with regards to system boundaries, characterisation values, allocation rules, etc.), as well
as comparator values for a determination of mitigation values, are clearly defined, differences in
upstream emission factors or definitions of by-products or waste materials can lead to significant
differences in results.

Demand for more harmonisation in the actual operationalisation of sustainability criteria and
indicators seems to be relevant, mostly in business-to-business markets and sectors with a high degree
of regulation (such as the biofuels sector). With the introduction of the RED, the EU commission has
created a regulated market for biofuels with a set of mandatory and binding sustainability criteria.
Producers of biofuels need to proof that they meet the criteria the RED criteria. Several certification
frameworks were developed and recognised by the Commission since the implantation of the RED.
These frameworks have implemented the RED criteria into their specific guidelines and auditing
processes. However, as described above the frameworks (in this case, the frameworks addressing the
biofuels sector) analysed in this study differ not only with regard to the overall comprehensiveness
of their criteria and indicator sets, but also with regards to the point how the same criteria are being
operationalised and implemented between the different certification frameworks. There are various
examples for sustainability criteria that are applied and operationalised differently between the
existing frameworks. During our expert interviews, the following criteria were explicitly mentioned in
this regard:

• GHG mitigation thresholds or GHG emission calculations,
• the definition and implementation of core labour standards (e.g., based on ILO principles),
• Guarantee of no deforestation after a certain cut-off date,
• Legality of sourcing,
• Land use rights.

During our interviews, especially the representatives of more advanced (basically meaning
certification frameworks with more comprehensive criteria sets) certification schemes pointed out the
importance of creating a level playing field with regards to the actual operationalisation of the criteria
between the existing frameworks. One of the most important reasons for the existing differences in the
operationalisation of criteria between certification frameworks can be found in the basic nature of the
applied methodologies for criteria assessment. While a huge number of criteria sets, indicators and
methods for sustainability assessment are currently available, most of these elements were developed
for scientific purposes. For certification practises, they need to be simplified, robust, transparent clear
and applicable even if limited data and resources are available. This means that often additional
effort for a transfer of existing scientific methodologies into certification practice (often by simplifying
the initial methodologies and by making them more robust and useable) is necessary. During the
interviews, this was identified as one of the main barriers for the implementation of new scientific
methods in the actual practice of sustainability certification. To address the gaps identified under
this topic, work on the legal framework and additional guidance/recommendations regarding the
technical application of the various sustainability criteria in auditing practice is necessary.

3.2.3. Legislation and Consensus for Minimum Criteria in All BBE Sectors

While the point regarding the harmonisation of the actual operationalisation between certification
schemes can be considered a horizontal issue, which is becoming relevant especially in markets with
stronger legislations regarding mandatory sustainability criteria (e.g., the EU biofuels market), another
important issue mentioned was the lack of a level playing field regarding the general sustainability
requirements and consequently, sustainability certification practices across the various sectors of
the BBE. During the interviews, it was mentioned several times, especially by experts from policy
and industry, that instead of developing new criteria, it might be more important to harmonise the
existing criteria and requirements for sustainability certification across the various sectors of the BBE
in the EU. One of the experts stated, for example: “it is less important to introduce additional criteria,
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it is more important to mainstream sustainability requirements to all kind of biomass production.
We then might need equivalent sets for production from Agriculture, Forestry, waste management,
creation in laboratories and all kinds of technical reactors, etc.” (see Appendix C, Table A8 for more
details). The point addressed here is different from the topic raised under Section 3.2.2. While the
previous topic was basically about harmonising the understanding, interpretation and implementation
of one sustainability criterion (from legislation) between different certification frameworks, the point
addressed here refers to the general level of sustainability requirements and legislation across the
different BBE sectors.

Currently, sustainability certification in the EU BBE is characterised by sectors with and without
legally binding sustainability criteria; as a direct consequence, we can observe a number of effects
such as:

• Leakage effects (compare Section 3.2.4),
• Missing compatibility between the existing frameworks (e.g., in the sense of meta-stands,

i.e., sustainability certification schemes recognising on another) for certification and consequently:
• Missing harmonisation and standardisation activities.

The issue of potential leakage effects is related to topics such as indirect land use change or food
security risks. The rationale behind is that due to the different regulations and the bindingness of
sustainability criteria between the different sectors of the BBE, pressure, e.g., regarding land resources
and hard criteria such as the definition of “no-go-areas”, as under the RED it could be shifted from
sectors with strong mandatory sustainability requirements in their respective field to sectors with no
mandatory sustainability requirements (all sectors other than the sector of biofuels for transportation).
Furthermore, these differences in the regulatory framework lead to substantial differences regarding
the principles, criteria sets and indicators in certification frameworks between the various sectors
of the BBE. As a consequence, compatibility and mutual acceptance between existing frameworks
from different BBE sectors are often missing. This can lead to additional burdens and barriers for
market actors in the BBE. While to some extent a differentiation of the certification frameworks seems
to be desirable, the definition of a consensus for minimum sustainability criteria for all sectors of the
BBE would be an important step to reduce negative leakage effects and unnecessary administrative
burdens for market actors. Interestingly, this point was brought up especially by experts from industry
and policy.

Another important aspect is that a growing BBE, with an increasing cascading use of biomass and
bio-based products, might also require an increasing cross-sectoral compatibility and recognition
between the different certification frameworks of the various sectors of the bio-based economy.
Potential solutions to overcome this barrier are meta-standard-frameworks, which consist of
certification frameworks recognising each other. This makes it possible to combine certificates from
different frameworks for different parts of the value chain to receive a certification over the complete
value chain based on the overarching criteria and indicators of the “meta-standard-framework”
(which would be a consensus or an expression of minimum criteria recognised by all certification
frameworks recognised under the meta-standard).

3.2.4. Leakage Effects from EU BBE Policies

The introduction of mandatory sustainability requirements in the RED has addressed a number
of pressing and highly relevant sustainability issues related to a large-scale rollout of biofuels for the
EU transportation sector. As a consequence, some of these pressing sustainability issues such as the
conversion of land with high carbon stocks such as forests into cropland being shifted to other sectors
of the bio-based economy which are not directly addressed by mandatory sustainability requirements.
These leakage effects, which are related to different topics such as indirect land use change, carbon debt
or food security risks are still intensively discussed in the EU bioenergy sector [12,40,41].
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During the interviews conducted, especially experts from science and policy expressed the opinion
that the future success of a BBE will largely depend on the solution of these major sustainability issues
(please see Table A9). However, it seems to be widely recognised that a solution to this problem cannot
be created solely and isolated out of the biofuel sector [42,43]. There seems to be a risk that, as a
consequence of these unsolved issues, the general trust in the development of a sustainable BBE could
be tarnished.

An actual solution to problems arising from iLUC and/or a lack of good governance and an
unsustainable management of natural land resources such as forests should be based on local solutions
(e.g., [42]) and could not come from certification activities, which are focussing on specific sectors
and parts of BBE value chains alone. The EU commission is currently organising the negotiations for
the development of a RED recast for the 2021–2030 timeframe [15]. Currently available drafts of the
document indicate that the sustainability criteria implemented for liquid biofuels will be expanded to
electricity and heat production based on biomass. The proposal has two main components: it focuses
on limiting the maximum share of food-and-feed-based biofuels by introducing a cap and establishes
a sub-target for fuels that are deemed to bring GHG reductions to the transport sector–renewable;
electricity included. This is an important first step for the development of a level playing field regarding
minimum sustainability criteria for all biomass uses under the EU bio-based economy. Consequently,
land use implications pulled by EU BBE activities would be direct land use change implications
associated with the responsible sector of the BBE.

Furthermore, recent scientific activities aimed to identify key parameters linked to risks for issues
such as iLUC change or food security and to translate these parameters into criteria and indicators
suitable for sustainability certification [44–48]. This can be an important step to derive applicable
and specific action points to mitigate iLUC risks. While iLUC risks associated with an increasing
demand for bio-based materials are often being discussed and quantified using different modelling
approaches (e.g., [42,49]), mitigation measures to reduce iLUC effects on market actor level can
often not be developed just based on iLUC modelling work [42]. Thus, certification activities could
complement the existing research on iLUC assessment. Examples can be found in initiatives aiming at
the certification of “low iLUC risk biomass” (e.g., when produced from degraded or abandoned land
or from yield increases) [44–48]. Furthermore, the STAR-ProBio project has delivered results regarding
the identification of key parameters driving LUC risks from BBE value chains [48]. Future activities
will aim at the development of iLUC risk indicators to be used for sustainability certification.

3.2.5. Sustainability Assessment and Certification for New Innovative, Inter-Sectoral Products

The general perception of the BBE is to some extent characterised by an expected high potential
for innovation [2,5]. New, innovative products and bio-based resources are expected to be an essential
part in the future BBE. Some of these resources and products could even represent interesting links
between fossil industry sectors and sectors of the bio-based economy [50,51]. One example could be the
utilisation of fossil-based carbon dioxide from power plants to produce algae or power-to-x-products
which are then subsequently used in different forms and applications. With regards to the sustainability
certification of these products, a number of new challenges and questions (e.g., system boundaries,
sustainability criteria, allocation, etc.) for certification activities was brought up during the expert
interviews (please see Table A10).

Due to the currently insignificant market relevance of these new products or feedstock, nearly no
blueprints for sustainability assessments but also for sustainability certification do exist so far:

• for algae or bacteria production and for
• CO2 capture (e.g., from air or power plants) and (e.g., for PtX).
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3.2.6. EOL in Existing Principles and System Boundaries

The field of sustainability certification in the EU BBE has, in recent years, been driven largely
by the developments in the bioenergy sector [52]. Certification in this sector aims mainly to address
major issues and topics that are often highlighted in the debate about the general sustainability of
bioenergy (e.g., environmental and social issues related to the production or the supply of the biomass
used for energy production). Consequently, our analysis of the criteria and indicators currently used
showed clear foci on criteria related to sustainable production of biomass as well as on the processing
technologies used for the production of energy carriers, materials or other products from biomass.
Contrarily, especially EOL scenarios for bio-based products are not adequately reflected so far. With a
growing bio-based economy and increasing cascading use effects, this aspect could rapidly gain more
importance in the future.

Generally, criteria aiming to address sustainability aspects related to different forms of
after-use-phases criteria are only sporadically used so far. Examples which could be found are
criteria such as: minimum recycled content in a product, implemented waste management, intended
cascading use, etc. (see criteria database [24]). Input regarding this topic received during the expert
interviews is described in Table A11.

3.2.7. Traceability of Sustainability and Certificates along the Value Chain

Finally, in addition to the previous points, which mostly address specific aspects related to
sustainability criteria for certification, the aspect of traceability of sustainability characteristics
(i.e., specific characteristics such as, for example a GHG emission information of products from
the different processes of the value chain) and certificate information throughout the complete value
chain of a bio-based product was mentioned by several of the experts interviewed (see Table A12).

The point of achieving a consistent, reliable and trustworthy traceability throughout the entire
value chain would be an important step to reduce the potential for misuse of certificates, incorrect
claims and to increase the overall integrity of sustainability certification. Consequently, pressing
sustainability risks such as deforestation or misuse due to false claims (e.g., waste declarations, etc.)
could be at least partly addressed by increasing the availability of consistent and complete chains
of information.

For this purpose, future activities in the EU BBE should aim to establish instruments to transport
sustainability characteristics through the supply chain, ideally independently from the issuing
certification framework. This would support the development of meta-standards based on a mutual
recognition of different certification frameworks. As a consequence, market actors could use different
certification frameworks for different parts of the value chain (e.g., one framework certifying the
biomass production process and another certifying the conversion process) under one meta-standard.
Potentially database solutions on national (e.g., concepts such as the German NABISY database),
or ideally on EU level could be one possible solution for this problem. However, this would require
the existence of greater compatibility and established links between the various frameworks as well
as general requirements leading to a (possibly mandatory) use of overarching database solutions.
A prominent example on the member state level is the Nabisy database, which includes certificate
information for all biofuels counted towards the national quota in Germany. The use of this database
allows auditors to check and control specific claims made by market actors involved in the chain of
custody. According to the currently available drafts for a recast of the RED after the 2021 timeframe,
the EU commission recognises the importance of the registries and databases as tools to trace
sustainability characteristics in a trustworthy manner. The current proposal for the new RED aims
at the development of a European register for biomethane to decrease existing burdens related to
international trade and recognition of sustainable biomethane.
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3.3. Gaps in Sustainability Standards for Bio-Based Products: General Issues and First Suggestions Derived by
Experts Consultation

Our work with standardisation committees and standardisation experts at the European,
international and national levels (see also Appendix D) led to valuable inputs, which can be organised
into two categories:

• Suggestions related to improving the existing EN 16751 standard (Europe’s most prominent
sustainability assessment standard for bio-based products),

• Standardisation issues beyond the scope of EN 16751.

Determining which suggestions are related to the horizontal standard EN 16751 described below
and which address additional topics was important in this regard. As an example, most of the
suggestions we received regarding EN 16751 referred to issues for which a common, horizontal
solution for all groups of bio-based products is unlikely. The responses also focussed on LCA, a topic
covered by the standard EN 16760. LCA is also important for comparing bio-based products with
fossil-derived ones, and this is currently also not covered by the narrow scope of EN 16751. Therefore,
we also consider this topic separately.

3.3.1. Suggestions Related to EN 16751

The standard EN 16751 Bio-based products–Sustainability criteria was developed by CEN TC
411, whose main goal is to provide standards for horizontal aspects of bio-based products [53].
The IEC defines a horizontal standard as a standard on fundamental principles, concepts, terminology
or technical characteristics, relevant to a number of technical committees (see IEC Guide 108).
These standards also have the purpose of avoiding duplication of work and contradictory
requirements [54]. According to ANSI, these general, basic standards are to distinguish from vertical,
also called application standards.

As the focus of TC 411 is on horizontal standards, it has no intention to present threshold or
default values. This is left to specific product standards or political decisions [53]. In this context,
we also learned by our interviews that experts distinguish between the system-based approach of
horizontal standards and the more performance-based approach in standard setting.

Experts at standardisation committees suggested to develop assessment methods and thresholds
for the criteria of EN 16751. Threshold values can be used to check conclusively whether a
specific indicator was fulfilled based on measurable and quantifiable parameters. Based on the
product-independent focus of this horizontal standard, opportunities to define common evaluation
methods and corresponding thresholds are limited. Nevertheless, there are potential exemptions.
There are issues that are relevant for the assessment of bio-based products in general, and there are
also requirements which can be specified easier than others.

Depending on the specific nature of a criterion and its respective indicator(s), there are areas
in which fulfilment requires the definition of threshold values. In other areas, fulfilment can be
proven with a simple yes/no condition. Requirements, which can be easily specified by such a simple
condition, refer in particular to social and economic criteria, for example to the requirement “no child
labour”. Therefore, it is important to check the potential to define requirements on a horizontal level
whenever possible. Furthermore, suggestions for common yes/no conditions regarding the use of
grassland and forests are described at the end of this Section. These are especially relevant for the first
life cycle stage of bio-based products.

During our information exchange with the experts interviewed, it was also communicated that
economic sustainability is undervalued within EN 16751. In addition to this, our interview series with
standardisation experts showed that the adoption of EN 16751 in product-specific standards is not as it
should be. According to the understanding of an expert, only a bio-based solvent standard (drafted as
EN 16766) and a surfactant equivalent (CEN/TS 17035) contain a requirement to use EN 16751 to show
sustainability characteristics in Europe. More standards with a similar requirement would contribute
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to the promotion of sustainability criteria and stimulate their application. Closer collaboration with
the TCs working on vertical standards for bio-based products is suggested.

3.3.2. Standardisation Issues beyond the Scope of EN 16751

This sub-section summarises eight additional suggestions for further standardisation work by
standardisation committees and their representatives.

1. Provide assessment methods and thresholds for the criteria of EN 16751, if they cannot be defined
via horizontal standardisation

As mentioned briefly before, the development of a certification scheme for sustainable bio-based
products requires thresholds based on specified assessment methods. Experts interviewed emphasised
that the specification of the assessment methods themselves had also not been carried out yet. Therefore,
it is suggested to regard the work on assessment methods and thresholds as a high priority. Considering
that the scope of EN 16751 excludes the establishment of “thresholds or limits”, additional standards
are needed. A specific issue in this regard is also the fact that EN 16751 will not be updated before
2021 due to CEN’s review period of 5 years for EN standards. Separate standardisation work might
also provide faster results in this regard. A standard providing general assessment methods may be
created by the same CEN TC/411, while the TC’s scope requires that the specification of thresholds is
carried out by other TCs in any case.

2. Provide assessment methods and thresholds for ISO 13065 criteria: if necessary, by
additional standards

Specifying assessment methods and thresholds, the sustainability standard ISO 13065, developed
by ISO/PC 248, can provide various advantages. The results could also be used as examples and
foundation for further standardisation efforts in the field of bio-based products. According to an
expert, ISO/PC 248’s output should be developed further regarding “criteria that can be evaluated
quantitatively and qualitatively and specific levels of sustainability”. Nevertheless, he described the
challenge of creating levels of sustainability in such an overarching standard that they are suitable
for all feedstocks and continents. It was impossible to agree on thresholds in this standard besides
providing examples in its annex.

Two solutions are suggested in this regard. The first one refers to the development of very generic
indicators which facilitate a basic level of international consistency.

In addition, appropriate coordination between horizontal and vertical standardisation activities is
important. Suggesting and assuming the development of additional standards in this regard, an expert
added that the creation of a more specific standard based on ISO 13065, e.g., “for a certain fuel from a
specific feedstock in certain climatic conditions”, could facilitate the determination of such threshold
values. Such standards would provide the opportunity to add “a lot more detail and potentially even
thresholds”.

3. Facilitate a cradle to grave or cradle-to-cradle analysis of bio-based products

EN 16751 has a restricted scope that considers the life cycle stages (“feedstock” and “production”
or “cradle” to “gate” only). Advantages of bio-based products further downstream are therefore not
recognized. An example, an interviewee illustrates this as follows: “A biodegradable bio-based plastic
has an EOL option that emits short cycle carbon only. A petrochemical plastic that is biodegradable
contributes to net long cycle carbon emissions as it is decomposed. On the other hand, the energy
needed to produce the petrochemical plastic may be much less than an equivalent bio-based plastic.
Moreover, if non-renewable energy is used in the production of a bio-based product this may lead
to greater (fossil) carbon emissions. This sort of impact (e.g., carbon balance that spans the entire
lifecycle) is not currently supported”. The interview series led us to suggest the creation of a basic
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cradle-to-grave standard, which also considers the EOL stage, or, if possible, even a cradle-to-cradle
standard, which also considers circular issues of bio-based products. The circular aspect will be also
discussed later in this section.

4. Provide a standard which facilitates comparisons of bio-based and fossil-derived products

As the previous section has partly shown, expert suggestions to specify assessment methods for
EN 16751 were linked with comments on the relevance of comparisons with fossil-derived products
regarding the three sustainability pillars and entire life cycle considerations. Currently, a comparison
between both kinds of products based on EN 16751 is not possible. This standard explicitly excludes
fossil content, although, for example, social and economic impacts could be compared relatively easily.

As an example of the advantages of a new standard in this context, an expert mentioned that
bio-based solvents can have superior characteristics compared to fossil ones. Further research by
the authors identified the solvent Cyrene as a good example for this. It can be directly derived
from waste cellulose in two simple steps, therefore having a high stoichiometric biomass utilization
efficiency. CyreneTM has demonstrated a similar solvent performance to toxic fossil-derived solvents,
whose industrial synthesis involves multiple reaction steps (see [55]).

Several superior characteristics of bio-based products in general have even been highlighted by
the European Commission: “( . . . ) higher process efficiency can be obtained (in the production of
bio-based products), resulting in a decrease in energy and water consumption, and a reduction of toxic
waste. As (bio-based products) are derived from renewable raw materials, (they) can help reduce CO2

and offer other advantages such as lower toxicity or novel product characteristics (e.g., biodegradable
plastic materials)”.

An additional specific example for superior characteristics is provided by smart drop-in chemicals.
These chemicals are chemically identical to existing ones, but their bio-based pathways provide
advantages. Carus et al. 2017 ([56]) uses the term ‘smart drop-ins’ if at least two of the following
superiority criteria apply: the biomass utilization efficiency from feedstock to product is significantly
higher compared to other drop-ins, and/or compared to all alternatives, their production requires
significantly less energy and/or their time-to-product is shorter due to shorter and less complex
production pathways and/or less toxic or harsh chemicals are used or they occur as by-products
during their production process.

These examples show the superior characteristics of bio-based products clearly, both in general,
and with respect to specific product groups. Therefore, a standard which facilitates demonstrations of
these advantages would promote their market up-take or, as an interviewee formulated it, “promote
the market and strengthen (the) trade (of bio-based products)”. Nevertheless, experts describe that the
comparison of upstream environmental impacts is not suitable, given the very different feedstocks.
As a solution, we suggest discussions in CEN/TC 411, together with stakeholders of specific bio-based
product groups (for example producers and public procurers) in this regard. If facilitating comparisons
with fossil-based products by a horizontal standard appears to be difficult, information exchange on
the level of product standardisation is important to create synergies where possible.

5. Consider iLUC and related issues appropriately by standardisation

There is international recognition that the production of bio-based products instead of fossil-based
ones can reduce greenhouse gas emissions and contribute to the adaptation to climatic change.
However, as bio-based materials are ultimately obtained from land or sea, additional effects require
consideration. These effects can moderate environmental performances and the original purpose of
sustainability. iLUC has been defined as an unintentional, negative, displacement effect of commodities
in the primary sector such as agriculture causing additional land use changes [48].

Screenings and analysis of documents in the Perinorm database showed that iLUC represents
a gap on the level of international standardisation. Likewise, experts, for example from the former
ISO/PC 248, highlighted the need for action in this regard. The Dutch standard NTA 8080-1:2015
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considers low iLUC risk (see also Section 3.2.4). The requirements of this standard are also used
for certification based on the standard NCS 8080:2017 and the Better Biomass certification scheme.
Nevertheless, NTA 8080:1 describes specific limitations, for example, concerning new understandings
and new issues such as “cascading ILUC” and “carbon debt” (see Appendix C). Based on the input
of the interview series, we suggest initiating activities to specify iLUC-related requirements on a
European level. As mentioned earlier, CENT/TC 383 plans to make changes to the EN 16214-series
on sustainability criteria for biomass for energy use to include the revised standards references to
the 2015 iLUC Directive modifying both the Fuel Quality Directive (FQD) and the RED. Therefore,
this work could be a starting point for standardisation activities for bio-based products, including the
determination of assessment measures and thresholds.

6. Develop standards that provide guidance on social and economic LCA

According to expert opinion (see Appendix C; Tables A1–A4), social LCA (S-LCA) would bring
the assessment of social sustainability of bio-based products on a par with environmental sustainability.
Considering economic LCA by standardisation was also suggested. In addition to this, an interview
of the interview series in the technical committees emphasised the need for a better link between EN
16751 and LCA standards, referring to existing LCA standards and the relation to future ones as well.

7. Create standards for the circular economy

The European Commission is aware of the importance of the Circular Economy and has developed,
for example, the Circular Economy Action Plan [57]. In line with expert suggestions (see Table A5),
work on standards in this area has to be regarded as a priority. Appropriate standards should be
focused on design aspects of products, promoting products that are designed to be easily refurbished,
remanufactured, reused, recycled, biodegraded safely. Specifying the need for action, an interviewee of
the general expert interview series referred to the need for standardised methods to measure circularity
characteristics. The British standard BS 8001:2017 Framework for implementing the principles of the
circular economy in organizations might be used as a starting point in this regard.

8. Standardise sustainability criteria for bio-based polymers and lubricants

Most suggestions of the experts in both parts of our analysis referred to standardisation issues
of bio-based products in general, not to specific product groups. Bio-based polymers and lubricants,
for which product-specific standards were suggested, were an exemption in this regard. The bio-based
polymer turnover was about €13 billion worldwide in 2016. Nevertheless, they represent only a
share of 2% of the global polymer market and a significant increase in their production capacity is
forecasted [58]. Likewise, the market of bio-lubricants is growing significantly, from over 630 kilo
tons in 2015 to expected 1115 kilo tons by 2024, growing at 6.9% Compound Annual Growth Rate
(CAGR) from 2016 to 2024 [59]. These quantities correspond a market size of $2.92 (€2.47 (Exchange
rate from 30 November 2017)) billion by 2024. The specific need for action regarding the development
of sustainability criteria for both kinds of products was recognised by experts. As mentioned earlier,
not only do criteria have to be developed, but assessment methods and thresholds as well.

3.4. Summary of Gaps Identified and Potential Links to Future Research Acticities

The gaps identified and described in Sections 3.1 and 3.2 refer to different sustainability pillars.
To summarise the findings and prepare subsequent assessment steps, they were clustered according
to a differentiation between general, environmental, social and economic criteria as well as specific
ones. This selection might help to structure and prioritise action items for further research work.
This information is included in Table 4. Furthermore, it was specified whether the gaps refer to EOL or
LCA topics and whether they also address regulatory issues.
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Table 4. Structuring the action items for the further work in the context of this report.

Gap and Sustainability Pillar EOL Topic LCA Topic
Topics for Work on

Regulatory
Requirements

General criteria
Bio-based content and recyclability/biodegradation x x

Environmental criteria
GHG mitigation thresholds/GHG emission calculations x
(indirect) land use change GHG emissions x x
SO2 equivalents x
PM10 x
Guarantee of no deforestation after a certain cut-off date x

Economic criteria
Legality of sourcing x
Land use efficiency
Secondary resource efficiency x
Functionality (Output service quality) x
Levelised life-cycle cost x

Social criteria
Core labour standards x
Risks for negative impacts on food prices and supply x
Land use rights x
Specific issues

Algae or bacteria production x x x
CO2 capture x x
EOL scenarios (cascading, recycling, etc.). x x
EOL criteria, e.g., minimum recycled content in product,
implemented waste management, intended cascade use x

Cross compatibility & recognition between the
certification systems x x

4. Discussion

In recent years, different strategies, policies, certification frameworks, and standards to assess
bio-based products have been developed in Europe and worldwide. In addition, the adoption of the
European Bioeconomy Strategy in 2012, various additional actions have also shaped the path of the
future BBE in Europe.

Nevertheless, need for action has remained, in particular regarding the sustainability assessment
of bio-based products. This paper presented first results regarding existing gaps in sustainability
certification and standardisation. In total, we analysed approx. 100 certification frameworks (45 in a
detailed in-depth analysis), conducted interviews with 20 international experts, and analysed a wide
range relevant standards and activities of standardisation committees in the BBE sectors. Information
on the sustainability certification landscape and the different schemes was summarised in a database
(see [24]), which is publicly available.

Interviews with experts form the starting point for the analyses of research demand regarding
certification and standardisation activities. Several topics for future research demand were identified
(e.g., to address specific products, such as, for example, bio-based polymers and lubricants) throughout
this process.

This analysis revealed an impressive number of existing certification frameworks, criteria,
indicators and applicable standards. In particular, experts from certification frameworks and
certification bodies stressed the importance of improving the existing work instead of creating
completely new criteria or even a completely new certification scheme. Quite contrarily, experts
from science, representing a more holistic understanding of sustainability, addressed a number
of specific gaps regarding principles, criteria or indicators currently not sufficiently addressed in
sustainability certification and standardisation. The assessment of current sustainability certification
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revealed seven topics with a demand for future research and development (gaps and weaknesses in
criteria and indicator sets, harmonisation in criteria assessment and operationalisation, legislation and
consensus for minimum criteria in all BBE sectors, leakage effects from EU BBE policies, new innovative,
inter-sectoral products, EOL, traceability of sustainability and certificates along the value chain).

In addition to the general standardisation needs identified during expert interviews with
standard bodies, five specific gaps regarding general criteria, criteria for the three sustainability
pillars, and several specific issues mentioned in Section 3 built the foundation for the analysis of
standardisation options and various standardisation recommendations.

Furthermore, specific recommendations related to EN 16751 standardisation activities could
be drawn. Of fundamental importance is that the standard is adopted for certification and that
certification bodies adjust their schemes appropriately. By the time of our analysis, it was too early to
observe changes in this regard. Based on the standard, specified indicators and assessment measures,
usable for auditing processes have to be developed. In line with this, thresholds are needed. The work
on indicators and assessment methods requires decisions, which solutions can be provided on the
level of this horizontal standard and which issues must be addressed by specific product standards.
Threshold issues outside the scope of EN 16751 and TC 411 make appropriate coordination with other
TCs necessary.

Recommendations to address additional standardisation gaps of the sustainability assessment for
the bio-based economy could also be drawn. Comparisons of bio-based and fossil-derived products
should be facilitated, as well as analyses, which consider at least the LCA stages, cradle to grave.
To provide LCA criteria, methods for social and economic LCA also need to be specified. In line with
land use practice in the area of bio-energy, the protection of forests and grassland should be ensured.
Regarding iLUC and carbon debt, appropriate measures have to be developed and considered by
appropriate standardisation activities. Specifications for specific EOL issues are needed as well.

Based on the horizontal standard EN 16751, suitable product standards have to be created.
Specified requirements and thresholds are needed in the relevant sub-areas of the bio-economy,
while new product areas also have to be considered appropriately. Regarding specific bio-based
products, standardised sustainability criteria and thresholds are needed, for example, for bio-based
polymers and lubricants. Bio-gasification is an additional area requiring further exploration regarding
standardisation needs. Finally, the standardisation needs of the emerging area circular economy
demand specific considerations to make cradle-to-cradle analyses of bio-based products possible.

5. Conclusions

Future research activities in the context of sustainability assessment and certification for bio-based
materials can build on a significant amount of existing certification frameworks, criteria sets, tools,
and standardisation work. It is an important challenge to adapt and improve the existing building
blocks from various sectors of the BBE to be used in a robust, reliable and trustworthy certification
approach for the future BBE in the EU.

The currently existing criteria and indicators cover a wide range of sustainability aspects.
However, we found that a number of principles and topics have not been adequately reflected so far.
The respective criteria listed on the previous page refer to all sustainability pillars of bio-based products.

In addition to the question of additional indicators, criteria and standards, the actual
operationalisation, application and implementation in certification practice seems to be carried out
very differently between the existing frameworks. In practice, this can lead to differences in quality
but also in price differences for the actual certification process. To address these points, support for the
practical implementation of tools for sustainability assessment is necessary.

Interestingly, our interviews with experts have shown individual perspectives and expectations
regarding the future development of certification and standardisation activities in the EU BBE.
Generalising, interviewed experts from science and policy have tend to focus on aspects regarding
the development of more holistic and comprehensive criteria and indicator sets (i.e., gaps regarding
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criteria and indicators) and the elimination of leakage effects (e.g., iLUC effects) from a missing level
playing field regarding the sustainability requirements between the different BBE sectors. The latter
has also been brought up by experts from industry, since this issue might also create market barriers
and distortions hindering the development of meta-standards with mutual recognitions of different
certification frameworks across the different BBE sectors. In addition, and quite contrarily to the
statements received regarding gaps in criteria sets, experts from certification schemes and certification
bodies did not see demand for additional criteria and indicators. Instead, they addressed demand for
research regarding assessment tools and guidelines which would allow for a greater harmonisation of
the actual implementation of sustainability criteria in certification practices.

Sustainability certification can be considered as one important tool to implement targets regarding
a sustainable development from public or private sector and to increase and preserve the general
societal acceptance of the BBE. In addition, sustainability assessment tools will allow providing
evidence of the claimed better environmental superiority of bio-based products, as requested by
policy makers. Currently, some of the major sustainability issues related to advanced sectors of the
BBE (e.g., the bioenergy sector) can so far not be directly addressed with the existing sustainability
certifications. For example, aspects such as indirect land use change, carbon debt, or food security risks
can often not be measured directly. In fact, they have to be modelled [42]. To complement existing
modelling activities for the quantification of iLUC risks associated with the development of a BBE,
additional research is needed to develop robust criteria and indicators for an iLUC risk assessment
during on-farm audits and certification. Secondly, the introduction of (mandatory) sustainability
criteria (including criteria related to the protection of land with high carbon content and a high
biodiversity value [11]) for all sectors of the BBE would help to create a level playing field and to
reduce associated leakage effects.

In general, certification schemes are available for products which are close to market. On the other
hand, new products (e.g., from algae) are not appropriately considered by the existing sustainability
assessment frameworks.

Finally, bio-based value chains can be long and complex and involve a significant number of
market participants, producers, suppliers, and users. For a growing economy, tools, which allow
tracing information on sustainability characteristics and certificate parameters, need to be developed.
Database solutions can help to solve this problem.

The potential research demand identified with this study covers a wide range of topics to be
addressed by different stakeholder and scientific disciplines. The topics identified can be taken up
by research consortiums and projects. A number of the topics addressed in this paper will be subject
to the research activities of the EU H2020 project STAR-ProBio, which aims to develop tools for
sustainability certification.
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Appendix A —Information on Analysed Certification Frameworks

Part of the gap assessment for this paper was based on a comprehensive review of existing
sustainability certification frameworks. In a stepwise approach, we identified sustainability
frameworks relevant for the BBE and selected ~half of the schemes identified to be analysed in an
in-depth assessment. Because of the first step, a matrix including the currently available and relevant
schemes for the sustainability certification in the EU BBE was produced. The matrix is presented on
the following pages. One of the products of our detailed analysis of the currently available certification
frameworks is a database, including all criteria and related indicators.

This database is available at: http://www.star-probio.eu/wp-content/uploads/2017/12/Star-
ProBio_certification_criteria.xlsx.
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Appendix B —Interview Guide/Questionnaire
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Appendix C —Identified Gaps and Corresponding Expert Interview Results

Table A1. Selected summary of questionnaire answers with gaps in sustainability standards
for bio-based products at standardisation issues beyond the scope of EN 16751 with emphasis
on assessment methods and thresholds for criteria of EN 16751, if they cannot be defined via
horizontal standardisation.

Identified Gap Expert Interview Answer

Assessment methods and thresholds for
criteria of EN 16751, if they cannot be
defined via horizontal standardisation

“Need for sustainability requirements (especially caps and
thresholds) for the bio-based economy as a whole (instead of
biofuels (bioenergy) only”

“Additional requirements and criteria should not be associated
with economic burdens for operators.”

“The standard EN 16571 will be revised after 5 years
automatically The committee will meet again after 4–5 years
and decide whether there is a need for revision”

“Minimum requirement for sustainable procurement (“EU
Bio-based”), for specific products (plastics . . . ) also minimum
bio-based content (“quota”) to be raised over time”

Table A2. Selected summary of questionnaire answers with gaps in sustainability standards for
bio-based products at standardisation issues beyond the scope of EN 16751 with emphasis on
assessment methods and thresholds for ISO 13065 criteria; if necessary, by additional standards.

Identified Gap Expert Interview Answer

Assessment methods and
thresholds for ISO 13065
criteria; if necessary, by

additional standards

“ISO may be the best platform to define overarching requirements and
guidelines for the definition of specific criteria. ISO 13065 gives an excellent
start for bioenergy which should be mainstreamed for other bio-based
products.”

“EN 16751:2016 might need an update taking ISO 13065 into account”

“Need for new EU Standard similar to the RED with a regulatory framework
for all supply chains dealing with biomass to ensure no-deforestation in
products entering the European market, also for food, feed and chemicals

- more obligatory criteria for products containing biomass especially
from outside the EU regarding protection of forests, grassland and
consideration of indigenous people and their rights and legality

- EU may determine best practice certification/ assessment schemes and
make specific forms and contents obligatory in such schemes

- EU to monitor existing schemes”

“RSB, ISCC, FSC® (if wood-based), may be considered to be frontrunner
schemes, but they also should benchmark themselves against ISO 13065”

“Standardization of requirements for sustainable biomass and harmonization
of certification/certification systems of sustainable biomass (ISO-Standard).
The approach of mandatory sustainability criteria for biofuels in EU could be
extended to other bio based products/markets. e.g., packaging, food, feed.”

“Increase awareness about the properties of bio-based products utilising
current European standards and labelling systems help to specify and
communicate the properties of bio-based products in a clear and
unambiguous way, thereby contributing to a level of certainty in the market.
There will continue to be an ongoing need for new standardisation and
labelling (single, unifying, identifiable) to create market certainty for the
bio-based sector.”
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Table A3. Selected summary of questionnaire answers with gaps in sustainability standards for
bio-based products at standardisation issues beyond the scope of EN 16751 with emphasis on
cradle-to-grave or cradle-to-cradle analyses of bio-based products.

Identified Gap Expert Interview Answer

Cradle-to-grave or cradle-to-cradle
analyses of bio-based products

“Better traceability along entire supply chain”
“Demand for more and standardised LCA assessment of
greenhouse gas emissions”

Table A4. Selected summary of questionnaire answers with gaps in sustainability standards for
bio-based products at standardisation issues beyond the scope of EN 16751 with emphasis on
standardisation of iLUC and related issues.

Identified Gap Expert Interview Answer

Standardisation of iLUC and
related issues

Clear demand for “criteria addressing the leakage effects from policies
and regulations for the European market to other parts of the world →
iLUC and carbon debt”

Clear demand for “criteria to address risks and leakage effects regarding
to land use change, food security, etc.”

Table A5. Selected summary of questionnaire answers with gaps in sustainability standards for
bio-based products at standardisation issues beyond the scope of EN 16751 with emphasis on standards
for the circular economy.

Identified Gap Expert Interview Answer

Standards for the circular economy
“Consumers need more clarity on “bio-based” and “biodegradation”;
more clarity on how to recycle bio-based products”

Demand for “standardised methods to measure circular issues”

Table A6. Selected summary of questionnaire answers with gaps in current sustainability certification
activities with emphasis on gaps & weaknesses in criteria & indicator sets.

Identified Gap Expert Interview Answer

Gaps & weaknesses in
criteria & indicator sets

Build on results from previous projects such as S2Biom

“No need/demand for new criteria. However, on the level of indicators,
additional work is necessary”

Demand for criteria related to “resource efficiency, bio-based content and
recyclability/biodegradation”

Demand for criteria related to “bio-based content of products; bio-based label
such as USDA bio-preferred”
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Table A7. Selected summary of questionnaire answers with gaps in current sustainability certification
activities with emphasis on harmonisation in criteria assessment and operationalisation.

Identified Gap Expert Interview Answer

Harmonisation in criteria
assessment and operationalisation

Harmonisation is needed for criteria such as: “guarantee of no
deforestation after a certain cut-off date, core labour standards, legality
of sourcing, land use rights, GHG emissions”

Main barrier for more harmonisation is “the lack of a level playing field”

“Existing criteria should be communicated better and be defined more
precisely”

“Criteria are widely available. It is more a question of the actual
implementation and acceptance”

“There seems to be no need for new criteria. More important to make
better use of existing criteria and tools”

Demand for “Better coverage of core social issues during audit. Better
risk analysis”

Table A8. Selected summary of questionnaire answers with gaps in current sustainability certification
activities with emphasis on legislation & consensus for minimum criteria in all BBE sectors.

Identified Gap Expert Interview Answer

Legislation & consensus for minimum criteria
in all BBE sectors

“It is less important to introduce “additional” criteria,
it seems more important to mainstream sustainability
requirements to all kind of biomass production. We then
might need equivalent sets for production from

- agriculture
- forestry
- waste management
- creation in laboratories and all kinds of

technical reactors”

“In contrast to schemes for bio-energy and bio-fuels,
which are acknowledged by the Bio-energy Directive,
schemes for bio-based products are entirely voluntary. There
is no legal requirement to prove that bio-based products are
sustainable”

“Sustainability requirements (especially caps and thresholds)
should be introduced for the bio-based economy as a whole
(instead of biofuels (bioenergy) only)”

“New EU Standard similar to the RED with a regulatory
framework for all supply chains dealing with biomass to
ensure no-deforestation in products entering the European
market, also for food, feed and chemicals

- more obligatory criteria for products containing
biomass especially from outside the EU regarding
protection of forests, grassland and consideration of
indigenous people and their rights and legality

- EU may determine best practice
certification/assessment schemes and make specific
forms and contents obligatory in such schemes

- EU to monitor existing schemes”

“We need sustainability criteria for ALL types of biomass
cultivation and also for food and feed. Equal changes and
equal burdens for all of them.”
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Table A8. Cont.

Identified Gap Expert Interview Answer

“Generally, all schemes can be enhanced through new
criteria that are reasonable to increase sustainable products

- obligatory criteria could help to set a baseline for all
assessment schemes requirements

- new described EU regulations support the certification
process of the whole supply chain and its actors

- new described EU regulations also give incentives to
countries and producers outside the EU to change their
habits to still be able to sell their bio-based products

- integrity and credibility of schemes must be improved
and monitored”

Need for “Standardization of requirements for sustainable
biomass and harmonization of certification/certification
systems of sustainable biomass (ISO-Standard).
The approach of mandatory sustainability criteria for
biofuels in EU could be extended to other bio based
products/markets. e.g., packaging, food, feed.”

“Develop minimum consensus for a sustainability criteria set
for the bioeconomy”

Table A9. Selected summary of questionnaire answers with gaps in current sustainability certification
activities with emphasis on leakage effects from EU BBE policies.

Identified Gap Expert Interview Answer

Leakage effects from EU BBE
policies

Demand for “criteria addressing the leakage effects from policies and
regulations for the European market to other parts of the world → iLUC
and carbon debt”

Demand for “bottom up approaches for product certification based on
risk based criteria”

“Leakage effects have to be addressed by both policies and certification”

Table A10. Selected summary of questionnaire answers with gaps in current sustainability certification
activities with emphasis on new innovative, inter-sectoral products.

Identified Gap Expert Interview Answer

New innovative, inter-sectoral
products

“For algae or bacteria production there are nearly no blueprints for
sustainability assessments”

No blueprints and frameworks for “CO2 from air by PtX”

Table A11. Selected summary of questionnaire answers with gaps in current sustainability certification
activities with emphasis on End-of-Life (EOL).

Identified Gap Expert Interview Answer

End-of-Life (EOL)

“Consumers need more clarity on “bio-based” and “biodegradation”; more clarity
on how to recycle bio-based products”

“Capture downstream assessment characteristics (manufacture and so on) right up
to the end of life options”

“Policy considerations for specific minimum requirements (bio-based content,
degradability) especially for plastics”
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Table A12. Selected summary of questionnaire answers with gaps in current sustainability certification
activities with emphasis on traceability of sustainability and certificates along the value chain.

Identified Gap Expert Interview Answer

Traceability of sustainability and
certificates along the value chain

Demand for “better traceability of sustainability information along
entire supply chain, performance also compared to non-bio”

Demand for “Performance indicators; features related to health, origin
of biomass (made in.)”

“Demand for criteria to express the value of local small value chains,
closed nutrient cycles, etc.”

“Use of databases transferring sustainability characteristics across
supply chain”

“Use of objective analysis, e.g., remote sensing tool as proof of no
deforestation and transfer of information across supply chain with
better traceability tools”

Demand for an “obligatory database to be publicly available for all
assessment/certification systems with detailed information about all
granted certificates and holders”

Appendix D —Standards Landscape—Selected Examples

Table A13. Standards landscape–Relevant standards in CEN/TR 16208.

Acronym Title Sust Envi Soci Econ

ISO 26000 Guidance on social responsibility x x x x
NTA 8080 Sustainability criteria for biomass for energy purposes x x x x
ISO 1404X Environmental management–Life cycle assessment (Series) - x - -

VDI 4431 ISO
14064

GHG–Part 1: Specification with guidance at the organization level
for quantification and reporting of GHG emissions and removals - x x -

CEN/TR 15932 Plastics–Recommendation for... characterisation of biopolymers &
~plastics - x - -

ASTM D 7075 Practice for Evaluating and Reporting Environ. Performance of BBP x x - -
ASTM D6852 Environmental Profile of Materials and Products - x - -

PAS 2050 Specification for the assessment of the life cycle - x - -
BP X30-323 General principles for an environ. communication - x - -
ISO 15380 Lubricants, industrial oils and related products . . . - x - -
SS 155434 Hydraulic fluids–Requirements and test methods - x - -
SS 155470 Lubricants, industrial oil and related products . . . - x - -

NF U 52-001 Biodegradable materials–Mulching products–Req. & test methods - x - -

Table A14. Standards landscape–Further examples.

Acronym Topic Sust Envi Soci Econ

Selected additional standards based on STAR-ProBio analyses
EN 16751 Bio-based products–Sustainability criteria x x x x
EN 16760 Bio-based products–Life Cycle Assessment x x x -

CEN/TR 16957 Bio-based products–Guidelines for LCI for the EoL phase x x - -

Standards in related areas
ISO 13065 Sustainability criteria for bioenergy x x x x

EN 16214-3 and 4

Sust. criteria for the production of biofuels & bioliquids for energy
appli-cations–Principles, criteria, indicators . . . -
3: Biodiversity & environmental aspects . . . ;
4: Calc. methods of the GHG emission balance using a LCA approach

x x

ISO/FDIS
34101-2

Sustainable and traceable cocoa beans–Part 2: Req. For performance
(related to econ., social, and environ. aspects) x x x x

ASTM E 3066a Standard Practice for Evaluating Relative Sustainability Involving
Energy or Chemicals from Biomass x x x x
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Abstract: The purpose of this paper is the assessment of the ISO 14001:2015 transition process
among Portuguese ISO 14001 certified organizations, including those that successfully have already
achieved ISO 14001:2015 certification. A considerable number of the surveyed companies proceeded
with the transition to the ISO 14001:2015 by introducing slight adjustments and were supported
by external consultants. Nearly all of the respondent companies (97%) intend to transition until
15th September 2018. The highest ranked reported benefit is the “integrated approach with other
management sub-systems” with a well-consolidated perception from the surveyed companies. This is
aligned with the ISO 14001:2015 goal of improving the compatibility of management standards
supported on the Annex SL. “Alignment with business strategy”, “improved top management
commitment” and “improved internal and external communication” are also perceived to obtain
significant benefits from ISO 14001:2015. The statistical tests carried out (Kruskal–Wallis) confirmed
that the perception of some achieved ISO 14001:2015 certification benefits is dependent on the size of
the organization. Concerning the motivations to proceed with certification, results suggest that there
is not a particular company profile that is compelled to certify their EMS based on a specific type of
motivation (Internal or External). Due to ISO 14001:2015 novelty, these exploratory results should be
subjected to additional research confirmation.

Keywords: ISO 14001; ISO 14001:2015; Environmental Management Systems; Benefits; Certification

1. Introduction

Traditional approaches aiming at environmental protection often rely on legal frameworks to
enforce measures and behaviors in organizations. The 1992 Rio de Janeiro summit on Environment and
Development with the approval of the Framework Convention on Climate Change, the Convention
on Biodiversity, the Declaration on Forests and the Agenda 21 triggered an increased international
emphasis for the development of environmental sustainability and for more environmental friendly
products and services. Within this context, the demand for voluntary environmental management
systems (EMS) certification has shown a constant rise, which has been depicted by trends of ISO
14001 international standard certification. ISO 14001 has reached 300,000 certificates in 2016 and
seems to mimic the same success path as the widely adopted ISO 9001 Quality Management System
international standard, which has more than 1,200,000 issued certificates worldwide [1]. ISO 14001 is
an International Standard supported on the assumption that better environmental performance can be
attained when environmental aspects are systematically identified and managed through pollution
prevention, improved environmental performance and compliance with applicable laws [2].

To ensure that ISO 14001 remains updated and relevant for the marketplace by addressing
the latest trends and improving compatibility with other management system standards, such as
ISO 9001, ISO revised and issued the 2015 ISO 14001 edition [3]. ISO 14001:2015 proposed some
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new and reinforced approaches, such as the adoption of the Annex SL structure; the requirement
demanding organizations to analyze their internal and internal context in order to ascertain the issues
and requirements that may impact the EMS; the assignment of specific responsibilities for leaders to
promote the EMS; more emphasis on the performance improvement by minimizing the water and
energy consumption as well as producing less emission and waste; the introduction of a life cycle
perspective that asks for organizations to extend their control and influence to the environmental
impacts ascribed to product use and end-of-life treatment or disposal; and the development of an
external and internal communications strategy to consider the reporting demanded by regulatory
agencies and the expectations of other interested parties [2].

ISO 14001 international standard was first published on 1st September 1996, which established
the requirements for EMS, including the organizational structure and the responsibilities; the planning
of the activities; the definition of practices, processes and procedures; and the allocation of resources to
plan, implement, check and improve the environmental policy [2,4–7].

In the last few decades, many companies aimed to improve the environmental performance of
their processes [8] by implementing an EMS. The theoretical literature focusing on the motivations
driving organizations to implement and certify an EMS address both external [9–11] and internal [12,13]
factors that lead companies to implement such self-regulatory mechanisms.

Additionally, there is a considerable stream of research addressing the benefits [14–24] and
the barriers [13,15–18] of ISO 14001 adoption and certification. A systematic review analyzed the
content of 48 articles published between January 2012 and April 2017 that addressed the topic of
“benefits of EMS adoption and certification”. This review provided support for this resulting in
fairly positive benefits (average 2.36 in a 1 to 5 Likert type scale) for the certified organizations,
although there were some observed variations [20]. The main reported benefits include the ability
to manage the environmental aspects more effectively and continually improve the environmental
performance; an increased environmental legislation compliance; the prevention of pollution; a lower
risk level of penalties and litigation; the improvement of stakeholder satisfaction and employee morale;
and the potential to access new markets and new business opportunities with environmentally aware
customers. This leads to both lower operating costs and new business opportunities, leveraging the
competitive position of organizations [2,13,16,18]. However, there are also some reported negative
consequences of EMS implementation and certification, such as the difficulty in measuring the EMS
efficiency, increased bureaucracy, higher costs, lack of employee and management EMS support and
the generic nature of the ISO 14001 requirements [6,15,16]. Based on an investigation of the benefits
and difficulties of adopting ISO 14001:2004 within Italian organizations, Mazzi et al. [17] concluded
that the most useful requirements of ISO 14001:2004 are “environmental aspects”, “legal and other
requirements”, “competence, training, and awareness” and “evaluation of compliance”. According to
this research, the most difficult ISO 14001:2004 requirements to comply with are “legal and other
requirements”, “competence, training and awareness”, “operational control” and “evaluation of
compliance”. These results highlight that the most difficult requirements match and concur with those
considered as the most useful ones.

Boiral, Guillaumie, Heras-Saizarbitoria and Tene [25] concluded that whereas the mainstream
literature supports the emergence of positive outcomes after ISO 14001 adoption and certification,
the research is often limited in terms of “sample, scope, variables adopted and contextual aspects”
and is essentially based on managerial perceptions, which may be influenced by respondent bias.
Additionally, according to these authors, positive and negative outcomes of ISO 14001 adoption may
co-exist (e.g., less energy and resource consumption costs, but additional bureaucracy and paperwork).

From a theoretical point of view, the adoption of voluntary management systems standards,
such as ISO 14001, can be traced back to the following theories: Freeman Stakeholder Theory [26]
focusing on the importance of a firms’ relationships with critical stakeholders, which may lead to
an improved performance by integrating business and societal considerations that subsequently
creates value for their stakeholders; Barney [27] Resource Base View Theory considering the unique
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combination of resources and capabilities (internal) of each firm allowing it to be unique and different
with improved performance compared to its competitors; and Meyer and Rowan Institutional
Theory [28] addressing the mode of behavior of institutions as a result of societal influence, which
explains why organizations converge and become similar (Fonseca et al. [29]; Tuczek, Castka and
Wakolbinger [30]). By analyzing the changes introduced in the ISO 9001:2015, Fonseca [31] pointed out
that it brings a stronger open systems approach (influence of the environment, dynamic perspective,
need for survival) when compared with the 2008 version. Due to the commonalities of both
International Standards 2015 edition, this can be generalized to the ISO 14001:2015 when compared to
the 2004 version.

As of 15 September 2018, all ISO 14001:2014 certificates will be no longer valid, so ISO 14001
certified organizations should proceed with the transition process until that date. After this time,
they should demonstrate their compliance in being successfully audited and certified accordingly to
ISO 14001:2015 international standard by a credible and recognized certification body. This is a relevant
research issue, both for scholars (since previous research did not address ISO 14001: 2015 edition) and
for practitioners (that need to migrate the ISO 14001:2004 EMS to the new edition).

As part of a broader research project to study the phenomenon of the management systems
standards certification, an empirical study, supported by an online survey, was designed, developed
and made available to the potential respondents, which had the specific purpose of gathering
knowledge of the ISO 14001:2015 transition process. The survey was carried out throughout May 2017
and yielded a total of 108 valid responses.

The next section is devoted to Materials and Methods. In Section 3, the authors present, discuss
and dissect the empirical results. Section 4 summarizes the soundest results and point out the
implications of the research.

2. Materials and Methods

Data was collected by the means of an online survey among ISO 9001 and ISO 14001 Portuguese
certified organizations by the leading Portuguese certification body. This approach is consistent
with those adopted by other researchers, such as Mazzi et al. [17]. An e-mail was sent to the
companies in April 2017, followed by a second call in May 2017. The data were collected anonymously
through an automatic online database. The sample comprised a total of 108 Portuguese organizations
simultaneously certified according to the clauses of both the ISO 9001 and ISO 14001 standards.
The overall response rate was 18%, encompassing 19 organizations already certified against ISO
14001:2015 and the remaining against ISO 14001:2004. This research is included in a broader research
project that aims to achieve deeper understanding of the phenomenon of management systems
standards certification (e.g., Hypotheses 4 and 11 relate to an ongoing parallel research addressing
Quality Management Systems—QMS). The survey was designed to include several sections, which is
shown in Table 1. The detail is presented for the sections relevant to this research. IBM Social Sciences
Statistical Package (SPSS) v. 22 software was adopted to conduct the statistical tests and calculations
(after ordinal to numerical transformation of the Likert scale type of answers). The non-parametric
Kruskal–Wallis one-way analysis of variance statistical test was used to determine whether some
variables, measured on an ordinal scale, differed based on other variables (namely those related to the
characterization of the company). Hence, the following research hypotheses were raised:

Dimension 1—Benefits

Research Statement: The assessment of some benefits derived from the implementation of the ISO
14001:2015 standard differ according to the . . .

Hypothesis 1 (H1). . . . activity sector where the organization operates.

Hypothesis 2 (H2). . . . dimension of the organization (N◦ of employees).
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Hypothesis 3 (H3). . . . exposure to international markets.

Hypothesis 4 (H4). . . . maturity (years) of the QMS.

Hypothesis 5 (H5). . . . maturity (years) of the EMS.

Hypothesis 6 (H6). . . . organizational role of the respondent.

Hypothesis 7 (H7). . . . experience (years) of the respondent.

Dimension 2—Motivations

Research Statement: The motivations (internal or external) driving organizations to implement
the ISO 14001:2015 standard differ according to the . . .

Hypothesis 8 (H8). . . . activity sector where the organization operates.

Hypothesis 9 (H9). . . . dimension of the organization (N◦ of employees).

Hypothesis 10 (H10). . . . exposure to international markets.

Hypothesis 11 (H11). . . . maturity (years) of the QMS.

Hypothesis 12 (H12). . . . maturity (years) of the EMS.

Hypothesis 13 (H13). . . . organizational role of the respondent.

Hypothesis 14 (H14). . . . experience (years) of the respondent.

Table 1. Survey structure.

Section Variable(s) ID Item Assessed Typology

1—Characterization of
the company.

Var_Num_1.1 Activity Sector Structured (S.O)
Var_Num_1.2 Dimension (N◦ of employees) Structured (S.O.)
Var_Num_1.3 International market activity (%) Structured (S.O.)

3—Environmental
Management System
(ISO 14001)

Var_Num_3.1.1 Maturity (Years) Structured (S.O.)

Var_Num_3.1.2

Transitioned to new revision (2015)

Structured (S.O.)
Var_Num_3.2.1 Structured (S.O.)
Var_Num_3.2.2 Structured (M.O.)
Var_Num_3.2.3 Structured (M.O.)
Var_Num_3.2.4 Structured (M.O.)
Var_Num_3.2.5 Structured (M.O.)
Var_Num_3.2.6 Structured (S.O.; L.S.)

Var_Num_3.3.1

Not transitioned to new revision (2004)

Structured (M.O.)
Var_Num_3.3.2 Structured (S.O.)
Var_Num_3.3.2 Structured (S.O.)
Var_Num_3.3.3 Structured (M.O.)
Var_Num_3.3.4 (a to d) Structured (S.O.; L.S.)

5—Questions relevant to the
business processes of the
certification entity.

Var_Num_6.1.1

ISO 14001

Structured (S.O.)
Var_Num_6.1.2 Structured (S.O.)
Var_Num_6.2.1 Structured (S.O.; L.S.)
Var_Num_6.2.2 Open question.
Var_Num_6.2.3 Open question.
Var_Num_6.2.4 Open question.
Var_Num_6.2.5 Open question.

6—Motivations for
certification and impacts

Var_Num_7.1 Structured (S.O.; L.S.)
Var_Num_7.2 (a to s) Structured (S.O.; L.S.)
Var_Num_7.3 (a to h) Structured (S.O.; L.S.)

8—Respondent
characterization.

Var_Num_9.1 Organizational role Structured.
Var_Num_9.2 Experience (Years) Structured.

S.O.—Single option (Solely allows the selection of one option); M.O.—Multiple option (Allows the selection of more
than one option); L.S.—Likert scale; Solely the survey items related and pertinent to this research are presented (1, 3,
5, 6 and 8).
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3. Results and Discussion

This section is devoted to the presentation and discussion of the results. The first sub-section
reports the social-demographical characteristics of the sample. The second sub-section presents the
descriptive statistics of the results (mainly summarized as a percentage per item assessed, average and
standard deviation) and in the following section, the results of the statistical tests carried out for the
validation of the hypotheses are reported and discussed.

3.1. Descriptive Statistics

The typological analysis of the respondent organizations suggests that the sample mimics and
resemble the Portuguese reality concerning business demographics. Mainly small and medium
enterprises (SMEs) operating at the product and service-oriented activity sectors answered the survey
(Figures 1 and 2).

 

Figure 1. Surveyed organizations—Breakdown by activity sector.

 

Figure 2. Surveyed organizations—Breakdown by dimension (Nº of employees).

A considerable number of the respondent organizations (62%) develop their business activities
that are mainly aimed at the Portuguese business market (Figure 3) and held the environmental
management system (EMS) certification over more than 4 years (Figure 4).
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Figure 3. International business orientation.

 

Figure 4. Surveyed organizations—Breakdown by EMS maturity (years).

When the survey was completed online, around three quarters of the respondent organizations
had not transitioned to the 2015 revision (Figure 5) due to lack of time and mandatory study and
analysis of the novel requirements (Figure 6). However, the majority of the respondent organizations
(97%) intend to proceed with the transition before the three-year transition period, with essentially
the majority of the organizations expecting to have transitioned by 15th September 2018 (Figure 7).
In addition to the major reasons pointed out previously, those organizations that did not proceeded
with the transition point out some difficulties in understanding and implementing some requirements
and the ascribed costs inherent to the transition process.

 

Figure 5. Surveyed organizations- Breakdown by transition to 2015 version.
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Figure 6. Reasons for not proceeding to the transition.

 

Figure 7. Expected date for transition.

Concerning the characterization of the individual respondent responsible for the submission of
the survey, it should be pointed out that these were mainly management system managers (Figure 8)
that held more than 11 years of experience (Figure 9).

 

Figure 8. Role of the respondent.
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Figure 9. Experience of the respondent (years).

3.2. Summarized Results

The results suggest that no particular resource/strategy was favored over other (Figure 10) and a
considerable proportion (around 77%) of the surveyed organizations that proceeded with the transition
to the ISO 14001:2015 introduced slight adjustments to the pre-existing EMS (Figure 11). Approximately
one-third of the organizations proceeded with the transition and were supported solely on the available
internal resources. The remaining organizations reported the support of external consultants, who
carried out some training sessions focusing on the ISO 14001 new requirements (Figure 10).

 

Figure 10. Resources/strategies adopted throughout the ISO 14001:2015 transition.

 

Figure 11. Changes introduced throughout the implementation of ISO 14001:2015 revision.
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Concerning the difficulties faced by the organizations (Figure 12) when implementing the new
revision requirements, approximately one-quarter of the respondents pointed out the implementation
of the life cycle perspective. Other noticeable items pointed out were: “risk management approach”,
“context–environmental conditions” and “determining results of EMS”. Regarding the most useful
concepts, nearly one-fifth of the companies found the determination of risks and opportunities, the life
cycle perspective and the mapping of the context of the organization the most relevant added values
(Figure 13).

Figure 12. Difficulties faced throughout the transition.

Figure 13. Most useful concepts throughout the transition.

Concurrently, those organizations that did not yet proceeded with the transition expect the
implementation of “life cycle perspective” requirement as the one which will present most challenges.
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Other difficulties pointed out by organizations include the “determination of risks and opportunities”,
“mapping of the context of the organization” and the assurance of the “top management involvement”
(Figure 14).

 

Figure 14. Expected difficulties throughout the transition.

Table 2 presents the items assessed by variable 3.2.6—Benefits from the implementation of
the new requirements of the ISO 14001: 2015 edition. Figures 15 and 16 display the summarized
results (average and standard deviation). The highest rated benefit pointed out by the surveyed
organizations was the “integrated approach with other management sub-systems (Num_Var_3.2.6g)”
and the small standard deviation suggests that this is a well consolidated perception from the
surveyed organizations. This result is consistent with one of the purposes of the new revision:
to improve the compatibility of the standards supported on the Annex SL. Furthermore, one should
point out the benefits of “alignment with business strategy (Num_Var_3.2.6a)”, “improved top
management commitment (Num_Var_3.2.6b)” and “improved internal and external communication
(Num_Var_3.2.6c)”. The lowest rated benefit perceived by the organizations was “less prescriptive
requirements and documentation (Num_Var_3.2.6d)”. The benefit of “improved top management
commitment (Num_Var_3.2.6b)” presented the greatest standard deviation (Figure 16), suggesting
that it is not perceived consistently among the surveyed organizations.

 

Figure 15. Benefits from the ISO 14001:2015 implementation—Average.
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Figure 16. Benefits from the ISO 14001:2015 implementation—Standard deviation.

Table 2. Assessment of the benefits from the implementation of ISO 14001:2015.

Var_ID Item Assessed Observations

Num_Var_3.2.6a Alignment with business strategy.
Num_Var_3.2.6b Improved top management commitment. (1) Not relevant
Num_Var_3.2.6c Improved internal and external communication. (2) . . .
Num_Var_3.2.6d Less prescriptive requirements and documentation. (3) . . .
Num_Var_3.2.6e Consumption and cost reduction. (4) . . .
Num_Var_3.2.6f Improved environmental performance. (5) Very relevant
Num_Var_3.2.6g Integrated approach with other management sub-systems.

3.3. Statistical Tests

The Kolmogorov–Smirnov and the Shapiro–Wilk statistical tests were used to evaluate the
normality of the distribution of the results collected (Table 3) and decide the tests to be used for
the research questions. The statistical tests show that the results did not have normal distribution
(Sigma ≤ 0.05) and therefore, the Kruskal–Wallis statistical test was used to ascertain and validate the
statistical hypotheses formulated.

Table 3. Normality tests (Kolmogorov–Smirnov and Shapiro–Wilk).

Kolmogorov–Smirnov a Shapiro–Wilk

Statistic df Sig. Statistic df Sig.

Num_Var_3.3.4a 0.224 75 0.000 0.898 75 0.000
Num_Var_3.3.4b 0.315 75 0.000 0.721 75 0.000
Num_Var_3.3.4c 0.296 75 0.000 0.772 75 0.000
Num_Var_3.3.4d 0.296 75 0.000 0.815 75 0.000
Num_Var_3.2.6a 0.298 27 0.000 0.839 27 0.001
Num_Var_3.2.6b 0.272 27 0.000 0.865 27 0.002
Num_Var_3.2.6c 0.240 27 0.000 0.872 27 0.003
Num_Var_3.2.6d 0.248 27 0.000 0.872 27 0.003
Num_Var_3.2.6e 0.272 27 0.000 0.856 27 0.002
Num_Var_3.2.6f 0.231 27 0.001 0.890 27 0.008
Num_Var_3.2.6g 0.268 27 0.000 0.783 27 0.000
Num_Var_3.2.6h 0.216 27 0.002 0.850 27 0.001

Num_Var_7.1 0.210 87 0.000 0.915 87 0.000
a Lilliefors Significance Correction.
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Tables 4 and 5 present the results from the Kruskal–Wallis statistical test (Asymptotic Sigma).
The results (Table 4) suggest that the benefits of “Num_Var_3.2.6a—alignment with business strategy”,
“Num_Var_3.2.6b—increased commitment from Top Management” and “Num_Var_3.2.6f—improved
environmental performance” are strongly influenced by the size of the organization (N◦ of employees)
(p < 0.1). Essentially, the alignment with business strategy seems to be perceived mainly by
medium- and large-sized organizations, while the increased commitment from Top Management and
improved environmental performance are mainly perceived by small- and medium-sized organizations.
Moreover, the perception regarding the benefit of “Num_Var_3.2.6d—less prescriptive requirements
and documentation” seems to be dependent on the international exposure of the company to the
international market as companies operating mainly in the internal market rate this benefit higher.

Table 4. Benefits from the implementation of ISO 14001:2015 (SPSS Kruskal–Wallis test outputs).

Tested Variable

Var_3.2.6a Var_3.2.6b Var_3.2.6c Var_3.2.6d Var_3.2.6e Var_3.2.6f Var_3.2.6g

Grouping
Variable

Var_1.1 0.432 0.555 0.727 0.254 0.313 0.375 0.390
Var_1.2 0.066 * 0.078 * 0.263 0.537 0.264 0.061 * 0.239
Var_1.3 0.965 0.185 0.584 0.067 * 0.167 0.197 0.922

Var_2.1.1 0.336 0.044 ** 0.451 0.014 ** 0.029 ** 0.024 ** 0.955
Var_3.1.1 0.179 0.132 0.306 0.272 0.225 0.218 0.545
Var_9.1 0.248 0.868 0.865 0.351 0.375 0.386 0.478
Var_9.2 0.736 0.589 0.339 0.531 0.869 0.782 0.685

* Statistically relevant at p < 0.1; ** Statistically relevant at p < 0.05.

More robust results were achieved when testing the variable of “Num_Var_7.1—internal or
external motivations” to proceed with certification (Table 5). The results suggest that none of the
grouping variables impact significantly on the overall results as the differences within the different
sub-groups comprising each grouping variable are not statistically relevant. This consistency within
the results point out that there is not a peculiar company profile that is compelled to certify their
management sub-systems based on a peculiar type of motivation (Internal or External), which is
consistent with the generic approach of the meta-standards.

Table 5. Motivations for certification (SPSS Kruskal–Wallis test outputs).

Tested Variable

Var_7.1

Grouping Variable

Var_1.1 0.203
Var_1.2 0.962
Var_1.3 0.507

Var_2.1.1 0.299
Var_3.1.1 0.529
Var_9.1 0.356
Var_9.2 0.102

* Statistically relevant at p < 0.1; ** Statistically relevant at p < 0.05.

Table 6 summarizes the validation of the several research hypotheses raised and pertinent to
this research.

241



Sustainability 2018, 10, 781

Table 6. Validity of the research hypotheses.

Dimension Research Hypotheses Validity Comment

Assessment of ISO
14001:2015 Benefits

H1 × Not confirmed. activity sector where the organization operates
H2

√
Confirmed. dimension of the organization (N◦ of employees)

H3
√

Confirmed. exposure to international markets
H5 × Not confirmed. maturity (years) of the EMS
H6 × Not confirmed. organizational role of the respondent
H7 × Not confirmed. experience (years) of the respondent

Motivations

H8 × Not confirmed. activity sector where the organization operates
H9 × Not confirmed. dimension of the organization (N◦ of employees)
H10 × Not confirmed. exposure to international markets
H12 × Not confirmed. maturity (years) of the EMS
H13 × Not confirmed. organizational role of the respondent
H14 × Not confirmed. experience (years) of the respondent

4. Conclusions

More than 75% of the surveyed organizations proceeded with the transition to the ISO 14001:2015
by introducing slight adjustments to the pre-existing EMS, 37% were supported by external consultants
and the remaining 63% proceeded with the transition solely supported on available internal resources.
ISO 14001:2015 training was also extensively promoted and carried out. By May 2017, approximately
three quarters of the respondent organizations still had not attained ISO 14001:2015 certification, which
was reportedly due to lack of time and the mandatory study and analysis of the novel requirements.
However, 97% of the organizations intended to transition by 15 September 2018.

The respondents considered that the most useful concepts of ISO 14001:2015 were the
“determination of risks and opportunities”, the “life cycle perspective” and the “mapping of the
context of the organization, which is aligned and supports the intended added value of the new ISO
14001:2015 approaches. Simultaneously, some of these concepts were also reported as the hardest
difficulties to overcome by the organizations when implementing or transitioning to the 2015 edition of
ISO 14001, which were namely the implementation of the “life cycle perspective”, “risk management
approach”, “context–environmental conditions” and “determining results of EMS”. Due to the novelty
of ISO 14001:2015 and the fact these requirements were not included in the previous ISO 14001:2014
edition, we cannot discuss these results compared to existing literature. However, these conclusions
seem to be aligned and concur with the notion that the requirements usually most difficult to comply
with are those also considered the most useful, which was expressed by Mazzi et al. [17] (Italian
ISO 14001:2004 certified companies). Similarly, the reported results in the current paper suggest a
correspondence between usefulness and difficulty of some EMS requirements of the ISO 14001:2015.

The highest ranked benefit is “integrated approach with other management sub-systems”, which
seemingly is a well-consolidated perception from the surveyed companies (low score of the standard
deviation). This result supports one of the major ISO 14001:2015 objectives: the improvement
of the standards compatibility supported on the Annex SL. Furthermore, this is aligned with the
conclusions of Domingues et al. on the relevance of Integrated Management Systems [32]. “Alignment
with business strategy”, “improved top management commitment” and “improved internal and
external communication” also achieved high rankings, while the lowest rated benefit perceived by the
organizations was “less prescriptive requirements and documentation”. The benefit of “improved top
management commitment” (due to its high standard deviation) is not perceived consistently by all the
surveyed companies.

The results from this research highlight that the perception of some achieved ISO 14001:2015
certification benefits varies according to the organization size. The alignment with business strategy
seems to be perceived mainly by medium- and large-sized organizations, whereas the increased
commitment from Top Management and improved environmental performance are mainly perceived
by small- and medium-sized organizations. Small organizations are usually considered to be more
flexible, but less formal and strategic than larger organizations, which might explain these results.
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Moreover, medium- and large-sized organizations are more pressured by higher stakeholder scrutiny
and therefore, are more accustomed to performance measurement.

Concerning the “internal or external motivations” for proceeding with certification, the results
indicate that the differences due to activity sector, organizational dimension, exposure to international
markets, the maturity of the EMS and the respondent profile are not statistically relevant. This suggests
that there is no specific company profile that is compelled to certify their EMS based on a specific
type of motivation (Internal or External), which is consistent with the generic approach of the ISO
international meta-standards.

In summary, the results of the statistical analysis highly that in May 2017, only one-quarter of
ISO 14001 certified Portuguese organizations had successfully proceeded with the ISO 14001:2015
transition, although 97% of the companies intended to transition by 15th September 2018. The results
show that surveyed organizations benefited from the ISO 14001:2015 implementation and the adoption
of the new and reinforced requirements, such as determination of risks and opportunities; the mapping
of the organizational context and stakeholder identification; and the adoption of the life cycle
perspective. Such benefits enhance the environmental performance of the organization and improve
the compatibility with other management system standards, such as ISO 9001. According to the
statistical tests, the perception of some achieved ISO 14001:2015 certification benefits varies with
the size of the organization, whereas the motivation to proceed with certification is independent of
organization profile.

These results are valuable for managers and practitioners as they identify the ISO 14001:2015
transition strategies, the most useful requirements and the major obstacles to be overcome as well
as pointing out priorities to successfully achieve the transition and maximize the benefits of ISO
14001:2015 adoption. Another interesting conclusion is the relevance of the training made available to
the employees (addressing the novel ISO 14001:2015) and the use of external consultants for supporting
the transition process. This is consistent with the conclusions of previous research that stressed the
importance and criticality of the knowledge of environmental impacts and the need for training and
consulting to overcome the difficulties in implementing an EMS [21].

Concerning the limitations of this research, although it addresses a wide range of activity sectors,
it is restricted to ISO 14001 certified organizations in Portugal. Additionally, our research suffers
from the limitations of the survey methodologies and the potential subjective and biased point of
view from the respondents. The analysis of the survey results suggests that it matches (i.e., properly
represents) the population, since the distribution of the companies’ sample profile is consistent with
the population. “Wave analysis” was also adopted to compare the results from late respondents and
early respondents [33], with the results showing no significant differences. Thus, this means that there
is a minimal possible error from non-respondent bias.

As ISO 14001:2015 implementation is still in the early phase, these exploratory results should be
subject to further research confirmation, preferably with a larger sample size and eventually assessing
the maturity level attained by the resulting integrated management system [32]. It should be interesting
to explore the differences between ISO 14001:2015 and ISO 14001:2004 pros and cons, considering
different organizations’ sizes, sectors and EMS maturity. The assessment of the environmental
outcomes (benefits) of ISO 14001:2015 EMS, its integration with other management systems and
the extension of this research to other countries would be also desirable for assessing the possible
generalization of these findings.
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