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Circular economy concepts—including a circular bioeconomy—aim to transition the

current, essentially linear, economic system to a more sustainable one. However,

organizations and researchers currently define the circular economy concept differently,

resulting in inconsistencies and difficulty in effectively implementing the framework. In this

paper, we provide our perspective on the conceptual definitions of the circular economy,

bioeconomy, and circular bioeconomy, outlining potential overlaps and differences and

proposing a harmonized interpretation that stresses the importance of the carbon cycle.

We conclude that the key goal of a circular economy is to slow, narrow, and close

material resource loops, built on the foundation of renewable energy and non-toxic

materials. Further, a sustainable bioeconomy goes beyond simply switching fossil

resources with renewable, biological resources. It requires low-carbon energy inputs,

sustainable supply chains, and promising disruptive conversion technologies for the

sustainable transformation of renewable bioresources to high-value bio-based products,

materials, and fuels. The bio-based circular carbon economy, in particular, stresses

capturing atmospheric carbon via photosynthesis and exploiting this unique feature to

the fullest extent possible. It sits at the intersection between the circular economy and

the bioeconomy concept, resulting in a framework that focuses on closing the carbon

cycle and stressing the opportunity to create an additional carbon sink capability in the

technosphere by utilizing biogenic carbon for products and materials that are circulated

in same or improved use cycles. Lastly, a sustainable circular bioeconomy transition will

necessitate a set of consistent metrics that fit all products and industries.

Keywords: circular economy, bioeconomy, carbon cycle, carbon utilization, sustainability

INTRODUCTION

Human actions since the Industrial Revolution have become the primary driver of global
environmental change. There has been a flawed relationship between humans and the
natural environment that has caused us to face thresholds and tipping points linked to
planetary boundaries, such as biodiversity loss and a global climate crisis (Tan, 2021). Our
take-make-use-dispose linear economic system has enabled societies globally to prosper, albeit
while simultaneously exploiting planetary resources (i.e., raw materials) and primary energy (i.e.,
fossil fuels) at an exponential rate. A critical element in this is themismanagement of limited natural
resources. All forms of capital rely on natural capital, with natural capital being non-substitutable.
The concept of a sustainable use of resources, one that understands that “we received this world as
an inheritance from past generations, but also as a loan from future generations” (Yardley, 2015),
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must attempt to minimize the impact of human activities on
the natural environment, human health, and natural resources
(Dewulf et al., 2015). Strengthening the initial transition from our
current linear economy to a circular one is one possible option
to balance our use of finite natural resources while making our
economic system more resilient.

A circular economy tries to reduce the dependency on (new)
natural resource extraction while increasing the time resources
spend within the technosphere through alternate use cycles. The
circular economy can be complemented by the bioeconomy,
a concept that can incorporate economic activities related to
the invention, development, production, and use of biological
products and processes for energy, materials, and chemicals
(Biofuture Platform, 2018). The resulting intersection can be
referred to as the “circular bioeconomy.” Although it can
potentially guide a transition to more sustainable production
and consumption, the concept is still in a nascent stage,
with many remaining challenges and research questions to be
addressed. Notably, organizations and researchers define the
concept differently, resulting in confusion and difficulty in
effectively implementing the framework. Additionally, academia,
industry, and policymakers frequently and inexactly interchange
the terms “circular bioeconomy” and “sustainability.”

Here, we provide our perspective on the conceptual
definitions of the circular economy, bioeconomy, and circular
bioeconomy, outlining potential overlaps and differences to
inform a broad set of stakeholders and proposing a harmonized
interpretation that stresses the importance of the carbon cycle.

DEFINITIONS AND INTERPRETATIONS

Circular Economy
There are over 100 definitions of circular economy (e.g., Bocken
et al., 2016; Geissdoerfer et al., 2017; Gladek, 2017; Kirchherr
et al., 2017; Korhonen et al., 2018; Ellen MacArthur Foundation,
2019; Schöggl et al., 2020; Alhawari et al., 2021). Circular
economy principally means different things to different people. It
has basically become an “essentially contested concept,” a phrase
coined by Gallie (1956) in which there is agreement on the means
and goals of the concept but disagreements on how it is defined;
it has recently been used to characterize the circular economy
concept (Korhonen et al., 2018).

The existing definitions of circular economy found in
literature can technically be grouped into two lines of thoughts:
based on the description provided by the Ellen MacArthur
Foundation (EMAF) and based on definitions developed by
other researchers, as summarized in Table 1 in Korhonen et al.
(2018) recent work. EMAF has defined a circular economy
as a framework for an economy that is restorative and
regenerative by design (Ellen MacArthur Foundation, 2019).
Specifically, EMAF’s circular economic model aims to create
economic, natural, and social capital based on three core
principles: (1) design out of waste and pollution, (2) keep
products and materials in use, and (3) regenerate natural
systems an industrial system that is restorative or regenerative.
In contrast to the current linear model, a circular economy

model emphasizes economic growth and activities that are
dissociated from the consumption of finite resources and
minimize system wastes, ultimately achieving positive society-
wide benefits.

Conversely, among many definitions developed by various
researchers (i.e., the non-EMAF-based definitions), such as
from a production-consumption nexus perspective, the circular
economy is defined as a “sustainable development initiative with
the objective of reducing the societal production-consumption
systems’ linear material and energy throughput flows by applying
materials cycles, renewable and cascade-type energy flows to
the linear system. [Circular economy] promotes high value
material cycles alongside more traditional recycling and develops
systems approaches to the cooperation of producers, consumers
and other societal actors in sustainable development work”
(Korhonen et al., 2018). Another example is from Metabolic,
which defines the circular economy as “a new economic model
for addressing human needs and fairly distributing resources
without undermining the functioning of the biosphere or
crossing any planetary boundaries” (Gladek, 2017).

Consequently, with so many various definitions, how an
organization implements the circular economy framework will
strongly depend on how its decision makers or stakeholders
interpret the concept and its definitions. For example, when
based on the definition of the circular economy from EMAF
(Ellen MacArthur Foundation, 2019), companies’ business
models will include minimizing the consumption of natural
resources (such as virgin raw materials) and maximizing the
use of waste materials. On the other hand, when based on
Metabolic’s definition (Gladek, 2017), companies’ top priorities
are not focused on staying away from consuming finite resources,
but instead on meeting demands. Companies will use as many
resources as required to produce goods and services to satisfy
human needs, provided that no disturbances are created to the
extent that they irreparably alter the system—namely, exceeding
a system’s thresholds or tipping points.

Furthermore, the circular economy is also interpreted simply
as the “4R” framework: reduce, reuse, recycle, and recovery (e.g.,
Lieder and Rashid, 2016). The first three Rs relate to the reduction
of resource consumption and the preservation of natural capital.
The last R relates to the recovery of the resource in the form of
energy (e.g., incineration of wastes for heating). It is also evident
that the main focus of the circular economy appears to be on
economic prosperity, followed by environment quality, and the
social aspect of sustainability (i.e., human well-being) is rarely
explored. The desired outcome of the circular economy transition
is to overcome the current production and consumption model
based on continuous growth and increasing resource throughput
by decoupling economic growth from environmental pressure
(e.g., Ghisellini et al., 2016; Murray et al., 2017).

It is apparent that there is no single universal definition for
the circular economy. Based on the aforementioned definitions,
we conclude that to achieve a circular economy is principally to
slow, narrow, and close the material resource loops, all built on
the foundation of renewable energy and non-toxic materials, as
well as through long-lasting design, maintenance, repair, reuse,
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FIGURE 1 | (A) Components of a proposed working circular economy definition; (B) Schematic representation of a sustainable bioeconomy—renewable biological

resources to renewable products (i.e., biopower, biofuels, bioproducts); (C) Schematic representation of a circular bioeconomy resulting from the intersection between

circular economy and bioeconomy concepts.

remanufacturing, refurbishing, and recycling (as illustrated in
Figure 1A). The resource cycles—namely slowing, closing, and
narrowing material resource loops—were first introduced by
Bocken et al. (2016) and can serve as a working definition that
is simple yet practical for a circular economy practitioner to
interpret and implement.

Bioeconomy
Similar to the circular economy, the bioeconomy is an
emerging field whose definitions and interpretations are
also surrounded by confusion (Aguilar et al., 2019; Giampietro,
2019). For example, according to the European Commission,
the bioeconomy comprises the parts of the economy that utilize
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renewable biological resources to produce food, materials,
and energy [European Commission Research Innovation
Bioeconomy (ECRIB), 2019]. Similarly, the German Bioeconomy
Council has defined the bioeconomy as all industrial and
economic sectors, as well as their associated services, that
produce or process biomass or use biological resources in any
way (Efken et al., 2016). Meanwhile, the Biomass Research and
Development Board in the United States adopts the bioeconomy
definition from Golden and Handfield (2014) for its bioeconomy
initiative [Biomass Research Development Board (BRDB), 2018],
which defines the bioeconomy as the global industrial transition
of sustainably utilizing renewable aquatic and terrestrial biomass
resources in energy, intermediate, and final products for
economic, environmental, social, and national security.

Within these definitions, it is implicit that the bioeconomy
has to do with the use of renewable biological resources such
as biomass to produce renewable biofuels, bioproducts, and
biopower for economic, environmental, and social benefits
(see Figure 1B). There is no disagreement that bio-based
products are considered renewable and potentially offer reduced
environmental impacts compared to their petroleum-derived
counterparts (Adom et al., 2014). Bio-based products substitute
fossil carbon with biogenic carbon originated from biomass, and
their end-of-life carbon dioxide (CO2) emissions are biogenic
CO2, which is considered carbon-neutral [Intergovernmental
Panel on Climate Change (IPCC), 2014]. Additionally, when used
as an energy source, biofuels and biopower are renewable energy
that can displace fossil fuels and power to alleviate fossil resource
depletion (Government Printing Office, 2012).

However, there is an ongoing debate on the sustainability
aspect of the bioeconomy. Some definitions suggest that the
bioeconomy is not intrinsically sustainable just because it is
based on renewable resources (Pfau et al., 2014; Gawel et al.,
2019). In fact, a non-sustainable bioeconomy can cause various
sustainability conflicts. For example, an increase in biofuel
demand will lead to an increase in biomass demand, which
in turn will lead to competition for arable land use (i.e.,
land-grabbing for biomass feedstock production), freshwater
consumption, and even food production (i.e., food vs. fuel),
resulting in social unrest or social sustainability concerns.
On the environmental sustainability aspect, there will also be
negative environmental impacts due to the increase in land
demand for biomass production, including more greenhouse gas
emissions (responsible for global warming) due to indirect land-
use changes (e.g., deforestation for growing energy crops [Plevin
et al., 2010]). Another example is a recent study that reveals
bio-based materials do not always exhibit positively in every
environmental aspect (Vendries et al., 2020). When comparing
petroleum- vs. bio-based packaging and food service ware, the
latter exhibits lower global warming potential and fossil energy
consumption but unfavorable environmental impacts in many
areas, such as ozone depletion, acidification, water consumption,
and eutrophication.

From a sustainability perspective, it has to be a sustainable
bioeconomy—not merely a bioeconomy—to meet sustainability
challenges. The current bioeconomy is still largely relying
on non-renewable energy and fossil-based raw materials like

nitrogen fertilizers, organic chemicals, and polymers that are
predominantly derived from petroleum oil and gas. The
sustainable bioeconomy is not just about substituting fossil
resources with renewable resources; it will require sustainable
biomass feedstock production, biomass conversion processes,
and products. Moreover, a sustainable bioeconomy can be
achieved by integrating with other interdisciplinary areas, such
as the circular economy, discussed further in the next section.

Circular Bioeconomy
Most stakeholders would interpret the circular bioeconomy as
the intersection between the two emerging concepts of the
circular economy and the bioeconomy, as depicted in Figure 1C.
However, the relationship between the circular economy and
the bioeconomy is rather complex and an ongoing debate.
The European Commission’s bioeconomy strategy interprets the
circular bioeconomy as a framework to reduce the dependence on
natural resources; transformmanufacturing; promote sustainable
production of renewable resources from land, fisheries, and
aquaculture; and promote their conversion into various bio-
based products and bioenergy while growing new jobs and
industries (European Commission, 2013). A circular bioeconomy
is also interpreted as an idea to stimulate the economic
growth of developed economies that combines a desirable
“what” (circular economy) with a feasible, viable, and desirable
“how” (bioeconomy) (Giampietro, 2019). Alternatively, a circular
bioeconomy is simply interpreted as a more efficient resource
management of bio-based renewable resources by integrating
circular economy principles into the bioeconomy (D’Amato et al.,
2018). The debate on the relationship between circular economy
and bioeconomy can also be boiled down to any of the following
five relationships: (1) the circular economy and bioeconomy
as separate but reinforcing, (2) both concepts as completely
integrated, (3) both concepts as partially antagonistic, (4) the
bioeconomy as a precondition to a circular economy, or (5) the
circular economy as a tool to move from a fossil economy to a
bioeconomy (Leipold and Petit-Boix, 2018).

Additionally, some would also argue that the bioeconomy is
already inherently “circular by nature” as it is operating on the
basis of the renewable and circular character of the planetary
ecosystems (Leipold and Petit-Boix, 2018). For example, bio-
based products derived from renewable biological carbon (the
main component of biological compounds such as biomass) are
recycled and reused through the biosphere (i.e., carbon cycle).
On the other hand, the bioeconomy is not entirely circular
if it is based on EMAF’s butterfly circular economy system
diagram (Ellen MacArthur Foundation, 2019). According to the
butterfly diagram, the circular economy includes both biological
and technical cycles. The bioeconomy is only associated
with the biological cycle, in which materials are made from
biological nutrients (i.e., bio-based products) that can be safely
reintroduced into the biosphere.

Ultimately, the challenge for stakeholders is that there is no
consensus on the relationship between the circular economy
and the bioeconomy, which is to say that there is no single
definition of the circular bioeconomy besides stakeholders’ own
understandings of the two individual concepts. Nevertheless,
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we can alleviate the confusion by virtue of the fact that both
the circular economy and bioeconomy have their potentials
and limitations. On one hand, the circular economy focuses on
efficiency gains and slowing, narrowing, and closing material
loops to reduce resource consumption and system waste via
input reductions, sustainable design, improved practices, waste
reuse, and recycling (Bocken et al., 2016; Ghisellini et al.,
2016; Geissdoerfer et al., 2017; Kirchherr et al., 2017; Murray
et al., 2017; D’Amato et al., 2018; Ellen MacArthur Foundation,
2019). Similarly, the bioeconomy enables the transition from
fossil-based to biomass-based industrial inputs and emphasizes
the sustainable use of renewable resources for economic,
environmental, and social benefits (Pfau et al., 2014; D’Amato
et al., 2018; Gawel et al., 2019). For example, for biodegradable
bioplastics, up to 90% of the organic carbon can be converted
to CO2 in about 180 days; the carbon in the form of CO2 can
return to the biosphere after the use phase (Karan et al., 2019).
This can also serve as an example of a circular bioeconomy and
how the bioeconomy can enable the circular economy to resolve
sustainability challenges.

On the other hand, the limitations associated with the
circular economy are the primary emphases on economic and
environmental gains while neglecting the social dimension to
any significant extent (Kirchherr et al., 2017; D’Amato et al.,
2018; Korhonen et al., 2018). Additionally, efficiency gains
often lead to rebound effects in terms of increasing production
and consumption, thereby failing to achieve net environmental
benefits. For example, the fuel efficiency gain for passenger
vehicles may lead to more driving, resulting in more greenhouse
gas emissions. Similarly, the bioeconomy cannot necessarily
deliver the perceived environmental benefits solely through
the substitution of fossil-based resources with bio-based ones.
Moreover, both the circular economy and the bioeconomy are
resource-oriented concepts (e.g., renewable materials, material
recycle), which essentially fail to address synergies and conflicts
with broader ecological processes and ecosystem services such
as water, carbon and nutrient cycles (including emissions and
waste), quality of energy source and efficiency in production
and use, and maintenance of biodiversity, ecosystems, and
related services (D’Amato et al., 2017, 2018). For example, in
addition to competition for fresh water and food production,
intensifying biomass production may conflict with other social,
economic, and environmental functions of forests. An expanded
bioeconomy could potentially displace economic output and
jobs in different sectors and could also compete with other
advanced technologies (e.g., electric vehicles) [Biomass Research
Development Board (BRDB), 2018].

We agree with some researchers that the circular bioeconomy
should be viewed as an emerging concept aiming to address the
debate on the definite contribution of the circular economy and
the bioeconomy to resolving sustainability challenges (D’Amato
et al., 2017, 2018). The circular bioeconomy is not just about
adopting circularity principles such as biomass cascading (i.e.,
putting materials into different uses after end of life across
different value streams), waste hierarchy, and efficiency in the
utilization of biomass or renewable resources (i.e., extracting
the maximum practical benefits from products and generating

the minimum amount of waste) (Bezama, 2016). Instead, the
circular bioeconomy is actually “more than bioeconomy or
circular economy alone” (D’Amato et al., 2018). Therefore,
the existence of a circular bioeconomy makes sense only
if the two concepts complement each other; each plays an
enabling role.

CLOSING AND LEVERAGING THE
BIOGENIC CARBON CYCLE: BIO-BASED
CIRCULAR CARBON ECONOMY

The common theme across all concepts is a push toward
increasing circularity within the economic system, while the
circular bioeconomy also stresses the use of bio-based materials.
Independent of the concept, carbon will remain the core
molecule that builds fuels, fiber, chemicals, and other products.
This implies that, in our opinion, the circular bioeconomy is
truly a bio-based circular carbon economy—one that removes,
efficiently uses, and sequesters more carbon than it emits
(Babson, 2020).

The bio-based circular carbon economy is a bioeconomy
that focuses on leveraging and exploiting the atmospheric
carbon drawdown potential of biomass feedstock to the fullest
extent possible. The atmospheric carbon sequestration in plants
via photosynthesis, the conversion of the biogenic carbon
into a series of short- and long-lived products, and their
continuous cycling are part of circular carbon economy strategies
that capture carbon in the technosphere over the long term
(Figure 2). Biogenic carbon capture and utilization routes
offer additional avenues to support the decarbonization of
the economy, in addition to carbon capture and belowground
sequestration. Utilizing biogenic or renewable carbon as the
core structural molecule offers many sectors new avenues to
achieve net-zero emission targets, especially so-called hard-to-
decarbonize industries like petrochemicals (Kätelhön et al., 2019;
Fernández et al., 2020).

The greenhouse gas emissions and resulting carbon efficiency
of CO2 utilization routes, including CO2 to fuels or chemicals,
heavily depend on the greenhouse gas intensity of key
process inputs, foremost electricity and hydrogen (Grim et al.,
2020). Thus, achieving net-zero emission sectors depends on
decarbonizing the energy system and appropriately integrating
and linking utilization routes. Figure 2 graphically represents
this interdependency of the bio-based circular economy’s
sustainability as a system of systems.

Atmospheric carbon capture via plant growth is more energy-
efficient than atmospheric carbon capture and utilization via
direct air capture, which might require 10–25 times more
electricity (Gabrielli et al., 2020). The critical assumption here is
sustainable biomass production practices, including preventing
potential adverse side effects from the utilization of primary
(purpose-grown) biomass. If these parameters can be ensured,
the bio-based circular carbon economy can sustainably produce
food, feed, chemicals, fuels, and materials for a plethora of
industries. It also introduces new, bio-based products that offer
similar or superior characteristics to their petroleum-derived
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FIGURE 2 | The bio-based circular carbon economy can create an additional carbon sink in the technosphere via photosynthetic atmospheric carbon sequestration in

biomass feedstock, energy, and material conversion pathways plus carbon capture and (re)utilization in closed circular carbon economy loops.

substitutes while maintaining a lower carbon footprint and full
biodegradability (Meyer et al., 2020).

CONCLUSIONS AND
RECOMMENDATIONS

This paper evaluates the existing confusion around the
conceptual definitions of the circular economy, bioeconomy,
and circular bioeconomy to clarify some misperceptions and
ambiguities for stakeholders and researchers. The scientific
and research content of the circular economy concept is
rather superficial and unorganized. The circular economy has
become an “essentially contested concept,” which means there
is agreement on the means and goals of the concept but
disagreements on its definition. The existing circular economy
definitions can basically be grouped into two lines of thought:
those based on the definition provided by the Ellen MacArthur
Foundation and those from other researchers. We conclude that
to achieve a circular economy is to essentially slow, narrow,
and close material resource loops, all built on the foundation
of renewable energy and non-toxic material. Slowing material
resource flows means extending the useful life of goods through
activities such as sharing, repair, upgrades, resale, and initial
product design choices. Narrowing resource flows means using
less and/or different materials to minimize each product’s
environmental footprint. The goal is to use fewer resources
to achieve the same purpose, and the strategy can be used in
conjunction with the “slowing” strategy. Finally, closing resource

flows means reducing or eliminating mining and unsustainable
harvesting of new materials and ensuring products are ultimately
recycled or composted at their end of life.

Regarding the bioeconomy, there is no consensus concerning
what it actually implies. It is generally agreed that the bioeconomy
implicitly has to do with the use of renewable biological
resources to produce renewable biofuels, bioproducts, and
biopower for economic, environmental, and social benefits.
However, the bioeconomy is not intrinsically sustainable just
because it is based on renewable resources. In our view, a
sustainable bioeconomy will require more than the substitution
of fossil resources with renewable biological resources; it will
also require a sustainable supply chain, including sustainable
biomass feedstock production and logistics, sustainable biomass
conversion processes, and sustainable products. Therefore,
the success of the bioeconomy will depend heavily on the
development of disruptive biorefining technologies for the
sustainable transformation of bio-based and renewable resources
to high-value bio-based products, materials, and fuels.

The circular bioeconomy is essentially the intersection
between the circular economy and the bioeconomy. Although the
relationship between the circular economy and the bioeconomy
is still debatable, we suggest viewing it as an emerging concept
aiming to address the debate on the definite contributions
of the circular economy and the bioeconomy to resolving
sustainability challenges. Ultimately, the circular bioeconomy
is more than the bioeconomy or circular economy alone; the
two concepts complement each other, resulting in a more
sustainable framework.
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Additionally, the circular bioeconomy is truly a bio-based
circular carbon economy. Carbon is an integral part of the
circular bioeconomy; it is critical to close the carbon cycle and
create an additional carbon sink capability in the technosphere by
utilizing biogenic carbon for products and materials circulated in
the same or improved use cycles. Therefore, a bio-based circular
carbon economy represents a framework to increase circularity
within the economic system.

Although multifaceted and still evolving, it is noteworthy that
all these concepts are complementary and have the common
goal of creating a more sustainable future. Future study will
explore the interface between the biobased circular carbon
economy and other global efforts for decarbonization, such as
green economy (Loiseau et al., 2016) and low-carbon economy
(Tavoni et al., 2012). It is also critical to develop a set of
(bio)circularity metrics that fit all products and industries.
Peter Drucker, a management thinker, is often quoted as
saying that “you can’t manage what you can’t measure.”
(Bio)circularity metrics are important for assessing the effects of
a circular (bio)economy in terms of profitability, job creation,
and environmental impacts. Circularity should also include
some environmental and sustainability elements, including some
life cycle environmental impact categories and new socio-
economic indicators (D’Adamo et al., 2020; Kardung et al.,
2021). The metrics should help identify which (bio)circular
attributes and options are better than others. For example,
material circularity is an informative and streamlined indicator
that can assess how well a product or company performs in the
context of a circular economy. Communicating among circular
(bio)economy practitioners through publications, workshops,
and conferences can help the community harmonize these
(bio)circularity metrics and approaches. Stakeholders should

also include regulators, environmental activists, businesses,
and investors.
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