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In the current context of resource scarcity, global climate change, environmental degradation, and increasing
food demand, the circular economy (CE) represents a promising strategy for supporting sustainable, restorative,
and regenerative agriculture. A review of the literature on CE confirms the initial hypothesis that the theoretical
CE framework has not yet been adapted to the field of agriculture. Therefore, this paper overcomes this gap in
two ways: i) by adjusting the general CE framework to the agricultural sector’s specificities, and ii) by analyzing
the scope of the indicators available for measuring agricultural production systems’ circularity performance in
supporting decision-making processes. Accordingly, the different elements in the theoretical CE framework are
adapted to agricultural production systems. One major contribution of this paper is the definition of CE applied
to agriculture. In addition, the principles of CE are adapted to the field, and CE strategies for agricultural activity
are defined. Forty-one circularity indicators for application in agricultural systems were also comprehensively
assessed to determine their strengths and weaknesses. Building on the key findings, future research paths and
changes at the institutional and normative levels are proposed to facilitate CE implementation in agricultural
production systems. For example, internationally recognized standards and adequate units of measurement must

be defined, to develop meaningful studies and determine agricultural activities’ circularity performance.

1. Introduction

Research indicates that agricultural world production must increase
by 70% to meet the demand for food by 2050 (Aznar-Sanchez et al.,
2020a; FAO, 2009). The achievement of this objective implies two
possible paths under a typical business scenario: i) an extension of
cultivated land, which was approximately 37% of the total available
surface in 2017 (FAOSTAT, 2020), or ii) an increase in production in
currently cultivated areas, which can extend cultivated land up to 38%,
with a 53% increase in water consumption globally (Alexander et al.,
2015; Aznar-Sanchez et al., 2020b; Velasco-Munoz et al., 2018).
Therefore, although increasing agricultural production has maintained
the balance between production and the preservation of nature, it has
created a key challenge in the long-term sustainable management of
natural resources (Geissdoerfer et al., 2017; Rufi-Salis et al., 2020;
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Vanhamaki et al., 2020).

In this context, the circular economy (CE) represents a promising
strategy for saving relevant resources and reducing agricultural activ-
ities’ negative environmental impacts while improving economic per-
formance (Kuisma and Kahiluoto, 2017; Stegmann et al., 2020). The
Ellen MacArthur Foundation (EMF, 2013) defines CE as “an economic
system of closed loops in which raw materials, components and products
keep their quality and value for the longest possible and systems are
fuelled by renewable energy sources”. This alternative production and
consumption model aims to decouple economic development from the
linear dynamics of finite resource extraction, use, and disposal.

Agriculture can be defined as “the science, art, or practice of culti-
vating the soil, producing crops, and raising livestock and in varying
degrees the preparation and marketing of the resulting products”
(Merriam-Webster Dictionary, 2020). Crop production comprises all
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activities: i) processes, ii) reserves, such as soil as a nutrient reserve, and
iii) nutrient flows associated with the production of arable crops,
including fodder, fruits and vegetables, horticulture, and grasslands
(Van der Wiel et al., 2019). This article focuses on crop production as the
most intensive stage in the consumption of natural resources. For
instance, crop production is a primary consumer of water and energy
globally (Brunner and Rechberger, 2016; Chen et al., 2020). Addition-
ally, agriculture accounts for more than 90% of land- and water-related
environmental impacts, such as water stress and the loss of biodiversity
(EMF, 2019a), and is an important contributor to human toxicity due to
farm workers’ exposure to pesticides (EMF, 2019b). Therefore, more
research efforts are required to identify ways to improve the resource
efficiency and sustainability of crop production by adopting CE prac-
tices. In this process, it is first essential to understand how the CE could
be implemented in agricultural systems and what type of indicators
could be used to measure progress.

The challenge of transitioning from a linear to a CE model is still
ongoing and requires the development and application of new knowl-
edge, leading to innovative, technological, and sustainable processes,
products, and services (Abad-Segura et al., 2020). Following de Boer and
van Ittersum (2018) “scientific advances related to circularity in food
production currently seem to be in their infancy”. Mikielewicz et al.
(2020) show that, despite many years of discussions and activities, a
precise concept of the CE has not yet been specified, and up to 114
definitions are presented in the literature (Kirchherr et al., 2017). Some
authors argue that there is a deep misunderstanding between the con-
cepts of the CE and bioeconomy in agriculture, regarding their defini-
tions, boundaries, and degree of linkage and overlap (D’Amato et al.,
2017; Carus and Dammer, 2018). Combining the concepts and ap-
proaches of the CE with those of the bioeconomy offers a plethora of
potential solutions, but very little effort has so far been made to circu-
larize the bioeconomy in key systems, e.g., the agriculture, food, and
forestry systems, and, in doing so, to adopt a systemic view centered on
stakeholders. Nonetheless, impact evaluation tools are crucial to design
the institutional transition pathway towards more circular agri-food
systems and, hence, contribute to food security, sustainable resource
management, innovation, and job creation through bio-based knowl-
edge systems (Elia et al., 2017; Burgo-Bencomo et al., 2019). Moving
toward a circular food system is highly important, due to the significant
greenhouse gas emissions, water, and energy footprints of the food
supply chain. In this regard, measuring the circularity of the food pro-
duction systems is the first step in the process of moving towards a
circular food production system. To do that, it is necessary to have
appropriate tools for effective measurement to support robust
decision-making (Cristobal et al., 2018; Tadesse et al., 2019; Pena et al.,
2021).

Building upon the above analysis, it is possible to establish two hy-
potheses as the starting point of this research piece. The first initial
hypothesis of this paper (H1) is that there is a gap in the literature about
the adaptation of the CE theoretical framework to the field of agricul-
ture. The main theoretical impulses for adapting the CE framework to
agriculture come from the EMF, which has published several recent
reports focused on regenerative, urban, and interior agriculture. These
reports have provided guidance on i) the possibilities and opportunities
that CE presents to ensure the sustainability of the agricultural system
and its stakeholders (EMF, 2013, 2017); ii) the barriers to the adoption
of circular systems in agriculture and the alternatives to overcome them
(EMF, 2015, 2017, 2019a, 2019b); and iii) the required technological
developments and agricultural business models to facilitate this transi-
tion (EMF, 2017, 2019a, 2019b). Despite these contributions, no studies
have adapted the theoretical framework—including principles, strate-
gies, and critical functions—and the definition of CE to the agricultural
field.

Other contributions to the adaptation of the theoretical framework
includes Jurgilevich et al. (2016), who highlight that the CE imple-
mentation in food systems implies i) practices and technologies that
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minimize the input of finite resources, ii) encourage the use of regen-
erative resources, iii) prevent the leakage of natural resources from the
system, and iv) encourage the reuse and recycling of unavoidable
resource losses in a way that adds the greatest possible value to the food
system. Circularity in plant and animal production assumes that plant
biomass is the basis of our food system and it should be used primarily to
produce food for humans; that by-products of food production, pro-
cessing, and consumption are reused or recycled in the food system; and
that we make the most efficient use of animals by using them to convert
inedible biomass for humans into valuable food, manure, and ecosystem
services (Van Zanten et al., 2019). However, although suggestions by
Van Zanten et al. (2019) are interesting and might lead to resource and
environmental savings, it is difficult to separate crop and animal pro-
duction in a circular development, so the vast majority of farms today
would require radical changes in their transition to circularity. Simi-
larly, De Boer and van Ittersum (2018) propose three principles for the
adoption of circular models in the agri-food sector: plant biomass is the
basic building block of food and should be used by humans first;
by-products from food production, processing, and consumption should
be recycled back into the food system; use animals for what they are
good at. However, these principles, except the second principle, depart
from the generally accepted principles proposed by the EMF, and are
difficult to translate into operational strategies for the effective imple-
mentation of circular models. Burgo-Bencomo et al. (2019) define three
key phases in developing and implementing a circular agricultural
management model: i) productive planning, ii) productive organization,
and iii) productive application. Productive planning is the initial phase
of the process and considers current knowledge of the food demand in
the area under analysis, in addition to the possible surpluses to satisfy
this demand according to production capacities and potential. This in-
formation defines the area necessary to cultivate through observations
of the variety of products required; after planting is planned, an estimate
of the harvest is made (Hermida-Balboa and Dominguez-Somonte,
2014). Despite the expected resource-based, environmental, and
socio-economic benefits, the adoption of CE in agriculture must over-
come various barriers for proper implementation. Borrello et al. (2016)
distinguish between i) regulatory limitations, ii) a lack of reverse lo-
gistics, iii) enterprises’ geographic dispersion, iv) limited acceptance
among consumers, v) the need for technology development and diffu-
sion and vi) uncertain investments and incentives.

The second hypothesis of this paper (H2) is that the set of indicators
available to measure the circularity of agricultural production system is
incomplete or not practical enough to be representative and/or mean-
ingful for the sector. The current literature also lacks integrative studies
evaluating the scope of available CE indicators applicable to the agri-
cultural sector. These would facilitate strategic decision-making to
improve resource efficiency and the system’s global sustainability
(Cristobal et al., 2018; Di Maio et al., 2017; Elia et al., 2017). Accord-
ingly, it is strategically important to have adequate tools and indicators
for evaluating and monitoring circularity performance (Ghisellini et al.,
2016). For instance, assessing the level of circularity in agriculture
cannot only provide useful guidance in setting appropriate goals, but
also primarily indicate the areas in which a country is more or less
developed, allowing for comparisons between regions and countries
(Elia et al., 2017). This evaluation would also enable the detection of
problems in different phases of the production process, allowing for the
development of actions to correct inefficiencies (Genovese et al., 2015;
Vasa et al., 2017) and to identify strengths to enhance (Di Maio and
Rem, 2015). Therefore, it is fundamental to develop sets of
well-designed, effective indicators to support robust decision-making
processes that ensure a sustainable transition from a linear economy
to a CE (Di Maio and Rem, 2015; Geng et al., 2013; Genovese et al.,
2015).

This study attempts to overcome the previously mentioned research
gaps in two ways: i) by adapting a general CE framework to the pecu-
liarities of the agricultural sector, and ii) by collecting currently
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available indicators and analyzing their scope to measure agricultural
production systems’ circularity performance. Based on these objectives,
this research paper makes several novel contributions. It offers the first
adaptation of the theoretical principles and framework of the CE to
agriculture, which includes, for the first time, the provision of a CE
definition adapted to agricultural production and a discussion around
the CE strategies of narrowing, slowing, closing, and regenerating
resource flows specific for this sector. In addition, this paper offers the
first compilation and critical analysis of the available indicators to
measure the circularity performance of agricultural activities. An
agenda for future research and change management in agriculture is also
provided, which represents another novelty of the paper.

2. Literature review methodology

The literature review was performed in two stages as illustrated in
Fig. 1 to effectively respond to this paper’s two primary goals.

2.1. Literature review to build the framework for circular economy (CE)
implementation in agriculture

First, papers on agriculture and CE were gathered to define a theo-
retical framework for CE implementation in agriculture. The Scopus and
Web of Science Core Collection (WOS) databases were used as search
engines, following previous related work (D’Amato et al., 2017; Hom-
rich et al., 2018; Tiirkeli et al., 2018). The search period was set to span
2010 to March 2020, with the starting point for the review set at 2010
because the authors aimed to focus on more recent conceptual CE ap-
proaches, which have been primarily generalised from that date due to
the activity carried out by the Ellen MacArthur Foundation (EMF).

A CE implementation framework must include the concept that de-
fines it, the principles on which it is based, and the strategies for its
implementation. Accordingly, the framework for CE implementation in
agriculture has been built based on the findings from the scientific
literature analysing CE aspects in the agricultural sector.

The terms used for the sample selection were compiled from previous
review papers on CE topics (e.g. Aznar-Sanchez et al., 2019a; Krav-
chenko et al., 2019; Kristensen and Mosgaard, 2020), and the following
search string combinations were used: *circular*, *econom* and circu-
larity; and agricultur®, cultivation, farm*, crop*, agroecosystem*,
agrosystem*, agroindustr*, food industr*, and ‘food system’. A search of
Scopus yielded 627 documents published in English, and the WOS
search yielded 20 additional documents (Fig. 1). The results were
reviewed to identify those documents that theoretically contribute to the
CE framework as applied to agriculture. For a document to be selected
for detailed revision, it must include a discussion or development of a
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concept of the CE framework as applied to agriculture. When a docu-
ment was selected for revision, a ‘snowball’ method was used to com-
plete the final sample. Specifically, the document’s list of references or
citations were used to identify additional documents (Wohlin, 2014).
Finally, the sample of theoretical works was completed by including
‘grey’ literature from the EMF. Consequently, 18 documents were
selected for comprehensive analysis (Table S1 in the Supporting Infor-
mation Appendix 1).

2.2. Literature review of circularity indicators with application in
agriculture

A second literature search was performed to identify papers pro-
posing and/or analysing indicators to measure agricultural activities’
circularity performance. Accordingly, new keywords were added to the
initial search—including indicator*, metric*, and index*, as proposed by
Elia et al. (2017) and Kristensen and Mosgaard (2020)—with 70 docu-
ments obtained. These documents were revised so that only those were
considered for a detailed analysis that clearly focused on: i) the CE
paradigm as applied to some aspect of agriculture, and ii) use of meth-
odologies based on indicators or metrics to assess the system’s level of
circularity. The ‘snowball’ method was again applied to complete the
sample, with the resulting final sample including a group of 20 docu-
ments (Table S2 in the Supporting Information Appendix 1). These
documents were revised to gather all available indicators to measure the
agricultural systems’ circularity, and this added 83 indicators; repeated
indicators were removed to avoid duplication. The final resulting sample
was comprised of 41 different indicators (Table S3 in the Supporting
Information Appendix 1).

In order to assess their applicability and effectiveness in measuring
agricultural systems’ circularity, the indicators’ scope was analysed
against the main CE strategies defined in the literature, including: i)
narrowing, ii) slowing, iii) closing and iv) regenerating (Bocken et al.,
2016; Mendoza et al., 2019a). These CE strategies were specifically
adapted to the agricultural context in Section 3.3. of the manuscript.

3. Approximation of the CE framework for agriculture
3.1. The CE concept in agriculture

Research points to different aspects that should be considered when
transferring the CE concept to agriculture. According to Ruiz et al.
(2019), resource efficiency is the central axis in decision-making and
economic practices to ensure greater added value and maintain re-
sources within the production system for as long as possible. Achieving
efficiency in circular agriculture models includes optimizing processes

Objective 1 (H1): Adaptation of the circular
economy framework to agriculture

Objective 2 (H2): Circular economy indicators in
agriculture

KEY/Topic (circular 647 documents

economy) and (agriculture)

Selection of the documents 18 documents

Compilation and adaptation of | Definition, Principle:

TITLE-ABS- |
=

theoretical elements Strategies

CE framework

Definition of the agricultural !

TITLE-ABS-KEY (indicator

g 4 70 documents
or metric or index)

L Selection of the documents

L

20 documents

Selection and analysis of the

indicators based on CE 41 indicators

strategies

Future research topics

Figure 1. Methodology for the systematic literature review
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to minimize resource use and avoid waste (Jurgilevich et al., 2016;
McCarthy et al., 2019; Sherwood, 2020).

Another prominent term when discussing CE implementation in
agriculture is sustainability. Because the CE aims to generate economic
and social prosperity and protect the environment by preventing
pollution, thus facilitating sustainable development (Burgo-Bencomo
et al., 2019), circular agriculture should i) become a pillar of the econ-
omy, rather than a subsidized sector, ensuring economic sustainability
(Bos and Broeze, 2020); ii) ensure the conservation of biodiversity and
productivity over time in its agroecosystems, ensuring environmental
sustainability (Jun and Xiang, 2011); and iii) generally contribute to
providing food security, eradicating poverty, and improving health and
living conditions, or social sustainability (Burgo-Bencomo et al., 2019;
Kristensen et al., 2016).

Finally, it is widely recognized that circular agriculture must be
regenerative, understood as a system that maintains and upgrades the
ecosystem’s services (Morseletto, 2020). In developing circular pro-
duction models, agriculture must evolve to include regenerative systems
that close nutrient loops, minimize leakage, and maximize each loop’s
long-term value (EMF, 2015; Morseletto, 2020).

Therefore, CE in reference to agriculture can be defined as “the set of
activities designed to not only ensure economic, environmental and
social sustainability in agriculture through practices that pursue the
efficient and effective use of resources in all phases of the value chain,
but also guarantee the regeneration of and biodiversity in agro-
ecosystems and the surrounding ecosystems”.

3.2. Principles of CE in agriculture

The most relevant CE principles highlighted in the literature corre-
spond to the CE principles proposed by the EMF (2015). The first of the
proposed principles involves “design out waste and pollution”, in which
the system’s effectiveness is fostered by identifying and eliminating such
negative externalities (EMF, 2015). Regarding these externalities, agri-
culture is responsible for soil contamination due to the inappropriate use
of fertilizers, herbicides, and pesticides (Aznar-Sanchez et al., 2019a).
However, most developed countries have laws to limit or prohibit the
use of these products, which has led to the substitution of chemical
fertilizers for organic fertilizers or the development of biological
pest-control systems (Cobo et al., 2019). The combined production of
crops and livestock fisheries has proven effective in minimizing the use
of harmful products (Tadesse et al., 2019). Animals can feed on grass,
and the use of herbicides or crop debris can be reduced, minimizing the
generation of residues. They also provide organic fertilizers, which are
necessary for plant growth. Another important issue is the conservation
of bodies of water, which are currently overexploited and subject to
severe degradation as a result of agricultural activity (Aznar-Sanchez
et al., 2019b; Velasco-Munoz et al., 2019).

The second principle of “keeping products and materials in use”
implies that the value of products, co-products, and by-products must be
maximized at all stages in the supply chain and between supply chains,
with the overall aim to maintain resources at their highest utility and
value at all times (EMF, 2019a). Technological development has enabled
a variety of materials to be used in many processes before their per-
manent disposal, such as in the production of bioenergy (Bos and
Broeze, 2020; Zabaniotou, 2018) and for soil amendment and
bio-fertilizers (Casson-Moreno et al., 2020; Molina-Moreno et al., 2017),
or as livestock feed (Fernandez-Mena et al., 2020; Guo et al., 2015).

Finally, the principle of “regenerating natural systems” refers to the
preservation and enhancement of ecosystems by replacing finite stocks
with renewable resources (EMF, 2015). The implementation of this
principle has given rise to regenerative agriculture, which refers to a
crop and livestock production system that aims to improve the health of
the surrounding natural ecosystem (Colley et al., 2020). Regenerative
cultivation methods can reduce greenhouse gas (GHG) emissions, cap-
ture carbon in soils and plant matter, and minimize soil disturbance.
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Additionally, regenerative agriculture improves the soil’s structure to
allow better water storage and promote biologically active soils that
generate their own fertility, reducing the need for synthetic input (Sta-
hel, 2010). Regeneration covers a range of possibilities, including the
development of packaging designed for decomposition made from bio-
logical materials (EMF, 2013), the increasing of carbon sequestration
through plant waste management practices (EMF, 2017), or material
treatment processes such as composting (EMF, 2019a).

To date, these principles have not yet been adapted to the agricul-
tural context. A circular model for agriculture based on these principles
should pursue system-wide efficiency and the elimination of unwanted
externalities, maximize the value of resources at all stages of the supply
chain, and enhance natural capital through the use of renewable re-
sources. Agricultural areas—especially in developed countries—have
made substantial progress in adopting measures that parallel these
principles; however, data indicates that agriculture still needs to
improve in its use of polluting products and the development of a waste
management infrastructure and value chain capable of exploiting the
potential for the use of by-products (Alexander et al., 2015; Garnett
et al., 2013; Rufi-Salis et al., 2020).

3.3. Strategies for adopting circular agricultural models

The main CE strategies are derived from the CE principles and
represent different alternatives for developing circular models
(Schmidt-Rivera et al., 2020): i) narrowing resource loops, ii) slowing
resource loops, iii) closing resource loops, and iv) regenerating resource
flows.

Narrowing resource loops involves eco-efficient solutions that reduce
resource intensity and the environmental impacts per unit of product or
service (Mendoza et al., 2017). Slowing resource loops involves pro-
longing and intensifying the use of products to retain their value over
time (Bocken et al., 2016). Closing resource loops aims to create new
value through the reuse and recycling of used materials (Bocken et al.,
2016). Finally, the regeneration strategy includes all actions to preserve
and enhance natural capital (EMF, 2019a). Although different strategies,
definitions and applications are discussed, in practice, it is sometimes
difficult to clearly differentiate between them. This is due to the exis-
tence of overlap between strategies. For example, slowing and closing
strategies implicitly involve narrowing. Also, narrowing strategy can
facilitate closing strategy due to less resource consumption and there-
fore less waste to manage. Finally, slowing strategy can facilitate the
regeneration of ecosystems by slowing down the consumption of natural
resources.

Narrowing resource loops relates to improving efficiencies in terms
of nutrients, costs, materials, labor, energy, capital, and associated ex-
ternalities, such as GHG emissions, polluted water, or toxic substances.
For example, one priority when tightening agricultural loops must be
oriented to avoid the leakage of nutrients necessary for food production.
This strategy is based on the idea of the earth as an economic system in
which the environment and the economy are linked in a circular rela-
tionship (McCarthy et al., 2019), according to which materials flow to
improve efficiency and eliminate resource leakages (Jackson et al.,
2014). Due to the globalization of life patterns, a global food market has
developed, with a consequent leakage of nutrients. The resulting food
flow then generates imbalances due to the loss of nutrients necessary to
continue with activities in the production area, and GHG emissions due
to the transport of materials (Kristensen et al., 2016). For these reasons,
the narrowing strategy in agriculture has been interpreted in the present
study as “all those measures aimed at optimizing the use of bio--
resources”. Another important issue involves planning production-level
activities to avoid the overproduction of certain foods, thus avoiding
price volatilities in the market and fluctuations in supply (Aznar-San-
chez et al., 2020c; Jun and Xiang, 2011; Mena et al., 2014).

Regarding the strategy to slow resource loops, the fundamental
characteristic of food and beverages is that they are irreversibly altered
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with their use, which does not allow them to be reused for the same
purpose or repaired to expand their useful life. For example, once a
tomato is split in half, it cannot be repaired to reattach the halves. In this
work, the slowing strategy for agriculture was understood as “a set of
measures to extend the life of products within the agri-food system”.
Therefore, this strategy’s approach must completely differ from that
involving technical materials, which correspond to activities that repair,
refurbish, and remanufacture to extend the product-life and facilitate
the reuse of materials within the same or between different value chains.
Although it is not possible to extend the life of resources for consumption
on multiple occasions, there are other ways to extend the life of agri-
cultural products. The main way to decelerate these loops in food pro-
duction is to prevent them from being discarded before being consumed
as food (Casson-Moreno et al., 2020). Although the closing strategy aims
to avoid nutrient leakage by reintroducing materials into other pro-
cesses, which in the food system can be referred in practice to as
resource cascading (understood as the re-use of materials in value chains
other than the initial one), the slowing strategy aims to keep nutrients
within the food chain in order to be in use for the longest possible to
satisfy the purpose of feeding people. This includes all of the food
preservation alternatives that manage to extend a food’s shelf life and
allow for later consumption. For example, foods solely with decreased
quality related to aesthetic defects can be used through minimal pro-
cessing as a part of preparations such as salads, desserts, sandwiches,
juices, and marmalades (Lim et al., 2019; Turner and Hope, 2014).
Further, various fruits can be naturally preserved in good condition.
Therefore, another option for keeping food in the value chain longer
involves the development and selection of these crops or varieties. For
instance, varieties of persimmon have harder pulp (Conesa et al., 2020),
which gives the fruit a greater firmness and makes it more resistant than
softer varieties to the damage caused by mechanical action. However,
this alternative is limited, in that crops are often selected based on
market preferences. This practice may not be feasible under certain
circumstances due to seasonality or geographical location. Moreover, it
could be contrary to the conservation of biodiversity by promoting some
varieties to the detriment of others.

When involving biological resources, the closing of resource loops is
typically identified with resource cascading (Sayadi-Gmada et al.,
2020). Specifically, the use of discarded materials from the value chain
as raw materials in another process and/or product cycle can replace
virgin materials as input. This also includes composting and bio-energy
production. The premise in this cascading use of resources is that the
marginal costs of reusing the material in this way are lower than using
virgin material, considering that the reused materials fulfil the required
technical and functional needs in the new value chain. In this work, a
resource closing strategy was considered as “all those operations aimed
at recycling agricultural materials, including the production of energy
with waste materials”, such as crop or pruning remnants. One option
involves the extraction of high-value bio-chemicals from agricultural
biomass. For example, bromelain is an enzyme found in pineapple juice
and its stem and can be used to treat medical conditions (Galanakis,
2012; Mirabella et al., 2014). Regarding the treatment of agricultural
waste, closing technologies—which imply the recovery of both material
and energy resources (e.g., gasification, pyrolysis, and composting
anaerobic digestion)—should be prioritized over those that only imply
energy recovery, such as incineration or landfill gas recovery. Alterna-
tively, nutrient management can also occur through a closing strategy,
which in this case involves using cascading materials to recover nutri-
ents for later use. For example, compost can be produced from urban
organic waste to fertilize corn crops (Cobo et al., 2018, 2019).

This study has considered that the regeneration strategy includes “all
actions aimed at preserving and enhancing natural capital”. Examples of
regenerative practices include using organic fertilizers, planting cover
crops, rotating crops, reducing tillage, and growing more crop varieties
to promote agrobiodiversity (either as the main crop or in adjacent areas
such as farm margins) (Morseletto, 2020). Regenerative management
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systems can incorporate various crop techniques, such as agro-ecology,
rotational grazing, agroforestry, silvo-pastoration, and permaculture
(Jurgilevich et al., 2016). The regenerating strategy, in particular, is
linked to biological resources, because these will return to the earth in
the form of nutrients at the end of their life cycle. In addition, there are
agricultural production systems that are not located on agricultural
land, e.g., vertical farms, indoor farms, and greenhouse rooftop food
production systems (Rufi-Salis et al., 2020). These forms of production
could be related to both narrowing and regenerating resource loops
because they can make use of urban flows and spaces while integrating
nature-based solutions into the cities (Sanjuan-Delmas et al., 2018;
Toboso-Chavero et al., 2018).

It is also important that agricultural activity does not only produce
biological products and goods (e.g., food, fibers, and medicinal plants),
but also includes the use of technical materials and equipment (e.g.,
vehicles, machinery, and tools) that can be used in directly narrowing,
slowing, closing, and regenerating CE strategies. In this case, the slowing
strategy must include all operations necessary to extend the machinery’s
useful life in addition to the infrastructure. This is especially relevant in
highly technical types of agriculture, such as greenhouse agriculture,
hydroponic crops, and drip irrigation systems (Colley et al., 2020;
Velasco-Munoz et al., 2018). Another alternative is the substitution of
non-renewable packaging materials with renewable solutions, such as
using compostable materials for harvest boxes rather than petrol-based
plastic boxes (Genovese et al., 2015). However, such strategies must be
adapted beforehand to be applied to the biological resources in agri-
cultural activity.

As already mentioned, agricultural activity is conditioned by a series
of factors, such as the perishable nature of food and dependence on
climatic and seasonal factors, which, in turn, are influenced by the
location of the farm (Alexander et al., 2015). One of the key implications
is the availability of water for crops. This seasonality can also influence
the choice of crop type (perennial, annual, cyclical, seasonal) and
management practices (rainfed, irrigated, protected, outdoor) (Junjie
et al., 2011). These aspects can be determining factors when adopting a
strategy for the implementation of circular models, for example, based
on irrigation management or plant residue management, that depend on
climatic cycles.

Fig. 2 illustrates, as an example, the implementation of narrowing,
slowing, closing, and regenerating strategies in cultivating and
commercializing avocados, which are conducted through different R&D
projects (Grupo La Cana, 2020).

First, a distinction is made between avocados that meet the re-
quirements to be marketed as fresh produce. From here, the different CE
strategies implemented vary according to the stage of the avocado’s life
cycle. Firstly, after being discarded for marketing as a fresh product, a
strategy could be focused on keeping the avocado in use in the food
chain. As an example of a slowing strategy, avocados that present any
deficiency are used for the production of guacamole. After the trans-
formation process, the avocado enters the next stage of the life cycle in
which the aim is to give new uses to the surplus material by cascading it
through different processes. In this way, following a strategy of closing,
avocado waste consisting of the stone and skin is used in producing
animal feed, and bio-elements are extracted that can be used in the
cosmetics and nutraceutical industries. In the last phase of the life cycle,
the residues that can no longer be reused in another process are used in
the production of bio-fertilizer for cultivation farms, which returns nu-
trients to the soil. In this way, the regenerating strategy is implemented.
Finally, the entire production process is designed towards optimization,
both to maximize efficiency in using resources and to minimize the
generation of waste while preventing leaks of resources and emissions.
For example, the narrowing strategy can involve the use of drip irriga-
tion to minimize water use in the cultivation phase, or the installation of
solar panels to cover the production plant’s energy needs.

After establishing a theoretical reference framework for identifying,
developing, and implementing CE models in the agricultural sector,
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Figure 2. CE framework related to the life cycle of avocado cultivation and commercialization (Green colour is the stage of cultivation and marketing as a fresh
product; blue corresponds to food production; orange represents the transformation phase out of the food chain; yellow refers to the end-of-life phase; purple covers

the whole process).

Section 4 analyses the availability of indicators capable of measuring
agricultural activities’ circularity. To this end, the usefulness of the
available circularity indicators proposed for application in agriculture to
measure the implementation of the slowing, closing, narrowing, and
regenerating strategies was studied.

4. Indicators for measuring agricultural production systems’
circularity performance

4.1. Classification of circularity indicators with an agricultural
application

Akerman (2016) proposed a 5-level grouping system to classify CE
indicators from a sustainability standpoint, including: i) technical
characteristics (where the focus is placed on assessing set of technical
criteria, including areas such as energy consumption, and/or use of
materials, especially related to efficiency); ii) environmental aspects
(when the focus is on environmental issues, such as the health of the
ecosystem and humans); iii) economic opportunities (where economic
and financial performance measures are provided); and iv) social aspects
(where the objective is the analysis of welfare-related variables). Based
on this classification, 56% of the indicators analyzed are technical, 24%
are environmental, 15% are economic and 5% social (Table 1). These
indicators are analyzed in the following subsections. It is noteworthy
that the classification omits indicators focused on resource slowing
because no indicators were discovered in the revised literature.

4.1.1. Narrowing resource loops

Table 2 lists all the indicators available to measure an agricultural
activity’s circularity based on the narrowing strategy, including a brief
description and some of their main advantages and disadvantages
(Table S4 in the Supporting Information Appendix 1 provides more
information).

Resource narrowing in this work was defined as all practices aimed
at optimizing the use of resources (Section 3.3.). This strategy is similar
to the linear economic model, because both pursue higher system effi-
ciency, which could be one reason why more documents and indicators
related to this strategy have been discovered. The efficiency objective’s
connection with linear processes has compelled some authors to apply
the eco-effectiveness concept to circular processes (Morseletto, 2020).
However, no indicators in this sense were discovered within the sample.

Because the traditional indicators related to measuring efficiency are

technical, this type of indicator is logically dominant in this strategy
(Table 1). Some examples are the CE efficiency indicator for bio-
fertilizer, which measures the percentage of bio-fertilizer produced
relative to the amount of raw material used (Molina-Moreno et al.,
2017), or the nitrogen (N) use efficiency indicator, which is measured as
the ratio between the system’s N inputs and outputs (Tadesse et al.,
2019). However, an efficiency measurement indicator is commonly used
in almost all processes and, thus, it is easy to find relative to different
aspects. Regarding the environmental field, indicators can be found such
as carbon emissions (Casson-Moreno et al., 2020; Zabaniotou, 2018);
economic indicators, such as the net present value, which is the sum of
all discounted cash flows associated with a circular project (Casson--
Moreno et al., 2020); and social indicators such as the allocation and
tenure of land for new bioenergy production relative to bioenergy crops
(Zabaniotou, 2018).

Efficiency indicators have been widely used to measure agricultural
activities’ performance as a whole in different countries and regions (Ni
et al., 2019; Santagata et al., 2020; Vasa et al., 2017; Wang et al., 2019).
Moreover, Di Maio et al. (2017) present an indicator that differs from
previous indicators, in that it is a value-based indicator using the mon-
etary value to measure CE in the agricultural value chain. The authors
consider this unit of measurement to define circularity as the percentage
of the value of the resources incorporated in a service or product that
returns at the end of its useful life. Further, the authors demonstrate that
this indicator is better suited to meet policymakers’ information needs
and is simple to apply because it uses readily available secondary
information.

Nutrient management, under the perspective of narrowing strategy,
seeks to optimize the use of these valuable resources, avoiding any
leakage from the system. As a consequence of the global food trade,
imbalances are generated due to the loss of nutrients needed to continue
with the activity in the production area. Thus, a number of indicators
have been developed to measure nutrient flows within different
geographical areas; these include indicators that measure: i) the level of
external flow with respect to one or more nutrients (e.g., resource export
index, De Kraker et al. 2019; import dependency, Zoboli et al., 2016); ii)
the food and feed autonomy assessed as the total production divided by
the average citizen’s consumption and average livestock requirements,
respectively (Fernandez-Mena et al., 2020); and iii) nitrogen use effi-
ciency within a farm, which considers the difference between inputs and
outputs (Tadesse et al., 2019).

These results suggest that a variety of indicators measure the CE’s



Table 1

Classification of indicators based on CE strategies and sustainability dimensions.

CE strategies

Sustainability Narrowing Closing Regenerating
dimension
Technical e Resource export index (De Kraker et al., 2019); e Circularity indicator of components (Cobo et al., 2018, e Consumption of fossil-p fertilizers (Zoboli et al., 2016)
2019);
e Food and feed autonomy (Fernandez-Mena et al., 2020); o Self-sufficiency index (De Kraker et al., 2019);
e Logistics (Fernandez-Mena et al., 2020); e Waste output index (De Kraker et al., 2019);
o Efficiency of agricultural food circular economy (Guo, 2015); o Nitrogen balance (Fernandez-Mena et al., 2020);
e Circular carbon element within the system (Lim et al., 2019); e Renewable energy production (Fernandez-Mena et al.,
2020);
o Indicator of circular economic efficiency for bio-fertilizers (Molina-Moreno et al., e Emergy indices (Liu et al., 2018);
2017);
e Emergy accounting method (Santagata et al., 2020); e City circularity (Papangelou et al., 2020);
e Partial nitrogen balance (Tadesse et al., 2019); e Food circularity (Papangelou et al., 2020);
e Performance indicator for circular agriculture (Vasa et al., 2017); e Weak circularity (Papangelou et al., 2020);
o Import dependency (Zoboli et al., 2016) e Crop to livestock ratio (Tadesse et al., 2019);
o Nitrogen recycling index (Tadesse et al., 2019);
o Nitrogen use efficiency (Tadesse et al., 2019)
Environmental e Overall greenhouse gas balance (Casson-Moreno et al., 2020); - e Effective cation-exchange capacity (Mosquera-Losada et al.,
2019);
e Carbon balance (Fernandez-Mena et al., 2020); o Species richness (Mosquera-Losada et al., 2019);
e Avoiding carbon emissions in bioenergy systems (Zabaniotou, 2018); e Soil quality (Zabaniotou, 2018);
e Water quality (Zabaniotou, 2018);
e Land use and land-use change related to bioenergy feedstock production ( e Biological diversity in the landscape (Zabaniotou, 2018)
Zabaniotou, 2018);
e Emissions to water bodies (Zoboli et al., 2016)
Economic o Net present value (Casson-Moreno et al., 2020); o Net farm income (Tadesse et al., 2019) -
o Internal rate of return (Casson-Moreno et al., 2020);
e Value-based indicator (Di Maio et al., 2017);
e Return on investments (Matrapazi and Zabaniotou, 2020);
e Pay-out time (Matrapazi and Zabaniotou, 2020)
Social e Change in the unpaid time women and children spend collecting biomass ( -

Zabaniotou, 2018);

o The allocation and tenure of land for new bioenergy production (Zabaniotou, 2018)
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Table 2

Narrowing resource loops indicators for agriculture

Indicator name

Description

Strengths

Weaknesses

Resource export index (De Kraker et al., 2019)

Food and feed autonomy (Fernandez-Mena et al.,
2020)
Logistics (Fernandez-Mena et al., 2020)

Efficiency of agricultural food circular economy (
Guo, 2015)

Circular carbon element within the system (Lim
et al., 2019)

Indicator of circular economy efficiency for the
bio-fertilizer (Molina-Moreno et al., 2017)

Emergy accounting method (Santagata et al.,
2020)

Partial nitrogen balance (Tadesse et al., 2019)

Performance indicator for circular agriculture (
Vasa et al., 2017)

Import dependency (Zoboli et al., 2016)

Overall greenhouse gas balance (Casson-Moreno
et al., 2020)

Carbon balance (Fernandez-Mena et al., 2020)

Avoided carbon emissions for bioenergy systems (
Zabaniotou, 2018)

Water quality (Zabaniotou, 2018)

Land use and land-use changes related to
bioenergy feedstock production (Zabaniotou,
2018)

Emissions to water bodies (Zoboli et al., 2016)

Net present value (Casson-Moreno et al., 2020)

Internal rate of return (Casson-Moreno et al.,
2020)
Value-based indicator (Di Maio et al., 2017)

Return on investment (Matrapazi and Zabaniotou,
2020)

Pay-out time (Matrapazi and Zabaniotou, 2020)

Change in unpaid time spent by women and
children collecting biomass (Zabaniotou, 2018)

Allocation and tenure of land for new bioenergy
production (Zabaniotou, 2018)

Demonstrates the extent to which local household nutrient production
exceeds both individual household demand plus the demand from green
areas

Total production divided by the average citizen’s consumption and
average livestock requirements

Number of exchanges for each material within the agri-food value chain

Based on a non-parametric method to measure the inputs and multiple
indicator outputs’ relative efficiency
Based on the carbon emissions and the carbon fixation per land used

Percentage of bio-fertilizer produced relative to the amount of raw
material used

Obtained by multiplying all inflows by an environmental cost factor to
convert raw resource inflows into corresponding emergy values

The difference in farmer-managed N inputs and N outputs

Based on productivity, energy use, the quantity of inputs, ecological
impact and technological levels and socio-economic factors

Measure of the country’s dependence on imported phosphorus (P)

The CO, equivalents emitted per unit product, and the quantity of unit
product present in each step

CO,, direct emissions + CO- indirect emissions - Avoided emissions
Savings from energy substitution by renewable energy, measured in
tonnes of CO, equivalent

Amount of pollutants entering waterways

Total land area for bioenergy feedstock production compared to total
national area, agricultural land, and managed forest land

Amount of phosphorus emitted in bodies of water

The difference between the present values of cash inflows and outflows
over time

A discount rate that sets the net present value of all cash flows equal to
zero in a discounted cash flow analysis

The added production value divided by the value of the inputs needed for
production

Profit from the investment made

Time required to recover an initial investment

Average number of unpaid hours women and children spend collecting
biomass

Percentage of land—both total and by land-use type—used for new
bioenergy production

Allows for a comparison between different scenarios/
technologies

Easy calculation, interpretation and understanding
Detects failures in the value chain
Provides an overall estimate of circularity

Provides an estimate of efficiency per unit of land
used

Offers an estimate that can be applied to other
technologies or subjects

Allows for the use of a homogeneous unit in
comparisons

Extrapolated to other contexts and nutrients

Allows for comparisons between regions and an
analysis of the performance of strategies to be
adopted

Indicator available from statistical sources

Useful for measuring the emissions per unit of
product in any process

Applicable to any context

Indicator that can be extrapolated to any process that
requires energy use

Measures the interactions between different
ecosystems

Easy to calculate and interpret indicator

Measures the interactions between different
ecosystems

Generally known indicator in comparing different
alternatives

Generally known indicator in comparing different
alternatives

Useful in allocating budgets and comparing
management alternatives

Useful in comparing different alternatives

Useful in comparing different alternatives

Includes social aspects of vulnerable sectors in the
population

Contemplates social aspects in terms of land tenure

Scope limited to peri-urban contexts. Measures
specific aspects and not a complete strategy

Limited ability to measure global circularity

Focuses on the number of steps without considering
the conditions under which they are performed
Does not include social aspects, and its calculations
are complex

Only includes emissions efficiency

Only focuses on process efficiency

Complex calculation that focuses on environmental
costs

Only values the quantity, regardless of the
management made with the nutrient

Focuses only on efficiency

Does not provide information on nutrient
management
Only includes emissions efficiency

Only includes emissions efficiency; complex index
Useful for energy-intensive processes, but of no
significant use otherwise

Difficult to determine the pollution’s origins

Indicator designed for a specific context: energy
crops

Specific to emissions to bodies of water
Only focuses on economic efficiency
Only focuses on economic efficiency

Based on market value, which may not
appropriately reflect the reality of agriculture
Only focuses on economic efficiency

Only focuses on economic efficiency

Difficult to obtain information related to informal
economies

Indicator designed for a specific context: energy
crops
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narrowing strategy according to different criteria, such as the efficient
use of resources, the amount of GHG emissions, or the return on in-
vestment. However, these indicators provide partial information on the
model’s performance and overall sustainability. Although one strategy
may control pollutant emissions with high success (e.g. as measured by
the overall greenhouse gas balance), this may increase the amount of
waste (e.g. decreasing the circularity of the agricultural process), which
is commonly known as burden-shifting. Therefore, indicators should be
prioritized that measure a wider range of aspects to avoid burden-
shifting and rebound effects (Font-Vivanco et al., 2016). In addition,
although indicators based on the different pillars of sustainability exist
within the narrowing strategy, its economic and environmental aspects
are dominant.

4.1.2. Closing resource loops strategy

The closing strategy as defined in Section 3.3 involves all operations
aimed at reusing agricultural materials, but for different applications
than the original, following the resource cascading approach. It includes
the production of energy in addition to the recovery of nutrients. Table 3
lists the indicators to measure circularity based on the closing strategy.

Fernandez-Mena et al. (2020) presented indicators for measuring
processes that use different agricultural residues for bioenergy produc-
tion. These models aim to reuse vegetable waste and reduce the use of
fossil fuels. They contribute to minimizing pollution and the recovery of
ecosystems, and, therefore, also relate to narrowing and regenerating
strategies. These authors also used a technical indicator to measure the
system’s capacity to produce renewable energy, or renewable energy
production, through the average digestate composition and energy po-
tential. As another indicator, the nitrogen balance, as used by Fernan-
dez-Mena et al. (2020), measures the use of nitrogen by considering the
alternative of recycling it.

All these indicators are useful for measuring the flow of nutrients
within farms as a result of on-farm recycling. Additionally, they can be
adapted to different agricultural contexts and other nutrients. However,
the information provided by these indicators is limited when evaluating
circular models; further, these indicators do not include other elements,
such as the use of energy or other renewable materials, or what happens
beyond the farm or the level of emissions from the process. Cobo et al.
(2018, 2019) overcome the farm boundary limitation and propose
another indicator, defined as the amount of component i that extends its
lifetime by providing a service in the upstream processes relative to the
amount of that component present in the collected waste. This indicator
is not only applied to measure the recovery of nutrients from urban
organic waste for use in corn crops, but also designed to accurately
measure the closing strategy.

One way to keep resources in a closed loop involves developing
agricultural systems in which one process’ output is the input of another
in a virtually endless cycle. Liu et al. (2018) analyzed Huzhou mulberry
dyke and fish pond systems. These combine mulberry plantation and fish
pond breeding with rapeseed cultivation, and silkworm and fish pond
breeding, to significantly reduce exogenous inputs. In their study, Liu
et al. (2018) used the emergy approach to compare these two traditional
alternative systems, establishing which is the most efficient and sug-
gesting potential improvements. This indicator may pose greater tech-
nical difficulty, although it provides an overall estimate of a complex
system. Additionally, this methodology can be adapted to other agri-
cultural contexts. Tadesse et al. (2019) evaluated the performance of
mixed crop/livestock farms using nutrient management indicators,
including the partial nitrogen balance and nitrogen recycling rate; ni-
trogen use efficiency as a technical indicator; and net farm income as an
economic indicator. These indicators provide partial information on
different aspects in adopting a circular model based on on-farm nutrient
recycling. However, their simultaneous use offers an overview that a
single indicator cannot provide.

Organic waste and sewage from urban origins have proven to be a
source of nutrients that can be recycled and used in agriculture. In this
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indicator of
component i (
Cobo et al., 2018,
2019)

Self-sufficiency
index (De Kraker
et al., 2019)

Waste output index
(De Kraker et al.,
2019)

Nitrogen balance (
Fernandez-Mena
et al., 2020)

Renewable energy
production (
Fernandez-Mena
et al., 2020)

Emergy indices (
Liu et al., 2018)

City circularity (
Papangelou et al.,
2020)

Food circularity (
Papangelou et al.,
2020)

Weak circularity (
Papangelou et al.,
2020)

Crop-livestock ratio
(Tadesse et al.,
2019)

Nitrogen recycling
index (Tadesse
et al., 2019)

Nitrogen use
efficiency (
Tadesse et al.,
2019)

Net farm income (
Tadesse et al.,
2019)

component i that
extends its lifetime
in the upstream
processes relative
to the component
present in the
waste

Evaluates the
extent of self-
sufficiency
regarding the
nutrients for
garden
fertilization

The amount of
nutrients available
or total input;
nutrients that can
be disposed in
nearby agriculture
are kept within the
system and
considered as
recycled
Fertilization
inputs and crop
outputs

The system’s
capacity to
produce
renewable energy
Energy used to
make products or
services; expressed
as the solar
emjoules per joule
Phosphorus
potentially reused
or reusable within
the boundary of
the city
Phosphorus
potentially reused
or reusable in
agriculture, both
within the city and
outside the system
boundary
Phosphorus
potentially reused
or reusable
anywhere

The relative
allocation of
nitrogen to crop
and livestock
compartments
The proportion of
total nitrogen that
is recycled

The ratio between
the harvested N
output and
managed N inputs
Gross margin, less
the farm’s total
fixed costs

definition of the
second principle
of EC

Can be used to
compare
different
scenarios/
technologies

Can be used to
compare
different
scenarios/
technologies

Covers different
aspects of
nutrient
management
Adaptable to
other raw
materials

Global
estimation of the
entire system’s
circularity

Fits the closing
strategy and can
be extrapolated
to other contexts
and nutrients
Fits the closing
strategy and it is
extrapolated to
other contexts
and nutrients

Fits the closing
strategy and it is
extrapolated to
other contexts
and nutrients
Easy to calculate
and interpret

Extrapolated to
other contexts
and nutrients
Extrapolated to
other contexts
and nutrients

Easy to calculate
and applicable to
any context

Table 3

Closing resource loops’ indicators for agriculture
Indicator name Description Strengths Weaknesses
Circularity Amount of Fulfils the Complexity of

data collection
and calculation

Scope limited to
peri-urban
contexts.
Measures a
specific aspect,
not a complete
strategy

Scope limited to
peri-urban
contexts.
Measures a
specific aspect,
not a complete
strategy

Complex
composite index
to calculate

Limited ability
to measure
circularity

Complex
calculation that
focuses on the
system’s
efficiency
Ignores any
aspect other
than the nutrient
cycle

Ignores any
aspect other
than the nutrient
cycle

Ignores any
aspect other
than the nutrient
cycle

Only applicable
to mixed
production
systems

Focuses on
reusing the
resource
Focuses on one
specific aspect

Focuses on
economic
efficiency
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regard, De Kraker et al. (2019) and Papangelou et al. (2020) developed
indicators to measure circularity in the nutrient flows in peri-urban
environments. In the first case, researchers measured the waste output
index, or the amount of recoverable nutrients for agricultural use, and
the self-sufficiency index, or the nutrient’s potential ability to meet the
needs of agriculture. Papangelou et al. (2020) developed a group of
indicators to measure the potential amount of recoverable phosphorus
based on different geographical areas (the city, food, and weak circu-
larities). These indicators are especially relevant in considering the
trend of population concentrations in urban areas and allow for an
estimation of the potential in using valuable resources that currently
represent a management problem and a health risk. The main limitation
of these indicators is that they cannot be extrapolated to other agricul-
tural contexts, such as other types of management practices, crops, or
weather conditions.

Although numerous alternatives exist in the cascading use of bio-
logical materials, only three examples were found in the reviewed ar-
ticles: renewable energy production, mixed crop-livestock systems, and
the use of urban wastes in agriculture. No indicators were found, for
example, that relate to the extraction of nutrients or compounds for
food, cosmetic, or pharmacological use, although their application is
widespread. Moreover, indicators related to the production of materials
for other sectors—such as construction, compostable materials, or other
biomaterials—were not found. An important noteworthy issue involves
differentiating between energy production from plant waste (in the
circular economy) and from energy crops, which are those specifically
grown to produce energy (bioeconomy). Studies related to the latter are
outside the scope of this paper.

Regarding the pillars of sustainability, practically all the indicators
classified within the closing strategy correspond to the technical field.
This may be due to the fact that they tend to focus on emissions controls,
which is parallel to the narrowing strategy. Economic indicators typi-
cally focus on economic and financial viability and efficiency, which
also fit better with a narrowing strategy. Regarding the social aspect, as
in the case of the narrowing strategy, it would be useful to have infor-
mation on how recycling and reuse strategies contribute to social
development, such as in terms of preventing health risks, creating jobs,

Table 4

Regenerating indicators for agriculture.
Indicator Description Strengths Weaknesses
Consumption of Total Indicator based Only

fossil-P fertilizers ( consumption of on statistical contemplates the

Zoboli et al., fossil-P fertilizer data entry of new
2016) resources
Effective cation- A soil’s capacity Uses Precise primary
exchange capacity  to retain and standardized information
( release positive unit of needed. It focuses
Mosquera-Losada ions measurement on ion exchange
et al., 2019) (limited
information
provided)
Species richness ( Species richness Useful to Only includes
Mosquera-Losada of a soil fertilized = measure the aspects of
et al., 2019) with bio-waste contribution to biodiversity
the positive state  (partial
of the ecosystem  information)
Soil quality ( Percentage of Can be applied Established by

Zabaniotou, 2018)

Biological diversity
in the landscape (
Zabaniotou, 2018)

land with
maintained or
improved soil
quality relative to
total land
Nationally
recognized areas
of high
biodiversity
value converted
to bioenergy
production

to other case
studies, as it is
based on organic
carbon content

Easily accessible
information

comparing two
crops, systems, or
processes, and
not for examining
only one of these
Very generic
information
(focused on
national
protection
figures)
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and generating income.

4.1.3. Regenerating strategy

Table 4 displays the indicators that have been classified within the
regenerating strategy, which was defined in Section 3.3 to include all
actions aimed at preserving and enhancing natural capital. Only three of
the reviewed research papers measured circularity relative to a regen-
erating strategy.

Mosquera-Losada et al. (2019) studied soil regeneration through the
use of fertilizers made from organic waste from lime cultivation. These
authors measured the soil’s quality through its capacity to retain and
release positive ions given its content in clays and organic matter, or the
effective cation-exchange capacity, and the species’ richness. These two
indicators use standardized physical units that allow for their use in
other case studies. The calculation of these indicators requires primary
information, which could be a limitation. Additionally, these indicators
focus on specific aspects and offer only partial information, but are
missing other traits, such as the availability or state of water resources
and air quality.

Zabaniotou (2018) revised the circularity of bioenergy production in
Europe. Soil quality is an indicator used to measure the percentage of
land on which soil quality—especially in terms of organic carbon—is
maintained or improved relative to the total land on which bioenergy
feedstocks are cultivated or harvested. This proxy is similar, particularly
in terms of organic carbon. This work also includes an indicator to
measure biodiversity (biological diversity), as nationally recognized
areas of high biodiversity value relative to the total land on which
bioenergy feedstocks are cultivated or harvested. The soil quality indi-
cator requires primary information for its calculation, whereas the
biodiversity index primarily differs in its reliance on secondary data.
Because the soil indicator is used to compare different practices, it is
more suitable in transitory situations. The biodiversity indicator is based
on national protection information, which is highly generic.

One option included in the regenerating strategy is the use of
renewable resources; Zoboli et al. (2016) present the only indicator for
this alternative. Their work measured the total consumption of fossil-P
fertilizer in Austrian agriculture. This indicator is also based on statis-
tical data, which can be advantageous. However, these statistics may not
be available or exist for other nutrients or in other countries, and do not
offer a measure of efficiency.

Generally, all of the indicators related to the regenerating strategy
can be easily calculated and interpreted, and can be used for any type of
crop. However, they all provide only partial information on different
aspects related to the adoption of circular practices in agriculture and
the state of the ecosystem. This is a primary limitation in supporting
decision-making. Alternatively, the results demonstrate that only a few
indicators and articles focus on the measurement of the CE regeneration
strategy for agricultural models. Regarding the different aspects of
sustainability, no indicator was found that analyzes the regeneration
strategy from economic or social perspectives, although the prevention
and recovery of polluted ecosystems entails high costs and may pose
health risks (Fernandez-Mena et al., 2020).

It should be mentioned that a close relationship exists between the
regenerating, closing and narrowing resource strategies. The production
of compost from vegetable waste can be perceived as a closing strategy,
because the materials discarded from one process are used as inputs for
others. In turn, compost can be used to regenerate agricultural soil. The
narrowing strategy encompasses the efficient management of resources
in general. Such efficient management includes minimizing emissions or
the use of fossil fuels, which can be observed as a contribution to the
regeneration and conservation of natural capital. Therefore, given this
perspective, some of the indicators for narrowing and closing strategies
could also be classified as regenerating indexes.
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5. Discussion
5.1. Clarification of CE concepts

Significant diversity exists in terms of definitions of the concept of
CE, principles, and strategies (The European Innovation Partnership for
Agricultural Productivity and Sustainability- EIP-AGRI, 2015; Ruiz
et al., 2019). It is common to find the undifferentiated use of concepts
such as bioeconomy and CE. The bioeconomy reflects the goal of
substituting fossil-fuel dependency by using organic renewable re-
sources (El-Chichakli et al., 2016; Lainez et al., 2018). However, CE aims
to maintain the utility of products, components, and materials while
preserving their value (EMF, 2013, 2015). CE also encourages a shift
towards renewable resources, including energy and materials, but is a
part of a wider scope that also integrates the more efficient management
of technical (non-biological) cycles. Most of the papers related to CE in
agriculture are case studies, with few devoted to developing a theoret-
ical framework that can be applied in practice. This highlights the need
to develop a single common framework to guide the transition from
linear economies to CE in the agricultural sector. This work contributes
to filling this gap by defining how a CE can be understood in the agri-
cultural context and by adapting CE principles and strategies to the field
of agriculture.

Another issue to consider is that much of the research on CE in
agriculture is limited to analyzing systems’ technical efficiency, which is
proven by the many studies and indicators that have used technical in-
dicators to measure efficiency. However, improving efficiency is not
specific to CE models, but is shared with linear economy models based
on economies of scale, which allows for the improvement of efficiencies
by, for example, reducing costs. In fact, improving agricultural effi-
ciency from a linear perspective has allowed significant advances at the
production and management levels (EMF, 2015). However, production
efficiency improvements did not help to revert the current trends of land
use change and contamination, contributions to global warming, water
scarcity, and social inequality, among other environmental impacts.
Therefore, and in contrast to this efficiency approach, a more radical CE
concept based on eco-effectiveness should be adopted (Braungart et al.,
2007). This concept proposes the transformation of products and their
associated material flows to form a supportive relationship with
ecological systems and provide economic growth (Morseletto, 2020).
This can be observed, for example, in mixed crop-livestock production
systems. The goal is not to minimize the flow of materials from cradle to
grave, but to generate cyclical “metabolisms” from cradle to cradle that
allow materials to maintain their resource status (Guo, 2015; Liu et al.,
2018). The result is a mutually beneficial relationship between ecolog-
ical and economic systems, or a positive reconnection of the relationship
between economy and ecology. Similarly, efficiency improvements
through narrowing strategies should complement or become an integral
part of slowing and closing CE strategies aimed at generating even more
radical improvements in resource efficiency.

5.2. The CE framework in agriculture

The CE strategies for agricultural technical resources are composed
of polymers, alloys, and other artificial materials, and are widely
developed and, in some cases, implemented. However, the nature of
biological resources, which are those with an organic base, requires a
reformulation of these strategies. This work has defined a CE strategy for
agriculture that differentiates between technical and biological mate-
rials. The strategy for the former would be the same as for industrial
products. No documents were found that adapt technical CE strategies in
the case of agricultural biological materials. Therefore, a crucial
contribution of this work lies in its definition of CE strategies and the
understanding of the slowing CE strategy for agriculture.

For example, in the case of technical materials, the strategy of
slowing resource loops is characterized by extending the life of the
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resource through processes such as maintenance, remanufacturing, or
reconditioning (Mendoza et al., 2019b). However, in terms of the
bio-cycles, once the food is damaged, an issue remains regarding how it
can be repaired or remanufactured. This article proposes that agricul-
tural biological materials’ product life be extended to ensure that it
fulfils its function within the same value chain, or specifically, to be used
as food in multiple cycles. This can be done by using materials that are
normally discarded—such as food with defects or of non-commercial
sizes (McCarthy et al., 2019)—or by reusing food scraps at home, such
as through purported “trash cooking” in households, or industrial pro-
cesses, such as using waste from the brewery industry to make dry pasta
(Nocente et al., 2019). Some authors may consider that these proposals
exist within the strategy of narrowing resource loops, as they pursue
efficiency in their use of resources (Gallego-Schmid et al., 2020), or
within the strategy of closing resource loops, which depends on the
cascading use of materials (Bos and Broeze, 2020). However, many ac-
tivities overlap between CE strategies in the agricultural sector and other
economic sectors as well, and, therefore, it is complex to differentiate
purely narrowing, slowing, closing, or regeneration strategies.

In this sense, the different strategies closely relate to CE in agricul-
ture. Buying second-hand clothes is one way to extend the life of textile
products under the slowing strategy (EMF, 2019a). In principle, this
action does not pertain to a narrowing or closing strategy. However, the
agricultural practice of combined crop and livestock production makes it
possible to feed livestock with agricultural residues (closing), use
manure as a soil fertilizer (closing and regenerating), and optimize
resource management efficiency and avoid nutrient leakage (narrow-
ing). The regenerating strategy especially relates to the others because,
at the end, biological materials must be reincorporated into the
ecosystem. In this respect, it is normally difficult to separate the
regeneration and closing strategies. Therefore, it is necessary to consider
the synergies between the different strategies when designing CE models
for agriculture. In this sense, a greater knowledge of the possible re-
lationships, trade-offs, and synergies is needed to optimize efforts in
adopting circular models. However, this research should not misguide
agricultural producers about different CE strategies, but motivate them
to understand that once a CE solution is properly implemented, it can
facilitate or reinforce other CE strategies that could lead to higher
resource efficiency and improved sustainability. Nevertheless,
system-based thinking should be applied to analyze the potential
trade-offs, which calls for the application of holistic tools, such as the life
cycle assessment (ISO 14040, 2006) and multi-criteria decision analysis
(Aberilla et al., 2020), to identify the most effective practices in the long
term.

5.3. Measurement of agricultural production systems’ CE performance

The analysis of CE indicators in agriculture has revealed the exis-
tence of a variety of tools that, in most cases, only provide partial in-
formation on agricultural models’ levels of circularity. As a result of the
review of the indicators, it can be concluded that some of the main issues
to consider for measuring circularity data availability, the unit of anal-
ysis, and context specificity, which is especially relevant when making
temporal and geographic comparisons. Some of the peculiarities that
influence the adoption of circular models in agriculture, compared to
other sectors such as industry, are the dependence on the weather, the
seasonality, and the perishable nature of production. Obviously, cli-
matic factors depend fundamentally on the location of the farm. How-
ever, beyond these factors, the regulatory framework, the level of
technology available, the production system in place and social de-
mands are also decisive. These issues differ considerably not only be-
tween rich and poor countries, but also between different regions within
the same country.

Some of the reviewed indicators are based on easily accessible sta-
tistical data or simple measurements based on standardized procedures.
These indicators can be used periodically and/or in different
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geographical areas to verify the evolution and detection of needed im-
provements. However, this information is not always available, making
such measurements difficult. The unit of measurement is also a deter-
mining factor in establishing comparisons. Although physical units are
constant, monetary units present a limitation in the need for conversion
between currencies and temporal adjustments. For example, emergy-
based indicators are one unit that allows comparisons between regions
and different management alternatives, although they are more complex
to calculate. However, the data for monetary indicators are easily
accessible and easy to calculate and interpret. Alternatively, some in-
dicators are designed for one type of crop, management practice, or
technology, and, thus, they do not allow for the generalization of results.
In conclusion, no single indicator is suitable for all situations, and all of
them have strengths and weaknesses. Thus, a set of indicators should be
selected for each moment that will offer the most accurate estimation of
the impacts from adopting a circular model. The example presented on
the avocado production process in Section 3.3. shows how the different
CE strategies complement each other through successive phases
throughout the product life cycle. The development of holistic indicators
based on the life cycle of the product or the production processes could
be useful in measuring the evolution of the adoption of circular models
in agriculture and the potential trade-off, such as environmental burden
shifting. For instance, partial measures affecting only one part of the life
cycle might be misleading because an improvement in one area (e.g.,
reduced terrestrial eco-toxicity by reducing fertilizer use at the agri-
cultural production stage and food preserving agents in food processing)
can lead to higher impacts at later product lifecycle stages (e.g., by
increasing food waste generation at the wholesale stores due to a
reduced shelf life of the food products) (Lonca et al., 2018).

Regarding the different aspects covered by the concept of sustain-
ability, including the technical aspect, an imbalance was detected
among the indicators; almost half of them focus on measuring efficiency
from a technical perspective. Although many indicators include envi-
ronmental aspects, no indicator was found that measures all emissions
that are harmful to the environment, including land, water, and air.
Moreover, no indicators were found that jointly measure the agricultural
ecosystem relative to neighboring ecosystems beyond the amount of
land area dedicated to different uses. Although a variety of indicators
focus on economic aspects, no studies with an economic focus were
found regarding the regenerating strategy. Finally, the social area has
the most significant deficiencies, as hardly any indicators include this
area in their measurements. Therefore, indicators are needed regarding
how the adoption of circular measures influences social aspects (e.g.
generation of qualified employment, training of local populations or
disposable income).

The existence of complex and global supply chains is one barrier to
the adoption of CE practices in agriculture (Borrello et al., 2016;
Genovese et al., 2015; Gobel et al., 2015). In the agricultural field, one
objective to be achieved involves developing systems that allow nutri-
ents to return to their original purpose, restoring nutrient circularity
(Van der Wiel et al., 2019). One measure to consider within this strategy
is to increase the demand for local products, thus avoiding the leakage of
nutrients and the long journeys of food, that lead to product losses and
increased greenhouse gas emissions. The increase in the consumption of
local products is an opportunity for local development, especially in
developing countries, which can significantly impact the development
of labor and educational options for women (Tadesse et al., 2019;
Zabaniotou, 2018). Therefore, the development of circular models in
agriculture requires greater participation from all local stakeholders. In
addition, more knowledge is needed to assess the social challenges in
implementing CE measures, such as whether consumers are prepared to
select more expensive food products or willing to reduce their con-
sumption of non-local products.

It is necessary to establish international units of measurement for
circularity in standard agricultural activities, as already exists for tech-
nical materials (Ruiz et al., 2019). This should include the development
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of freely accessible databases that provide information on various as-
pects of interest for analyzing strategies in adopting circular models,
such as material stocks, waste, and markets for reused and recycled
materials. If the food production system is to be efficiently managed at
the global level, the productive sector needs instruments to help plan
global production (Bos and Broeze, 2020). This would include the use of
standard, consistent, and geographically adapted data and allocation
methods to provide key stakeholders with a reliable basis for
decision-making. These instruments for large-scale planning should
include tools for estimating the consequences of climate change based
on future scenarios in adopting circular practices, such as those with
time horizons of 20 to 80 years.

To conclude, the findings from the research support the need to
promote new lines of research in terms of i) the analysis of relationships,
trade-offs, and synergies in adopting circular production models; ii) the
application of holistic tools, to identify the most effective practices in the
long term; iii) the development of specific sets of indicators for agri-
culture including social aspects; iv) gaining more knowledge about
stakeholder’s preferences; and v) the development of international
standards to measure the circularity performance and maturity of agri-
cultural production systems.

6. Conclusion

The main differentiating characteristics of the agricultural sector,
which are conditions for the CE framework’s adaptation, are the prod-
ucts’ perishable nature, the close link with natural ecosystems, and the
strong seasonality of production. This seasonality influences the amount
of water available in the rainy season, the alternation of temperatures
(hot and cold) necessary in the different phases of plant development,
the number of possible crop cycles, and the capacity of soil conditions to
recover, among other key aspects. However, few studies have analyzed
the application of CE in agriculture by focusing on the particularities of
this sector. Therefore, no standardized framework exists, nor a clear
definition of the concept, principles, and strategies or practical appli-
cation in this context. Consequently, the scope of existing indicators for
CE in agriculture is limited, and there is an urgent need to develop new,
more comprehensive indicators.

To address these relevant research gaps, the general CE framework
has been adapted to the agricultural sector. In this process, the first
definition of CE applied to agriculture has been proposed, and is suffi-
ciently meaningful to drive future research in the field. Similarly, the
indicators available to measure the level of circularity in agricultural
production systems have been compiled, analyzed, and classified based
on their link to the sustainability pillars. The results demonstrate that a
new set of specific indicators have yet to be developed to measure
circularity in agriculture, as most of the indicators currently used are
indicators for measuring efficiency improvements in the linear economy
that have been adapted to the CE. As a result, the available indicators
provide partial information on agricultural models’ levels of circularity,
which can misguide sustainability-oriented decision-making processes.
Therefore, it is necessary to develop new sets of indicators that can: i)
reflect the variety of activities and processes that occur within the
agricultural sector, given that only a few have been studied to date; ii)
guide the collection of information at the meso- and macro-levels for
comparisons between productive areas, regions, and countries, consid-
ering that most available indicators focus on the assessment of specific
micro-level processes; iii) serve to measure circularity in agriculture
based on the different strategies available, or narrowing, slowing,
closing, and regenerating; and iv) consider the different areas of sus-
tainability, whether environmental, economic, or social.

A paradigm shift in agricultural products’ supply and consumption
patterns is required to adopt circular models in agriculture. The value
chains must be restructured to strengthen the marketing of local prod-
ucts and develop business models that enable the cascading of materials
until they are reincorporated into the ecosystem, which will avoid leaks
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of valuable nutrients. Consumers must become more environmentally
aware and favor the development of this type of business model in their
purchasing choices.

Finally, at the policy level, agricultural policies must be reviewed
and reorganized to facilitate waste management practices for materials’
reuse and recycling (e.g. incorporating the reuse of bioplastics materials
in agricultural waste targets). Financial incentive programs to
encourage circularity would also be desirable, such as those that tax the
use of materials without a minimum level of biological recycled content
in their packaging, or subsidies to convert practices to circular models.
In addition, technical advice and education programs are needed to
improve confidence and skills in CE practices. To this end, encouraging
the development of commercial and financial cases that demonstrate the
potential economic benefits associated with the adoption of CE princi-
ples would be useful, particularly if these include the costs of negative
externalities. Finally, incentives for increasing the shared ownership
systems for infrastructure and machinery (e.g. warehouses, rafts, or
tractors) can help to increase the circularity of agricultural processes.

This work identified a gap in the literature resulting from the lack of
adaptation of the CE theoretical framework to the field of agriculture,
and found that the set of indicators available to measure the circularity
of agricultural production is incomplete or not practical enough to be
representative and/or meaningful for the sector. In addition, new lines
of research focuses on the adoption of complementary CE strategies, the
application of holistic tools, the development of specific indicators for
agriculture, stakeholder preferences in the adoption of circular models
(type, variety and depth of measures and strategies to be implemented),
and international standards of measurement for circularity in agricul-
ture, were proposed. This work can be useful for policymakers when
defining lines of action to promote the adoption of circular models in
agriculture. Furthermore, it contributes to overcoming one of the limi-
tations for the adoption of these models by entrepreneurs, by clarifying
the CE principles for application in agricultural activities and the
possible strategies for implementing it in practice.

CRediT authorship contribution statement

Juan F. Velasco-Munoz: Conceptualization, Methodology, Investi-
gation, Data curtion, Writing — original draft, Writing — review & editing,
Visualization, Supervision. Joan Manuel F. Mendoza: Conceptualiza-
tion, Methodology, Investigation, Validation, Writing — review & edit-
ing, Supervision. José A. Aznar-Sanchez: Conceptualization,
Investigation, Validation, Writing — review & editing, Supervision.
Alejandro Gallego-Schmid: Conceptualization, Methodology, Investi-
gation, Validation, Writing — review & editing, Supervision, Project
administration.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was partially supported by the Spanish Ministry of
Science and Innovation and the European Regional Development Fund
by means of the research project ECO 2017-82347-P, and from Junta de
Andalucia and FEDER aid (project P18-RT-2327, Consejeria de Trans-
formacién Econémica, Industria, Conocimiento y Universidades). The
images in Figure 2 were designed by Racool studio / Freepik. The au-
thors also acknowledge the interesting and relevant comments provided
by three anonymous reviewers to enrich the quality of the manuscript.

13

Resources, Conservation & Recycling 170 (2021) 105618
Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.resconrec.2021.105618.

References

Abad-Segura, E., Batlles de la Fuente, A., Gonzalez-Zamar, M.D., Belmonte-Urena, L.J.,
2020. Effects of circular economy policies on the environment and sustainable
growth: worldwide research. Sustainability 12 (14), 5792. https://doi.org/10.3390/
sul2145792, 2020.

Aberilla, J.M., Gallego-Schmid, A., Stamford, L., Azapagic, A., 2020. An integrated
sustainability assessment of synergistic supply of energy and water in remote
communities. Sustain. Prod. Consump. 22, 1-21. https://doi.org/10.1016/j.
spc.2020.01.003.

Akerman, E., 2016. Development of Circular Economy Core Indicators for Natural
Resources - Analysis of Existing Sustainability Indicators as a Baseline for Developing
Circular Economy Indicators. Master of Science Thesis. Stockholm.

Alexander, P., Rounsevell, M.D.A., Dislich, C., Dodson, J.R., Engstrom, K., Moran, D.,
2015. Drivers for global agricultural land use change: The nexus of diet, population,
yield and bioenergy. Glob. Environ. Chang. Hum. Policy Dimens. 35, 138-147.
https://doi.org/10.1016/j.gloenvcha.2015.08.011.

Aznar-Sanchez, J.A., Piquer-Rodriguez, M., Velasco-Munoz, J.F., Manzano-Agugliaro, F.,
2019a. Worldwide research trends on sustainable land use in agriculture. Land Use
Pol 87, 104069. https://doi.org/10.1016/j.landusepol.2019.104069.

Aznar-Sanchez, J.A., Belmonte-Urena, L.J., Velasco-Munoz, J.F., Valera, D.L., 2019b.
Aquifer sustainability and the use of desalinated seawater for greenhouse irrigation
in the Campo de Nijar, Southeast Spain. Int. J. Environ. Res. Public Health 16 (5),
898. https://doi.org/10.3390/ijerph16050898.

Aznar-Sanchez, J.A., Velasco-Munoz, J.F., Lopez-Felices, B., Roman-Sanchez, .M.,
2020a. An analysis of global research trends on greenhouse technology: towards a
sustainable agriculture. Int. J. Environ. Res. Public Health 17 (2), 664. https://doi.
0rg/10.3390/ijerph17020664.

Aznar-Sanchez, J.A., Mendoza, J.M., Ingrao, C., Failla, S., Bezama, A., Nemecek, T.,
Gallego-Schmid, A., 2020b. Indicators for circular economy in the agri-food sector.
Resour. Conserv. Recycl. 163, 105028 https://doi.org/10.1016/j.
resconrec.2020.105028.

Aznar-Sanchez, J.A., Velasco-Munoz, J.F., Garcia-Arca, D., Lopez-Felices, B., 2020c.
Identification of opportunities for applying the circular economy to Intensive
Agriculture in Almerfa (South-East Spain). Agronomy 10, 1499. https://doi.org/
10.3390/agronomy10101499.

Bocken, N., de Pauw, I., Bakker, C, van der Grinten, B., 2016. Product design and
business model strategies for a circular economy. J. Ind. Prod. Eng. 33 (5), 308-320.
https://doi.org/10.1080/21681015.2016.1172124.

Borrello, M., Lombardi, A., Pascucci, S., Cembalo, L., 2016. The seven challenges for
transitioning into a bio-based circular economy in the Agri-food sector. Recent. Pat.
Food. Nutr. Agric. 8 (1), 39-47. https://doi.org/10.2174/
221279840801160304143939.

Bos, H.L., Broeze, J., 2020. Circular bio-based production systems in the context of
current biomass and fossil demand. Biofuels Bioprod. Biorefin. 14 (2), 187-197.
https://doi.org/10.1002/bbb.2080.

Braungart, M., McDonough, W., Bollinger, A., 2007. Cradle-to-cradle design: creating
healthy emissions — a strategy for eco-effective product and system design. J. Clean
Prod. 15 (13-14), 1337-1348. https://doi.org/10.1016/j.jclepro.2006.08.003.

Brunner, P.H., Rechberger, H., 2016. Practical Handbook of Material Flow Analysis. CRC
Press, Boca Raton, Florida, United States. ISBN: 1-5667-0604-1.

Burgo-Bencomo, O.B., Gaitan-Suazo, V., Yanez-Sarmiento, J., Zambrano-Morales, A.A.,
Castellanos-Pallerols, G., Estrada-Hernandez, J.A., 2019. La Economia circular una
alternativa sostenible para el desarrollo de la agricultura. Espacios 40 (13), 2.
http://www.revistaespacios.com/al9v40n13/a19v40n13p02.pdf.

Carus, M., Dammer, L., 2018. The “Circular Bioeconomy”—Concepts, Opportunities and
Limitations. (Accessed: 04/03/2021) https://bioplasticfeedstockalliance.org/wp-c
ontent/uploads/2020/01/External_Resource_Nova_Paper 9 The_Circular_Bioecon
omy.pdf.

Casson-Moreno, V., lervolino, G., Tugnoli, A., Cozzani, V., 2020. Techno-economic and
environmental sustainability of biomass waste conversion based on thermocatalytic
reforming. Waste Manage 101, 106-115. https://doi.org/10.1016/j.
wasman.2019.10.002.

Chen, C.F., Feng, K.L., Ma, H., 2020. Uncover the interdependent environmental impacts
associated with the water-energy-food nexus under resource management strategies.
Resour. Conserv. Recycl. 160, 104909 https://doi.org/10.1016/j.
resconrec.2020.104909.

Cobo, S., Dominguez-Ramos, A., Irabien, A., 2018. Trade-offs between nutrient
circularity and environmental impacts in the management of organic waste. Environ.
Sci. Technol. 52 (19), 10923-10933. https://doi.org/10.1021/acs.est.8b01590.

Cobo, S., Levis, J.W., Dominguez-Ramos, A., Irabien, A., 2019. Economics of enhancing
nutrient circularity in an organic waste valorization system. Environ. Sci. Technol.
53 (11), 6123-6132. https://doi.org/10.1021 /acs.est.8b06035.

Colley, T.A., Birkved, M., Olsen, S.I., Hauschild, M.Z., 2020. Using a gate-to-gate LCA to
apply circular economy principles to a food processing SME. J. Clean. Prod. 251,
119566 https://doi.org/10.1016/j.jclepro.2019.119566.

Conesa, C., Laguarda-Mir6, N., Fito, P., Segui, L., 2020. Evaluation of persimmon
(Diospyros kaki Thunb. cv. Rojo Brillante) industrial residue as a source for value


https://doi.org/10.1016/j.resconrec.2021.105618
https://doi.org/10.3390/su12145792
https://doi.org/10.3390/su12145792
https://doi.org/10.1016/j.spc.2020.01.003
https://doi.org/10.1016/j.spc.2020.01.003
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0003
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0003
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0003
https://doi.org/10.1016/j.gloenvcha.2015.08.011
https://doi.org/10.1016/j.landusepol.2019.104069
https://doi.org/10.3390/ijerph16050898
https://doi.org/10.3390/ijerph17020664
https://doi.org/10.3390/ijerph17020664
https://doi.org/10.1016/j.resconrec.2020.105028
https://doi.org/10.1016/j.resconrec.2020.105028
https://doi.org/10.3390/agronomy10101499
https://doi.org/10.3390/agronomy10101499
https://doi.org/10.1080/21681015.2016.1172124
https://doi.org/10.2174/221279840801160304143939
https://doi.org/10.2174/221279840801160304143939
https://doi.org/10.1002/bbb.2080
https://doi.org/10.1016/j.jclepro.2006.08.003
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0015
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0015
http://www.revistaespacios.com/a19v40n13/a19v40n13p02.pdf
https://bioplasticfeedstockalliance.org/wp-content/uploads/2020/01/External_Resource_Nova_Paper_9_The_Circular_Bioeconomy.pdf
https://bioplasticfeedstockalliance.org/wp-content/uploads/2020/01/External_Resource_Nova_Paper_9_The_Circular_Bioeconomy.pdf
https://bioplasticfeedstockalliance.org/wp-content/uploads/2020/01/External_Resource_Nova_Paper_9_The_Circular_Bioeconomy.pdf
https://doi.org/10.1016/j.wasman.2019.10.002
https://doi.org/10.1016/j.wasman.2019.10.002
https://doi.org/10.1016/j.resconrec.2020.104909
https://doi.org/10.1016/j.resconrec.2020.104909
https://doi.org/10.1021/acs.est.8b01590
https://doi.org/10.1021/acs.est.8b06035
https://doi.org/10.1016/j.jclepro.2019.119566

J.F. Velasco-Munoz et al.

added products. Waste Biomass Valorizat. 11 (7), 3749-3760.. https://doi.org/
10.1007/512649-019-00621-0.

Cristébal, J., Castellani, V., Manfredi, S., Sala, S., 2018. Prioritizing and optimizing
sustainable measures for food waste prevention and management. Waste Manage 72,
3-16. https://doi.org/10.1016/j.wasman.2017.11.007.

D’Amato, D., Droste, N., Allen, B., Kettunen, M., Lahtinen, K., Korhonen, J., Leskinen, P.,
Matthies, B.D., Toppinen, A., 2017. Green, circular, bio economy: A comparative
analysis of sustainability avenues. J. Clean. Prod. 168, 716-734. http://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

De Boer, 1.J.M., van Ittersum, M.K., 2018. Circularity in Agricultural Production.
Wageningen University & Research, Wageningen, Netherlands, 2018. (Accesed: 08/
03/2021). https://www.wur.nl/en/show/Circularity-in-agricultural-production.ht
m.

De Kraker, J., Kujawa-Roeleveld, K., Villena, M.J., Pab6n-Pereira, C., 2019.
Decentralized valorization of residual flows as an alternative to the traditional urban
waste management system: The case of Pefialolén in Santiago de Chile. Sustainability
11 (22), 6206. https://doi.org/10.3390/s5ul1226206.

Di Maio, F., Rem, P.C., 2015. A robust indicator for promoting circular economy through
recycling. J. Environ. Prot. 06, 1095-1104. https://doi.org/10.4236/
jep.2015.610096.

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

El-Chichakli, B., von Braun, J., Lang, C., Barben, D., Philp, J., 2016. Five cornerstones of
a global bioeconomy. Nature 535, 221-223. https://doi.org/10.1038/535221a.
Elia, V., Gnoni, M.G., Tornese, F., 2017. Measuring circular economy strategies through
index methods: a critical analysis. J. Clean. Prod. 142 (4), 2741-2751. https://doi.

org/10.1016/j.jclepro.2016.10.196.

Ellen MacArthur Foundation, 2013. Towards the Circular Economy: Opportunities for
the Consumers Goods Sector. EMF (Accessed: 06-30-2020). www.ellenmacarth
urfoundation.org/publications.

Ellen MacArthur Foundation, 2015. Schools of Thought — Performance Economy. EMF
(Accessed on 29/04/2020). https://www.ellenmacarthurfoundation.org/circul
ar-economy/concept/schools-of-thought.

Ellen MacArthur Foundation, 2017. Achieving Growth Within. EMF (Accessed: 06-30-
2020). https://www.ellenmacarthurfoundation.org/publications/achieving-growth
-within.

Ellen MacArthur Foundation, 2019a. Completing the Picture: How the Circular Economy
Tackles Climate Change. EMF (Accessed: 06-30-2020). www.ellenmacarthurfoundati
on.org/publications.

Ellen MacArthur Foundation, 2019b. Cities and Circular Economy for Food. EMF
(Accessed: 06-30-2020). http://www.ellenmacarthurfoundation.org/publications.

Fernandez-Mena, H., Gaudou, B., Pellerin, S., MacDonald, G.K., Nesme, T., 2020. Flows
in Agro-food Networks (FAN): An agent-based model to simulate local agricultural
material flows. Agric. Syst. 180, 102718 https://doi.org/10.1016/j.
agsy.2019.102718,

Font-Vivanco, D., Kemp, R., van der Voet, E., 2016. How to deal with the rebound effect?
A policy-oriented approach. Energy Policy 94, 114-125. https://doi.org/10.1016/j.
enpol.2016.03.054.

Food and Agriculture Organization of the United Nations, FAOSTAT, 2020. FAOSTAT
Statistical Database. FAO, Rome, 1997(Accessed: 08/31/20). http://www.fao.
org/faostat/en/#home.

Food and Agriculture Organization of the United Nations, FAO, 2009. High Level Expert
Forum—How to Feed the World in 2050. Office of the Director, Agricultural
Development Economics Division, Rome, Italy, 2009.

Galanakis, C.M., 2012. Recovery of high added-value components from food wastes:
conventional, emerging technologies and commercialized applications. Trends Food
Sci. Technol. 26 (2), 68-87. https://doi.org/10.1016/j.tifs.2012.03.003.

Gallego-Schmid, A., Chen, H.M., Sharmina, M., Mendoza, J.M.F., 2020. Links between
circular economy and climate change mitigation in the built environment. J. Clean.
Prod. 260, 121115 https://doi.org/10.1016/j.jclepro.2020.121115.

Garnett, T., Appleby, M.C., Balmford, A., Bateman, 1.J., Benton, T.G., Bloomer, P.,
Burlingame, B., Dawkins, M., Dolan, L., Fraser, D., Herrero, M., Hoffmann, I.,
Smith, P., Thornton, P.K., Toulmin, C., Vermeulen, S.J., Godfray, H.C.J., 2013.
Sustainable intensification in agriculture: premises and policies. Science 341, 33-34.
https://doi.org/10.1126/science.1234485.

Geissdoerfer, M., Savaget, P., Bocken, N.M.P., Hultink, E.J., 2017. The circular economy -
a new sustainability paradigm? J. Clean. Prod. 143, 757-768. https://doi.org/
10.1016/j.jclepro.2016.12.048.

Geng, Y., Sarkis, J., Ulgiati, S., Zhang, P., 2013. Measuring China’s circular economy.
Science 339, 1526-1527. https://doi.org/10.1126/science.1227059.

Genovese, A., Acquaye, A.A., Figueroa, A., Koh, S.C.L., 2015. Sustainable supply chain
management and the transition towards a circular economy: evidence and some
applications. Omega 66 (Part B), 344-357. https://doi.org/10.1016/j.
omega.2015.05.015.

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

Gobel, C., Langen, N., Blumenthal, A., Teitscheid, P., Ritter, G., 2015. Cutting food waste
through cooperation along the food supply chain. Sustainability 7 (2), 1429-1445.
https://doi.org/10.3390/5u7021429.

Grupo La Cana, 2020. Available online: https://www.grupolacana.com/ (accessed on 15
Juny 2020).

Guo, S.L., 2015. Agricultural foods economic efficiency evaluation based on DEA. Adv. J.
Food Sci. Technol. 8 (7), 472-475. https://doi.org/10.19026/ajfst.8.1547.

14

Resources, Conservation & Recycling 170 (2021) 105618

Hermida-Balboa, C., Dominguez-Somonte, M., 2014. Circular economy as an ecodesign
framework: the ECO III model. Informador Técnico 78 (1), 82-90.

Homrich, A.S., Galvao, G., Abadia, L.G., Carvalho, M.M., 2018. The circular economy
umbrella: trends and gaps on integrating pathways. J. Clean. Prod. 175, 525-543.
https://doi.org/10.1016/j.jclepro.2017.11.064.

1SO 14044, 2006. Environmental management — Life cycle assessment — Requirements
and guidelines.

Jackson, M., Lederwasch, A., Giurco, D., 2014. Transitions in theory and practice:
Managing metals in the circular economy. Resources 3 (3), 516-543. https://doi.
org/10.3390/resources3030516.

Jun, H., Xiang, H., 2011. Development of circular economy is a fundamental way to
achieve agriculture sustainable development in China. Energy Procedia 5,
1530-1534. https://doi.org/10.1016/j.egypro.2011.03.262.

Junjie, C., Ming, L., Shuguo, L., 2011. Development strategy research of modern Eco-
Agriculture on the basis of constructing the rural circular economy-for the example
of shandong province. Energy Procedia 5, 2504-2508. https://doi.org/10.1016/j.
egypro.2011.03.430.

Jurgilevich, A., Birge, T., Kentala-Lehtonen, J., Korhonen-Kurki, K., Pietikdinen, J.,
Saikku, L., Schosler, H., 2016. Transition towards circular economy in the Food
system. Sustainability 8, 69. https://doi.org/10.3390/5u8010069.

Kirchherr, J., Reike, D., Hekkert, M., 2017. Conceptualizing the circular economy: An
analysis of 114 definitions. Resources. Conserv. Recycl. 127, 221-232. https://doi.
org/10.1016/j.resconrec.2017.09.005.

Kravchenko, M., Pigosso, D.C.A., McAloone, T.C., 2019. Towards the ex-ante
sustainability screening of circular economy initiatives in manufacturing companies:
Consolidation of leading sustainability-related performance indicators. J. Clean.
Prod. 241, 118318 https://doi.org/10.1016/].jclepro.2019.118318.

Kristensen, D.K., Kjeldsen, C., Thorsge, M.H., 2016. Enabling sustainable agro-food
futures: exploring fault lines and synergies between the integrated territorial
paradigm, rural Eco-economy and circular economy. J. Agric. Environ. Ethics 29,
749-765. https://doi.org/10.1007/s10806-016-9632-9.

Kristensen, H.S., Mosgaard, M.A., 2020. A review of micro level indicators for a circular
economy e moving away from the three dimensions of sustainability? J. Clean. Prod.
243, 118531 https://doi.org/10.1016/j.jclepro.2019.118531.

Kuisma, M., Kahiluoto, H., 2017. Biotic resource loss beyond food waste: agriculture
leaks worst. Resour. Conserv. Recycl. 124, 129-140. https://doi.org/10.1016/j.
resconrec.2017.04.008.

Lainez, M., Gonzalez, J.M., Aguilar, A., Vela, C., 2018. Spanish strategy on bioeconomy:
towards a knowledge based sustainable innovation. New Biotechnol. 40 (Part A),
87-95. https://doi.org/10.1016/j.nbt.2017.05.006.

Lim, C.H., Chuen, W.W.Z, Foo, J.Q., Tan, T.J., How, B.S., Ng, W.P.Q., Lam, H.L., 2019.
Circular sustainability optimisation model for diverse oil crops feedstock system via
element targeting approach. Chem. Eng. Trans. 76, 1111-1116. https://doi.org/
10.3303/CET1976186.

Liu, S., Min, Q., Jiao, W., Liu, C., Yin, J., 2018. Integrated emergy and economic
evaluation of Huzhou Mulberry-Dyke and fish-pond systems. Sustainability 10 (11),
3860. https://doi.org/10.3390/su10113860.

Lonca, G., Muggéo, R., Imbeault-Tétreault, H., Bernard, S., Margnia, M., 2018. Does
material circularity rhyme with environmental efficiency? Case studies on used tires.
J. Clean. Prod. 183, 424-435. https://doi.org/10.1016/j.jclepro.2018.02.108.

Matrapazi, V.K., Zabaniotou, A., 2020. Experimental and feasibility study of spent coffee
grounds upscaling via pyrolysis towards proposing an eco-social innovation circular
economy solution. Sci. Total Environ. 718, 137316 https://doi.org/10.1016/j.
scitotenv.2020.137316.

McCarthy, B., Kapetanaki, A.B., Wang, P., 2019. Circular agri-food approaches: will
consumers buy novel products made from vegetable waste? Rural Soc. 28 (2),
91-107. https://doi.org/10.1080/10371656.2019.1656394.

Mena, C., Terry, L.A., Williams, A., Ellram, L., 2014. Causes of waste across multi-tier
supply networks: cases in the UK food sector. Int. J. Prod. Econ. 152, 144-158.
https://doi.org/10.1016/j.ijpe.2014.03.012.

Mendoza, J.M.F., Sharmina, M., Gallego-Schmid, A., Heyes, G., Azapagic, A., 2017.
Integrating backcasting and Eco-design for the circular economy: the BECE
framework. J. Ind. Ecol. 21 (3), 526-544. https://doi.org/10.1111/jiec.12590.

Mendoza, J.M.F., Gallego-Schmid, A., Azapagic, A., 2019a. A methodological framework
for the implementation of circular economy thinking in higher education
institutions: Towards sustainable campus management. J. Clean. Prod. 226,
831-844. htips://doi.org/10.1016/j.jclepro.2019.04.060.

Mendoza, J.M.F., Gallego-Schmid, A., Azapagic, A., 2019b. Building a business case for
implementation of a circular economy in higher education institutions. J. Clean.
Prod. 220, 553-567. https://doi.org/10.1016/j.jclepro.2019.02.045.

Mikielewicz, D., Dabrowski, P., Bochniak, R., Golabek, A., 2020. Current status, barriers
and development perspectives for circular Bioeconomy in polish south Baltic area.
Sustainability 12 (21), 9155. https://doi.org/10.3390/su12219155, 2020.

Mirabella, N., Castellani, V., Sala, S., 2014. Current options for the valorization of food
manufacturing waste: a review. J. Clean. Prod. 65, 28-41. https://doi.org/10.1016/
j-jclepro.2013.10.051.

Molina-Moreno, V., Leyva-Diaz, J.C., Llorens-Montes, F.J., Cortés-Garcia, F.J., 2017.
Design of indicators of circular economy as instruments for the evaluation of
sustainability and efficiency in wastewater from pig farming industry. Water 9 (9),
653. https://doi.org/10.3390/w9090653.

Morseletto, P., 2020. Restorative and regenerative: Exploring the concepts in the circular
economy. J. Ind. Ecol. 2020, 1-11. https://doi.org/10.1111/jiec.12987.

Mosquera-Losada, M.R., Amador-Garcia, A., Rigueiro-Rodriguez, A., Ferreiro-
Dominguez, N., 2019. Circular economy: using lime stabilized bio-waste based
fertilisers to improve soil fertility in acidic grasslands. Catena 179, 119-128. https://
doi.org/10.1016/j.catena.2019.04.008.


https://doi.org/10.1007/s12649-019-00621-0
https://doi.org/10.1007/s12649-019-00621-0
https://doi.org/10.1016/j.wasman.2017.11.007
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.wur.nl/en/show/Circularity-in-agricultural-production.htm
https://www.wur.nl/en/show/Circularity-in-agricultural-production.htm
https://doi.org/10.3390/su11226206
https://doi.org/10.4236/jep.2015.610096
https://doi.org/10.4236/jep.2015.610096
https://doi.org/10.1016/j.resconrec.2017.02.009
https://doi.org/10.1038/535221a
https://doi.org/10.1016/j.jclepro.2016.10.196
https://doi.org/10.1016/j.jclepro.2016.10.196
http://www.ellenmacarthurfoundation.org/publications
http://www.ellenmacarthurfoundation.org/publications
https://www.ellenmacarthurfoundation.org/circular-economy/concept/schools-of-thought
https://www.ellenmacarthurfoundation.org/circular-economy/concept/schools-of-thought
https://www.ellenmacarthurfoundation.org/publications/achieving-growth-within
https://www.ellenmacarthurfoundation.org/publications/achieving-growth-within
http://www.ellenmacarthurfoundation.org/publications
http://www.ellenmacarthurfoundation.org/publications
http://www.ellenmacarthurfoundation.org/publications
https://doi.org/10.1016/j.agsy.2019.102718
https://doi.org/10.1016/j.agsy.2019.102718
https://doi.org/10.1016/j.enpol.2016.03.054
https://doi.org/10.1016/j.enpol.2016.03.054
http://www.fao.org/faostat/en/#home
http://www.fao.org/faostat/en/#home
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0040
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0040
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0040
https://doi.org/10.1016/j.tifs.2012.03.003
https://doi.org/10.1016/j.jclepro.2020.121115
https://doi.org/10.1126/science.1234485
https://doi.org/10.1016/j.jclepro.2016.12.048
https://doi.org/10.1016/j.jclepro.2016.12.048
https://doi.org/10.1126/science.1227059
https://doi.org/10.1016/j.omega.2015.05.015
https://doi.org/10.1016/j.omega.2015.05.015
https://doi.org/10.1016/j.jclepro.2015.09.007
https://doi.org/10.3390/su7021429
https://www.grupolacana.com/
https://doi.org/10.19026/ajfst.8.1547
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0052
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0052
https://doi.org/10.1016/j.jclepro.2017.11.064
https://doi.org/10.3390/resources3030516
https://doi.org/10.3390/resources3030516
https://doi.org/10.1016/j.egypro.2011.03.262
https://doi.org/10.1016/j.egypro.2011.03.430
https://doi.org/10.1016/j.egypro.2011.03.430
https://doi.org/10.3390/su8010069
https://doi.org/10.1016/j.resconrec.2017.09.005
https://doi.org/10.1016/j.resconrec.2017.09.005
https://doi.org/10.1016/j.jclepro.2019.118318
https://doi.org/10.1007/s10806-016-9632-9
https://doi.org/10.1016/j.jclepro.2019.118531
https://doi.org/10.1016/j.resconrec.2017.04.008
https://doi.org/10.1016/j.resconrec.2017.04.008
https://doi.org/10.1016/j.nbt.2017.05.006
https://doi.org/10.3303/CET1976186
https://doi.org/10.3303/CET1976186
https://doi.org/10.3390/su10113860
https://doi.org/10.1016/j.jclepro.2018.02.108
https://doi.org/10.1016/j.scitotenv.2020.137316
https://doi.org/10.1016/j.scitotenv.2020.137316
https://doi.org/10.1080/10371656.2019.1656394
https://doi.org/10.1016/j.ijpe.2014.03.012
https://doi.org/10.1111/jiec.12590
https://doi.org/10.1016/j.jclepro.2019.04.060
https://doi.org/10.1016/j.jclepro.2019.02.045
https://doi.org/10.3390/su12219155
https://doi.org/10.1016/j.jclepro.2013.10.051
https://doi.org/10.1016/j.jclepro.2013.10.051
https://doi.org/10.3390/w9090653
https://doi.org/10.1111/jiec.12987
https://doi.org/10.1016/j.catena.2019.04.008
https://doi.org/10.1016/j.catena.2019.04.008

J.F. Velasco-Munoz et al.

Ni, S., Lin, Y., Li, Y., Shao, H., Wang, S., 2019. An evaluation method for green logistics
system design of agricultural products: a case study in Shandong province, China.
Adv. Mech. Eng. 11 (1), 1-9. https://doi.org/10.1177/1687814018816878.

Nocente, F., Taddei, F., Galassi, E., Gazza, L., 2019. Upcycling of brewers’ spent grain by
production of dry pasta with higher nutritional potential. LWT 114, 108421. https://
doi.org/10.1016/j.1lwt.2019.108421.

Papangelou, A., Achten, W.M.J., Mathijs, E., 2020. Phosphorus and energy flows through
the food system of Brussels Capital Region. Resour. Conserv. Recycl. 156, 104687
https://doi.org/10.1016/j.resconrec.2020.104687.

Pena, C., Civit, B., Gallego-Schmid, A., et al., 2021. Using life cycle assessment to achieve
a circular economy. Int. J. Life Cycle Assess. 26, 215-220. https://doi.org/10.1007/
§11367-020-01856-z.

Ruiz, E., Canales, R., Garcia, G., 2019. La medicién de la economia circular. Marcos,
indicadores e impacto en la gestion empresarial. Forética, Madrid, Spain. ISBN: 978-
84-09-13202-7. https://foretica.org/wp-content/uploads/informe_medida_eco
nomia_circular_foretica.pdf.

Rufi-Salis, M., Calvo, M.J., Petit-Boix, A., Villalba, G., Gabarrell, X., 2020. Exploring
nutrient recovery from hydroponics in urban agriculture: an environmental
assessment. Resour. Conserv. Recycl. 155, 104683 https://doi.org/10.1016/j.
resconrec.2020.104683.

Sanjuan-Delmads, D., Llorach, P., Nadal, A., Sanyé, E., Petit-Boix, A., Ercilla-
Montserrat, M., Cuerva, E., Rovira, M., Josa, A., Munoz, P., Montero, J.,

Gabarrell, X., Rieradevall, J., Pons-Valladares, O., 2018. Improving the metabolism
and sustainability of buildings and cities through integrated rooftop greenhouses (i-
RTG). A: "Urban horticulture". Springer, Berlin, pp. 53-73. ISBN978-3-319-67017-1.

Santagata, R., Zucaro, A., Viglia, S., Ripa, M., Tian, X., Ulgiati, S., 2020. Assessing the
sustainability of urban eco-systems through Emergy-based circular economy
indicators. Ecol. Indic. 109, 105859 https://doi.org/10.1016/j.
ecolind.2019.105859.

Sayadi-Gmada, S., Torres-Nieto, J.M., Parra Gémez, S., Garcia-Garcia, M.C., Parra-
Lépez, C., 2020. Critical point analysis in solid inorganic waste production in the
protected cultivation systems in Almeria — approaches to reduce the impact. Acta
Horticulturae 1268, 205-212. https://doi.org/10.17660/ActaHortic.2020.1268.27.

Schmidt-Rivera, X.C., Gallego-Schmid, A., Najdanovic-Visak, V., Azapagic, A., 2020. Life
cycle environmental sustainability of valorisation routes for spent coffee grounds:
from waste to resources. Resour. Conserv. Recycl. 157, 104751 https://doi.org/
10.1016/j.resconrec.2020.104751.

Sherwood, J., 2020. The significance of biomass in a circular economy. Bioresour.
Technol. 300, 122755 https://doi.org/10.1016/].biortech.2020.122755.

Stahel, W.R., 2010. The Performance Economy, second ed. Palgrave Macmillan,
Basingstoke, New York.

Stegmann, P., Londo, M., Junginger, M., 2020. The circular bioeconomy: its elements and
role in European bioeconomy clusters. Resour. Conserv. Recycl.: X 6, 100029.
https://doi.org/10.1016/j.rcrx.2019.100029.

Tadesse, S.T., Oenema, O., van Beek, C., Ocho, F.L., 2019. Nitrogen allocation and
recycling in peri-urban mixed crop-livestock farms in Ethiopia. Nutr. Cycl.
Agroecosyst. 115, 281-294. https://doi.org/10.1007/s10705-018-9957-z.

Merriam-Webster Dictionary. 2020. Merriam-webster.com. (Accessed: 08/31/20) htt
ps://www.merriam-webster.com.

15

Resources, Conservation & Recycling 170 (2021) 105618

The European Innovation Partnership for Agricultural Productivity and Sustainability-
(EIP-AGRI, 2015). EIP-AGRI Workshop ‘Opportunities for Agriculture and Forestry
in the Circular Economy’ WORKSHOP REPORT 28-29 OCTOBER 2015. https://ec.
europa.eu/eip/agriculture/sites/agri-eip/files/eip-agri_ws_circular_economy _final
_report_2015_en.pdf.

Toboso-Chavero, S., Nadal, A., Petit-Boix, A., Pons, O., Villalba, G., Gabarrell, X.,

Josa, A., Rieradevall, J., 2018. Towards productive cities: environmental assessment
of the food-energy-water nexus of the Urban roof mosaic. J. Ind. Ecol. 23 (4),
767-780. https://doi.org/10.1111/jiec.12829.

Tiirkeli, S., Kemp, R., Huang, B., Bleischwitz, R., McDowall, W., 2018. Circular economy
scientific knowledge in the European Union and China: a bibliometric, network and
survey analysis (2006-2016). J. Clean. Prod. 197, 1244-1261. https://doi.org/
10.1016/j.jclepro.2018.06.118.

Turner, B., Hope, C., 2014. Ecological connections: Reimagining the role of farmers’
markets. Rural Soc. 23 (2), 175-187. https://doi.org/10.5172/1sj.2014.23.2.175.

Van der Wiel, B.Z., Weijma, J., van Middelaar, C.E., Kleinke, M., Buisman, C.J.N.,
Wichern, F., 2019. Restoring nutrient circularity: A review of nutrient stock and flow
analyses of local agro-food-waste systems. Resour. Conserv. Recycl.: X 3, 100014.
https://doi.org/10.1016/j.rcrx.2019.100014.

Vanhamaiki, S., Virtanen, M., Luste, S., Manskinen, K., 2020. Transition towards a
circular economy at a regional level: A case study on closing biological loops.
Resour. Conserv. Recycl. 156, 104716 https://doi.org/10.1016/].
resconrec.2020.104716.

Van Zanten, H.H.E., Van Ittersum, M.K., De Boer, I.J.M., 2019. The role of farm animals
in a circular food system. Global Food Sec 21, 18-22. https://doi.org/10.1016/j.
gfs.2019.06.003.

Vasa, L., Angeloska, A., Trendov, N.M., 2017. Comparative analysis of circular
agriculture development in selected Western Balkan countries based on sustainable
performance indicators. Econ. Annals-XXI 168 (11-12), 44-47. https://doi.org/
10.21003/ea.V168-09.

Velasco-Munoz, J.F., Aznar-Sanchez, J.A., Belmonte-Urena, L.J., Lopez-Serrano, M.J.,
2018. Advances in water use efficiency in agriculture: a bibliometric analysis. Water
10, 377. https://doi.org/10.3390/w10040377.

Velasco-Munoz, J.F., Aznar-Sanchez, J.A., Batlles-delaFuente, A., Fidelibus, M.D., 2019.
Sustainable irrigation in agriculture: an analysis of global research. Water 11 (9),
1758. https://doi.org/10.3390/w11091758.

Wang, Q., Ma, Z., Ma, Q., Liu, M., Yuan, X., Mu, R., Zuo, J., Zhang, J., Wang, S., 2019.
Comprehensive evaluation and optimization of agricultural system: an emergy
approach. Ecol. Indic. 107, 105650 https://doi.org/10.1016/j.ecolind.2019.105650.

Wohlin, C. Guidelines for snowballing in systematic literature studies and a replication in
software engineering. EASE’14 Proc. 18th Int. Conf. Eval. Assess. Softw. Eng. 2014.

Zabaniotou, A., 2018. Redesigning a bioenergy sector in EU in the transition to circular
waste-based Bioeconomy-A multidisciplinary review. J. Clean. Prod. 177, 197-206.
https://doi.org/10.1016/j.jclepro.2017.12.172.

Zoboli, O., Zessner, M., Rechberger, H., 2016. Supporting phosphorus management in
Austria: potential, priorities and limitations. Sci. Total Environ. 565, 313-323.
https://doi.org/10.1016/j.scitotenv.2016.04.171.


https://doi.org/10.1177/1687814018816878
https://doi.org/10.1016/j.lwt.2019.108421
https://doi.org/10.1016/j.lwt.2019.108421
https://doi.org/10.1016/j.resconrec.2020.104687
https://doi.org/10.1007/s11367-020-01856-z
https://doi.org/10.1007/s11367-020-01856-z
https://foretica.org/wp-content/uploads/informe_medida_economia_circular_foretica.pdf
https://foretica.org/wp-content/uploads/informe_medida_economia_circular_foretica.pdf
https://doi.org/10.1016/j.resconrec.2020.104683
https://doi.org/10.1016/j.resconrec.2020.104683
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0086
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0086
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0086
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0086
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0086
https://doi.org/10.1016/j.ecolind.2019.105859
https://doi.org/10.1016/j.ecolind.2019.105859
https://doi.org/10.17660/ActaHortic.2020.1268.27
https://doi.org/10.1016/j.resconrec.2020.104751
https://doi.org/10.1016/j.resconrec.2020.104751
https://doi.org/10.1016/j.biortech.2020.122755
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0091
http://refhub.elsevier.com/S0921-3449(21)00227-5/sbref0091
https://doi.org/10.1016/j.rcrx.2019.100029
https://doi.org/10.1007/s10705-018-9957-z
https://www.merriam-webster.com
https://www.merriam-webster.com
https://ec.europa.eu/eip/agriculture/sites/agri-eip/files/eip-agri_ws_circular_economy_final_report_2015_en.pdf
https://ec.europa.eu/eip/agriculture/sites/agri-eip/files/eip-agri_ws_circular_economy_final_report_2015_en.pdf
https://ec.europa.eu/eip/agriculture/sites/agri-eip/files/eip-agri_ws_circular_economy_final_report_2015_en.pdf
https://doi.org/10.1111/jiec.12829
https://doi.org/10.1016/j.jclepro.2018.06.118
https://doi.org/10.1016/j.jclepro.2018.06.118
https://doi.org/10.5172/rsj.2014.23.2.175
https://doi.org/10.1016/j.rcrx.2019.100014
https://doi.org/10.1016/j.resconrec.2020.104716
https://doi.org/10.1016/j.resconrec.2020.104716
https://doi.org/10.1016/j.gfs.2019.06.003
https://doi.org/10.1016/j.gfs.2019.06.003
https://doi.org/10.21003/ea.V168-09
https://doi.org/10.21003/ea.V168-09
https://doi.org/10.3390/w10040377
https://doi.org/10.3390/w11091758
https://doi.org/10.1016/j.ecolind.2019.105650
https://doi.org/10.1016/j.jclepro.2017.12.172
https://doi.org/10.1016/j.scitotenv.2016.04.171

	Circular economy implementation in the agricultural sector: Definition, strategies and indicators
	1 Introduction
	2 Literature review methodology
	2.1 Literature review to build the framework for circular economy (CE) implementation in agriculture
	2.2 Literature review of circularity indicators with application in agriculture

	3 Approximation of the CE framework for agriculture
	3.1 The CE concept in agriculture
	3.2 Principles of CE in agriculture
	3.3 Strategies for adopting circular agricultural models

	4 Indicators for measuring agricultural production systems’ circularity performance
	4.1 Classification of circularity indicators with an agricultural application
	4.1.1 Narrowing resource loops
	4.1.2 Closing resource loops strategy
	4.1.3 Regenerating strategy


	5 Discussion
	5.1 Clarification of CE concepts
	5.2 The CE framework in agriculture
	5.3 Measurement of agricultural production systems’ CE performance

	6 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


