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Circular economy (CE) is claimed to be a promising pathway to achieve the Sustainable Development Goals (SDGs),
but a reliable metric is needed to validate closed-loop strategies by measuring sustainability performances together
with the degree of circularity. A significant contribution is offered by Life Cycle (LC) scholars in terms of methodolog-
ical advances and operational tools for different sectors, also those more complex such as the agro-industrial systems
that encompass biological and anthropogenic variables at different scales. However, to date, LC methodologies have
not yet answered how to model the complexity of circular pathways. LC evaluations are often modelled for cradle-
to-grave analyses, while a circularity evaluationwould require an extension of the systemboundaries tomore intercon-
nected life cycles, orienting towards a cradle-to-cradle perspective. This research gap led us to propose a multi-cycle
approach with expanded assessment boundaries, including co-products, into a cradle-to-cradle perspective, in an
attempt to internalize circularity impacts. The customized LC framework here proposed is based on the Life Cycle
Assessment (LCA), the Environmental Life Cycle Costing (ELCC) in terms of internal and external costs, and the Social
Life Cycle Assessment (SLCA) in terms of Psychosocial Risk Factor (PRF) impact pathway. The model is designed to be
applied to the olive-oil sector, which commonly causes significant impacts by generating many by-products whose
management is often problematic. Results are expected to show that the customized LC framework proposed can better
highlight the environmental and socioeconomic performances of the system of cycles, allowing CE to deliver its prom-
ises of sustainability, as the circularity of materials per se is a means, not an end in itself.
1. Introduction

In linewith the 2030 Sustainable Development Goals (SDGs), the global
reference framework for sustainable development signed in 2015 by the
United Nations, the European Commission prepared, at a macro level, the
y 2022; Accepted 4 July 2022
“Action Plan for Circular Economy” for a cleaner and more competitive
Europe, trying to achieve a transition towards the climate neutrality by
2050 and decoupling economic growth from resource use (European
Commission, 2020). Rodriguez-Anton et al. (2019), by analysing the rela-
tionship between the CE and SDGs, asserted that an increase in the
recycling rate of municipal waste, the recycling of biological waste, the
use rate of circular material could significantly improve the sustainability
of EU countries.
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At a micro level, circularity practices can represent a practical chance to
integrate sustainability into corporate goals (Maranesi and De Giovanni,
2020). According to Machin Ferrero et al. (2022), to increase the sustain-
ability of products, Circular Economy (CE) strategies implementation must
seek to return to the process as many materials and energy flows as possible
by reducing waste and pollution. To measure product circularity perfor-
mance several methods and tools have been tested (Ellen MacArthur
Foundation, 2015; Saidani et al., 2017). However, most circularity metrics
focus their analysis on material flows occurring in relation to a process or
a product, overlooking the nature of the materials in circulation and espe-
cially in not considering the environmental, economic, and social impacts
generated by circular strategies. As stressed by Goddin et al. (2019), who
update the original methodology for calculating the Material Circularity
Indicator (MCI) (Ellen MacArthur Foundation, 2015), to overcome these
limitations, a circularity assessment should find its methodological comple-
ment in Life Cycle (LC)management tools. Life Cycle Assessment (LCA), Life
Cycle Costing (LCC), and Social Life Cycle Assessment (SLCA) have long
been recognised by the scientific community as tools that enable compre-
hensive sustainability assessments (De Luca et al., 2017).

In recent years, LC scholars and practitioners are also making a signifi-
cant contribution in terms of methodological advances and operational
tools to circular economy studies (Niero and Hauschild, 2017; Rigamonti
and Mancini, 2021). However, despite these efforts, LC methodologies
still have not consensually solved how to model the complexity of closed-
loop strategies (Corona et al., 2019). In other words, to fully exploit the po-
tential of LC methodologies, which originally have been conceived mainly
for linear processes, should be properly customized for circular systems.
Indeed, LC evaluations are often modelled for cradle-to-grave analyses,
while a circularity evaluation would require an extension of the system
boundaries to more interconnected life cycles, always orienting towards a
cradle-to-cradle perspective, to include the reuse of materials, their reman-
ufacture and recycling. Therefore, to combine the two approaches, it is nec-
essary to extend the boundaries of the traditional LC methodologies and
assess the likely impacts for each next life cycle, in a continuous or closed
process of production, recycling and reuse. However, the difficulty lies in
defining at which level, to what extent and from which perspective these
loops should be closed. As argued by Liu and Ramakrishna (2021), when
comparing circularity indicators with LC approaches, it must be ensured
that the metrics are indeed being calculated on an appropriate basis.

Besides addressing the system boundary issue, circularity assessment
metrics must also consider the inclusion of biological materials for more
complex sectors, such as the agro-industrial systems. These systems encom-
pass biological and anthropogenic variables at different scales, in which or-
ganic materials and products are returned to the economy. The agri-food
sector is the main consumer of freshwater resources in the world and over
a quarter of the energy used globally is spent on the production and supply
of food (Del Borghi et al., 2020). The application of CE concepts, where
conservative practices are implemented between the agro-ecological and
agro-industrial subsystems, can mitigate the impact of current industrial
agriculture and potentially contribute to the sustainability of the sector.
However, although the research progress in the CE field applied to the
agri-food sector is constantly evolving, there is no yet a harmonized and
shared way of measuring it (Poponi et al., 2022). The scientific literature
on LC applications from the CE perspective in the agri-food sector points
out how LC methodologies are not fully implemented to provide an overall
measure of circularity. Almost all studies focus on the single circular strat-
egy limiting the evaluation to the impacts of the single process or co-
products. In life cycle modelling, the most common approach involves
structuring the “cycle” along a substantially “linear” pattern extended
from cradle to grave (Stillitano et al., 2021). As previously stated, life
cycle assessment from a circular perspective should instead consider multi-
ple life cycles within the boundaries of the analysis (cradle-to-cradle
approach).

These gaps in scientific literature led us to propose the following re-
search question: How can LC methods measure the effects of closed-loop
pathways? In answer to this inquiry, the present contribution provides a
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proposal of a customized life cycle framework adapted to evaluate circular
economy strategies, by including biological cycles and being able to capture
all sustainability dimensions. Therefore, we propose a model with ex-
panded assessment boundaries, including co-products valorisation, into a
multiple life cycle perspective (cradle-to-cradle), in an attempt to in-
ternalize circularity impacts. For example, it will be evaluate the use of
by-products as fertilisers by assessing the impact of chemicals replacement.
This approach will allow for the evaluation of the environmental,
economic, and social effects over time of adopting circular economy
strategies. The time horizon is extended for more years following the char-
acteristics of the biological cycles involved and the circular technologies
considered, which also means including in the assessment all those cycles
and sub-cycles connected with each other. The LC framework here
proposed is based on the LCA, the Environmental LCC (ELCC) in terms of
internal and external costs, and the SLCA in terms of Psychosocial Risk
Factor (PRF) impact pathway. The model is conceived to be tested on the
olive-oil sector, with the aim to implement the LC approaches in the agro-
ecological (olive growing and harvesting) and agro-industrial (olive-oil
extraction) subsystems, which commonly cause significant impacts by gen-
eratingmany by-products whosemanagement is often problematic. Closed-
loop strategies within the sector can make it possible to reuse by-products
as a possible resource capable to move the system towards a model more
sustainable and economically efficient.

To the best of the authors' knowledge, this is the first study attempting
tomodel a cradle-to-cradle life-cycle perspective by using epistemologically
aligned life cycle tools. The findings of this study could offer guidance for
life cycle scholars and practitioners and help to legitimate firms' circularity
claims. Future research will be aimed at validating the applicability of the
model on olive-oil farms, to assess the impacts of circularity practices
including by-product valorisation.

The paper is structured as follow. Section 2 presents a recent literature
overview on LC applications for assessing the sustainability of circular strat-
egies in the agri-food sector. Section 3 introduces the olive-oil sector in
terms of sustainability concerns and the mainstream approach for circular
life cycle modelling. Section 4 illustrates a new proposal for a customized
multi-cycle model in the olive-oil supply chain, and Section 5 argues on
the main advantages and limits of the model proposed and concludes the
discussion with proposals for further research.

2. Methodological advances in circular pathway assessment by Life
Cycle tools focusing on the agri-food sector

In the following sections, an overview of the current methodological
advances in circular pathway assessment by LC tools is reported (Table 1).

2.1. Life Cycle Assessment (LCA)

Circularity indicators, such as the most widely used of them, the Mate-
rial Circularity Indicator (MCI) by the EllenMacArthur Foundation (2015),
focus their analysis on material flows occurring in relation to a process or a
product, on a microeconomic scale, or in relation to a supply chain or an
economic sector, on a meso- or macroeconomic level. The limitation lies
in neglecting the nature of the materials in circulation (e.g., biological
material or technical material) and above all in not considering the impacts
generated by circular strategies, in environmental, economic, and social
terms.

To overcome these limitations, as highlighted by Goddin et al. (2019),
circularity assessment finds its methodological complement in life cycle
management tools. Environmental Life Cycle Assessment (LCA) has been
the spearhead for the development and diffusion of Life Cycle Thinking
(LCT), awakening with force interest also in long-established methodolo-
gies such as life cycle costing, used since the 1950s in investment appraisal
(Strano et al., 2013). Standardized almost twenty-five years ago, LCAmeth-
odology has undergone a process of consolidation from the original norms
(ISO, 1997), through a first substantial (ISO, 2006a; ISO, 2006b) and after a
minor revision (ISO, 2018), to the latest update (ISO, 2021a; ISO, 2021b)



Table 1
Overview of recent literature on LC applications for assessing the sustainability of circular strategies in agri-food sector.

Authors Field of application Circularity topics LC methodologies LC approach used Circularity degree
assessment metrics

Albizzati et al. (2021) Food waste Waste valorisation LCA CLCC/SLCC –

- Consequential LCA
- Budget costs
- Transfer
- Externalities by De Bruyn et al. (2018); Friedrich and
Quinet (2011); Martinez-Sanchez et al. (2016)

–

Albuquerque et al.
(2019)

Food packaging Reduction – ELCC –
- PSILA life cycle analysis
- Externalities by Miah et al. (2017)

–

Aranda et al. (2021) Meat supply chain Waste valorisation – – SLCA
- Product Social Impact Life Cycle Assessment (PSILCA)
- Eora Database

–

Blanc et al. (2019)
Bio-based plastics
in the fruit chain

Remanufacture and
regeneration

LCA CLCC/SLCC –
- LCA by ISO standards 14,040:2006 and 14,044:2006
- Conventional costs
- ExA (externality assessment) model

–

El Wali et al. (2021)
Phosphorus supply
chain

Recycling – – SLCA UNEP (2020)
Material Flow
Analysis (MFA)

Estévez et al. (2022) Urban farming Nutrient recovering LCA ELCC –

- LCA by ISO standards 14,040:2006 and 14,044:2006
- Internal costs as Capex (capital expenditures) and Opex
(operating expenses)
- Externalities by De Bruyn et al. (2018)
- Total costs by Net Present Value (NPV)

–

Mayanti and Helo
(2022)

Agricultural plastic
waste

Recycling LCA ELCC –
- Consequential LCA
- Budget costs
- Transfer cost (excluding externalities)

–

Niero and Hauschild
(2017)

Beverage
packaging sector

Collection and recycling LCA ELCC SLCA
- Life Cycle Sustainability Assessment (LCSA)
- Cradle-to-Cradle (C2C) design framework

Material Circularity
Indicator (MCI)

Rufí-Salís et al. (2021)
Rooftop
greenhouse

Nutrients recirculation
and material recycling

LCA – – Attributional LCA
Material Circularity
Indicator (MCI)

Source: Authors' elaboration.

T. Stillitano et al. Science of the Total Environment 844 (2022) 157229
that has overhauled both the methodological framework as well as the re-
quirements and guidelines for its application.

The picture is evenmore complex if one focuses on biological processes.
The agri-food sector is certainly one of the most interested in the develop-
ment of circular strategies and therefore measuring the circularity of
these becomes a fundamental requirement (Chiaraluce, 2021; Roos
Lindgreen et al., 2021). However, many open questions are still not imme-
diately reflected in circularity assessmentmethods. The attribution ofmate-
rial flows to the product may be simple for a brick (or for any product
resulting from an industrial process), but not at all for an agricultural prod-
uct. For instance, what proportion of nutrients incorporated into finished
products comes from fertilisers applied and what from natural processes?
What part of product is strictly linked to cultivation techniques and which
one to biological phenomena such as photosynthesis? Is it useful to consider
indicators such as lifespan or intensity of use of a product that has a natural
shelf life and is inevitably consumed/exhausted during use? On these and
other questions the scientific community is debating, trying to find compu-
tational solutions that allow an assessment of circularity and environmental
impacts using available tools (Rufí-Salís et al., 2021).

In recent years the LCA applications to assess impacts of circular strate-
gies, also in the agri-food sector, have skyrocketed, however, most of the
applications are limited to assessing only the environmental aspects of
new technologies or new “circular” management systems, leaving the as-
sessment of circularity, through the implementation of specific indicators
such as the MCI, out of the objectives of the study. Other studies try to
combine the LCA methodology with other customary methodologies such
as “Material Flow Analyses” combined with life cycle studies, to provide
an assessment of how a product's materials circulate (Stillitano et al., 2021).

Some studies limit the boundaries of the system only to the evaluation
of the reuse or recovery process of a waste (e.g. Benalia et al., 2021) and
this could allow the analysis of possible burdens shifting. However it does
not allow to understand to what extent the valorisation of waste can
contribute to improving the circularity of the production process that
generated it or of the production process that will benefit from its valorisa-
tion. Apart from purely applicative studies, which are often affected by the
aforementioned problems, there is a growing interest in the scientific
community in more methodological issues, aimed above all at identifying
3

possibilities for integrating life cycle analysis and circularity assessment
methodologies, combining the potential of the two approaches in guiding
the ecological transition (Peña et al., 2021). The main issue addressed in
these studies is represented by the convergence of the concept of “life
cycle” that, while in the usual definition of LCA has a “beginning” and an
“end”, in the concept of CE itself refers to a continuous or closed life
cycle, which is configured as an unceasing process of production, recycling
and reuse. Obviously, this represents a generalisation, and many questions
remain open; as highlighted by Niero and Hauschild (2017) it is not effort-
less to define at which level, to what extent and from which perspective
these loops should be closed.

2.2. Life Cycle Costing (LCC)

LCC is a method for evaluating the economic dimension of sustainabil-
ity of a product or service, in which monetary costs across its entire life
cycle are accounted. There are three types of LCC: i) Conventional LCC
(CLCC), also called financial LCC that is synonymous with the total cost
of ownership (TCO). CLCC takes into account stakeholders such as con-
sumers, manufacturers, or project managers who are only interested in
analysing the cash flows they directly incur; ii) Environmental LCC
(ELCC) where, in addition to the direct monetary flows of the product or
service, the monetary value of the externalities (environmental impacts)
may also be included. Results of ELCC can be useful for all stakeholders in
the value chain or life cycle; iii) Societal LCC (SLCC) that includes the mon-
etary value of externalities corresponding to environmental and social im-
pacts and it should have interesting implications for stakeholders working
in the government and other public authorities (Kerdlap and Cornago,
2021). Within the international scientific debate on sustainability assess-
ment, ELCC has long attracted great interest. It has been defined as the
logical counterpart of LCA analysis for economic evaluation, which goes be-
yond mere cost accounting and is entirely compatible with LCA (Klöpffer
and Renner, 2008). ELCC allows for the estimation of external costs
which are the equivalent monetary values of indirect damages that are
not explicitly captured in the market (goods or services without a market).
For this component, in 2011 a specific guideline was developed to build
consensus for achieving an international standard that is comparable to
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the LCA's ISO standards. Since both tools consider a life cycle thinking
perspective and LCA is well established, it made sense to use the LCA frame-
work when specific guidelines for LCC studies are not available (Swarr
et al., 2011). Thus, LCA-LCC integration is accomplished by adopting a
common database, considering the same functional unit and system bound-
aries, and following the same methodological steps. Although the use of
such a structure does not guarantee synergy as debated by Heijungs et al.
(2013), given the lack of standardization for the integration of LCA and
LCC, this practice offers the opportunity for closer alignment between
these tools (Rödger et al., 2018).

LCC methodology can be applied to support economic decision-making
for products and services in a circular economy. Although activities such as
reuse and recycling take place in a circular economy as opposed to a tradi-
tional linear economy, theway they are accounted for as costs and revenues
in an LCC is not so different.While themain circularity indicators are essen-
tially based on the increase in the utility of resources within an economic
model, an approach that assesses the life cycle value flows of a product,
process or system is an important complement to both circularity and sus-
tainability assessment. As argued by Bradley et al. (2018), CE and closed-
loop can drive new sustainable innovations and an LCC model is needed
to achieve a truly sustainable progress. In the context of a circular economy,
several scholars attempted to use the CLCC, SLCC and ELCC approaches
(Kerdlap and Cornago, 2021). For example, about applicative studies in
the agri-food sector, Blanc et al. (2019) and Albizzati et al. (2021) per-
formed the CLCC and SLCC, combinedwith LCA, to provide critical insights
into process performance, giving a platform for more targeted technology
optimization. The former analysed conventional costs from cradle-to-
grave of bio-based plastics in the raspberry supply chain, followed by an
estimate of externalities by using ExA (externality assessment) model to
assess the social aspects of the analysed scenarios. In accordance with the
authors' statement, several are the limitations in LCC processing. Surely,
among all emerges the high uncertainty due to the many assumptions and
estimates to be taken into account when a real case is applied. To reduce
the imprecision of estimates the use of primary data, collected directly in
companies, minimizes the margins of error. In our opinion, a sensitivity
analysis (missing in the study) exploring the effects on outcomes of changes
in the technologies used could strengthen the interpretation of the results.
The authors highlighted that the use of bio-based plastics, although it
leads to increased costs, contributes to the transition towards a value
chainwith a low impact on society. Albizzati et al. (2021) calculated budget
costs expressed in shadow prices and transfers in factor prices as considered
in CLCC, and budget costs and externalities expressed in shadowprices as in
SLCC for evaluating the socio-economic sustainability of high-value
products obtained from mixed food waste as a feedstock. As argued by
the scholars, the implemented LCCmodel can be a powerful tool to identify
environmental and economic hotspots and improve system-level outcomes,
avoiding future impacts. To account for the low level of technological read-
iness that characterizes the technologies analysed, the authors performed
extensive uncertainty and sensitivity analyses in order to establish critical
points and identify the most uncertain parameters. These were identified
in steamand ancillary materials consumption, and feedstock-to-product
yield. A broader approach can be found in studies that combine environ-
mental and economic aspects by using LCA and ELCC. In terms of ELCC
aligned with LCA analysis, the study proposed by Mayanti and Helo
(2022) highlighted the importance of integrated environmental and eco-
nomic assessment as a key to improve decision-making also in a circular
economy environment. The scholars used ELCC in terms of budget costs
and transfer cost (excluding externalities) by employing the same assump-
tions and physical parameters of LCA, to evaluate the environmental and
economic implications of bale wrap films collection from the agricultural
sector. As parameters, functional unit and system boundaries influence
the results of LCA and LCC, agreeing with Mayanti and Helo (2022),
using average conditions and a common evaluation method could be a use-
ful compromise. A reliable perturbation analysis showed that LCA and LCC
are more sensitive to parameters primarily associated with the market
substitution factor and material loss during the recycling process. Reliance
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on secondary data for most of the processes and data uncertainty are the
main shortcomings highlighted in the study. Based on integrated life
cycle analysis, Albuquerque et al. (2019) conducted a cost analysis by com-
bining the product structure based integrated life cycle analysis (PSILA) and
externalities by Miah et al. (2017), for evaluating the benefits of closed-
cycle food packaging systems. A strength of this study is the use of the
PSILA method, a technique developed to address the shortcomings of LCC
methods in integrating the product life cycle into closed-loop systems.
This technique enables the distribution of the closed-loop manufacturing
system of high complexity into smaller subsystem models, while also
allowing closed-loop costs to be captured in the end-of-life phase. However,
a limitation of this method emerges given the failure to account for the cost
of logistics transportation and the impact on CO2 emissions. The authors
concluded that the LCC approach is a useful economic model to guide the
solutions for sustainable manufacturing and the CE vision. In the study by
Estévez et al. (2022), an economic evaluation of wastewater management
systems to recover nutrients to be used for growing vegetables was carried
out by using an ELCCwith the estimation of internal costs as Capex (capital
expenditures) and Opex (operating expenses), and external costs through
the environmental prices provided by De Bruyn et al. (2018). This study
confirms the validity of monetizing environmental impacts from LCA
results, reporting the conversion of the physical environmental impacts
into financial ones. The implementation of the net present value analysis
to assess the affordability of the technologies used has, in our view, further
strengthened the importance of the study.

2.3. Social Life Cycle Assessment (SLCA)

Social Life Cycle Assessment (SLCA) is the latest LC tool in chronological
order; it has been developed to evaluate the social impacts occurring during
the life cycle, but it is still not consensually defined, and its process of devel-
opment is being particularly long and difficult. According to Iofrida et al.
(2018a, 2018b), in the process of transposing the impact evaluation
method to social impacts, some of the typical elements and procedures of
environmental LCA were difficult to hand over, such as choosing the func-
tional unit, defining the system boundaries, setting the cut-off criteria.

Essentially, the intrinsic characteristics of social phenomena are very
different from those of natural phenomena. Natural phenomena are studied
within the realm of post-positivism research paradigms, which recognize
that there is a single reality, which can be quite fully explained using
cause-effect relationships, obtaining objective and statistically valid data.
Differently, social sciences are multiparadigmatic, and the most diverse
epistemological positions are possible (Iofrida et al., 2018a; Saunders
et al., 2019).

The epistemological eclecticism of social sciences had repercussions on
SLCA literature, leading to diverse methodological approaches proposed in
the last years for SLCA, because of its roots in the cultural and scientific
heritage of sociology and management sciences. Recently, UNEP (2020)
updated the Guidelines for SLCA, providing some guidance for SLCA prac-
titioners. According to the Guidelines, there are twomain families of Social
Life Cycle Impact Assessment (SLCIA) approaches, each of them responding
to different practitioner aims: the Reference Scale Approach (Type I or
Reference Scale impact assessment), and the Impact Pathway Approach
(Type II or Impact Pathway). Therefore, in SLCA, both interpretivist and
post-positivist epistemological positions are possible (Iofrida et al.,
2018a), with the first one evaluating (mostly in a qualitative and normative
way) a wide range of impact categories mostly linked to companies' behav-
iour (e.g., child labour, corruption, fair salary, etc.), and with the second
quantifying cause-effect relationships between life cycle functioning and
Areas of Protection in an objective and generalizable way. More in details,
type I SLCA studies, principally, apply qualitative and static indicators and
advocate for stakeholder participation and social values, they compare the
behaviour of the companies to a benchmark, and are more context-bound
(Iofrida et al., 2018a). Methods such as PSILCA (Product Social Impact
Life Cycle Assessment) and the SHDB (Social Hotspot Database) describe
social impacts at the country level, data are aggregated and only show
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averages across different sector and countries, limiting the possibility to dis-
tinguish between alternative operations and locations (Du et al., 2019) and
also limiting the possibility to . Conversely, type II SLCA studies are inspired
to the post-positivism paradigms because referring to impact pathways,
cause-effect relationships, and quantifiable consequences: quantitative
methods are mainly applied, supported by mathematical and statistical
relationships (Iofrida et al., 2018a).

Recently, some authors analysed how the social dimension of sustain-
ability is considered in circular economy studies, highlighting how social
implications are the most disregarded aspect, especially in applicative
studies (Geissdoerfer et al., 2017; Moreau et al., 2017; Merli et al., 2018;
Schroeder et al., 2019; Padilla-Rivera et al., 2020; Walker et al., 2021;
Mies and Gold, 2021).

Geissdoerfer et al. (2017) highlighted that the environmental perfor-
mances of CE attracted most of the attention of scholars, avoiding a
(necessary) holistic perspective of sustainability, focusing the attention
on minimising resources input, waste, and emissions, which is an over-
simplification of the CE concept. This narrow perspective is even more
limited when concerning the social dimension (social well-being,
quality of life) in many CE studies: very often social aspects are briefly
considered, referring most of the times to impacts on occupation,
human health, suggesting that it is not clear how CE could contribute
to the improvement of social impacts (Geissdoerfer et al., 2017). This
has been confirmed by Moreau et al. (2017), claiming that an analysis
of the social and institutional conditions would be of utmost importance
to the development of the CE, because also social processes are con-
nected with material and energy flows (Cohen-Rosenthal, 2004).

Social Circular Economy (2017) published a report in which social CE is
described as the combination of circular business models (closed-loop pro-
duction systems) and social enterprises, i.e., firms with a social mission.
Therefore, from this source, social CE is considered an effective model to
ensure that the economic activities do not harm society or the environment
and an operative solution to meet more SDGs at once instead of just the
responsible consumption and production, which is met by the CE alone.

However, there is no consensus about how, in practice, social aspects
should be considered into CE studies (Padilla-Rivera et al., 2020). Even
the Ellen MacArthur Foundation (2015), who is considered one of the
main references for a long time, did not report how to measure social
issues and how to incorporate these issues into circularity indicators.
In a systematic literature review, Padilla-Rivera et al. (2020) found
that, in terms of tools and metrics used for social dimension within
CE, SLCA can be used to include social aspects of goods and services
within a life cycle perspective, to complement environmental and eco-
nomic dimension of CE.

Concerning applicative studies about social CE in the agricultural sec-
tor, very few papers have been published, but the reference to the circular
economy consists mainly of a general framework. Aranda et al. (2021)
analysed the social impacts of the meat supply chain to prove the versatility
and utility of SLCA (PSILCA database) to help companies quantifying and
understanding their social performance from a holistic point of view
through different social indicators assessed from a life cycle perspective.
The study by El Wali et al. (2021) focuses on the issues related to the social
sustainability of circular phosphorus economy at regional and global scale,
addressing some of the SDGs linked to global phosphorusmanagement. The
authors showed that the circular production model contributes to reduc-
tions in poverty in middle and low-income regions and it aims to sustain
water with a 53 % savings worldwide.

Finally, Mies and Gold (2021) confirmed that the social dimension is
poorly addressed in literature, in favour of economic and environmental
evaluations; and, despite the availability of specific tools such as SLCA
and social organizational LCA (SOLCA), they are not sufficient because
they mainly focus on workers and health-related issues. However, this is
not fully correct, because many different methodological approaches are
currently possible for SLCA, making it an instrument adaptable to a wide
range of situations and social issues that affect multiple actors along the
value-chain.
5

3. The olive oil supply chain

3.1. Major sustainability concerns of the agro-industrial phases in the olive-oil
sector

With a total area of around 11 million ha, the Mediterranean basin pro-
vides about 95% of theworldwide olive production (FAOSTAT, 2020). The
olive oil sector is thus a significant source of income, but it is also one of the
main consumer of resources and producer of wastes both in the olive culti-
vation phase (wood, branches, and leaves) and the processing phase (olive
pomace, olivemill wastewater, and olive stones). Only in European produc-
ing countries, there are about 9.6million tons year−1 of wastes from the oil
mills and 11.8 million tons of additional biomass from the olive pruning
process (Berbel and Posadillo, 2018). These wastes, if not properly man-
aged, have a high environmental impact and high costs. Careful manage-
ment can turn into a benefit for the company in socio-economic terms
and environmental impact by being part of the circular economy strategies.

As with other crops, several environmentally harmful issues emerge
from the olive cultivation phase. About the core process, among the main
environmental and ecological concerns facing agricultural operators, the
soil management, in particular withmechanical processes and the chemical
control of weeds, is responsible to generate mainly compaction, oxidation
of organic substance, destruction of wildlife shelters, pollution of surface
and groundwater. Nutrition management, if not properly performed,
leads to nitrate and phosphorous leaching, and eutrophication of water
(Rodrigues et al., 2019), alterations in soil pH and cation exchange
capacity. Mismanagement of canopy can lead to a higher incidence of
phytosanitary diseases and vegetative-productive imbalances. Incorrect
use of phytosanitary products results in drift with pollution of surface and
groundwater, accumulation of heavy metals, reduction of biodiversity,
including useful fauna (Calatrava et al., 2021). By way of example, olive
harvesting, if mechanically carried out, can lead to phenomena of soil
compaction, destruction of shelters for wildlife, and high spread of fungal
diseases. Concerning irrigation, which is mandatory in super-intensive
plants, the high use of water and the risk of salinization of the soil are,
certainly, among the main concerns.

The extraction phase of olive oil generates by-products that, due to their
high phytotoxicity, can have a high polluting load, threatening the fertility
of the soil and the potability of the aquifers. The quantity and physico-
chemical properties of the by-products produced depend mainly on the
technological method used for extraction. In fact, according to the most
common extraction methods to date, it is possible to distinguish the follow-
ing typologies: traditional production process producing for a ton of olives
between 400 and 600 kg of olive mill wastewater; three-phase production
process between 1000 and 1200 kg of wastewater; and two-phase produc-
tion process, which does not produce vegetation water but pomace with
highmoisture content. Mill wastewater has a high organic load and numer-
ous contaminants (phenolic compounds), which are phytotoxic and poorly
biodegradable (Ergüder et al., 2000; Vlyssides et al., 2017). The pomace of
the three-phase plants having a low water content can be used for the
extraction of pomace oil or sprinkled on agricultural land according to
the regulations in force in each country. The wet pomace from the two-
stage extraction, on the other hand, has a strong odour and a pasty consis-
tency, making it difficult to manage and transport it.

In addition to the environmental issues, several concerns can affect the
socio-economic performance of the olive oil sector, which may depend on
the planting system (traditional, intensive, and super-intensive), the farming
systems (organic and conventional), the productivity, the level of mechani-
zation, the investments, and the management costs. In terms of economic
impacts, the highest costs concern the productive means and the labour,
above all in the traditional plants, hill scenarios, and in the farms character-
ized by a low level ofmechanization (Bernardi et al., 2018, 2021). The social
impacts may relate to the hours of potential exposure of workers to working
conditions that can lead to health problems, the level of employment in this
sector for rural populations as a significant source of income, as well as the
maintaining the cultural landscape and identity (Iofrida et al., 2020).
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3.2. Mainstream approach for circular life cycle modelling in the extra virgin
olive oil production

The modelling of the life cycle is the cornerstone of a life cycle assess-
ment and, the most commonly used approach involves structuring “the
cycle” along with a substantially “linear” scheme that extends from the
cradle to the grave of the product. All input and output flows will be
referred to the main product, so the management of co-products in the
modelling process may follow two different approaches: one, the most
widespread, which foresees the definition of an allocation criterion to the
co-product of the input and output flows (e.g., economic, or energy); the
other which avoids the use of allocation criteria favouring the expansion
of the system. This type of modelling is generally based on the attribution
of a certain amount of avoided impacts by the production system, thanks
to the substitution of some material or energy with the products of the
by-product valorisation (e.g., if the co-product will be used to produce
energy, the impacts related to the production of energy from fossil fuels
will be avoided) (Houssard et al., 2021). Waste generated during the pro-
duction process is generally considered as a “zero burdens” output product
(cut-off approach) or they can be considered in an expansion approach if
there is a process of enhancing those (Malabi Eberhardt et al., 2020). This
last aspect is particularly connected with the evaluation of circular
strategies that can also be based on the saving of raw materials or the
improvement of the product in terms of its useful life or intensity of use.
However, it also true that in most cases these strategies are based on the
valorisation of waste, transforming it into co-products through techniques
that foresee its reuse or recycling.

Fig. 1 shows the mainstream approach for circular life cycle modelling
for the extra virgin olive oil (EVOO) production, where the cycle is designed
according to a linear scheme. It is possible to distinguish the different
phases of production: i) agricultural production (upstream processes), ii)
industrial extraction of EVOO and bottling (core processes), and iii) distri-
bution, selling and consuming (downstreamprocesses), fromwhich various
by-products are obtained. The main by-products of the agricultural phase
are the pruning biomass, which in the context of traditional management
is burned in thefield (Michalopoulos et al., 2020), with high environmental
impacts due to the production of CO2 (Perone, 2019). Its reintroduction
during the agricultural phase by shredding could represent an efficient CE
approach. This is a good source of organic substance that through natural
Fig. 1.Mainstream approach for circular life cycle modelling
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mineralization can replace a part of chemical fertilisers. In the industrial
processing phase, the following by-products can emerge: leaves obtained
from the olive cleaning, vegetation water obtained from the olive washing
and the separation phase, pomace (with high water content in two-phase
mill), and olive stones. CE approaches could be the use of vegetation
water after a settling period as irrigation water for the agricultural phase,
the use of decomposed leaves as an organic soil improver, the use of olive
pomace and olive stones as fuel to obtain the thermal energy needed for
the processing plant (Benalia et al., 2021) or as organic fertilizer after a
composting process. Moreover, considering the bottling phase, the possibil-
ity of recycling olive oil empty bottles would allow a great saving in envi-
ronmental terms.

To our best knowledge, all recent studies from literature seeking to
apply LC tools to assess the sustainability performance of circular strategies
implemented along the olive oil supply chain seem to follow traditional
linear schemes for life cycle modelling (from cradle to grave). For example,
a “cradle-to-grave” approach was used by Pampuri et al. (2021) to perform
an LCA analysis for assessing the environmental impact of lab-scale food
preparations enrichedwith phenolic extracts from olive oil mill wastewater
and olive leaves. Espadas-Aldana et al. (2021) and Uceda-Rodríguez et al.
(2021) applied a “cradle-to-gate” approach life cycle assessment to evaluate
the environmental benefits related to the olive pomace valorisation, as rein-
forcement in polymeric biocomposite materials and as an additive in the
manufacture of lightweight aggregates, respectively. A similar approach
has also been applied by Nikkhah et al. (2021) and Silvestri et al. (2021),
who performed an LCA analysis to evaluate environmental impacts of
olive kernel oil production systems and reuse systems of olivemill wastewa-
ter for the fired clay brick production, respectively.

4. A proposal of a customizedmulti-cyclemodel in the olive-oil supply
chain

Deepening the knowledge developed in the context of the evaluation of
remanufacturing and recycling processes, it is possible to find references of
a modelling approach that allows going beyond the classical concept of a
“cradle-to-grave” life cycle to a broader “cradle-to-cradle” model
(Suhariyanto et al., 2017). In particular, through the 6Rs (Reduce, Reuse,
Recycle, Recover, Redesign, and Remanufacture) concept, it can be devised
a life-cycle model based on a “perpetual material flow in a sustainable multiple
in the EVOO production (Source: Authors' elaboration).
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product life-cycle system” (Jaafar et al., 2007: 37). This approach takes the
form of a Multi-Life Cycle Assessment, which consists of considering multi-
ple life cycles within the boundaries of the analysis. This modelling
approach has not been widely accepted due to the complexity of carrying
out such an extensive analysis, and few papers explicitly mention a multi-
cycle approach (Suhariyanto et al., 2017). However, the increasing focus
on the evaluation of circular economy strategies has given this approach a
new lease of life, by addressing one of the main issues related to the inter-
pretation of the concept of life cycle by circularity assessment models.
Thus, in recent years, some studies have been published proposing the
application of a Multi Life Cycle Assessment to assess circularity scenarios
(e.g., Niero andOlsen, 2016; van Stijn et al., 2021). However, all the studies
identified in the literature relating to multi-cycle applications have a tech-
nical cycle as the object of analysis(aluminium cans, engine components,
building components ecc.), citing the nomenclature used by The Ellen
MacArthur Foundation in the butterfly diagram.

Considering that, this study aims to propose a multi-cycle modelling ap-
proach for the environmental, economic, and social evaluation of a product,
adapting it to biological cycles. A life cycle analysis of the EVOO production
will be carried out, following the requirements and guidelines for life cycle
analyses (ISO, 2021b).

4.1. Methodological steps

Guided by the principles of transparency and repeatability of results,
LCA is based on an accounting of material and energy input and output of
the product life cycle, from the extraction of raw materials to the use
phase of the product and its disposal at the end of its function. The ISO
14040 standard (ISO, 2021a) defines four distinct phases of an LCA: Goal
and scope, Life Cycle Inventory (LCI), Life Cycle Impact Assessment
(LCIA) and Interpretation. These phases follow an iterative scheme
whereby one phase interacts with the other and is interdependent. Basi-
cally, the Goal and Scope phase defines the characteristics of the model
that will be represented in the next LCI phase and that will be assessed
and interpreted in the LCIA and Interpretation phases. The ELCC and
SLCA approaches here proposed are meant to be aligned with the ISO
14040 and 14,044 for LCA and follow the same steps (Table 2).

4.1.1. Goal and scope
The first phase of the analysis includes the definition of the objective

and scope. The function of the system under study is the production of
Extra Virgin Olive Oil (EVOO), therefore the Functional Unit (FU) chosen
will be 1 Litre of EVOO.

The crucial issue will be the definition of the system boundaries, and in
particular, the life cyclemodel is based on the interdependent evaluation of
different life cycles. The extension of the system boundaries to several pro-
duction cycles, enables to consider a closed-loop system for all intents and
purposes - in a cradle-to-cradle perspective. Even if the distribution, use
and disposal phases of the product are excluded from the analysis,
Table 2
The methodological framework of the multi-cycle model.

ISO 14040-44 (2021)
phases

LCA

Goal and scope
Functional Unit: 1 Litre of EVOO; System boundary: multiple cyc
Boundaries Expansion with substitution (SBES).

Life Cycle Inventory (LCI)

Primary data: farm-based data sources.
Secondary data: Ecoinvent, Agri-footprint, and World Food
LCA databases; IPCC (2019) for the estimate of N2O, Brentrup
et al. (2000) for the estimate of nitrate leaching, etc.

Life Cycle Impact
Assessment (LCIA)

ReCiPe (Huijbregts et al., 2017) assessment method using
SimaPro software.

Interpretation Retrieving conclusions and recommendations from results

Source: Authors' elaboration.
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valorisation and/or recycling of cultivation and processing wastes are
included in system boundaries. It can be reused in the next cycle or other
production cycles, generating a reduction in the flow of virgin material
from the second cycle onwards. The prerogative to consider within the sys-
tem boundaries also the processes of waste valorisation allows taking into
account possible burden shifting (Fig. 2).

The multi-cycle model, in fact, includes within the system under study
also the processes of valorisation of co-products and waste, thus making it
possible to assess all the impacts generated for their valorisation within
the boundaries of the system. In this way, for example, the substitution of
fertilisers will not simply be considered as an avoided impact, but the
impact of its replacement will be evaluated.

Another factor to be taken into account will be the procedures for attrib-
uting impacts to co-products are also a crucial issue to take into account in
order to evaluate the multi-cycle scenarios. In this proposal, an effective
mixed approach provides for an allocation system for the co-products
whose secondary life cycle is interconnected to re-use/recycling processes
within the system boundaries (e.g., exhaust pomace), while a System
Boundaries Expansion with Substitution (SBES) approach will be consid-
ered for those co-products whose secondary life cycle will not be intercon-
nected to re-use/recycling processes within the system boundaries
(e.g., extraction of polyphenols from leaves). Through this approach, it is
assumed that the co-products generated will be able to substitute other
products on the market, and therefore the impact generated by the produc-
tion of these products is considered avoided. If, for example, renewable
energy is produced from a co-product, the impacts of the equivalent amount
of non-renewable energy that the former will replace on the market can be
considered avoided.

4.1.2. Life Cycle Inventory (LCI)
The second step is the creation of the Life Cycle Inventory (LCI). In this

regard, it should be specified that the results of the inventory analysis are
also used to define the incoming and outgoing material flows and therefore
to measure circularity. For the LCA analysis of multi-cycle scenarios, the
availability of the widest possible amount of primary data is of utmost
importance, with secondary data obtained from the most comprehensive
life cycle inventory databases (e.g. Ecoinvent; Agri-footprint; World Food
LCA Database), while data relating to emissions generated during produc-
tion processes and waste and co-product valorisation will be estimated
using specific consolidated estimation models, e.g., IPCC (2019) for the es-
timate of N2O, Brentrup et al. (2000) for the estimate of nitrate leaching etc.

To accomplish a believable LCC analysis, the accessibility of reliable
cost data is crucial. Farm-based data sources, independent data sources
(i.e., public and updated statistical databases) and derived data by surveys
and interviews, and expert opinions are useful for carrying out the inven-
tory of internal costs, and in particular, also for materials and energy
consumption production-related relying on the LCA's inventory analysis.
However, the production data are expanded to cover all costs (investment
costs, labour costs, and other overhead costs). Data for evaluating external
ELCC SLCA

les in a cradle-to-cradle perspective; Allocation procedure: mixed approach/System

Primary data: farm-based data sources.
Secondary data: public databases, indirectly derived data
(i.e., surveys and interviews, and expert opinions); data from LCA
results and Environmental Prices Handbook (De Bruyn et al.,
2018).

Primary data:
farm-based data
sources.
Secondary data:
literature studies.

Internal costs: specific economic and physical parameters to
calculate each cost; Investment analysis.
External costs: Environmental Prices approach (De Bruyn et al.,
2018) using SimaPro software.

Type II: PRF
Impact Pathway
using SimaPro
software.



Fig. 2. Design of the multi-cycle model to assess circularity pathways in olive-oil chain (Source: Authors' elaboration).
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costs are derived from LCA results and Environmental Prices Handbook
(De Bruyn et al., 2018).

Concerning the SLCA's inventory analysis, the hours of exposure for
each life cycle phase and task (such as planting, pruning, harvesting,
input supplying, etc.), classifying the typology of exposure (manual or
mechanical work, temperature, exposure to pesticides, noise, etc.) are scru-
tinized by conducting a scientific literature review on particular working,
consuming and living conditions that entail exposure to psychosocial risk
factors. Each verified statistical association retrieved from verified sources
is classified according to its intensity.

4.1.3. Life Cycle Impact Assessment (LCIA)
The assessment of environmental impacts for this multi-cycle proposal

will be performed using the ReCiPe (Huijbregts et al., 2017) assessment
method, midpoint and endpoint version, for covering the characterization
of impacts as well as the contribution analysis of individual processes
within a cycle and individual cycles within the multiple cycle systems
(Goedkoop et al., 2013).

From the economic characterization, we will consider the ELCC
methodology aligned with LCA to evaluate internal and external costs of
the circular olive-oil system under study. Internal costs include the initial
investment costs, the costs of materials and energy, labour cost, interests,
ownership costs of machinery and land investments (i.e., depreciations,
insurance, repairs, and maintenance), and administration overheads. To
include external costs in an ELCC, the externalities need to be monetized
by putting a specific value on the environmental impacts of a product. To
date, the main path for calculating externalities and integrating LCA-LCC
is to monetise environmental impacts resulting from LCA studies, struggling
to translate environmental impacts into economic impacts. Starting from the
LCA results obtained, the Environmental Prices approach (De Bruyn et al.,
2018), which expresses the WTP for less environmental pollution in Euros
per kilogram of pollutant, is applied through the SimaPro software to evalu-
ate external costs. The environmental prices identified in the environmental
prices handbook (De Bruyn et al., 2018) provide average values for the
EU28, for emissions from an average emission source at an average emission
site in the year 2015 and are distinguished on the environmental categories
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it values (Durão et al., 2019). Finally, the ELCC approach here proposed also
envisages an investment analysis to determine the financial performance of
the likely technologies involved in the circular scenarios under study. To
carry out this analysis, annual cash flows are normally actualised consider-
ing the time of occurrence, as well as dynamic criteria like net present
value, internal rate of return, and discounted payback period.

Concerning SLCA, the Psychosocial Risk Factor (PRF) impact pathway
(Iofrida et al., 2018c; Iofrida et al., 2019) is applied to assess the social
impacts of the olive growing production to highlight specific effects (if
any) directly linked to the adoption of circular strategies. Thismethodology
allows quantifying the risk of psychosocial impacts on different typologies
of stakeholders, according to the duration of exposure to certain living
and working conditions that can lead to health issues. Cox et al. (2000)
defined PRF as the aspects and characteristics of work planning and
management that can potentially lead to physical or psychological damage.
Precisely, the psychosocial risks are measured using odds ratios (ORs), a
statistical measure of the intensity of association between two variables,
e.g., as the ratio between the odds of exposure for people with a disease
and the odds of exposure for healthy people (Szumilas, 2010). Data are
retrieved from validated scientific investigations, normally clinical and ep-
idemiological validated studies that examined the relationships between
specific living and working conditions and diseases (or disorders). For
example, low incomes are strongly associated to myocardial infarction
and to stroke (Min et al., 2017), the use of organophosphate insecticides
increases the risk of Non-Hodgkins Lymphoma (Kobayashi et al., 2012),
and the exposure to sun combined to the use of glyphosate (herbicide)
increases the risk of asthma (Salameh et al., 2006).

Measuring the psychosocial risks with theORs is a retrospective analysis
of a phenomenon, expressed with a non-dimensional value, and it can
assume values between 0 and + ∞: a value of 1 indicates that there is no
association between disease and exposure, while values >1 indicate a
positive association (the risk factor can provoke the disease/disorder);
higher values show a stronger association between exposure and disease
(Bottarelli and Ostanello, 2011).

A PRF matrix, where every condition of exposure that occurred in the
scenarios is linked, as retrieved from scientific literature to a physical or
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psychosocial disease is constructed. The assessment of social impacts is then
conducted through the quantification of hours when stakeholders are
exposed to particular conditions that represent factors of psychosocial risks.

For the first time, an Impact Assessment Method based on PRFs and
integrated into Simapro will be proposed to also allow the assessment of
the social impacts of the same life cycle model considered for LCA and
LCC analysis.

4.1.4. Interpretation of results
The results are interpreted through sensitivity analyses related to the

variability of material flows within the closed system.
For the environmental part, the effects on results of different allocation

approaches and different types of substituted products will be evaluated
according to the ‘System Boundaries Expansion with substitution’
approach, while, for example, in LCC analysis, the timing of costs is very
important. As commodity prices are much more volatile due to the market
mechanisms of supply and demand, costs with high price variability
(e.g., fuel costs) must necessarily be subjected to an in-depth analysis to
reduce the uncertainty of results in terms of how much a change of the
variables, within a pre-established range, can affect them. Additionally, in
cases where there is no single correct discount rate, the effect of different
discount rates should be investigated through a sensitivity check.

Concerning social impacts, the sensitivity check aims at determining
whether and to what extent the results of social evaluation may be affected
by the previous methodological steps and assumptions about data, value
judgments, activity variables, calculation of the social performance and so-
cial impacts (UNEP, 2020).Manymethods and tools to support a sensitivity
analysis are available for environmental LCA studies; to some extent these
can be applied to S-LCA studies too (UNEP, 2020).

5. Conclusions

Key issues emerge when comparing circularity and life cycle ap-
proaches. As previously mentioned, the main concern stays in the different
views of the product life cycle. In the case of impact evaluation, the system
boundaries focus on a single life cycle of a product (cradle-to-gate or cradle-
to-grave analyses); while the circularity evaluation would require a system
boundary extension to more life cycles (cradle-to-cradle perspective), to
include the reuse of components, their remanufacture and recycling. There-
fore, an LC approach complementary to a circularity assessment framework
should extend the boundaries of the system in a multi-cycle approach, by
integrating into the horizon of the analysis product losses, recycling and
reuse in the next cycle, transport, and all processes that allow closing the
loop of the LC methodologies according to circular approach.

The assessment of both circularity and environmental, economic, and
social sustainability of a system turns out to be even more complex when
biological processes are involved. The olive-oil production, which encom-
passes both biological and technical cycles, is one example. Agricultural
process evaluation involves difficulties related to the modelling of phenom-
ena that are not completely under anthropic control. On the other hand,
industrial process evaluation involves the difficulties associated with
waste and by-product management.

Based on these assumptions, the methodological proposal here shown
concerned the design of customized LC modelling, where a circular olive-
oil system of more interconnected life cycles is considered into a multi-
cycle perspective (cradle-to-cradle), in an attempt to internalize circularity
impacts. The model will allow for the evaluation of the environmental,
economic, and social effects over time of adopting CE strategies along the
entire olive-oil supply chain. In this sense, as example, the impact of chem-
ical fertilisers replacement with by-products will be evaluate within the sys-
tem boundaries. Specifically, the framework suggests implementing and
applying the LCA, the ELCC in terms of internal and external costs, and
SLCA in terms of impact pathway assessment to the agro-industrial system,
from which many by-products are generated, causing several environmen-
tally harmful impacts, and socio-economic concerns that can affect the
performance of the olive oil sector. In this context, closed-loop strategies
9

make potential wastes susceptible to being transformed into by-products,
allowing their reuse within the sector or the recycling, enhancing, and
adding value to them andmoving tomore sustainable and economically ef-
ficient production and consumption patterns. Indeed, by using specific
technologies, it is possible tomanage the by-products as a possible resource
capable of being converted into a source of income for the company
(e.g., energy, organic matter, irrigation water). This could be useful to pro-
vide guidelines for olive farmers and entrepreneurs, who want to invest in
technological solutions for the management of their by-products to reduce
environmental impacts and increase profitability.

The proposed multi cycle model provides significant assets and advan-
tages. First, it allows the application of three epistemologically aligned
methodologies, LCA, ELCC and SLCA, able to target an overall sustainabil-
ity assessment. The multiple cycle approach also makes it possible to
highlight burden shifting among life cycle phases, as it consider within
the system boundaries the processes of waste valorisation. Our model is
designed to be applied to open systems such as agricultural systems,
where energy, nutrients, organisms and information constantly cross sys-
tem boundaries. The multiple life cycle analysis for quantifying net flows
among system components and into and out of systems will provide insight
into the movements and effects of these processes over the long term.
Another contribution of this research is related to the possibility of
legitimizing firms' circularity claims, helping to build a framework for
developing circular business models.

Future research will be aimed at testing the multi-cycle model here pro-
posed at the micro level to validate its applicability and effectiveness on
olive-oil farms, considering that its implementation in the micro dimension
can also have extensive effects at the macro and/or meso scale. Analysing
the model in real case studies is therefore crucial to adapt it to the intrinsic
complexity of human activities. Furthermore, for analysing the potential
trade-offs, holistic tools such as multi-criteria decision analysis should be
used to combine LCA, ELCC and SLCA in order to identify themost effective
CE practices in the long term.
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