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Growing in popularity, the circular city framework is at the leading-edge of a larger and
older transitional dialogue which envisions regenerative, circular, and symbiotic systems as
the future of urban sustainability. The need for more research supporting the
implementation of such concepts has been often noted in literature. To help address
this gap, this holistic review assesses a range of pertinent sustainability frameworks as a
platform to identify actionable strategies which can be leveraged to support and implement
circular city goals. This assessment is grounded in a holistic overview of related
frameworks across interdisciplinary and scalar domains including circular city, the
food-water-energy nexus, circular economy, bioeconomy, industrial symbiosis,
regenerative design, and others. Building on these interrelationships, the applied
strategies espoused within these publications are synthesized and assessed in the
context of circular city implementation. From an initial 250 strategies identified in
literature, thirty-four general implementation strategies across six thematic areas are
distinguished and discussed, finding strong overlaps in implementation strategies
between frameworks, and opportunities to further develop and harness these
synergies to advance circular city toward sustainable urban futures.

Keywords: circular city, implementation strategies, literature review, circular economy, FWE-Nexus, regenerative
design, systems integration

1 INTRODUCTION

With increasing urbanization, cities have become particularly dependent on imported flows of food,
water, energy, and materials, which are brought into the urban system and consumed whilst ensuing
waste streams are sent back out of the city to treatment, landfill, and as emissions and environmental
contamination (Dzene et al., 2016). This linear model has allowed urban regions to develop
environmental footprints which outweigh their natural bio-capacities and has weakened the
resilience of cities (Doughty and Hammond, 2004; Corcelli et al., 2019). The impacts of
consuming ever-dwindling raw materials at a rate outpacing nature’s ability to replenish them
and reach new equilibriums “is a matter of serious global concern,” Katsou et al. (2020) assert. The
intensity of human activities within cities, where socioeconomic systems and natural systems interact
constantly, has considerable implications for natural environments (Meng et al., 2019). Cities vitally
impact global water, energy, material, and nutrient cycles such that revising current paradigms will
be essential to global sustainable development and climate action (Kennedy and Hoornweg, 2012;
Lenhart et al., 2015; UN, 2020). The circular city (CC) framework has become part of a larger
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transitional dialogue which envisions regenerative circularity and
symbiotic resource flows across scales and contexts.
Implementing circular principles in cities can involve actions
such as scaling up integrated networks, retrofitting existing
businesses, and creating new operational practices across
scales. In doing so, challenges often exist, and there is a need
for new tools, innovation, and approaches to future planning
(Baganz et al., 2020). Even in the case of the more established
framework of circular economy (CE), the development of
scientific literature and discussion of concepts is ongoing, and
the design and development of practical implementation
strategies remains in an emerging state (Korhonen et al., 2018;
Suárez-Eiroa et al., 2019).

Current deployment of CC strategies is often guided by a range
of frameworks under various terms to describe sustainable future
cities (Castán-Broto and Bulkeley, 2013; Petit-Boix and Leipold,
2018; Corcelli et al., 2019). Recognizing that the CC framework is
a part of a lineage of circular, symbiotic, and regenerative theory,
a critical approach to CC implementation must address both its
ideological relationships to existing frameworks and investigate
the range of implementation strategies which emerge from them
and their role in enacting and operationalizing the CC. The varied
array of circular frameworks and concepts across scales as a
platform of insights and strategies can be leveraged to serve and
help implement CC goals through recontextualization, and do
not have to be seen merely as competing or confounding
ideologies. This article therefore seeks to bolster the
identification of implementation strategies for the CC by
synthesizing the definitions and relationships of a selection of
prominent circular, regenerative, and symbiotic frameworks and
analyzing the applied strategies they espouse. The review first
addresses a cross section of frameworks relevant to CC
implementation from an interdisciplinary range of economic,
industrial, urban, and built-environment sustainability concepts.
Building on these interrelationships, and review of the applied
strategies espoused within the reviewed publications, six thematic
areas of thirty-four circular actions and supporting
implementation strategies are identified across the spectrum of
circular concepts and discussed. In doing so, opportunities to
further develop and harness these synergies to advance CC are
uncovered. Likewise, the under-expressed value of leveraging
related sustainability frameworks toward of shared goals and
actualization is brought into new light in pursuit of closing loops
without reinventing wheels, as momentum to sustainable urban
futures through the CC framework builds.

2 METHODS

To address the research aims of this investigation within the large
conceptual umbrella the frameworks occupy, two phases of
review were conducted, the first of the conceptual
characteristics of the frameworks, and the second of the
implementation strategies they expressed (Figure 1). To gather
pertinent conceptual descriptions of frameworks with relevance
to circularity-oriented sustainability, articles on an array of
frameworks were collected and reviewed for conceptual

descriptions (Table 1). The frameworks were selected for
qualities they contained (circular, regenerative, and/or
symbiotic) relating to aspects of CC.

This review was conducted via keyword searches of the
framework names independently and paired with a selection
of phrases aimed at finding implementation-oriented
publications which included “applied,” “implementation,”
“built environment,” “design,” “neighborhood,” “district,”
“city,” and “eco-district.” The search was conducted in the
university’s libraries catalogue, which consists of a selection
of databases to which the libraries subscribe. Search results were
filtered for peer-reviewed journal articles on these topics. The
initial review pool based on the starting searches included 280
papers included based on abstract review. These were then
filtered down via abstract and introduction review to a pool
of 167 articles. Key internal citations within these papers were
also added to the review pool at this point. From this narrowed
pool, all articles were reviewed by a second close reading of the
abstract and skimming of the entire paper for whether the paper
offered or cited a definition of the given concept and/or whether
they discussed implementation strategies for that concept,
generating a pool of 84 core articles. These were included for
review of framework definitions and implementation strategies
and closely reviewed and coded for content pertaining to:
definition of the concept/framework(s) discussed, scope of
concept(s) described; scales of application inherent or
described; implementation strategies presented; and
references to other circular frameworks and conceptual
relationships.

In the second phase of assessment, implementation strategies
discussed in the core 84 papers were then reviewed and
organized into a list of 250 identified implementation
strategies and associated circular concepts. Through an
iterative review process of grouping and consolidating similar
strategies, these were sorted by content type and consolidated by
qualitative alignment and equivalencies into 34 general
strategies within six thematic areas. These strategies were
summarized in a review table which notes the relevant
citations in our review for the approaches. CC literature
within the review pool was also closely reviewed, and
highlighted on its own, in addition to the overview, due to
the centrality of CC in our review. Furthermore, the co-
occurrences of implementation strategies in the reviewed
literature were used to form a Sankey diagram of the
relationship between the circular concepts reviewed and the
six thematic groups and thirty-four strategies. Circular concepts
for which we found less than three strategies were excluded from
this analysis for additional clarity and emphasis on influential
and more applied concepts. This reflects an expected literature
bias, as the starting pools of literature on the different topics
varied greatly, with discussion of CE, for instance, published at
greater magnitudes than other frameworks reviewed. This
meant that even if only a subset of publications on a given
framework discussed implementation on that framework, this
impacted the strategy counts more significantly than for less
widely published frameworks. We likewise expect that different
counts and expanded results for phase two could be found if the

Frontiers in Built Environment | www.frontiersin.org March 2022 | Volume 7 | Article 7804782

Horn and Proksch Moving Towards Circular City Implementation

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


analysis is repeated to account for passing time, or if more
databases and search terms were added to the initial literature
collection phase. This factor was limited to scope the initial

investigation within a large conceptual umbrella while
addressing the core research questions, as to assess and
address conceptual relationships of the frameworks first is a

FIGURE 1 | Literature review process.

TABLE 1 | Circular, regenerative, and symbiotic sustainability frameworks reviewed.

Framework association Framework name Selected for the following CC related
qualities

Sustainable Development Sustainability Regenerative
Sustainable Development Regenerative

Nexus Perspectives Food-Water-Energy Nexus (FWE) Symbiotic
Water-Energy (WE) Symbiotic
Energy-Water-Carbon (EWC) Symbiotic
Land-Carbon (LC) Symbiotic

Economy Circular Economy (CE) Circular, regenerative
Blue Economy Regenerative

Biological Systems and Ecosystems Bioeconomy (BE) Regenerative
Circular Bioeconomy (CBE) Circular, regenerative, symbiotic
Eco-localism Regenerative, symbiotic

Industrial Systems Industrial Ecology Circular, symbiotic
Industrial Metabolism Symbiotic
Industrial Symbiosis Symbiotic

Urban Systems Circular City (CC) Circular, regenerative, symbiotic
Urban Environmentalism Regenerative
Urban Ecology Regenerative, symbiotic
Urban Symbiosis Symbiotic
Urban Metabolism Regenerative, symbiotic
Biomimicry Circular, regenerative, symbiotic

Design Green Infrastructure Regenerative
Net-zero design Circular, regenerative
Regenerative Design Circular, regenerative
Cradle-to-Cradle (C2C) Regenerative
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necessary component of analyzing their overlapping relevance
and potential for the implementation of CC.

3 CLOSING THE LOOP-TRACING AND
DEFINING OVERLAPPING CONCEPTS

There is general consensus that efficiently and synergistically
closing resource cycles is vital to achieving sustainable urban
futures (Hodson et al., 2012; Ranhagen and Groth, 2012; Lenhart
et al., 2015; Dzene et al., 2016; Kujundzic and Vuckovic, 2019).
Industrial ecology perspectives assert that the potential for
symbiotic exchanges which are economically and
environmentally advantageous is large, and that implementing
circular transition requires identifying and supporting these types
of synergies (Chertow, 2007). Such ideas are not entirely new, for
instance, the need of innovations to create value from waste
created by cities and large towns, like food by-products, was
expressed as early as in 1862 (Simmonds, 1862). The larger scale
perspective of planetary limits was advanced by Boulding in 1966,
who highlighted the exhaustibility of natural resources on Earth
(Boulding, 2017). Ensuing implications for an economy which
could be shaped by labor-based loops were envisioned in 1976 by
Stahel and Reday-Mulvey and the concept of CE has gained
increasing dimension and attention in the following decades
(Stahel and Reday-Mulvey, 1976). Today, the imperative for
cities to transition to close resource loops in order to lessen
global emissions and waste is becoming a cornerstone of urban
sustainability discussions (Liang and Zhang, 2011; Williams,
2019). Counteracting wasteful linear models in cities through
the implementation of circularity is accordingly receiving traction
and attention from researchers, planners, and decision makers
(Petit-Boix and Leipold, 2018; Prendeville et al., 2018; Williams,
2019; Zeller et al., 2019; Katsou et al., 2020).

Scholarship and implementation is advancing on circular
approaches to urban resource consumption and production
to help balance global management of finite resources. It is
increasingly recognized that in order for contemporary cities
to become more sustainable, they must develop more circular
metabolisms through resource recycling and reuse, localized
resource loops, and clean energy scenarios. Despite this, the
discussion of closed-loop practices and circularity at the
urban scale has not been the dominant academic dialogue
(Doughty and Hammond, 2004; Corcelli et al., 2019;
Williams, 2019). Williams (2019) asserts that the
“circularity debate” has thus far been dominated by
discussions of CE and closed-loop industrial systems by
industrial ecologists and economists, producing insufficient
frameworks for the complexity of the city (Williams, 2019).
The answer to this gap has been the CC framework, which
seeks to provide an urban-responsive approach to resource
management (Williams, 2019).

The CC concept envisions the city as a regenerative and
restorative system (Baganz et al., 2020). Aiming to eliminate
waste and keep resources functioning at a high utility over time,
CC applies many of the principles and goals of CE to foster
coupling of resource flows such that by-products of one process

are the input for another process (Baganz et al., 2020; Katsou
et al., 2020). Prendeville et al. (2018) define the CC as one which
practices CE principles, partnering with city stakeholders
including community members, businesses, and researchers to
close resource loops and create “a future-proof city” (Prendeville
et al., 2018). The Ellen MacArthur Foundation (EMF)’s
description of CC is similar, describing a city embedding CE
principles across its functions to establish an intentionally
regenerative, abundant, and accessible urban system (EMF,
2017). Elements of the CC include the built environment,
production systems, energy systems, urban transportation
systems, and urban bioeconomy (EMF, 2017). Some also note
the importance of digital technology to enable the CC (Baganz
et al., 2020). The definition given by the European Investment
Bank includes the conservation, sharing, and reuse of resources,
increasing the use and usefulness of assets, and minimizing both
consumption and waste of resources (European Investment Bank,
2018). Paiho et al. (2020) suggest a useful synthesized definition:
“A circular city is based on closing, slowing and narrowing the
resource loops as far as possible after the potential for
conservation, efficiency improvements, resource sharing,
servitization and virtualization has been exhausted, with
remaining needs for fresh material and energy being covered
as far as possible based on local production using renewable
natural resources” (Paiho et al., 2020). Through its origins and
place among a shared portfolio of theoretical and applied circular,
regenerative, and symbiotic frameworks which seek to foster ways
of living on Earth within planetary boundaries, CC shares
characteristics and goals with other concepts (Table 2). Given
these relationships, CC can benefit from a self-reflective process
of building on the momentum of other synergetic ideas and
bringing the strategies for real-world change and implementation
that they have proposed into the fold of CC as a means of
strengthening and hastening vital circular transitions in urban
settings. In the following seven sections, a review of the framing
concepts of sustainability and relevant economic, industrial,
urban, and built-environment frameworks with alignments to
CC will formulate the ideological platform for a subsequent
assessment of implementation strategies across multiple
frameworks.

3.1 Origins in Sustainable Development
It is near impossible to discuss improving humanity’s ability to
use resources regeneratively while mitigating harmful impacts
without using the eminent phrase-sustainability. While its
definition varies contextually, an increasingly prevalent
definition is well represented by Ghisellini et al. (2016) who
“define sustainability as the balanced integration of economic
performance, social inclusiveness, and environmental resilience,
to the benefit of current and future generations” (Ghisellini et al.,
2016; Prieto-Sandoval et al., 2018). The word sustainability has
origins in the French verb for “to hold up or support,” soutenir
(Brown et al., 1987; Geissdoerfer et al., 2017). Our omnipresent,
contemporary use of the term comes from its usage in forestry
and silviculture, and the idea that the amount of wood being
harvested should not outweigh the amount that can grow again
(Geissdoerfer et al., 2017). This further evolved into ecological
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contexts as the recognition of nature’s ability to regenerate itself,
and the necessity of respecting this. There are several hundred
definitions of sustainability today (Geissdoerfer et al., 2017).
These range from conducting human activities in a manner
conserving the functioning of Earth’s ecosystems (ISO 15392,
2008), to the Brundtland Commission’s influential definition of
sustainability to mean “development that meets the needs of
the present without compromising the ability of future
generations to meet their own needs” (Brundtland, 1987).
The triple bottom line, or three pillars of sustainability,
which are reflected in Ghisellini’s definition above, are a
core aspect of recent interpretations of sustainability. The
three pillars in this meaning are people, profit, and planet,
or as a triple bottom line, sustainable economic,
environmental, and social integration and performance
(Elkington, 1997; Geissdoerfer et al., 2017; Rahbarianyazd,
2017). The three aspects in these interpretations “are
systemically intertwined and continuously and cumulatively
affect one another through mutual causality and positive
feedbacks” (Mckelvey, 2002; Geissdoerfer et al., 2017).
Interestingly, this description of interdependency among the
three spheres, or pillars of sustainability, shares a common
thread of the recognition of systems complexity and
interconnectedness across scales which is echoed by CC and
by many of the frameworks discussed in this review.

While sustainable development is rooted in an environmental
perspective, it has been expanded to encompass an array of
visions for global progress. This added complexity reflects the
three pillars of sustainability and views of their
interdependencies, a dynamic aptly addressed by Kates et al.
who express that “the concrete challenges of sustainable
development are at least as heterogeneous and complex as the
diversity of human societies and natural ecosystems around the
world” (Kates et al., 2005; Geissdoerfer et al., 2017). The
seventeen 2030 United Nations Sustainable Development
Goals (SDGs) are a leading example of the range and
complexity of topics which form a global vision for a
sustainable future (UN, 2020). Circularity as a sustainable
development strategy is most often broached in the context of
urban developments, where action to improve environmental
sustainability and resource efficiency is urgently needed
(Mendoza et al., 2017; Gallego-Schmid et al., 2020).
Accordingly, CE has been highlighted as a means to achieve
SDG 12 of responsible production and consumption, and SDG
11, which seeks to “make cities and human settlements inclusive,
safe, resilient and sustainable” (Huovila et al., 2020). CE
principles are consequently viewed as essential to realize
sustainable development, and several of the SDG targets can
contribute to the actualization of a CE (Mendoza et al., 2017;
Gallego-Schmid et al., 2020; Ddiba et al., 2021). The alignments
between CC and sustainable development goals and efforts
provide a ripe platform for coordinated efforts and sharing of
implementation strategies. They also provide a reminder of the
vitality of supporting regenerative sustainability transitions in
developing urban settings and the consideration of context-
responsive implementation strategies for CC. Shared visions
for more sustainable cities also gain valuable perspective and

grounded approaches to implementation through the
consideration of resource system nexuses.

3.2 Nexus Perspectives
Approaching sustainability and sustainable development across
scales from global to local also necessitates nexus approaches,
which recognize the interconnectedness and interdependence of
multiple systems. For instance, the urban water-energy (WE)
nexus is especially relevant for circular systems transitions in
cities, as it describes the intersection of globally prevalent changes
of urbanization, water scarcity, and energy transitions (De Stercke
et al., 2020). Water and energy systems are interlinked, with
bidirectional interactions, for instance, energy is required to treat
and convey water to end users and water is needed in aspects of
energy supply such as for cooling and hydropower (Gleick, 1994;
De Stercke et al., 2020). Within cities, demand for energy and
water services is concentrated, with urban settings accordingly
forming a key reason for the way these systems are structured and
the problems which have arisen within the nexus (De Stercke
et al., 2020).

The conceptualization of this nexus can be further expanded
to the food-water-energy nexus (FWE). A FWE nexus approach
between the three sectors has been called for by academic and
political communities in order to better understand and address
synergies and impacts between food, water, and energy systems
which are strongly interwoven beyond the acknowledgement
shown through many current management approaches
(Bazilian et al., 2011; Bizikova et al., 2013; Mukuve and
Fenner, 2015; Newell, 2019). The FWE nexus is commanded
largely by supply value chains and market mechanisms which are
not yet capable of revealing societal and environmental risks and
stands to benefit from regenerative approaches (Allan et al.,
2015). As a result of the intense resource use of cities, FWE
systems interactions in urban settings play a dominant role in
driving global demand for all types of flows (Grimm et al., 2008;
Cordell et al., 2009; McDonald et al., 2014; Kennedy et al., 2015;
Ramaswami et al., 2017; Newell, 2019). Cities depend on FWE
systems to function, though these resources are often produced
outside of urban confines (Skar et al., 2019). Urban regions are
thus particularly vulnerable in their FWE systems, especially in
highly populated cities (Garcia and You, 2016; Tobosco-Chavero
et al., 2018). There is a need for sustainable FWE systems
solutions, including integration of food transport and waste
systems as an important aspect of cities’ adaptation to climate
change (Corcelli et al., 2019). Combining assessment of urban
FWE nexus interactions with the implementation of more
circular actions toward regenerative urban resource cycles may
offer a means of advancing CC frameworks in application.

Carbon also plays an important part in urban nexuses, and the
energy-water-carbon (EWC) nexus provides a valuable lens for
CC transitions. Within urban economic supply chains, flows of
energy, water, and carbon dioxide interact with complexity and
interdependence (Meng et al., 2019). Energy and water security,
as well as the need to reduce carbon dioxide emissions are core
environmental issues affiliated with cities, and are receiving
growing attention in research and practice (Meng et al., 2019).
Emission reduction and resource efficiency are likewise a core
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aspect within CC perspectives. In cities, EWC systems are closely
integrated with each other in product supply chains (Meng et al.,
2019). For example, consumption of energy in cities contributes
significantly to global CO2 emissions (Meng et al., 2019). Meng
et al. argue the importance of accurately describing and revealing
the mechanisms of urban metabolism in order to achieve
sustainability in urban management (Meng et al., 2019). The
urban EWC nexus, like many of the other frameworks, is limited
in its usefulness for studies due to “unclear system boundaries of a

nexus or city and imprecise urban inner structures” (Meng et al.,
2019). Carbon emissions are also tied to land use patterns, which
can impact one another in processes of urban transitions (Xia and
Chen, 2020). Nonetheless, these two factors have been often
handled as isolated from one another in the consideration of
urban carbon emissionmitigation (Xia and Chen, 2020). A spatial
land-carbon (LC) nexus framework has been proposed for
investigating the interconnections of land-use changes and
carbon emissions (Xia and Chen, 2020). The carbon balance

TABLE 2 | Circular, regenerative, and symbiotic sustainability frameworks reviewed and prominent descriptions.

Framework Description

Sustainability “The balanced and systemic integration of intra and intergenerational economic, social, and environmental performance”
(Geissdoerfer et al., 2017)

Sustainable Development Global progress which reflects economic, environmental, and societal complexities and accounts for their complexities (UN,
2020)

Food-Water-Energy Nexus (FWE) The intersections and interdependencies of food, water, and energy systems (Tien, 2018)

Circular Economy (CE) “An economic system that is based on business models which replace the ‘end-of-life’ concept with reducing, alternatively
reusing, recycling and recovering materials in production/distribution and consumption processes . . . with the aim to
accomplish sustainable development” (Kircherr et al., 2017)

Bioeconomy (BE) “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” (European Commission, 2012; Carus, 2017;
Stegmann et al., 2020)

Circular Bioeconomy (CBE) “The sustainable, resource-efficient valorization of biomass in integrated, multi-output production chains (e.g. biorefineries)
while also making use of residues and wastes and optimizing the value of biomass over time via cascading. Such an
optimization can focus on economic, environmental or social aspects and ideally considers all three pillars of sustainability”
(Stegmann et al., 2020)

Eco-localism Creating self-reliant local or regional economies in order to secure economic sustainability including via prioritizing the local
society and community in the economy including the goals of preserving natural ecosystems, supporting the health of the
community, meeting economic needs, and supporting quality of life (Curtis, 2003)

Industrial Ecology Optimizing use of energy and materials and reducing waste and pollution by transforming industrial waste and by-products
into inputs for other processes as part of a transition to economically viable industrial systems which mimic the behavior of
natural ecosystems (Beaulieu, 2015)

Industrial Metabolism Transforming linear economic systems into integrated ecosystems of industries (Prendeville et al., 2018)

Industrial Symbiosis Physical exchanges of materials and resources, including energy, water, and byproducts between businesses (Chertow,
2007)

Circular City A city “based on closing, slowing and narrowing the resource loops as far as possible after the potential for conservation,
efficiency improvements, resource sharing, servitization and virtualization has been exhausted, with remaining needs for
fresh material and energy being covered as far as possible based on local production using renewable natural resources”
(Paiho et al., 2020)

Urban Ecology Envisions urban systems as metaphorical heterotrophic ecosystems which can be optimized (Odum, 1983)

Urban Symbiosis Assesses how urban cycles of resource exchange and material flows, such as of food, water, and energy, can be made
more closed-loop and regenerative to reform linear urban resource consumption (Lenhart et al., 2015)

Urban Metabolism “The sum total of the technical and socioeconomic processes that occur in cities, resulting in growth, production of energy,
and elimination of waste” (Kennedy et al., 2007)

Biomimicry Echoing the natural environment to achieve sustainability and resolve human problems relating to climate, nutrients, society,
time, and habitats, with the implication that human civilization should live within natural limits and is dependent on nature
(Spiegelhalter, 2010)

Green Infrastructure A re-envisionment of the linkages of cities and their implementation to the natural environment, the economy, society,
technologies, and people (Ghaffarian et al., 2013)

Net-zero design Meeting building needs for resources at the building scale through generation, treatment, and reuse (Crosson, 2018)

Regenerative Design Design with the intent to produce projects within cities which generate positive impacts on ecological and social systems,
often involving ecosystem biomimicry in order to support both urban development and ecosystem health (Blanco et al.,
2021)

Cradle-to-Cradle (C2C) Recovery and reuse of biological and technical materials in design and manufacturing (McDonough and Braungart, 2009)
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of urban systems is significantly influenced by ranging intensities
of land use, scales, and impacts which shape carbon stock and
emission inputs and outputs (Xia and Chen, 2020). Magnitudes
and scales of resource flows, their interactions and
interconnections, and contexts as assessed through nexus
perspectives including those of WE, FWE, EWC, and LC, are
all deeply relevant to CC implementation. Assessment and
coordination of larger systemic nexus frameworks can help
navigate the invariable systems complexity at the urban scale
which shapes potential routes for successful circular transitions.

3.3 Circular Economy
The framing of resource flows through an economic lens is also a
core perspective which can bolster CC advancement. Arguably
the most closely tied to the development of CC, CE is a concept
for a rebalanced production and consumption cycle which aims
to decouple economic growth from the degradation of the
environment and depletion of natural resources (Jackson,
2009; Beaulieu, 2015; Williams, 2019). Prendeville et al.
describe that while it has gained recent recognition, the
concept of CE developed gradually and was influenced by
seminal thinkers in ecology, environmental economics, and
systems thinking to describe how resource flows in economies
can become closed-loop at different scales (Allenby and Graedel,
1993; Chertow, 2000; Prendeville et al., 2018). Early work in CE
was discussed also as “closed-loop economy,” and was described
by Boulding as the circular, closed-loops of the Earth and its
systems and the resulting inference that the economy should exist
in harmony within the boundaries of Earth’s natural systems and
capacity (Boulding, 2017). Rachel Carson’s Silent Spring and
Meadows et al.,‘s 1970s “Limits to Growth” have been
suggested as having likely also played a role in shaping an
early CE perspective (Carson, 1962; Meadows et al., 1972;
Winans et al., 2017). CE was further developed by Stahel and
Reday-Mulvey in the mid-70s, who described a looping economy
with aspects of industrial scale waste prevention, regional labor
economies, and resource efficiency (Stahel and Reday-Mulvey,
1976; Geissdoerfer et al., 2017). Conceptual frameworks were
further developed by Pearce and Turner in 1990 who described
the influence of natural resources on the economy and the open-
endedness of contemporary linear economic systems (Pearce and
Turner, 1990; Geissdoerfer et al., 2017; Winans et al., 2017;
Williams, 2019). They are sometimes attributed with the
introduction of CE, such as by (Andersen, 2007; Su et al.,
2013; Ghisellini et al., 2016; Geissdoerfer et al., 2017). Stahel
and Reday-Mulvey’s (1976) work influenced economic policies in
Japan and Germany in the 1980s and 90s, which in turn fostered
the integration of CE concepts in industry (Moriguchi, 2007;
Winkler and Bilitewski, 2007; Williams, 2019).

The recent growth of popularity of CE has been attributed by
some to the last decade of efforts toward international
sustainable development (Moriguchi, 2007). Whereas
industrial processes in a linear economy are oriented around
one-directional material flow in which raw materials are used to
make a product and waste, and the product when its use is over,
disposed of, CE features waste valorization and resource
recovery which keep materials in the supply chain in order

to decouple the growth of the economy and pressures on the
natural environment (Ghisellini et al., 2016; Elia et al., 2017).
Three principle aims of the CE approach include reducing
consumption of resources and production of waste,
preserving natural resources and ecosystem services, and
designing out negative environmental, social, and economic
externalities (Williams, 2019). Likewise, the CE approach is
closely tied to the 3Rs-reduce, reuse, and recycle (Ginelli et al.,
2020a; Ginelli et al., 2020b). Some also consider a fourth “R” for
recovery, to represent recovering materials and energy from
waste (Kirchherr et al., 2017; Joensuu et al., 2020). The Ellen
MacArthur Foundation (EMF) is a prominent force in the
popularization of CE, describing a vision for an economy
which is by design, regenerative and restorative, and that
keeps materials, products, and components at a high value
and usability over time (EMF, 2017; Hart et al., 2019). The
EMF’s work has been influenced by a variety of other
frameworks. Blue Economy, for instance, proposes an
economic system wherein multiple monetary flows close a
waste to value loop as an alternative to linear value creating
systems that deplete natural resources (Pauli, 2010; Prendeville
et al., 2018).

Peters et al. suggest that there are four key components to the
definition of CE: The first is recirculating energy and resources,
minimizing demand for resources, and valorising waste streams;
the second is using a multilevel approach; the third is the
importance of CE as a means to realize sustainable
development; and the fourth is the importance of societal
processes of innovation (Peters et al., 2007; Prieto-Sandoval
et al., 2018). Karhu and Linkola expand upon this to describe
CE in a three-aspect manner akin to a triple bottom line
approach, which in addition to the creation of economic and
environmental value, includes fostering social value such as
preventing unhealthy and unethical labor conditions (Karhu
and Linkola, 2019). Given that there is a certain ambiguity to
the scale of economy in CE, interventions have been discussed to
include three levels, micro (single companies, customers,
products), meso (eco-industrial parks), and macro (cities,
regions, and nations) (Ghisellini et al., 2016; Elia et al., 2017;
Kirchherr et al., 2017; Prieto-Sandoval et al., 2018; Baganz et al.,
2020). Geissdoerfer et al. describe the aim of these multiple levels
of operations as accomplishing sustainable development by
“creating environmental quality, economic prosperity and
social equity, to the benefit of current and future generations”
(Geissdoerfer et al., 2017; Prieto-Sandoval et al., 2018; Thiriet
et al., 2020). CE is thus intended to produce a regenerative system
where emissions, resource input and waste, and energy
inefficiencies are minimized via the reduction, integration, and
refinement of material and energy loops (Bocken, 2016; Prieto-
Sandoval et al., 2018; Paiho et al., 2020).

The application of CE to urban environments through urban
mining approaches and the consideration of systems of
anthropogenic urban resource management of food, water,
energy, and waste is discussed often (Prendeville et al., 2018).
Some have pointed out that there are challenges and limits to the
environmental sustainability of CE, particularly in defining
system boundaries of CE and managing flows between
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different actors (Korhonen et al., 2018; Baganz et al., 2020). A
notable organizing principle of CE applications is based on
material flow type, dividing CE into technical and biological
cycles (Mendoza et al., 2017; Gallego-Schmidt et al., 2020). The
technical cycle is made up of inorganic material flows, meaning
that they are non-biodegradable such as metals, traditional
plastics, and minerals (Joensuu et al., 2020). The CE
biological cycle is made up of organic materials, which are
biodegradable and contain biological nutrients which can re-
enter into the biosphere (Kirchherr et al., 2017; Joensuu et al.,
2020). The consideration of both technical and biological flows
is essential to CC implementation, as inorganic and organic
resources flow through cities at high magnitudes, and the way
that they are managed reflects evolving concepts and
applications of urbanisms, which must shift towards
increasing circularity and urban scaled regenerative practices
to actualize CC transitions.

3.4 Biological and Ecosystem Driven
Circularity
Biological cycles and resource recovery from organic waste
streams has also been the focus of considerable research
within the frameworks of bioeconomy (BE), circular
bioeconomy (CBE), and urban bioeconomy (Ddiba et al.,
2021). BE is less immediately concerned with circularity,
though due to the inherent regenerative cycles of organic
flows, the connection is still significant. Historical BE reaches
early into human history when the population lived primarily off
of the land until the mid-1700s when the industrial revolution
shaped changing paradigms (James, 2018). Population growth
and industrial development make a return to regenerative BE a
greater challenge than in the past, however, a transition is needed
in the face of spiraling resource depletion and global climate
change (James, 2018). Early formulations of BE are sometimes
credited to Georgescu-Roegen’s (1975) bioeconomics work
advocating for a biophysical way of looking at the economy
(Georgescu-Roegen, 1975; D’amato et al., 2017). More recently,
BE was defined by the EU as “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” (European Commission, 2012;
Carus, 2017; Stegmann et al., 2020). Most conceptualizations of
BE are based on the perspective that inputs for industrial
activities, such as energy, material, and chemicals, should
come from renewable biological resources, with necessary
transformational processes supported by research and
innovation (Bugge, 2016; Kleinschmit et al., 2014; Pfau et al.,
2014; D’amato et al., 2017). Having bio-based alternatives to non-
renewable sources is a key aspect of BE, and thus industries like
agriculture and forestry are vital to help fill this niche (Roos and
Stendahl, 2015; D’amato et al., 2017). In this vein, Carraresi et al.
(2018) describe the cross-industry nature of BE, in which a range
of sectors, production systems, and technologies help shape
renewable resource streams and by-product reuse. Cities can
also foster unique opportunities for BE, and urban
bioeconomy has been described “as a form of environmental

value creation,” a valuable perspective for inclusion in CC (Buck,
2017).

Bio-based industries and manufacturing already fit well in CE
when they use organic residues and waste flows as biorefinery
feedstocks, and given the circular cycles and metabolic pathways
inherent in biology, however while the BE practices can be
circular, they are not automatically so (James, 2018).
Accordingly, the integration of CE principles in BE has been
called for, including the assertion that this will be necessary for
true resource efficiency from BE (D’amato et al., 2017). The
intersection of BE and CE forms the concept of CBE (James,
2018). Stegmann et al. (2020) discuss a route for CBE
optimization which is possible through cascading uses of
biomass, meaning using resources sequentially for different
purposes. They likewise define CBE as focusing on “the
sustainable, resource-efficient valorization of biomass in
integrated, multi-output production chains (e.g., biorefineries)
while also making use of residues and wastes and optimizing the
value of biomass over time” (Stegmann et al., 2020). Focus of
optimization measures can be tailored to specific environmental,
economic, or societal factors but in ideal scenarios should
consider all of the three facets of sustainability (Stegmann
et al., 2020).

Local scale circularity in the economy reoccurs in several
sustainability frameworks, and has been described in particular
focus within the context of eco-localism. Eco-localism is centered
around the idea of creating self-reliant local or regional
economies in order to secure economic sustainability (Curtis,
2003). This involves prioritizing the local society and community
in the economy by preserving natural ecosystems, supporting the
health of the community, meeting economic needs, and
supporting quality of life (Curtis, 2003). Environmental
geographies (e.g., bioregions) are often used to describe the
natural limits and boundaries of eco-local economies (Sale,
1985; Curtis, 2003). The view of eco-localism is that ecological
limits should shape the size of the economy, whose scale is vital to
sustainability, and asserts that as ecosystems are heterogenous
and symbiotic local capital unique, opportunities to replace
natural capital with other types are limited (Curtis, 2003).
Eco-local capital is made up of five forms of local scale
capital-physical, financial, natural, social, and human, which
interact symbiotically and reinforce one another (Curtis, 2003;
Williams, 2019). For instance, local natural capital is
reinforced by local social capital that guides preservation
and restoration of ecosystems (Williams, 2005; Williams,
2019). Social capital also helps to make local resource
sharing scenarios and loops more feasible and bolsters the
outcomes of investing in human capital and physical
infrastructure (Putnam, 1993; Williams, 2019). Physical
capital, such as infrastructure and the built environment,
can also help facilitate resource sharing and economic
circularity in local economies; this is enhanced by physical
proximity of those producing and utilizing resource flows such
as utilities and industries (Williams, 2019). Several elements of
eco-localism are particularly relevant for CC, especially as the
idea of closing loops at the city scale anticipates some level of
localization of resource flows and economic systems, within
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which the concept of local scale capital types becomes
especially useful for development and assessment of
implementation approaches for urban circularity.

3.5 Symbiosis and Circularity in Industrial
Systems
One of the foundational precursors of CC, industrial ecology
(IE) is a field of research and application focusing on creating
and maintaining a closed-loop industrial ecosystem. As part of
an envisioned transition to economically viable industrial
systems which mimic the behavior of natural ecosystems, its
aims include optimizing use of energy and materials and
reducing waste and pollution by transforming industrial
waste and by-products into inputs for other processes
(Beaulieu, 2015). The perspective of IE frames industrial
systems as part of a complex interrelated ecosystem-a view
derived from the central concept that modeling human
systems after natural systems is a path to greater
sustainability (Spiegelhalter, 2010). A core aim in an urban
context, therefore, is to holistically integrate technologies and
processes which use energy and materials efficiently and with
minimal greenhouse gas emissions (Spiegelhalter, 2010). A
concept closely related to IE is industrial metabolism, which
was described by Frosch and Gallopoulos (1989) as the concept
of the transformation of a “linear economic system into an
integrated industrial ecosystem” (Prendeville et al., 2018).
Frosch and Gallapoulos’ influential article in Scientific
American described a vision for industrial ecosystems
wherein “the consumption of energy and materials is
optimized and the effluents of one process. . .serve as the
raw material for another process” (Frosch and Gallopoulos,
1989; Chertow, 2007). Industrial symbiosis (IS) is essential to
this vision and requires close attention to material and energy
flows through economies at a local and regional scale
(Chertow, 2000).

IS is the concept of the physical exchanges of materials and
resources, including energy, water, and byproducts between
businesses (Chertow, 2007). This can involve the engagement
of and interaction between industries that have been
traditionally separate in order to arrive at an integrated,
collective strategy to exchange resource flows and achieve a
competitive advantage and resource efficiency (Chertow,
2000). Three main types of resource exchange are described
by Chertow: by-product reuse, utility/infrastructure sharing,
and joint provision of services (Chertow, 2007). By-product
reuse is essentially exchange of industrial material flows
between two or more businesses in which the excess
material from one operation is used in the other in
replacement of raw materials or commercial products
(Chertow, 2007). Utility/infrastructure sharing is the shared
organization and utilization of core resources like water,
energy, and wastewater (Chertow, 2007). Similarly, joint
provision of services is coordination such as shared
arrangements of transportation, food supply, and other
common needs across neighboring industries and businesses
(Chertow, 2007). Types of physical manifestations of

industrial symbiosis have been described as industrial
ecosystems, eco-industrial networks, and eco-industrial
parks. Eco-industrial park initiatives form around a close
locational proximity between coordinating firms to
exchange material and informational resources to reduce
waste, curtail and optimize use of raw materials and energy,
and foster multidimensional sustainable relationships between
businesses and key actors (Winans et al., 2017). The same
concept extends to industrial symbiosis networks and eco-
industrial networks where it is instead applied to a larger
geographic region, even up to the scale of a state/province
or country (Winans et al., 2017). Circularity in industrial
systems is a necessary and influential piece of the transition
to circularity in economies and cities, and can be integrated
into other scalar perspectives and systems, even helping to
provide examples and methods for CC via the existing lineage
of industrial ecology thinking and development. Strides
forward in CC transitions are increasingly seen taking effect
in industrial economic sectors, with governance and programs
promoting IS serving to also directly further key aspects of CC
itself. Connecting and translating successful IE driven
approaches to the full urban scale can leverage symbiotic
industrial frameworks and be of great benefit, however also
require further development to address and respond to the vast
integrated systems of cities which among other differences
include vital socio-political forces and actors.

3.6 Conceptualizing Urban Circularity
As discussed within CC perspectives, cities contain exceptionally
complex interactions of resources flows, urban dwellers, and
urban space. While many resources used in cities originate
from nature, the reality still remains that within current
modes most are utilized and then disposed of in a linear
fashion (Skar et al., 2019). Circular approaches to urban
resource use explore options for regenerative management of
these flows through reduction, reuse, and recycling (Skar et al.,
2019). This fosters the new formulations of the design and
interrelationships of urban, peri-urban, and rural spaces,
leading to closed-loop approaches such as localized food
systems that take into account broader systems perspectives
such as that of an urban/peri-urban FWE nexus (Skar et al.,
2019). Unsurprisingly, the CC concept shares modes of thought
with several other urban scale metabolic conceptualizations of
sustainability. Many of these metabolic, circular conceptions of
the city take on aspects of biomimicry. Biomimicry (bios-life,
mimesis-to imitate) seeks to echo the natural environment to
achieve sustainability and resolve human problems relating to
climate, nutrients, society, time, and habitats, with the
implication that human civilization should live within natural
limits and is dependent on nature (Spiegelhalter, 2010;
Prendeville et al., 2018). These limits are perceived through
the mediating systems of technology, culture, and socio-
economics (Spiegelhalter, 2010). Drawing on knowledge
transfer and emulation of living organisms and ecosystems,
biomimicry aims to foster greater sustainability (Blanco et al.,
2021). Though biomimicry tends to imply the interpretation of
nature-based ideas into physical designs, it can also prove a useful
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concept for other human systems like economies and cities
(Pomponi and Moncaster, 2017). Spiegelhalter (2010) express
that “it is almost an imperative attempt to biomimic natural
processes towards a circular metabolism where city outputs seem
to become resources for new inputs”. This can facilitate a strong
conceptual starting point for urban environments; however, it has
been argued that when biological analogies are applied to entire
cities and regions, they need to be paired with other approaches
and can otherwise lose usefulness and utility as an analytical lens
for city functions (Gandy, 2004). Urban symbiosis, for instance,
refashions the concepts of IS into the dimensions of a city
(Lenhart et al., 2015). Urban symbiosis assesses how urban
cycles of resource exchange and material flows, such as of
food, water, and energy, can be made more closed-loop and
regenerative to reform linear urban resource consumption
(Lenhart et al., 2015). Consideration of governing and decision
makers’ roles in shaping these dynamics is considered an
important element of the framework, aligning strongly with
CC (Lenhart et al., 2015).

Notably, the interconnected flows of modern cities are
somewhat frequently referred to as a metabolism of integrated
resource flows through urban space that rely on external energy,
material, and information inputs (Gandy, 2004). Urban
Metabolism (UM) accordingly describes cities as ecosystems
under development which need resources and have metabolic
flows of materials, nutrients and food, water, and energy
(Kennedy et al., 2007; Gagliano et al., 2015; Paiho et al., 2020).
Kennedy et al. define UM as “the sum total of the technical and
socioeconomic processes that occur in cities, resulting in growth,
production of energy, and elimination of waste” (Kennedy et al.,
2007). In addition to quantification studies, UM can include
assessment of application of circular metabolism in cities and
application of biomimetic urban design strategies (Spiegelhalter
and Arch, 2010; Buck, 2017; Prendeville et al., 2018). UM was
developed in the context of environmental deterioration of
water and air in the 1960s US and introduced the
quantification of city resource fluxes (Wolman, 1965).
Precursors and closely aligned conceptual antecedents to
Wolman’s UM arguably emerged much earlier, particularly
within the 1800s. For example, scientific developments in this
period fostered a public health movement which promoted the
hygienist city (Gandy, 2004). With the advancement of
biological and physical sciences, sanitation systems and
infrastructure were developed to control and separate
resource flows in the city with the aims of better protecting
human health. Along with these developments, recognizable
linear flows in modern cities became more established and
thinking around urban conditions evolved, for example
wastewater flows were viewed as a danger to be removed
from urban cycles and sent out of cities, and their potential
value as a nutrient source largely dismissed. UM can be a useful
analogy and framework for analyzing the relationships
between biophysical processes and societies, and it has been
advocated that viewing it distinctly from its precursors is an
important caveat to harnessing its usefulness (Gandy, 2004).
Gandy describes that current day “urban metabolism can
illuminate the circulatory processes that underpin the

transformation of nature into essential commodities such as
food, energy and potable water” and provide insights into
“commodity chains, the particularities of local context and the
fluidity of urban form” (Gandy, 2004). With its core qualities of
conceptualizing resource flow dynamics and their assessment,
UM fundamentally underpins CC perspectives and that of many
related circular and sustainability frameworks including aspects of
CE and urban symbiosis, further manifesting within the means of
circular transitions that they espouse.

Urban Ecology likewise envisions urban systems as
metaphorical heterotrophic ecosystems which can be
optimized (Odum, 1983). Akin to complex living systems,
cities metabolize resources and contain producers and
consumers who interact to characterize resource flows and
loops (Wolman, 1965; Kennedy et al., 2007; Williams, 2019).
The urban ecosystem can be kept healthy through looping, or
cycling, waste resources at various scales, which is further
supplemented by the localization of resource cycles and the
protection of natural ecosystem services (Orr, 1992; Williams,
2019). These actions align strongly with CC goals. McDonnell
et al. describe such an urban ecosystem as containing distinct and
integrated systems of the natural environment, the socio-
economic environment, and the built environment
(McDonnell et al., 2009).

3.7 Regenerative Built Environment
Concepts
The built environment will play a key role in the implementation
of CC concepts. Indeed, some argue that the built environment is
the sector that generates the most pressure on the natural
environment (Pomponi and Moncaster, 2017). Pomponi and
Moncaster critique CE’s lack of consideration of the built
environment, describing that “in framing building research
from a. . . [circular] perspective there is a lack of focus on
buildings, with most research designed either around cities
and neighbourhoods or construction materials” (Pomponi and
Moncaster, 2017). According to the literature, assert Joensuu et al.
(2020), the built environment should be understood to refer not
only to buildings, infrastructure, and their construction, but also
include their operation, maintenance, and use, which forms
varying environmental impacts over a full life cycle. Several
concepts in the built environment seek to facilitate greater
circularity and regeneration in construction and operation of
infrastructure and buildings.

At the infrastructural scale, Green Infrastructure has been
described as a reenvisionment of the linkages of cities and their
implementation to the natural environment, the economy, society,
technologies, and people (Ghaffarian et al., 2013). Likewise, net-
zero design, which can focus on specific resources at building or
district scales, often features decentralized infrastructural
approaches rather than conventional centralized infrastructure.
Net zero water (NZW) is the concept of water independence,
which can be achieved at building scales or district scale. To be net
zero for water means that all of a building or district’s water needs
are met via localized capture, closed-loop systems, and reuse,
including full management of storm water such that any
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discharged water is managed to benefit local ecology (Crosson,
2018). Net-zero energy (NZE) is similar, wherein site-based energy
production and consumption sum to zero or even negatively such
that production outweighs consumption. Some difference exists,
however, as NZE can still include grid integration with centralized
energy grids, while NZW exists independently from larger
municipal systems (Crosson, 2018). Net-zero design relates
strongly to the CC due to shared goals of closing resource
loops, albeit at distinct, though potentially overlapping scales.

Buildings functioning with net-zero principles are sometimes
referred to as “circular buildings.” Pomponi and Moncaster
define the term as referring to “a building that is designed,
planned, built, operated, maintained, and deconstructed in a
manner consistent with CE principles” (Pomponi and
Moncaster, 2017). The term living building has also been used
to refer to highly sustainable, self-sufficient buildings, particularly
in the context of the Living Building Challenge (ILFI, 2021). In
this context, buildings and sites are also increasingly viewed as
having the potential to be regenerative. Regenerative design aims
to produce projects within cities which generate positive impacts
on ecological and social systems, often involving ecosystem
biomimicry in order to support both urban development and
ecosystem health (Blanco et al., 2021). The regenerative design
concept was proposed by John Tillman Lyle who described the
possibility of building human systems and places “with a circular
logic by reincorporating the essential elements of life, such as
energy conversion, water treatment, and nutrient cycling in
human designed urban spaces” (Lyle, 1994). Contemporary
regenerative design practices espouse understanding urban
systems through holistic and ecological lenses in order to
achieve mutual benefit between ecological and social systems
(Reed, 2007; Blanco et al., 2021).

Within the built environment, life cycle perspectives are seeing
increasing uptake and usage. Consideration of the life cycle of
materials from production and construction to disassembly
further foster contemplation of circularity and opportunities
for reuse. Braungart and McDonough’s cradle-to-cradle (C2C)
concept is an example of this perspective and promotes recovery
and reuse of biological and technical materials (McDonough and
Braungart, 2009). C2C has overlapping concepts with CE, but
particular emphasis on reuse and recycling and further centers
design as a means of closing material cycle loops (McDonough
and Braungart, 2009; Joensuu et al., 2020). As the built
environment disciplines strive for greater sustainability in
design and practice, key opportunities to synergize efforts
taking place under multiple certification systems and
frameworks (e.g., C2C, LEED, Living Building Challenge, etc.)
and influential concepts such as regenerative and net-zero design
may exist as ameans of furthering CC design and implementation
and merit further consideration.

4 IMPLEMENTING CIRCULARITY

Implementing CC concepts will require a multifaceted portfolio
of strategies, many of which can be adopted from related
frameworks. A range of approaches that bridge from theory to

actualization have been suggested in literature. The similarities
and variations of many of the frameworks discussed in section
three are reflected in the strategies for implementing them.
Within our selected literature pool, 250 individual strategies
were identified which could be grouped into 34 general
strategies within six thematic areas: Resource and Material
Management, Systems Development and Integration, Bio-based
Solutions, Governance and Stakeholder Engagement, Data,
Measurement, and Modeling, and Research and Education
(Figure 2). These implementation strategies vary from direct
actions to supporting and regulatory approaches. The first three
thematic areas include direct actions to advance circularity in
practice. Resource and Material Management describes actions
that involve the creation, transformation, and movement of
urban resource flows such as through recycling, reuse, and
construction. Systems Development and Integration strategies
consist of actions to integrate systems of various types and
scales and to develop new modes of operation, adapting and
transitioning linear systems into regenerative ones. Bio-based
Solutions are strategies fundamentally tied to living systems
such as organic resource flows and processes, nature-based
aspects of CC, and strategies involving the food system. The
other three thematic areas of strategies which emerged through
the review are supporting strategies, which help to advance,
strategize, and enact CC goals. While less direct, these
thematic areas are absolutely critical to CC implementation.
For instance, Governance and Stakeholder Engagement
strategies leverage policy and collaboration to foster CC
transitions. Likewise, Data, Measurement, and Modeling
strategies are essential to closing loops, supporting effective
design and decision making, as is Research and Education, the
sixth thematic area of strategies.

A noteworthy variation across the 34 strategies is the degree
to which they rely on organic alliances and developments
versus top-down approaches to circularity. This varies even
within specific strategies such as in implementation strategy
five, Industrial Developments. Figure 2 summarizes the
strategies, with definitions and examples derived from the
literature review. A literature review of implementation
strategies documented in CC publications can be found in
Figure 3.

There is significant overlap between strategies advocated
under different frameworks particularly between CE, which
included 33 of the 34 strategies, and CC, for which we
identified 29 (Figure 4). Three strategies in particular saw
strong occurrence in CC publications, 7. Infrastructure
developments and Infrasystems integration, 8. Circular business
models, and 22. Developing and Leveraging datasets. The other
frameworks which included the most implementation strategies
in literature include the FWE nexus, BE, IE, IS, CBE, and net-zero
design (Figure 4). To rule out a bias of interpretation, we only
attributed strategies to concepts for which journal articles
specifically mentioned the implementation strategies in
question. Despite strong theoretical overlaps between all
concepts, a heavier emphasis on application is observed in CC,
CE, and FWE-Nexus publications, which included more strategies
for implementation, pointing toward a tension and area of
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FIGURE 2 | Circular implementation strategies.
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opportunity in the space between theoretical and applied circular
sustainability.

4.1 Resource and Material Management
Managing resources and materials regeneratively is one of the most
core functions of a CC. Circular actions of looping and adapting and
supporting actions of localization and optimization are key to these
implementation strategies (Williams, 2019; Figure 2). The first
implementation strategy Reduction, Reuse, and Recycling of
materials is by far one of the most central aspects of achieving
circularity through CC, CE, and IE. Elia et al. note a growing interest
in waste management, including reducing waste and increasing
efficiency and sustainability of resources, which has progressed
in US policy although CE and CC policy lags in the US
compared to European efforts (Elia et al., 2017). Logistical
Improvements comprise an essential aspect of a transition to
greater circularity by shaping how flows and exchanges can
occur in a more closed-loop manner. Strategy 2, localization, is
also a core element across the frameworks, occurring in six of
the eleven included in Figure 4. Of the frameworks reviewed,
eco-localism perhaps most directly centers around the concept
of localization, calling for decentralized sustainable technologies
adapted to local environmental, cultural, community, and
economic conditions (Curtis, 2003).

Green Construction, which forms an entire field of its own, is
also a key strategy to implement urban circularity due to the
fundamental role of the built environment in the city and in
shaping how resources are used. There are opportunities to
better integrate CC concepts into green construction. Munaro
et al. (2020) note for instance, that attention to CE in the built
environment, has been growing in both theory and practice. They
describe the need for more research on component reuse, the
development of the secondarymaterialsmarket, andmore research
and development of operating circular value models in the built

environment (Munaro et al., 2020). They assert that “this is a
critical gap because the role of managing and applying circular
innovation in the built environment is often neglected” and
describe that the implementation of circularity is held back by
insufficient knowledge about the definitions of CE and similar
frameworks, and about how to implement these within business
models (Adams et al., 2017; Munaro et al., 2020). Karhu and
Linkola (2019) also have discussed that approaches to
implementing circularity in the built environment form an
active topic of discussion and that understanding is under
development as applied experiences grow. Gallego-Schmid et al.
conducted a reviewwhich found that publication of research onCE
in construction had not yet found a “home” and was published
across a variety of journals and in conference proceedings,
indicating “a new, growing area, with researchers first testing
their ideas in a conference setting before publishing them as
journal articles” (Gallego-Schmid et al., 2020). Building level
considerations of CC, or CE, can view buildings as “material
banks,” though building level circularity can also reflect further
principles which bridge across scales (Cheshire, 2016; Geldermans,
2016; Giorgi et al., 2020). Giorgi et al. describe three areas of
principles relevant to the building scale “design process aimed at
adaptability and reversibility; resource/waste management aimed
at reuse and recycling; [and] business models aimed at extending
life and value of products while also changing the concept of
ownership” (Giorgi et al., 2020). They express that waste
prevention needs to be the first goal to use resources efficiently
and effectively, and that this can be achieved through a
combination of strategies including extending building life,
greater product durability, and repairing, reusing, and
maintaining resources, such as in implementation strategy one-
Reduction, Reuse, and Recycling of materials (Giorgi et al., 2020).
Green construction and building scale circularity intersect with
several thematic areas and implementation strategies which

FIGURE 3 | Implementation strategies in circular city literature.
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emerged through our review. These include Systems Development
and Integration, implementation strategy six Building Integration,
and strategy eight Circular Business models, thematic area three
Bio-based solutions, and thematic area five Data, Measurement,
and Modeling, wherein many key supporting strategies and
methodologies, such as LCA, increasingly used in green
construction contexts, occur.

4.2 Systems Development and Integration
The second thematic area which emerged is that of Systems
Development and Integration, which is particularly relevant to
the urban scale and context of CC. As sustainable urban
developments proliferate globally, they will need to harness
systems integration strategies, note Pandis-Iveroth et al. Systems
integration approaches may include the generation of energy and
transport fuels from domestic and organic waste streams, treatment
of grey water for irrigation or other secondary uses, fertilization of
agricultural areas with treated sludge or various forms of recovered
nutrients, and many more strategies, some of which we will discuss
further below (Pandis-Iveroth et al., 2013). Integrated solutions
advance circular urban metabolisms over linear processes,
manifesting endeavors to close material flow and energy cycles

in cities such that they take on ecosystem qualities (Pandis-Iveroth
et al., 2013). A number of common strategies were advocated for by
literature for CC and CE -which both mentioned all strategies in
this thematic area-as well as by Industrial Symbiosis, the FWE-
Nexus, and Regenerative Design (Figure 4). BE literature called
specifically for the implementation and development of strategy
eight Circular Business Models, although the principles of BE align
well with the other implementation strategies in this thematic area.
The strategies identified within this thematic area include strategy
five Industrial Developments, strategy six Building Integration,
strategy seven Infrastructure developments and infrasystems
integration, strategy eight Circular Business Models, and strategy
nine Integrative and Eco-Design.

The development of systems integration through industrial
developments has been discussed for some time in the contexts
of IS, IE, and CE, and has been more recently discussed with regard
to CC and regenerative design. While industrial symbiosis and
developments of integrated industrial networks are a key
component of realizing the CC, it will be important to look to
the previous observations of barriers and failures of industrial
symbiotic partnerships which have been noted in industrial
ecology and symbiosis literature so as to find successful

FIGURE 4 | Occurrence of thematic areas and strategies in key reviewed frameworks.
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supporting strategies and avoid repeating shortcomings in past
implementation attempts (Chertow, 2007). Drivers of circular
industrial developments range from social, environmental, and
regulatory in nature, and manifest differently within different
geographies and cultures (Chertow, 2007). Whilst there are
many quantifiable benefits, Chertow argues the importance of
asking why more cases of successful industrial symbiosis are not
yet seen (Chertow, 2007). Gibbs et al. observed that difficulties in
planning successful industrial ecosystems have been long noted by
researchers and policymakers, leading to them to conclude that
“initiatives based upon the interchange of wastes and cascading of
energy are few in number and difficult to organize” (Gibbs et al.,
2005; Chertow, 2007). Though this has begun to change in more
recent years, contemporary efforts can benefit from considering past
research of historical implementation failures. Literature
identification and discussion of barriers to industrial symbiosis
has noted these include typical business development challenges
and other issues rooted in the operational, behavioural, and
financial difficulties of working across organizations (Lowe et al.,
1996; Chertow, 2000; Chertow, 2007).

Building Integration, strategy six, in some instances directly
overlaps with symbiotic industrial development, though can also
pertain to individual closed-loop systems at the building scale.
This implementation strategy refers to the practice of integrating
resource flow management and circularity at the building scale,
which can occur through various means including building
integrated water management, building scale energy
production, integrated sustainable technologies or food
production, and redistributing surpluses between buildings
(Figure 2). The role of further research, which will reoccur in
the context of thematic area six, is especially relevant for the
building level as there is currently a lack of research addressing
the link between micro and macro levels of circularity which
intersect at the building scale. Giorgi et al. describe “a link
between. . .two levels [wherein] circular requirements (e.g.,
exchange and use of reused/recycled materials) at building
level can activate circular practices on an urban level and with
regards to materials’ composition” (Giorgi et al., 2020). Similar
intersections exist between buildings and the FWE-Nexus. Tien
(2018) describes the inextricable linkage of the two, especially in
the case of water and energy systems, for which buildings often
act as the end distribution points for municipal systems (Tien,
2018). Another form of building integration discussed by Tien is
building integration of agriculture, which was mentioned in
several articles of our literature review pool and is a means of
FWE-Nexus implementation as well as of CE and CC. Building-
integrated agriculture intersects with strategy eleven discussed
below, Controlled Environment Agriculture. Agricultural systems
and greenhouse structures can be integrated with buildings to
produce benefits including synergetic use of heat and utilization
of harvested rainwater (Delor, 2011; Proksch, 2016; Tien, 2018).
Building resource flows and systems can also be integrated
between buildings and in synergetic partnerships with
productive and industrial processes, such as the building
integration of aquaponics, and the building integration of
aquaponics with a brewery (Proksch et al., 2019; Horn and
Proksch, 2020a).

Strategy seven Infrastructure developments and infrasystems
integration is an important means of resource and material
management, particularly as a way of developing effective
symbiotic urban systems for circular cities. Environmental
benefits of infrasystem synergies include decreased energy and
material usage and increased spatial concentration and use of
secondary resources (Jonsson, 2000). Joensuu et al. (2020) note
that urban symbiosis of infrasystems should apply cutting edge
carbon neutral technological approaches to achieve greater benefit.
Infrastructure developments and infrasystems integration and can
also leverage frameworks such as C2C and the 3Rs, which align
with implementation strategy one, Reduction, Reuse, and Recycling
of materials, as well as industrial ecology approaches and integrated
waste management (Kollikkathara et al., 2009; Joensuu et al., 2020).
Joensuu et al. note that while an array of strategies to infrastructural
integration can become a point of confusion to decision makers,
approaches such as waste hierarchy can help to “prioritize the
prevention of waste generation and to minimize processing which
may provide costs savings opportunities” tomaterial extraction and
waste processing (Ribic et al., 2017; Joensuu et al., 2020). Decision
making frameworks such as these can also be viewed as an
implementation strategy themselves, a theme in literature which
is synthesized via the supporting implementation strategy of
Decision Making (strategy 19).

Considering infrasystems integration requires reflection on the
relationships of urban and rural systems and resource exchanges,
the dynamics of which need to be assessed and unraveled to
facilitate efficient recovery of nutrients, energy, and materials in
urban biotic cycles (Joensuu et al., 2020). Likewise, setting up
effective working definitions and systems boundaries in applied
contexts is a necessary step given the variability and overlap in
conceptualizations of circularity. Continually asking what circular
solutions make sense where and at what scales they are most
effective and efficient should become a recurring practice in both
research and professional fields. At what scale should loops be
closed? Net-zero buildings and building level circularity is such a
scenario where this type of critical reflection can help achieve more
efficient circular cities. In urban cases, it is reasonable to apply a
critical lens to assess in which cases closing loops at the building
scale is more sustainable than integrated grid-level solutions.
However, many of the interests, goals, and quantitative
approaches being used within the built environment’s
sustainability efforts are in clear alignment with circular goals,
and if cutting edge approaches to circularity can be better
integrated with conceptualizations of urban level system
boundaries much stands to be gained. It is likely that a range of
levels of integration with urban grids may form the most flexible
and resilient scenario. More research is also needed on the
connections of urban, peri-urban, and rural systems and what
CC’s impact on their interconnections may be. Opportunities can
be explored to leverage historical relationships and potentials for
synergy while reforming linear paradigms.

4.3 Bio-Based Solutions
Within thematic area three, Bio-Based Solutions, four general
implementation strategies were identified- Supporting sustainable
local food production, Controlled Environment Agriculture,

Frontiers in Built Environment | www.frontiersin.org March 2022 | Volume 7 | Article 78047815

Horn and Proksch Moving Towards Circular City Implementation

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


Nature Based Solutions, and Valorization of organic waste
streams. All can contain overlapping features, though are also
distinct and received specific mentions as implementation
strategies in the reviewed literature. Skar et al. (2019) describe
that localizing urban food systems and narrowing of cities’
foodsheds is vital to developing more healthy and sustainable
cities. They express that this aligns “perfectly” with the CC
concept, as organic waste flows can be processed to support
other agricultural products, and that a more circular approach to
food via systematic approaches is needed to combat
contemporary linear models (Skar et al., 2019). Urban
agriculture can be seen as a driving force behind new urban
approaches to resource cycling, and can particularly materialize
CC principles via integrated solutions such as meeting water
requirements from sources originating within the city’s watershed
rather than utilizing tap water (Fletcher et al., 2013; Tahir et al.,
2018; Pratt et al., 2019; Skar et al., 2019). In addition to soil-based
operations, a promising means of local food production in urban
areas is found in Controlled Environment Agriculture (CEA),
implementation strategy eleven. A field which has received
increasing research interest and popularity in application, CEA
consists of approaches to growing food wherein environmental
conditions like light, water, temperature, and nutrients, are
controlled, often through uses of technology like sensors,
monitoring systems, and LEDs, to achieve highly efficient food
production that is resilient to external environmental conditions.
Several such growing typologies may sound familiar to many due
to their growing popularity and media coverage and include
aquaponics, hydroponics, vertical growing (often hydroponic),
and building integrated agriculture such as integrated rooftop
greenhouses (Ceron-Palma et al., 2012; Gehrke, 2014; Pons et al.,
2015; Santos, 2016; Ercilla-Montserrat et al., 2017; Nadel et al.,
2017; Stadler et al., 2017; Sanjuan-Delmas et al., 2018; Gentry,
2019; Baganz et al., 2020; Manriquez-Altamirano et al., 2020).
Notable existing examples include ECF in Berlin, Germany,
BIGH Ferme Abattoir in Brussels, Belgium, Gotham Greens,
in New York, United States, and Vertical Harvest Farms in
Jackson, Wyoming, United States. Urban agriculture is
sometimes seen as overlapping with a concept regularly
mentioned in association with CC- Nature Based Solutions
(strategy 12).

An emerging concept, Nature-based solutions (NBS) promote
circular resource use of nutrients, water, and energy via the
integration of ecosystem driven approaches like consideration
of biodiversity, ecosystem services, green infrastructure, and
enhancing natural capital (Katsou et al., 2020). Our review
found NBS recommended as an implementation strategy
under the umbrellas of CC, CE, the FWE-Nexus, and Urban
Metabolism. Katsou et al. (2020) assert that NBS can be seen as an
intermediate link between CE and CC as its enhancement of
natural capital and efficient resource utilization enable
transitioning from linear urban flows to circular cities (Katsou
et al., 2020). Implementation strategy thirteen, theValorization of
organic waste streams is an important means of transitioning
from linear to circular biotic flows. This refers to giving organic
waste streams a higher inherent value by redirecting them into
new uses and forms of societal, economic, and environmental

value. This is a growing area of research and fundamentally
emerges from BE and CBE. Organic waste streams in the city can
include food waste, wastewater/human wastes, agricultural wastes
such as animal manure, and certain industrial process wastes.
Through technologies such as anaerobic digestion, organic waste
can be processed into useful nutrients, heat, and gasses (Horn and
Proksch, 2020b). Various other methods exist to harvest these
resources from organic waste streams, which are often closely tied
to next uses in agricultural settings to produce food to the cities,
and offer a means of actualizing food system circularity and
organic flow regeneration in the CC.

4.4 Supporting Strategies
The final three thematic areas contain supporting strategies and
actions, fundamental to successful CC transitions by guiding,
bolstering, and driving changes. Thematic area four consists of
approaches with qualities of shaping accountability and driving
implementation through governance, regulation, and stakeholder
engagement. This thematic area of Governance and Stakeholder
Engagement was broadly advocated for and cited within literature
across all frameworks and concepts reviewed in section two. A
fundamental aspect of this is implementation strategy fourteen,
Policy and Regulatory Changes, which are closely connected to
strategies 19–21 Decision Making, Economic Incentives and
Disincentives, and Frameworks and Codes. These are made
more successful through implementation strategies 16–18,
which ground such changes in societal realities and bring in
key stakeholders and urban dwellers through Consideration of
consumer behaviors, Inclusive Communication, and Collaboration
and Cooperation. These social dimensions of implementation are
vital not to overlook when shaping successful CC transitions,
though in some similar cases this has been the case. Paiho et al.
note, for instance, that prominent sustainable city examples such
as the Hammarby Model focus on local stocks and flows while
overlooking residential behavior and realities such as
transportation, they therefore call for “broader and more
holistic analyses” through which to assess “interdependencies
and identify synergies between versatile urbanization challenges”
(Paiho et al., 2020). Effective CC implementation will include
consideration of societal impacts and human health in addition to
environmental and economic elements, as all are inextricably
interconnected in application.

Data, Measurement, andModeling, the fourth thematic area of
implementation strategies is an essential component of
actualizing circularity and realizing regenerative potentials in
urban contexts. Accordingly, it was unsurprising to find that
strategies in this genre were highly discussed across the range of
reviewed frameworks (Figure 4). Data, Measurement, and
Modeling acts as a mode of characterizing circularity and
supporting optimization. Developing and leveraging data
consists of approaches like creating and utilizing datasets,
information models, and database resources for circularity
(Figure 2). This allows for establishing baselines, keeping track
of strategies, documenting resources and integration possibilities,
and much more. Closely aligned is strategy 29, Mapping, which
plays a similar role, with additional analytical potentials, in a
spatial dimension. Strategies 23 and 24, Impacts assessments, and
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Life Cycle Approaches are closely aligned, and support effective
decision making and design as well as evaluation of existing,
potential, or new systems and strategies. Many methodologies
exist and are under development to facilitate this and are
necessary to implement CC effectively.

In our literature review, it is notable that LCAwas one of themost
frequently mentioned strategies, and Life Cycle Approaches received
the most literature mentions of all 34 strategies. Ceron-Palma et al.
describe the value of analysis and quantification of in-flows and out-
flows of cities including energy, materials and natural resources,
water, and emissions (Ceron-Palma et al., 2012). This perspective
was echoed within many of the reviewed publications which called
for systematic quantitative analysis (strategy 28) as an approach to
the implementation of circularity. Paiho et al. make a key point on
this count with regard to the definition of system boundaries for
analysis, noting that it “is an important issue as it defines the breadth
and depth of the analysis required to assess the circularity of a city”
but that the concept of CC itself can shape a direction for use of
concrete boundaries, targets, and indicators for realization of
circularity (Paiho et al., 2020). The development of such
approaches to the implementation and measurement of CC
performance, as well as all previously discussed implementation
strategies, will be vitally supported through Research and Education,
thematic area six, which plays a role in characterizing and optimizing
circularity as well as shaping accountability. While perhaps less
direct than other implementation strategies, these approaches
account for the generation and dissemination of knowledge
necessary to achieve successful circularity, including Assessment of
emerging technologies (30), Methodology and Framework
development (31), Education (32), Use of transdisciplinary
methods, and Applied Research Approaches (34). All 34 strategies
stand to benefit from further research and development and
continued investigation of how they can be most effectively
implemented in order to realize a more holistically sustainable
and regenerative future via CC.

5 CONCLUSION AND FUTURE RESEARCH
DIRECTIONS

Envisioning and implementing regenerative, symbiotic, and circular
cities of the future through the CC framework will ultimately require
a complex assortment of context specific approaches and
implementation strategies across all six thematic areas- Resource
and Material Management, Systems Development and Integration,
Bio-based Solutions,Governance and Stakeholder Engagement,Data,
Measurement, andModeling, andResearch and Education. Given the
many shared goals, conceptualizations, and strategies espoused
under the array of circular sustainability frameworks reviewed
above, there is reason to discern value in looking to foundational
and parallel concepts as a resource for the strengthening and
amplification of CC in applied urban settings. We found
considerable overlap between the reviewed frameworks and
strong alignments between aspects of all, pointing to the value of
conducting this type of investigation to identify opportunities to
leverage these relationships and to hasten the integration of CC
frameworks across scales and sectors. Promise resides in further

reflection and learning from successes and failures, as well as in
pursuing partnership and collaboration where opportunities arise to
align efforts in pursuit of common goals between synergetic schools
of thought and disciplines pursuing circularity at differing scales.
There is a need to expand insight and understanding of howdifferent
scales and sectors pursuing circular sustainability fit together and can
partner to drive change and transformation. On this, and all aspects,
from the technical, economic, societal, and to the logistical and
political, and beyond, more research on implementation of CC is
needed. Participation and perspectives from transdisciplinary
researchers and stakeholders should comprise no small part in
this effort. Even when technological solutions are impeccable, the
realities of implementation can be fraught with strategical, social,
and political difficulties, making the inclusion of supporting actions
in addition to technical solutions all the more vital.

Achieving successful circular cities may be particularly
contingent upon a successful transition toward reframing
externalities to account for the true invaluable nature of
ecosystems health and human wellbeing within economic and
urban systems, something which has become all the more evident
in light of the COVID-19 pandemic. Likewise, changing societal
views and behaviors toward more sustainable practices, which are
already inmotion, are needed to strengthen a driving and supporting
force for change. Accordingly, we will crucially need effective policy
and governance formed in partnership with stakeholders. Cities just
venturing into this realm should increasingly look to leading circular
cities and regions which are already piloting such approaches.
Gathering case studies of successful implementation strategies
and circular business models to help with legitimation and proof
of concept at scale could play an influential role in helping businesses
and stakeholders garner support to instigate circular transitions.
There may be potential in partnering with existing sustainability
certification systems for products, services, and buildings to
incorporate further CC concepts in professional approaches with
existing notoriety and traction among practitioners. Likewise,
assessing existing and emerging technical innovation systems and
taking functional analysis and value engineering approaches to
evaluate applied solutions for the CC remains an underexplored
niche which may offer new insights. Finally, education -both
traditional and continuing-should not be overlooked as an
invaluable part of larger social change and of forming new
leaders, citizens, and innovators. In support of these outcomes,
this review offers a new lens to the discussion of CC transitions
and applied actions by revisiting the relationships of multiple
synergetic sustainability frameworks and the coordination of the
implementation strategies they advance to bolster an integrated and
transdisciplinary approach. Further workmay expand on this lens to
find further synergies or deepen exploration of particular
opportunities. Likewise, future investigations of particular
implementation strategies and technologies can benefit from
strategic reflection on the approach’s situation within a
coordinated conceptual range, for which this review can provide
a starting tool. Through such approaches, the metaphor of not
reinventing wheels can become a powerful channel for closing loops
and strengthening pathways to achieve successful implementation of
a new circular, regenerative, and symbiotic reality for urban
sustainability.
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