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Abstract

Bioeconomy is proposed as a solution to reduce reliance on fossil resources. However,
bioeconomy is not always inherently circular and can mimic the conventional take, make,
consume, dispose linear economic model. Agricultural systems will be relied on to pro-
vide food, materials, and energy, so unless action is taken, demand for land will inevi-
tably exceed supply. Bioeconomy will have to embrace circularity to enable production
of renewable feedstocks in terms of both biomass yield and maintaining essential natu-
ral capital. The concept of biocircularity is proposed as an integrated systems approach
to the sustainable production of renewable biological materials focusing on extended use,
maximum reuse, recycling, and design for degradation from polymers to monomers, while
avoiding the “failure” of end of life and minimizing energy demand and waste. Challenges
are discussed including sustainable production and consumption; quantifying externalities;
decoupling economic growth from depletion; valuing natural ecosystems; design across
scales; renewable energy provision; barriers to adoption; and integration with food sys-
tems. Biocircularity offers a theoretical basis and measures of success, for implementing
sustainable circular bioeconomy.
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Circular Economy and Sustainability

Introduction

Current economic models and a “business-as-usual” approach have become incompat-
ible with a prosperous, safe future for humanity [1]. Modern society is reliant on fossil
fuels for food, industry, and infrastructure, with most societies relying on economic growth
driven by a take, make, consume, dispose model. The bioeconomy has been defined by the
European Union as “...all sectors and systems that rely on biological resources..., their
functions and principles [including] land and marine ecosystems and the services they pro-
vide...all economic and industrial sectors that use biological resources and processes...”
[2]. However, early bioeconomy innovations replaced oil- or mineral-derived materi-
als with biologically derived materials [3], introduced valorization of waste streams [4],
and bioenergy [5]. All potentially lead to increased exploitation of already unsustainably
utilized natural resources [6]. Under these circumstances, demand for products places a
proportional pressure on natural resources, even if the whole process becomes more eco-
efficient (i.e., less impact per unit output) [7]. It is necessary to break the link between
economic growth and resource depletion [8] and to recognize the biosphere does more than
simply provide physical commodities. Ecosystems provide a suite of benefits, but only a
subset of their value is captured by the conventional economic system, the remainder being
described as “silent” and “invisible” [9]. Further damage to ecosystems will have severe
economic impacts [10].

Sustainable bioeconomy requires renewable resources that will remain available on an
ongoing basis. For biological resources, mere stock replacement has been interpreted as
renewable feedstock, with actors simply assuming crops are renewable [11], when it is the
stock of underpinning natural capital that should be considered [12]. The replacement rate
for a given biomass resource is dependent on the underpinning stock of natural capital. If
the necessary natural capital assets are lost or degraded or biomass extraction exceeds the
rate of replacement, long-term ecosystem service flow will be compromised. Under these
conditions, a feedstock is not sustainable and should not be considered renewable, regard-
less of biological regeneration time. A critical question for bioeconomy is how much biore-
source can be harnessed or alternatively the maximum ecosystem service flow that can be
realized, without impeding long-term regeneration and without decreasing other irreplace-
able ecosystem services? The bioeconomy is as vulnerable as other economic systems to
perpetuating common failures of the past century, particularly increasing the flow of mate-
rial services from the biosphere to society at the expense of regulating, maintenance, and
cultural services [11], at a global level.

Circular economy should decouple economic growth from resource use by lifetime
extension, increased use intensity (e.g., by longevity, sharing and rental), reuse, repair,
reverse logistics, remanufacture, recycling, and valorization whilst maintaining value,
thereby minimizing waste and promoting regeneration [13]. This means that to keep pace
with increasing demand due to population growth and lifestyle patterns, humans should use
fewer virgin materials because more materials are kept in circulation and less are wasted
[14]. Circular economy should also support the regeneration of natural systems to undo the
harm of the last two centuries [15], but this has not been a focus of academic inquiry [16].

Circular bioeconomy “...focus[es] on the sustainable, resource-efficient valorization of
biomass in integrated, multi-output production chains (e.g., biorefineries) while also mak-
ing use of residues and wastes and optimizing the value of biomass over time via cascad-
ing...” [17]. Theoretically, circular bioeconomy is an approach that can provide society
with a sustainable future by allowing economic growth within the planetary boundaries
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and decoupling demand from resource extraction, but fears have been expressed that it will
increase pressure on natural ecosystems [18]. To make sustainable circular bioeconomy a
reality, a deeper understanding of what it really means must be developed among all stake-
holders. The International Standards Organization Technical Committee 323 (ISO/TC323
[19]) on standardization in the field of circular economy will provide some agreed defini-
tions to aid understanding. However, many of the concepts of circular and bio-economy
overlap and no single approach can work everywhere, for everyone [20]. This means time-
and site-specific solutions will need to be designed to fit each circumstance and exceed cur-
rent visions of the bioeconomy [21].

The only way to achieve a truly sustainable, circular bioeconomy is to embrace all ele-
ments of circularity including eco-design of products, use of processes, and services that
drive integrated systemic thinking, targeting sustainable production and consumption of
renewable biological materials and prioritizing maintenance and enhancement of natural
capital. It is necessary to move from a theoretical combining of bioeconomy and circular
economy to a framework of concepts and metrics that allow stakeholders to plan for sus-
tainable circular bioeconomy. This theoretical work develops from recent discussion of cir-
cular bioeconomy, considering opportunities and limitations [22], its role [17], and drivers
[23]. A means of knowing when a material or product is contributing to sustainable, circu-
lar bioeconomy is required. A formal conceptual framework, called biocircularity, is out-
lined that defines fundamental attributes of the continuum from feedstock through mate-
rial to objects (i.e., useful products) for sustainable, circular bioeconomy and provides an
unambiguous framework against which all actors and stakeholders can plan and implement
sustainable, circular bioeconomy developments. The term biocircularity is not intended as
an alternative descriptor of sustainable circular bioeconomy, but as a means of assessing
when a system or technology change or innovation will contribute towards decoupling use
from resource extraction and its impacts. Important challenges to be overcome to develop a
holistic understanding of a mature economy that meets the needs of society and the planet
are discussed.

The Concept of Biocircularity

The concept of biocircularity is proposed to provide an unambiguous framework against
which all actors and stakeholders can plan and implement circular bioeconomy innovations
for materials and products. The relationships between stages in a circular bioeconomy are
outlined in Fig. 1. Biocircularity has six quantifiable attributes that can be defined using
unambiguous criteria (Table 1):

1. The primary feedstock (also referred to as a resource) is of biological origin but is not
extracted from a carbon sink such as coal or peat that has been subject to short- or long-
term physical transformation. The primary feedstock should be organic matter com-
prised of recently living cells or a chemical substance emitted from a living organism.
This is a classifiable attribute of the system that can be recorded using standard stock
inventory and flow methods. The geographical location of feedstocks, as well as extent
and condition of natural capital stocks, should also be recorded to account for spatial
variation in natural capital (stocks, condition, and flows).

2. The primary feedstock is renewable and should not deplete natural capital where it is
produced. Usable metrics include land use, water use, and greenhouse gas emissions
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Fig.1 The relationships between feedstock, material, and objects in a circular bioeconomy (source: the
authors)

[24], but a much wider range is available [20]. Many of these can be measured using life
cycle assessment methods [25] or earth system models [26]. There is ongoing develop-
ment of natural capital accounting methods [27] that could also be applied to measure
this attribute as well as methods such as ecological footprint [28], but this has some
serious shortcomings for use in the context of biocircularity [29].

3. Materials (derived from primary resources, matter from which objects are made) are
designed for extended life. Materials (monomers, polymers, composites) produced from
the feedstock should be designed to be suitable for objects that can have extended use
and reuse before becoming too degraded for their primary purpose (the green cycle in
Fig. 1). The material degradation time can be used to determine if it will minimize pres-
sure on primary feedstocks to allow low impact, renewable management. The greater the
demand for a material, the longer it will have to remain in an (almost) closed cycle of
transformations to minimize adverse impacts on natural capital from excessive extrac-
tion. Mass flow analysis methods have already been shown to be suitable for this type
of measurement [30]. Furthermore, the technology used to make the primary materials
from feedstocks should enable maximum valorization of all component parts of the
feedstock. The goal should be zero resource loss, which is measurable using mass bal-
ance methods. As the circle is closed, primary materials will increasingly be replaced
by secondary materials recovered from existing objects (Fig. 1). In practice, a perfect
system is unlikely to be possible, so important metrics describing resource use efficiency
will be required, both for specific feedstock/material combinations [31] and at the cor-
porate level [32].
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4. Objects (useful products) are designed for extended life and circularity. Objects made
from the material(s) should be designed to maximize (a) lifetime; (b) reuse; (c) repair;
(d) remanufacture; (e) recovery of components; (f) recycling; (g) useful resource extrac-
tion; and finally (h) energy extraction. The processing system that creates objects must
be designed to do more than merely cascade the biomass [17]; rather, it must minimize
energy demand, losses, emissions, material degradation, mass loss during use cycles,
and minimum loss/energy demand during the transition from one material/product to
the next. This means that a feedstock and the primary materials must be developed
using a holistic design that considers the primary use of the object and the secondary
use of the materials from which it is made. There are now a wide range of “design for
sustainability” methods proposed [33] and energy and material flow analysis tools [34]
that can be used. All have shortcomings, but these design methods and measurement
methods (such as LCA) should be used to understand and measure this attribute. Several
index methods such as repairability [35, 36], recyclability [37], and recovery could be
further developed. There is a need for transdisciplinary research to develop holistic
design methods and measures of success.

5. A circular business ecosystem of consumers, producers, businesses, and natural
resources is required. Subsequent re-processing of components and recycled objects
should be part of a designed cascade with planned development of secondary objects
(also useful products) and a circularity ecosystem for planned management of recycling
and recovery. This must account for the degradation of materials such that depolymeriza-
tion will be necessary to allow processing to secondary materials. Design of reuse and
recycling and recovery should have minimum energy requirements. Theoretically, the
difference between market demand and sustainable primary feedstock supply provides
an indication of how much mass would need to remain in closed-loop circulation within
the economy, which would allow calculation of the time materials should stay in circula-
tion, or the number of cycles required, prior to energy extraction and end of life. While
material flow analysis can be used for these calculations, at present methods do not exist
to reliably measure this attribute, so research is required, but it is a solvable problem.

6. Failure of the end of life of materials is avoided. The cycling/cascade of the circularity
ecosystem should aim to avoid the “failure” of end of life for as long as possible. When
degradation has driven materials to be unusable for products or recovery of materials
as secondary feedstocks, remaining energy can be extracted, and residue returned to
the biosphere sink. In a theoretically perfect system, this step never happens. The gap
between the current situation and the ideal can be quantified by measuring, registering,
and recording all materials that are incinerated, land-filled, or used for energy supply
using material flow analysis [32]. This measurement can be built on existing regulation
and monitoring to maintain oversight of end-of-life disposal.

The Challenges

To make sustainable, circular bioeconomy a reality that will help countries meet national
resource requirements within the ceiling of the planetary boundary, from the foundation
of minimum social standards [38] and meet UN Sustainable Development Goal targets
(Table 2), biocircularity raises some important challenges. Biocircularity is difficult to
achieve because of the need to create value networks and markets into which the feedstock/
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Table 2 Some of the relationships between key UN Sustainable Development Goal targets and biocircular-
ity. Other relationships can be identified, but this table focuses on some of the most direct linkages

Key SDG and targets Observations related to biocircularity

SDG2: End hunger, achieve food security and improved nutrition and promote sustainable agriculture

2.1 A key challenge for biocircularity is to ensure com-

22 petition between food and bioeconomy does not
adversely impact nourishment, hunger, and food
security

2.3 Bioeconomic production should not mask indicators

24 related to food production. The food first prioritiza-

tion is required by biocircularity
SDG?7: Ensure access to affordable, reliable, sustainable, and modern energy for all

7.2.1 While biocircularity defines recovery of energy from
materials as a last resort, any bioenergy recovered
will be renewable according to the strict definition
proposed

SDGS: Promote sustained, inclusive, and sustainable economic growth, full and productive employment,
and decent work for all

8.4.1 Biocircularity should aid in promoting global
847 resource efficiency, however, material footprint
indicators should explicitly separate bio and fossil
materials to better indicate transition to sustain-
ability
SDG9: Build resilient infrastructure, promote inclusive and sustainable industrialization and foster
innovation

All indicators The indicators used do not distinguish between infra-
structure that supports linear, fossil economy and
that designed for sustainable circular (bio)economy.
Separation of bio and fossil economy and linear
and circular infrastructure would be more useful
to indicate sustainability. Biocircularity offers the
definitions and measurements required to create the
necessary datasets

SDG10: Reduce inequality within and among countries

All indicators Separation of bio and fossil economy and linear
and circular infrastructure would be more useful
to indicate sustainability. Biocircularity offers the
definitions and measurements required to create the
necessary datasets

SDG11: Make cities and human settlements inclusive, safe, resilient, and sustainable

11.6.1 A critical factor for the success of sustainable circular

1l.a bioeconomy will be the infrastructure developed
to circular material from urban environments back
into the material and object processing cycles. Data
on separation, segregation, and direction to reuse
and recycling are essential. Biocircularity offers the
definitions and measurements required to create the
necessary datasets

SDG12: Ensure sustainable consumption and production patterns

12.1 National scale action for material and object level
circularity management is required. If companies
work using biocircularity, 12.1 will be easier to
achieve because biocircularity offers the definitions
and measurements required to create the necessary
datasets
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Table 2 (continued)

Key SDG and targets Observations related to biocircularity

12.2 Material footprint indicators should explicitly
separate bio and fossil materials to better indicate
transition to sustainability. To support sustainable
circular bioeconomy, bio and fossil and linear and
circular should be separated into different targets

12.3 Management of food loss and waste will be easier
to achieve with biocircularity because it promotes
sustainable use of all land and feedstock and mate-
rial resources in an integrated manner

12.5 Targets prioritize recycling over reuse, use inten-
sification and repurposing, which is contrary to
priority of circular bioeconomy. Biocircularity
definitions and measurements will make it possible
to create the necessary datasets for better indicators

12.6 Companies using biocircularity as a yardstick for
measurement and ambition are more likely to have
meaningful sustainability reporting

12.8 Biocircularity offers the definitions and measure-
ments required to create the necessary datasets to
provide the reliable information needed to achieve
the target

SDG13: Take urgent action to combat climate change and its impacts

All indicators While biocircularity does not prioritize climate
impact, it is an integral component of the concept,
and a biocircular system should be aligned with all
targets, because biomass production depends on
a safe and stable environment, including climate,
that can support consistent ecosystem service flows
over time

SDG 15: Protect, restore, and promote sustainable use of terrestrial ecosystems, sustainably manage
forests, combat desertification, and halt and reverse land degradation and halt biodiversity loss

15.1 The use of natural capital concepts to define the
sustainability of the feedstock supply directly
addresses this target

15.3 Biocircularity requires feedstock to be renewable
and ideally regenerative through the maintenance
and enhancement of natural capital. Biocircularity
should be a driver for meeting this target

15.5 While biocircularity is not concerned with specific
species, adopting the principles will reverse habitat
loss and reduce pressure on threatened species

15.6 Closely related to the Convention on Biological
Diversity (CBD). Biocircularity is expressed in
terms of resources, flows, and impacts, but goes
hand-in-hand with social equality, ethics and fair
access. These issues need to be considered in the
future

15.9 Biocircularity definitions and measurements will
make it possible to create the necessary datasets
for integration of sustainable circular bioeconomy
with local and national ecosystem and biodiversity
planning and regulation
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material/object triple fits and the need to define the space and time over which to measure
impact. The key challenges and some suggested solutions are discussed below.

Challenge I: Defining and measuring sustainable production and consumption across
all uses of land, sea, and natural capital stocks. The Sustainable Development Goal
12 (Ensure sustainable consumption and production patterns) definitions and indica-
tors represent a political compromise that is not specific enough to meet this challenge.
A working definition of a sustainable, circular bioeconomy is an economy that main-
tains or enhances natural capital while using sustainably produced biological feedstocks
to provide materials and services that systemically maintain a circular flow of materi-
als and objects with the intention of avoiding the failure of end of life. The route to a
solution for this challenge includes finding the willingness to agree and use the word
“sustainable” in an unambiguous way [39] (remove the greenwash and adopting the
principles of strong sustainability) and agreeing evaluation methods for circularity and
absolute impact. It will be necessary to agree rules and methods to measure the balance
of production and consumption through space and time to quantify the gap between the
amount of sustainable feedstock (and thus raw materials) available to society and the
demand for those materials. This gap is indicative of the amount of material that needs
to circulate and the rate of end-of life loss that can be associated with a sustainable, cir-
cular bioeconomy.

Challenge 2: Quantification of externalities and valuation of impacts and natural capi-
tal to place ecosystems at the heart of the bioeconomy. Quantification is necessary to
direct and measure transformation from business as usual to sustainable circular bio-
economy. Impact valuation methods [40] need to be mainstreamed in all business plan-
ning and reporting (in the context of SDG target 12.6.1), which means the boundary
for measurement or assessment is extended to encompass much more than the econom-
ics of the business and some societal agreement can be reached about the values, mor-
als, ethics, and preferences used for such measurements. The route to a solution for this
challenge requires stakeholder agreed methods for natural capital accounting [41, 42]
and ways to capture the multiple values (e.g., intrinsic, utility, relational, bequest) of
ecosystem services [43] to address SDG target 15.9, to integrate ecosystems and bio-
diversity values into national and local planning, and to “implement and report on Sys-
tem of Environmental-Economic Accounting (SEEA) accounts” [44]. This will permit
the mainstream prioritization of regulating and cultural ecosystem services over the
satisfaction of demand and the development of systematic environmental information
tracking to allow companies to understand the cycles and cascades necessary to develop
biocircular products. Methods used at national scale such as the Circularity Gap reports
[45], and the Eurostat Material Flow Analysis [46] can form the foundation for over-
coming this challenge.

Challenge 3: Decoupling of economic growth from consumption and degradation of
biological resources and natural capital associated with feedstock production. Evi-
dence is accumulating to suggest that bioeconomy does not cause this decoupling
by default. For example, policy to promote biofuels has generated demand resulting
in deforestation and conversion of crop systems that cause carbon and biodiversity
impacts [47, 48]. Furthermore, some critical natural capital assets provide ecological
functions and services that are poorly substitutable so their loss can never be justi-
fied [49]. Removal of subsidies for fossil fuel (SDG target 12.C) is necessary but
does not go far enough. The route to a solution for this challenge requires (1) balanc-
ing the cost of biocircularized products relative to the subsidized fossil economy by
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factoring in the cost of ecosystem services and damage to natural capital for busi-
ness-as-usual product and services; (2) mapping how economic growth can be driven
by activity in circular loops rather than by raw material consumption; (3) designing
innovative economic instruments that internalize the value of natural capital; and (4)
preventing non-exchangeable capitals being used for offset measures.

Challenge 4: Integration across scales. Four scales can be identified (i) the techni-
cal production of chemicals and materials; (ii) the technical production of products
and objects; (ii) the operation of companies and sectors; and (iv) national and inter-
national trade, political, and social systems. For the principles of biocircularity to
drive transition, integration is required over all four scales. Technical innovations at
material or object scales will mean little unless companies develop biocircular busi-
ness ecosystems, and these will not drive large scale transition unless integrated into
global agreements. While biocircularity is well aligned with Sustainable Develop-
ment Goal 12 (Responsible consumption), the route to a solution for this challenge
should start with (1) using the principles of biocircularity to analyze new ideas from
a very early stage so that new innovations (e.g., up to TRL 3) are not developed
in isolation from the problems they will solve and the context of their deployment;
(2) analyzing “solutions” in terms in the context of the continuum from feedstock to
material to object to company to looping companies to national economy to global
economy; (3) all solutions being analyzed from cradle (the biosphere) to cradle in
the context of a verifiable value chain; and (4) developing and using new design tools
created with biocircularity in mind.

Challenge 5: Fair access to and fair utilization of natural resources. Natural capital is
spatially specific but provides both local and global public goods, e.g., rainforests are
home to indigenous communities and have a role in global hydrological cycles. The
eco-ethical implications are significant [50], reflected in SDG target 15.6, and the Con-
vention on Biological Diversity (CBD) [51] has been signed by all but four UN member
states with a commitment to sustainable use of the components of biodiversity and the
equitable sharing of the benefits derived from the use of genetic resources. CBD pro-
vides an established, international route to fair access considering the rights of many
stakeholders but is not sufficient to achieve the targets of Sustainable Development Goal
10 (Reduced inequalities), to empower and promote inclusion for all and Sustainable
Development Goal 15 (Life on land). This is perhaps the biggest challenge biocircular-
ity faces because it requires an upheaval of how individuals, companies, governments,
and society think about right of access and use of resources associated with land owner-
ship. The route to a solution for this challenge should start with finding ways to incorpo-
rate pluralistic values and community values with business, economic, and governance
frameworks. There is also a need to research ways of combining existing methods for
holistic social assessment of circular economy [52].

Challenge 6: Management of renewable energy provisioning. With current design
and technology, the energy demand for reuse, recovery, and recycling of materials
and objects is perhaps greater than the energy demand associated with using virgin
raw materials. This issue has led to the suggestion that circular economy is akin to an
unachievable perpetual motion machine [53]. This limitation will be reduced in propor-
tion to the amount of carbon neutral renewable energy harnessed globally. Removal of
subsidies for fossil fuel (target 12.C) is an essential step to meeting the challenge. The
route to a solution for this challenge requires (1) design for minimum energy demand
for circularity; (2) maximizing renewable energy supply perhaps with limited require-
ment for biofuels; and (3) the elimination of fossil fuels.
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Challenge 7: A clear transition pathway to circular bioeconomy. Transition theory lies
at the intersection of political science, sociology, and management theory, with con-
tributions from natural sciences, engineering, economics, and geography [54]. Theo-
ries emerge from historical transitions, success and failure stories, policy analysis, and
analysis of social groups (e.g., business communities or grassroots movements). The
problem faced by sustainability transition is that it must happen over the long term and
a wide area, so short-term changes at specific locations do not seem to make much dif-
ference or may not even be seen as successful because the multi-dimensional nature of
sustainability makes the likelihood of a failure quite possible. The route to a solution
for this challenge will require transdisciplinary collaboration that addresses time, scale,
scope, direction, system, and technology associated with the large socio-technical sys-
tems that enable urbanized, industrial societies to thrive. It will also require quantitative
data and robust models on which to build decision-making. Two key issues need to be
addressed by multi-disciplinary research groups supported by both public and private
sector funds: (1) development of a biocircularity design ethos that can be integrated
with all actors and stakeholders of the bioeconomy and (2) codesign of a number of
situation specific transition pathways from early twenty-first century business-as-usual
to a sustainable, circular bioeconomy prioritizing holistic system design, social justice,
and restoration of natural capital.

Challenge 8: Integrating biocircularity with the food system. Competition for space to
balance food production whilst not depleting natural capital will need to be managed to
enable a sustainable circular bioeconomy. While the problem is wicked [55], the high-
level principles for constraining a solution are definable. A route to a solution for this
challenge includes (i) finding and eating diets that minimize the land area needed to
feed the global population a nutritious, healthy diet with minimum impact on natural
capital (to meet the demands of SDG targets 2.1, 2.2, 2.4, 12.8, 12.C); (ii) estimating
the prioritization of non-food feedstocks to provision society with its non-food needs
(to meet the demands of SDG target 12.2); (iii) estimating the maximum provisioning
from the food system within the limits of sustainable agriculture and minimization of
wasted food (to meet SDG target 12.3); (iv) for the remaining land area and considering
co-product streams from the food land area, estimating the maximum optimum provi-
sioning that can be achieved within the limits of sustainable agriculture; (v) estimating
global demand for non-food materials that can be provided by the bioeconomy; and (vi)
calculating the amount of fossil-derived material currently in the technosphere that will
have to pump-prime circularity in order for human society to be provisioned within the
limits of end-of-life losses (related to SDG target 12.5) and sustainable production. Even
at a crude level, these calculations would provide an estimate of the gap between current
demand and sustainable consumption, which would indicate the degree to which biocir-
cularity can enable sustainable society and how much behavior change will be required.

Concluding Remarks

For sustainable, circular bioeconomy to work a balance is needed between the production
capacity provided by the natural environment (the biogenic carbon feeding the circular bio-
economy [56]) and demand for materials, energy, and products. Ultimately, the amount of
material in circulation has to buffer the difference between safe supply and current demand.
If circular bioeconomy remains a poorly understood concept, with ill-defined limits, poorly
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defined measurements, a plethora of alternative assessment protocols, and few clear meas-
ures of success, it is susceptible to accusations of either greenwash or collapse of the
ecosystem services relied on to support the economy before transitions are possible. At
present, society lacks the data and means of analysis to manage transition to sustainable
circular bioeconomy. Biocircularity provides a firm foundation for defining and measur-
ing by considering sustainability in terms of natural capital from local to global scale and
offering the basis for quantifying both circulations and impacts, rather than relying on one
or more eco-efficiency metrics related to a specific function. The concept of biocircularity
brings the challenges faced to achieve a sustainable, circular bioeconomy into sharp focus.
Governance, policy, resources, research, and human effort should be devoted to achiev-
ing successful sustainable, circular bioeconomy by using biocircularity as the framework
for measuring success. All stakeholders need to move towards a coherent understanding
of what is needed to move society to a sustainable footing. To date, much of the scientific
literature and commercial developments of circular bioeconomy have focused on waste val-
orization, i.e., processing feedstocks into useful materials or energy or simply displacing
mineral feedstocks with biological feedstocks, regardless of whether either can be created
or used sustainably. This approach is clearly not enough as it will not decouple production
from consumption and impact and will not place inherently unsustainable production sys-
tems, such as the current food system, on a sustainable footing. The next step is to apply
biocircularity to existing case studies and for the design of new systems. A bioeconomy
that does not fully incorporate circularity will not offer a route to carbon neutrality, low
impact, or maintenance and enhancement of natural capital. To find a route to a sustain-
able future, society needs to adopt a rigorous and realistic understanding of sustainable,
circular bioeconomy, and the need to use quantitative tools to plan for and design reliable
approaches to harnessing natural resources. Biocircularity offers a framework for design
and measuring success that can be used by governments, policy makers, resource manag-
ers, researchers, and industry.

Author Contribution Nicholas M. Holden: Project initiation, conceptualization and first draft, writing, edit-
ing, expertise on life cycle assessment and bioeconomy.

Andrew M. Neill: Editing, expertise on natural capital and bioeconomy.

Jane C. Stout: Editing, expertise on natural capital and bioeconomy.

Derek O’Brien: Editing, expertise on bioeconomy and commercialization.

Michael A. Morris: Editing, expertise on circular economy.

Funding Open Access funding provided by the IReL Consortium All of the authors were funded by Science
Foundation Ireland (SFI) under Grant Number 16/RC/3889 for BiOrbic Bioeconomy, SFI Research Centre,
which is co-funded under the European Regional Development Fund and by BiOrbic industry partners.

Availability of Data and Materials Not applicable.
Declarations

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not

@ Springer



Circular Economy and Sustainability

permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

12.

13.

14.

16.

17.

18.

19.
20.

Ripple WJ, Wolf C, Newsome TM, Galetti M, Alamgir M, Crist E, Mahmoud MI, Laurance WF and
15,364 scientist signatories from 184 countries (2017) World scientists’ warning to humanity: a second
notice. Bioscience 67:1026—1028. https://doi.org/10.1093/biosci/bix 125

European Union (2018) A sustainable bioeconomy for Europe: strengthening the connection between
economy, society and the environment. Updated Bioeconomy Strategy. European Commission, Brus-
sels, Belgium. Available at https://knowledge4policy.ec.europa.eu/publication/sustainable-bioec
onomy-europe-strengthening-connection-between-economy-society_en. Accessed 03 June 2022
Chandel AK, Garlapati VK, Singh AK, Fernandes Antunes FA, Silvério da Silva S (2018) The path
forward for lignocellulose biorefineries: bottlenecks, solutions, and perspective on commercialization.
Biores Technol 264:370-381. https://doi.org/10.1016/j.biortech.2018.06.004

Ng H-S, Kee P-E, H-S., Chen, P-T, Wei, Y-H., Lan, J. C-W. (2020) Recent advances on the sustainable
approaches for conversion and reutilization of food wastes to valuable bioproducts. Biores Technol
302:122889. https://doi.org/10.1016/j.biortech.2020.122889

Scarlat N, Dallemand J-F, Monforti-Ferrario F, Nita V (2015) The role of biomass and bioenergy in a
future bioeconomy: policies and facts. Environ Dev 15:3-34. https://doi.org/10.1016/j.envdev.2015.03.
006

McCormick K, Kautto N (2013) The bioeconomy in Europe: an overview. Sustainability 5(6):2589—
2608. https://doi.org/10.3390/su5062589

Di Maio F, Rem PC, Baldé K, Polder M (2017) Measuring resource efficiency and circular economy:
a market value approach. Resour Conserv Recycl 122:163-171. https://doi.org/10.1016/j.resconrec.
2017.02.009

Arrow K, Bolin B, Costanza R, Dasgupta P, Folke C, Holling CS, Jansson B-O, Levin S, Maler K-G,
Perrings C, Pimente D1 (1996) Economic growth, carrying capacity, and the environment. Ecol Appl
6:13-15. https://doi.org/10.2307/2269539

Costanza R, De Groot R, Braat L, Kubiszewski I, Fioramonti L, Sutton P, Farber S, Grasso M (2017)
Twenty years of ecosystem services: how far have we come and how far do we still need to go?. Eco-
syst Serv 28:1-16. https://doi.org/10.1016/j.ecoser.2017.09.008

Dasgupta P (2021) The economics of biodiversity: the Dasgupta review. HM Treasury, London

Zhu Y, Romain C, Williams C (2016) Sustainable polymers from renewable resources. Nature
540:354-362. https://doi.org/10.1038/nature21001

Brauman KA, Garibaldi LA, Polasky S, Aumeeruddy-Thomas Y, Brancalion PH, DeClerck F, Jacob U,
Mastrangelo ME, Nkongolo NV, Palang H, Pérez-Méndez N (2020) Global trends in nature’s contribu-
tions to people. Proc Natl Acad Sci 117(51):32799-32805. https://doi.org/10.1073/pnas.2010473117
Geissdoerfer M, Savaget P, Bocken NMP, Hultink EJ (2017) The circular economy — a new sustain-
ability paradigm? J Clean Prod 143:757-768. https://doi.org/10.1016/j.jclepro

Ghisellini P, Cialani C, Ulgiati S (2016) A review on circular economy: the expected transition to a
balanced interplay of environmental and economic systems. J Clean Prod 114:11-32. https://doi.org/
10.1016/j.jclepro.2015.09.007

Ellen MacArthur Foundation (2015) Delivering the circular economy. a toolkit for policymakers.
Available from https://ellenmacarthurfoundation.org/a-toolkit-for-policymakers. Accessed 03 June
2022

Merli R, Preziosi M, Acampora A (2018) How do scholars approach the circular economy? A system-
atic literature review. J Clean Prod 178:703-722. https://doi.org/10.1016/j.jclepro.2017.12.112
Stegmann P, Londo M, Junginger M (2020) The circular bioeconomy: Its elements and role in Euro-
pean bioeconomy clusters. Resour Conserv Recycl: X 6:100029. https://doi.org/10.1016/j.rcrx.2019.
100029

Pfau S, Hagens J, Dankbaar B, Smits A (2014) Visions of sustainability in bioeconomy research. Sus-
tainability 6:1222-1249. https://doi.org/10.3390/su6031222

Details available from https://www.iso.org/committee/7203984.html. Accessed 03 June 2022

D’Amato D, Droste N, Allen B, Kettunen M, Lahtinen K, Korhonen J, Leskinen P, Marrhies BD, Top-
pinen A (2017) Green, circular, bio economy: a comparative analysis of sustainability avenues. J Clean
Prod 168:716-734. https://doi.org/10.1016/j.jclepro.2017.09.053

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/biosci/bix125
https://knowledge4policy.ec.europa.eu/publication/sustainable-bioeconomy-europe-strengthening-connection-between-economy-society_en
https://knowledge4policy.ec.europa.eu/publication/sustainable-bioeconomy-europe-strengthening-connection-between-economy-society_en
https://doi.org/10.1016/j.biortech.2018.06.004
https://doi.org/10.1016/j.biortech.2020.122889
https://doi.org/10.1016/j.envdev.2015.03.006
https://doi.org/10.1016/j.envdev.2015.03.006
https://doi.org/10.3390/su5062589
https://doi.org/10.1016/j.resconrec.2017.02.009
https://doi.org/10.1016/j.resconrec.2017.02.009
https://doi.org/10.2307/2269539
https://doi.org/10.1016/j.ecoser.2017.09.008
https://doi.org/10.1038/nature21001
https://doi.org/10.1073/pnas.2010473117
https://doi.org/10.1016/j.jclepro
https://doi.org/10.1016/j.jclepro.2015.09.007
https://doi.org/10.1016/j.jclepro.2015.09.007
https://ellenmacarthurfoundation.org/a-toolkit-for-policymakers
https://doi.org/10.1016/j.jclepro.2017.12.112
https://doi.org/10.1016/j.rcrx.2019.100029
https://doi.org/10.1016/j.rcrx.2019.100029
https://doi.org/10.3390/su6031222
https://www.iso.org/committee/7203984.html
https://doi.org/10.1016/j.jclepro.2017.09.053

Circular Economy and Sustainability

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43

Bugge MM, Hansen T, Klitkou A (2016) What is the bioeconomy? A review of the literature. Sustain-
ability 8(7):691. https://doi.org/10.3390/su8070691

Carus M, Dammer L (2018) The circular bioeconomy—concepts, opportunities, and limitations. Ind
Biotechnol 14(2):83-91. https://doi.org/10.1089/ind.2018.29121.mca

Kardung M, Cingiz K, Costenoble O, Delahaye R, Heijman W, Lovri¢ M, van Leeuwen M, M’Barek
R, van Meijl H, Piotrowski S, Ronzon T, Sauer J, Verhoog D, Verkerk PJ, Vrachioli M, Wesseler
JHH, Zhu BX (2021) Development of the circular bioeconomy: drivers and indicators. Sustainability
13(1):413. https://doi.org/10.3390/su13010413

O’Brien M, Wechsler D, Bringezu S, Schaldach R (2017) Toward a systemic monitoring of the Euro-
pean bioeconomy: gaps, needs and the integration of sustainability indicators and targets for global
land use. Land Use Policy 66:162—171. https://doi.org/10.1016/j.landusepol.2017.04.047

Venkata Mohan S, Nikhil GN, Chiranjeevi P, Nagendranatha Reddy C, Rohit MV, Naresh Kumar
A, Sarkar O (2016) Waste biorefinery models towards sustainable circular bioeconomy: critical
review and future perspectives. Biores Technol 215:2-12. https://doi.org/10.1016/j.biortech.2016.
03.130

National Academy of Sciences (2014) Advancing land change modeling: opportunities and research
requirements. The National Academic Press, Washington DC

Hiyhi T, Franzese PP (2014) Ecosystem services assessment: a review under an ecological-economic
and systems perspective. Ecol Model 289:124—132. https://doi.org/10.1016/j.ecolmodel.2014.07.002
Wackernagel M, Rees W (1996) Our ecological footprint: reducing human impact on the earth.
Illustrated by Phil Testemale. The new catalyst bioregional series, vol. 9. Gabriola Island, BC and
Philadelphia, PA: New Society Publishers

van den Bergh JCIM, Verbruggen H (1999) Spatial sustainability, trade and indicators: an evaluation
of the ‘ecological footprint’. Ecol Econ 29:61-72. https://doi.org/10.1016/S0921-8009(99)00032-4
Mantau U (2015) Wood flow analysis: Quantification of resource potentials, cascades and carbon
effects. Biomass Bioenerg 79:28-38. https://doi.org/10.1016/j.biombioe.2014.08.013

Lokesh K, Matharu AS, Kookos IK, Ladakis D, Koutinas A, Morone P, Clark J (2020) Hybridised
sustainability metrics for use in life cycle assessment of bio-based products: resource efficiency and
circularity. Green Chem 22:803-813. https://doi.org/10.1039/C9GC02992C

Bergmann A, Giinther E, Kara S (2017) Resource efficiency and an integral framework for perfor-
mance measurement. Sustain Dev 25:150-165. https://doi.org/10.1002/sd.1669

Ceschin F, Gaziulusoy I (2016) Evolution of design for sustainability: from product design to
design for system innovations and transitions. Des Stud 47:118-163. https://doi.org/10.1016/j.des-
tud.2016.09.002

Kullmann F, Markewitz P, Stolten D, Robinius M (2021) Combining the worlds of energy systems and
material flow analysis: a review. Energ Sustain Soc 11:13. https://doi.org/10.1186/s13705-021-00289-2
Decree No 2020-1757 of 29 December 2020 on the repairability index of electrical and electronic
equipment. Available from https://ec.europa.eu/growth/tools-databases/tris/index.cfm/en/search/?
trisaction=search.detail&year=2020&num=468&dLang=EN. Accessed 03 June 2022

Alarcon E, Recuero A, Perera R, Lopez C, Gutiérrez JP, De Diego A, Picon R, Flérez-Lopez J
(2001) A repairability index for reinforced concrete members based on fracture mechanics. Eng
Struct 23(6):687-697. https://doi.org/10.1016/S0141-0296(00)00075-4

Villalba G, Segarra M, Fernandez Al, Chimenos JM, Espiell F (2002) A proposal for quantifying
the recyclability of materials. Resour Conserv Recycl 37(1):39-53. https://doi.org/10.1016/S0921-
3449(02)00056-3

Raworth K (2017) A safe and just space for humanity. Random House, London

Johnson P, Everad M, Santillo D, Robert K-H (2007) Reclaiming the definition of sustainability.
Environ Sci Pollut Res 14(1):60-66. https://doi.org/10.1065/espr2007.01.375

Srinivasan UT, Carey SP, Hallstein E, Higgins PAT, Kerr AC, Koteen LE, Smith AB, Watson R,
Harte J, Norgaard RB (2008) The debt of nations and the distribution of ecological impacts from
human activities. Proc Natl Acad Sci 105:1768—1773. https://doi.org/10.1073/pnas.0709562104
Mace GM (2019) The ecology of natural capital accounting. Oxf Rev Econ Policy 35:54-67.
https://doi.org/10.1093/oxrep/gry023

United Nations (2021) System of environmental-economic accounting— ecosystem accounting
(SEEA EA). White cover publication, pre-edited text subject to official editing. Available at: https://
seea.un.org/ecosystem-accounting. Accessed 03 June 2022

Costanza R, d’Arge R, De Groot R, Farber S, Grasso M, Hannon B, Limburg K, Naeem S, O’neill
RV, Paruelo J, Raskin RG (1997) The value of the world’s ecosystem services and natural capital.
Nature 387(6630):253-260. https://doi.org/10.1038/387253a0

Springer


https://doi.org/10.3390/su8070691
https://doi.org/10.1089/ind.2018.29121.mca
https://doi.org/10.3390/su13010413
https://doi.org/10.1016/j.landusepol.2017.04.047
https://doi.org/10.1016/j.biortech.2016.03.130
https://doi.org/10.1016/j.biortech.2016.03.130
https://doi.org/10.1016/j.ecolmodel.2014.07.002
https://doi.org/10.1016/S0921-8009(99)00032-4
https://doi.org/10.1016/j.biombioe.2014.08.013
https://doi.org/10.1039/C9GC02992C
https://doi.org/10.1002/sd.1669
https://doi.org/10.1016/j.destud.2016.09.002
https://doi.org/10.1016/j.destud.2016.09.002
https://doi.org/10.1186/s13705-021-00289-2
https://ec.europa.eu/growth/tools-databases/tris/index.cfm/en/search/?trisaction=search.detail&year=2020&num=468&dLang=EN
https://ec.europa.eu/growth/tools-databases/tris/index.cfm/en/search/?trisaction=search.detail&year=2020&num=468&dLang=EN
https://doi.org/10.1016/S0141-0296(00)00075-4
https://doi.org/10.1016/S0921-3449(02)00056-3
https://doi.org/10.1016/S0921-3449(02)00056-3
https://doi.org/10.1065/espr2007.01.375
https://doi.org/10.1073/pnas.0709562104
https://doi.org/10.1093/oxrep/gry023
https://seea.un.org/ecosystem-accounting
https://seea.un.org/ecosystem-accounting
https://doi.org/10.1038/387253a0

Circular Economy and Sustainability

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Committee of Experts on Environmental-Economic Accounting (2021) System of environmental-
economic accounting—ecosystem accounting: final draft. Department Of Economic and Social
Affairs. Statistics Division. United Nations. Downloaded from https://unstats.un.org/unsd/statcom/
52nd-session/documents/BG-3f-SEEA-EA_Final_draft-E.pdf. Accessed 03 June 2022

Circle Economy (2022) The Circularity Gap Report 2022 (pp. 1-64, Rep.). Amsterdam: circle
economy. Available from https://www.circularity-gap.world/2022#Download-the-report. Accessed
03 June 2022

Available from https://ec.europa.eu/eurostat/web/circular-economy/material-flow-diagram.
Accessed 03 June 2022

Havlik P, Schneider UA, Schmid E, Bottcher H, Fritz S, Skalsky R, Aoki K, De Cara S, Kinder-
mann G, Kraxner F, Leduc S (2011) Global land-use implications of first and second generation
biofuel targets. Energy Policy 39(10):5690-5702. https://doi.org/10.1016/j.enpol.2010.03.030
Dauber J, Jonse B, Stout JC (2010) The impact of biomass crop cultivation on temperate biodiver-
sity. GCB Bioenergy 2:289-309. https://doi.org/10.1111/j.1757-1707.2010.01058.x

Chiesura A, De Groot R (2003) Critical natural capital: a socio-cultural perspective. Ecol Econ 44(2—
3):219-231. https://doi.org/10.1016/S0921-8009(02)00275-6

Sodhi NS, Ehrlich PR (2010) Introduction. In: Sodhi NS, Ehrlich PR (eds) Conservation Biology for
All. Oxford University Press, Oxford, pp 1-6

United Nations (1992) Convention on biological diversity. United Nations Environmental Programme.
Available from https://www.cbd.int/doc/legal/cbd-en.pdf. Accessed 03 June 2022

Walzberg J, Lonca G, Hanes RJ, Eberle AL, Carpenter A, Heath GA (2021) Do we need a new sus-
tainability assessment method for the circular economy? A critical literature review. Front Sustain
1:620047. https://doi.org/10.3389/frsus.2020.620047

Cullen JM (2017) Circular economy. Theoretical benchmark of perpetual motion machine? J Ind Ecol
21:483-486. https://doi.org/10.1111/jiec.12599

Markard J, Raven R, Truffer B (2012) Sustainability transitions: an emerging field of research and its
prospects. Res Policy 41:955-967. https://doi.org/10.1016/j.respol.2012.02.013

DeFries R, Nagendra H (2017) Ecosystem management as a wicked problem. Science 356(6335):265—
270. https://doi.org/10.1126/science.aal1950

Tan ECD, Lamers P (2021) Circular bioeconomy concepts—a perspective. Front Sustain 2:701509.
https://doi.org/10.3389/frsus.2021.701509

@ Springer


https://unstats.un.org/unsd/statcom/52nd-session/documents/BG-3f-SEEA-EA_Final_draft-E.pdf
https://unstats.un.org/unsd/statcom/52nd-session/documents/BG-3f-SEEA-EA_Final_draft-E.pdf
https://www.circularity-gap.world/2022#Download-the-report
https://ec.europa.eu/eurostat/web/circular-economy/material-flow-diagram
https://doi.org/10.1016/j.enpol.2010.03.030
https://doi.org/10.1111/j.1757-1707.2010.01058.x
https://doi.org/10.1016/S0921-8009(02)00275-6
https://www.cbd.int/doc/legal/cbd-en.pdf
https://doi.org/10.3389/frsus.2020.620047
https://doi.org/10.1111/jiec.12599
https://doi.org/10.1016/j.respol.2012.02.013
https://doi.org/10.1126/science.aal1950
https://doi.org/10.3389/frsus.2021.701509

	Biocircularity: a Framework to Define Sustainable, Circular Bioeconomy
	Abstract
	Introduction
	The Concept of Biocircularity
	The Challenges
	Concluding Remarks
	References


