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ABSTRACT

In the agri-food sector, the valorization of by-products according to a circular economy (CE) approach can be a viable solution to

increase profits and improve business resilience. However, to facilitate its implementation and dissemination, it is necessary to
validate the application of CE approaches in real case studies and as well as to verify their economic sustainability. This paper
analyses the adoption of different circular paths of real case studies in the olive oil supply chain and assesses their degree of
circularity through the Material Circularity Indicator (MCI) and economic sustainability through life cycle costing (LCC). As
evidenced in the scientific literature, these methodologies represent the optimal approach to assess the impact of circularity in
agri-food processes on companies’ sustainability strategies. Moreover, the results can be integrated to facilitate progress toward

ever-greater sustainability. Findings show that the degree of circularity varies according to the different strategies adopted, high-
lighting better economic viability of firms that adopt CE strategies, whose profits are less sensitive to changes in input and output
prices and therefore more resilient from an economic point of view when market fluctuations occur.

1 | Introduction

The agri-food sector is facing dramatic environmental impacts
because of unsustainable production pathways placing the eco-
logical transition at the forefront of national and international
policies (Sabato and Mandelli 2023; De Luca et al. 2023). The
effects of climate change, the energy crisis, and the reduction in
the availability of raw materials, to name some, have put a strain
on the stability of several productive sectors (Heading 2023)
that have often to deal with increasing their productivity while

reducing environmental impacts. The agri-food sector does not
make any exception playing a pivotal role in the world economy.

The most accredited solution that is gaining significant traction
among the suggested solutions for this transformation is the
concept of circular economy (CE) (Hoogstra et al. 2024; Ellen
MacArthur Foundation (EMF) 2015). The CE is a restorative
and regenerative economy that aims to contribute to a new bal-
ance between ecological and economic systems. One of the fun-
damental principles of the CE is the transition from the linear

Short informative: This study carried out an assessment of circular strategies for the resilience and economic life cycle sustainability of agribusinesses. Several real case studies within the
olive oil supply chain were analyzed, including an investment analysis and a sensitivity analysis based on price and cost variations of outputs and inputs.
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“cradle to grave” model, which is based on the “take, produce,
consume and dispose” growth paradigm, to the circular “cradle
to cradle” model (EMF 2015).

In the framework of agri-food production, the transition from
a linear to a circular model entails profound changes, encom-
passing alterations to how food is produced, processed, dis-
tributed, and consumed, as well as the broader relationship
between people and food (Muscat et al. 2021). Through CE,
the “waste” of a production process is gradually transformed
into biological and technical “nutrients” (Borrello, Pascucci,
and Cembalo 2020).

These conditions lead to a reduction in resource use, making
CE one of the solutions to interrupt the direct relationship be-
tween economic growth and natural resource consumption
(Geisendorf and Pietrulla 2018), especially in the dynamics of
agri-food systems, which share many common features with
inherently balanced natural systems (Cembalo et al. 2020;
EMF 2019).

For instance, the reuse of by-products of a production process,
as proposed by the CE model, can enhance economic resil-
ience in the agri-food sector (Cembalo et al. 2020; Giannoccaro
et al. 2019), thus reducing the interdependence of agricultural
supply chains on virgin raw materials, which in turn allows
farms to be less attached in the presence of global shocks and
input prices volatility (Volkov et al. 2022). Likewise, reducing
material use intensity and waste through CE can generate eco-
nomic (McLennan 2022) and social benefits, such as increased
employment, health benefits, and reduced exposure to pollution
(Andooz et al. 2023). An increasing capacity to recover from
weather fluctuations such as drought is claimed in the case of
reclaimed wastewater reuse in agriculture, which shows greater
supply reliability while contributing to CE.

To pursue the most virtuous circular strategies applicable to
the agri-food sector, it is necessary to measure their degree
(Velasco-Mufioz et al. 2021). Furthermore, to ensure their im-
plementation at the company level, it is essential to verify their
adaptability, economic sustainability, and potential benefits.
The measurement of the implementation of CE practice, ac-
cording to some authors such as Blomsma and Brennan (2018),
Luthin, Traverso, and Crawford 2024, and Farooq, Chairat,
and Gheewala (2024), can take place through the joint use of
specific methodologies standardized by ISO standards such as
those of the life cycle (LC) group or designed specifically for
the measurement of circular processes such as the Material
Circularity Indicator (MCI). It is important to note that the
relationship between circularity and sustainability is not al-
ways clearly defined (Borrello, Pascucci, and Cembalo 2020).
Furthermore, although the potential benefits of circularity
applications in the agri-food sector are confirmed in the lit-
erature (Knible et al. 2022; Zarba et al. 2021), the economic
quantification of CE approaches in real-world cases is a rela-
tively unexplored area. In fact, most studies in the literature
only examine the environmental sustainability of CE appli-
cations in the agro-food sector (Alzubi et al. 2024), using
for example the life cycle assessment (LCA) methodology as
in the studies by Ncube et al. (2024), Restuccia et al. (2022),
and Khounani et al. (2021). The necessity of conducting an

economic sustainability analysis is further underscored by
the importance of evaluating potential rebound effects on
other production and consumption systems or levels (Harris,
Martin, and Diener 2021). It is notable that, despite the ex-
istence of a range of approaches, methods, and tools for the
assessment of CE, there is a consensus among scholars that
there is a significant deficit of evaluation of CE performance,
its levels, spatial and temporal scales, and dimensions to be
measured (Stillitano et al. 2022). Therefore, this study could
represent a significant contribution and a novelty in the field.

2 | Theoretical Framework

2.1 | Redesigning the Olive oil Supply Chain
Through CE

Regarding the applications of circularity, some authors con-
sider CE as an umbrella concept, focusing on the shared
characteristics of the constituent elements (Blomsma and
Brennan 2017), whereas others define specific principles
(Korhonen, Honkasalo, and Seppdld 2018; Yang et al. 2023).
These principles are related to so-called R's, ranging from the
popular 3 R's (reduce, recycle, reuse) to broader approaches
that include up to 10 R's (refuse, rethink, reduce, reuse, repair,
restore, regenerate, reuse, recycle, and recover) (Kirchherr,
Reike, and Hekkert 2017; Potting et al. 2017). An intermediate
application such as the 6 R's in terms of reduce, reuse, repair,
reuse, recycle, and recover is proposed by Moreno et al. (2024)
and can be applied to the agricultural sector following circular
strategies according to these guidelines: Reduce is based on the
principle of reducing demand for virgin materials (Kennedy
and Linnenluecke 2022) by increasing efficiency and elimi-
nating resource loss (Jackson 2014); Repair and Reuse involves
actions to preserve the value of resources and products over
time. This value can be maintained at the highest level for
as long as possible through maintenance and repair (Bocken
et al. 2019); Recycle is based on the principle of recycling and
involves actions that lead to the creation of new value, mainly
from the reuse or recycling of discarded materials from the
value chain, such as biomass (Forastero (2023) even beyond
the LC (Falcone et al. 2022); Recovery is based on the prin-
ciple of recovery and falls under stream regeneration, such
as energy recovery, such as anaerobic digestion (Haque, Fan,
and Lee 2023) or according to multicycle stream approaches
(Stillitano et al. 2022).

The aforementioned strategies linked to the CE concept allow
us to rethink agri-food chains, especially in those sectors, which
are of great economic importance, where large quantities of by-
products are present. The agri-food sector is one of the most
resource-intensive sectors, utilizing natural resources such
as water and soil in significant quantities. Its operations are
highly sensitive to climatic conditions (Castillo-Diaz et al. 2023).
Consequently, it is a subject of considerable interest with regard
to the potential impacts on the economic and environmental sus-
tainability of farms, human well-being in terms of food quality,
access to resources, and rural economies (De Luca et al. 2018).

An example of this is the olive oil sector, in the Mediterranean
area alone, where 86% of the world's olive cropping area is
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concentrated (Faostat 2022), which has considerable economic,
social, and cultural importance and is an integral part of the
Mediterranean diet (Donner et al. 2022) and generates a large
amount of by-products each year.

In the agricultural phase, it is estimated that 14.8 million tons of
pruning residues are generated annually in the Mediterranean
region, with an average amount per hectare of 1.57 (Garcia
Martin et al. 2020; Pari et al. 2018; Velazquez-Marti et al. 2011).
At the industrial/extractions stage, given an average oil yield of
18.14% (IOC 2015) and a 2-year average production of 3,039,472t
(Faostat 2021), the quantity of mill by-products, comprising
pomace, vegetation waters, and kernels, was 13.42 million t.
This value assumes that two-stage processing plants are consid-
ered, wherein there is no addition of water. However, three-stage
processing plants are still widely utilized (Restuccia et al. 2022)
in the Mediterranean area.

Numerous scholars and among others Stempfle et al. (2022),
Berbel and Posadillo (2018), and Donner and Radi¢ (2021) pro-
posed strategies for the valorization of the by-products gener-
ated during the olive oil production process, valorizing them
as a potential resource convertible into a source of income
for the farm, for example, energy, organic matter, fertilizers,
and irrigation water. However, there is a particular slowness
in the practical implementation of CE (Vulsteke et al. 2024).
The main barriers appear to be the cost of technological solu-
tions and the need to understand whether the application of
circular strategies increases the economic sustainability of
farms (Roos Lindgreen et al. 2022). Because of its complexity,
the adoption of circularity is made possible by an alliance of
stakeholders such as industry, consumers, policymakers, uni-
versities, and their technological innovations and capabilities
(Hamam et al. 2021; Moreno et al. 2024). To date, the adoption
of circular strategies is not yet widespread in the olive sector,
and according to scientific literature, many olive entrepre-
neurs believe that circular strategies help reduce environmen-
tal impacts but are less sure that they increase the economic
and social benefits for businesses (Walker et al. 2022). To
overcome these limitations, there is a need to increase knowl-
edge and properly measure the sustainability of circularity
in real case studies. The comparison of different strategies,
properly measured, would support both entrepreneurs and
decision-makers interested in promoting circular innovations
(Chiaraluce 2022).

Given these premises, the objective of this paper is to assess the
degree of circularity and economic sustainability of the applica-
tion of circular strategies to the olive oil supply chain, also ana-
lyzing the degree of resilience of farms in the event of changes
in market conditions (input costs and output prices) caused by
external shocks.

Starting from an analysis of representative contexts, including
ordinary agricultural firms and the fees industry of transfor-
mation (mills), located in Apulia, Calabria, and Sicily, the main
olive and oil-producing regions of Italy, to investigate the poten-
tial of innovative strategies applied, the MCI was employed to
assess the degree of circularity, whereas the life cycle costing
(LCC) methodology, in conjunction with economic and financial

indicators, was utilized to ascertain the economic long-term sus-
tainability of the abovementioned contexts.

2.2 | MCI and LC Appraisal Metrics

Developed by EMF and Granta (EMF 2019), the MCI is among
the most used indicators to measure the degree of circularity
of a production process, including the time and intensity of the
process. However, this indicator is more focused on material
flows and does not return answers relating to sustainability.
Consequently, several authors have proposed integrating it with
LC methodologies (Stillitano et al. 2022; Luthin, Traverso, and
Crawford 2024). LC approaches have long been recognized by
the scientific community as tools that allow the identification
of potential hotspots in the LC phases of products (Notarnicola
et al. 2017; Sala et al. 2017), thereby enabling the formulation
of mitigation strategies for more efficient and sustainable man-
agement (Ben Abdallah et al. 2022). The LCC methodology is
a tool for evaluating the economic sustainability of processes
in the context of LC methodologies and can be applied for de-
cision support and to identify economic-managerial critical
issues (De Luca et al. 2015), also of circular agri-food produc-
tion processes (Degieter et al. 2022). From an application point
of view, few studies apply MCI and LLC to the agri-food sector
at the same time, probably also due to the young age of the CE
concept: Rocchi et al. (2021), about poultry production; Rufi-
Salis et al. (2021) concerning greenhouse tomatoes; and Alzubi
et al. (2024) focusing of the citrus sector. To the authors’ knowl-
edge, this is the first work to investigate the degree of circularity
and relative sustainability of different olive oil scenarios. Based
on these premises, this study aims to answer the following re-
search questions:

H1. What is the degree of circularity of farms that implement
closed-loop pathways?

H2. What are the investment and management costs of adopt-
ing circular strategies?

H3. Does the adoption of circular strategies affect the profit-
ability of the farm and increase its resilience to changes in output
prices and input costs?

3 | Materials and Methods
3.1 | Olive Oil Production Case Studies

Italy is the second largest producer of olive o0il among
Mediterranean countries, with 315,000 tons (approximately
10.1% of global production) during the 2021/2022 season, trail-
ing only Spain with 1300 tons (I0OC 2022). Olive cultivation in
Italy is largely concentrated in the southern regions of Apulia,
Calabria, and Sicily, which collectively account for approxi-
mately 70% of the national olive oil production (ISTAT 2022).
In recent years, many olive farms have been characterized
by high-quality olive oil production, because of both more ef-
ficient farming management and the adoption of product and
process innovations, which have been implemented to meet the
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consumer's needs and, therefore, to move toward a more com-
petitive market (Hamam et al. 2022; Zanchini et al. 2022).

The operational design of the research, illustrated in Figure 1,
involved a contextual analysis aimed at determining the state
of the art of the main issues and technical-managerial strate-
gies of Italian olive growing and oil extraction for sustainable
production.

The next step was to detect ordinary olive farms and oil mills
in the regions of Apulia, Calabria, and Sicily, respectively.
Subsequently, in 2023, a questionnaire was designed and imple-
mented for the purpose of obtaining primary input-output data.
With respect to each analyzed region, the most representative
circular strategies in the most olive-growing areas were iden-
tified. These strategies are linked to both firms' organizational
aspects and territorial locations. Figure 2 reports schematically
the strategies detected and analyzed in this study. The study was
continued with the definition of six representative and ordinary
scenarios consisting of olive farms and mills (two scenarios
from each region). Scenarios in which “circular” strategies were
applied were compared with scenarios in which there were no
CE-related pathways, thus defined as “linear.” All scenarios an-
alyzed in this study are conducted under a conventional produc-
tion system and have a medium to high level of mechanization.
The main characteristics of the scenarios analyzed are shown
in Table 1.

In all the circular scenarios analyzed, during the agricultural
phase, the shredding of pruning residues is carried out. In
addition to this practice, several applications have been ad-
opted in the regions analyzed and subsequently described. In
Apulia, field distribution of digestate from the biogas plant

connected to the farm takes place. The digestate obtained from
the two-stage pitted pomace is returned to the soil for a fertil-
izer function. The industrial processing stage involves the use
of electric energy obtained from the biogas plant and thermal
energy obtained from the combustion of olive pits extracted
from the two-stage pomace. In Calabria, the circular scenario
envisioned for the agricultural phase involves spreading in the
field one-third of the two-stage pitted pomace produced during
oil extraction, to which olive leaves are added. Concerning
the extraction phase, the circular scenario envisages the uti-
lization of olive pits extracted from the two-phase pomace to
generate the thermal energy required by the mill. In Sicily, the
circular scenario involves, for the agricultural phase, the field
distribution of all the two-phase pomace produced in the pro-
cessing phase of the respective extent of the olive grove. In the
extraction phase, thermal energy is derived from the combus-
tion of olive pits. In the three regions, for linear scenarios, all
inputs related to soil fertilization are acquired from external
sources. The residual matter resulting from pruning operations
is conveyed to external entities for utilization as biomass. The
pomace obtained from the extraction stage is entirely provided
to the industrial plant for pomace oil extraction, without the
separation of olive pits.

3.2 | Methodology

3.21 | MCI

The MCI indicator proposed by the EMF (2015) and Goddin
et al. (2019) has a range of values from 0 (100% linear) to 1
(100% circular). It is used to assess the extent to which linear
flow has been minimized and remedial flow maximized for its

management

of adopting CE strategies.

questionnaires

« State of the art of olive oil production issues and
technical-managerial strategies for sustainable

» Detection of ordinary farms and mills in the
Italian regions (Apulia, Calabria and Sicily)
« Identification of techniques and business implications

» Design and administration of ad-hoc

« Primary input-output data collection a @[

\

» Definition of specific scenarios:
3 “linear” and 3 “circular”

» EconomicLife Cycle modelling
of olive growing and oil extraction

» Material flow analysis (MCI)

=
1000

» Data processing and return of results

results (€)

LCC NPV IRR Sensitivity | !
(%) € !

ECONOMIC

(%) analysis
(€)

FIGURE1 |

Graphic representation of main procedural steps performed in the study.
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CE strategies Apulia
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Calabria Sicily

1
]
1
|
1
|
|
1
1
|
1
1
|
1
1
]
|
|
1
1
|
1
:
|
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1
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|
1
1
1
1
|
|
1
|
1
1
|
1
|
1
1
1
1
1
|
1

Reduce Two-stage oil mill (in which no process water is added)
Reuse/Recycle * Electricity from the 10% of Olive pits
biogas plant
* Olive pits
Repair Ongoing maintenance of all systems and machines
i !
* Energy | Olive pits | | Olive pits |
+ Olive pits
Bulk Evo oil
[ s et e o ) 5 i e’ et s e 1
FIGURE2 | Circular strategies applied in the olive oil system and system boundaries analyzed.
TABLE1 | Main technical and economic parameters adopted in the study for each scenario.
Agricultural phase
Apulia Calabria Sicily
Circular Linear Circular Linear Circular Linear

Province Bari Catanzaro Siracusa Enna
Olive-growing area (ha) 47 36 100 25 3.89
Cultivar Coratina Carolea Nocellarea Etnea and Carolea
Planting density (plants/ha) 125 238 240 270
Life cycle (years) 85 65 65
CAP subsidies (€ ha™") 600.00 800.00 1200.00 500.00 800.00
Olive yield (tha™) 10.0 8.0 9.6 8.4 8.5 6.0
Olive price (€ kg™) 0.7 0.6 0.8
Water resource management Irrigated Nonirrigated Irrigated Nonirrigated
Total olives production for the whole 624.15 657.06 476.96 446.88 367.50 361.76
life cycle (tha™1)
Industrial/extraction phase
Life cycle (years) 20
Oil yield (%) 16 17 15
Bulk EVO oil price (€ kg™) (Ismea 2019/2020, 2020/2021, and 2021-2022) 4.30 4.30 5.5

Source: Direct survey to farmers.
components, as well as the duration and intensity of this process

(Rocchi et al. 2021). The formula for calculating the MCI of a
product is as follows (Equation 1):

MCIp =1 — LFI*F (X) @

The Linear Flow Index (LFI) represents the percentage of ma-
terial flow originating from virgin sources and ending up as
nonrecoverable waste, whereas F(X) represents the utility-
constructed factor of the linear component of material flows.
The LFI assumes a value between 1 and 0, with 1 representing
a completely linear flow and 0 a completely restorative flow and
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LFI is computed by dividing the amount of material flowing in
a linear chain by the sum of the amounts of material flowing in
a linear and a restorative chain. The index is derived from the
following equation:

V+W,

LFI = M ®)

where V' is the mass of virgin raw material used in manufactur-
ing, W, is the mass of nonrecoverable waste attributed to the
product, and M is the mass of the finished product.

Finally, F(X) is defined in the Equation (3):

Fx) =22 ®)

X represents the utility and incorporates the duration and in-
tensity of the product usage phase. The length component X is
obtained from the L/Lav ratio, considering any reduction (or
increase) in the waste stream over a given period for products
that have a longer (or shorter) useful life (L) compared with the
industry average (Lav).

To assess the degree of circularity, inputs and outputs were
defined for each scenario. In the circular scenarios, inputs in-
clude pruning residues, digestate (Apulia), two-phase olive
pomace (Calabria and Sicily), olive leaves, and olive pits, which
are “reusable components” in the production process; organic
fertilizers from “recycled” sources; and pesticides, water, and
fuels from virgin raw materials. Outputs include the residual by-
products that are not reused in the production process and other
waste from the production process. The linear scenarios include
inputs such as pesticides, water, fertilizers, and fuels that are
all derived from virgin raw materials, whereas outputs include
pruning residues as “recoverable waste” for “energy recovery”
and olive pomace and vegetation water as “recoverable waste for
other uses.”

3.2.2 | Conventional LCC and Investment
Profitability Analysis

The LCC methodology considers initial and operational costs
incurred during the LC of a product or production system
(Gluch and Baumann 2004), from acquisition to final disposal
(Dhillon 1989), allowing for optimal budget allocation over
the life of the product/process, as well as improving business
performance (Huppes et al. 2004). Specifically, conventional
LCC analysis refers to ISO 15686-5:2017 (ISO, 2017a, 2017b),
provides guidelines on procedures for calculating and compar-
ing costs, and uses the discounting technique through which
all future costs and benefits are reduced to the current value
(Woodward 1997).

The analysis was based on the following assumptions:
« The costs of annual inputs, including fuel, fertilizers, pes-

ticides, and water, were calculated based on the quantity
effectively used by the farm and the current market prices

(2023), the operating costs related to labor and mechanical
operations, which were calculated according to the current
hourly wage of workers following the national collective
agreement.

« The functional units used in the study are 1 ha of olive grove
for the determination of costs in the individual LC phases,
whereas in the investment analysis, the results refer to 1kg
of olives in the agricultural phase and 1L of olive oil in the
industrial/extractive phase; for specific operations such
as trenching, hole digging, and tree grubbing, the costs of
third-party provision were considered as rental costs of me-
chanical means.

« Theinterest on advance capital and capital goods was eval-
uated by applying a rate equal to 4.5% and 2%, respectively.

« The administrative overheads were estimated to be between
2% and 4% of the gross production value, which corresponds
to the annual total revenues.

To select a discount rate, the opportunity cost approach in terms
of alternative investments with similar risks in terms of typol-
ogy, market conditions, and times was used (De Luca et al. 2018;
Roselli et al. 2020). Here, a discount rate set to 2% and 5% was
assumed for the agricultural phase and extraction phase, re-
spectively. During the LC, constant prices by excluding adjust-
ments for inflation were considered (Hussain, Mumma, and
Saboor 2005). To perform the profitability analysis of the scenar-
ios under study, all of the costs and revenues were discounted for
the entire LC for the agricultural phase and extraction phase, re-
spectively. All scenarios included EU agricultural policy Single
Farm Payment (SFP) subsidies. The LCC evaluation included all
costs incurred throughout the LC of each scenario. For this anal-
ysis, the entire LC of the agricultural phase per scenario was
divided into seven main stages, corresponding to the physiolog-
ical phases of the olive crops defined as follows: planting stage,
unproductive stage, increasing production stage, constant pro-
duction stage, decreasing production stage, senescence phase,
and end-of-life stage.

Concerning the olive oil extraction phase, the full LC was split
into three stages: the start-up stage, the operational stage, and
the end-of-life stage. Within the start-up stage, design and ini-
tial investment costs for the extraction component were con-
sidered, the operational stage included all operating costs of
the olive oil extraction, and in the end-of-life stage, the dis-
posal cost resulting from the removal of the extraction plant
was estimated as the residual value of the machinery and cal-
culated at 10% of the cost of construction. The operating costs
were divided into two categories: variable costs (material and
energy costs, human labor costs, interest on advance capital)
and fixed costs (ownership costs of investments in machinery
and land, i.e., depreciation, insurance, repairs and mainte-
nance, interest on capital goods, rental shed, taxes, and ad-
ministration overheads).

Finally, the total revenues for the entire LC of each scenario
were evaluated by multiplying the crop yield by its market price.
This referred to the average price for the 2019/2020, 2020/2021,
and 2021/2022 harvesting seasons. The next phase of the anal-
ysis involved the calculation of specific economic and financial
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| (Continued)

TABLE 2

Italian olive-growing case studies

Unit of

Sicily

Calabria

Apulia

measure
(UoM)

Linear Circular Linear

Linear Circular

Circular

Appraisal approaches

Production phases

0.03 0.05 0.03 0.08 0.05

0.01

€kg!

Building component

Start-up investment cost

Industrial phase

0.04 0.05 0.14 0.08 0.09

0.01

Plant component

65.76

58.11

65.99

65.02

48.92 70.01

%

Extraction fixed costs

Operating cost

34.01 41.89 34.24

34.98

51.08 29.99

%

Extraction

variable costs

0.25 0.49 0.41 0.91 0.53

0.29

€1t

Total operative cost

0.01 0.02 0.02 0.06 0.07

0.01

End-of-life cost (Disposal plant)

Source: Authors' elaboration.

indicators: net present value (NPV) and internal rate of return
(IRR). These indicators give the possibility to evaluate the main
economic hotspots during the entire LC of the analyzed systems,
thus providing ideas for more effective management of long-
term sustainability (De Luca et al. 2015).

The NPV is the sum of the discounted net cash flows for all years
of the LC. It is a long-term valuation index for selecting the most
profitable investment under given market conditions. This index
is calculated according to the Equation (4).

n CF,
2ia (1+rf)‘ —

@

where ¢ is the time of cash flow (year), n is the duration of the
investment, CF is the net cash flow in the tth year, r is the dis-
count rate, I, is the initial investment, and TP is the total oil
production.

The IRR is a financial metric that measures the profitability and
efficiency of investments (Bonazzi and Iotti 2014). It is defined
as the discount rate at which the after-tax NPV is zero, meaning
that the present value of investment funds is equal to the net
present revenues from the operation. Through IRR, it is possi-
ble to determine whether a return is minimally acceptable. This
index is calculated according to Equation (5).

=l 14+IRR)" °

where IRR is the discount rate, which will make the NPV equal
to zero. When the conditions NPV >0 and IRR > r occur, the in-
vestment is profitable; otherwise, it should be rejected.

The last phase of the study involved a sensitivity analysis of the
NPV obtained for each scenario, modifying the price of the out-
puts and the cost of the inputs compared with the base scenario,
in order to reflect the market's dynamics in which prices are de-
termined by unrestricted competition between privately owned
businesses.

4 | Results
4.1 | MCI and LCC Results

The MCI and the LCC results for each phase of the LC for the
scenarios under study are reported in Table 2. The studies car-
ried out using the MCI show that the best results are obtained
in the circular scenarios, with values of 94% for Apulia, 91% for
Sicily, and 67% for Calabria. In the latter region, the difference
between the circular and linear scenarios is the smallest, be-
cause, although the same circular applications as in the other
regions, only part of the pomace is returned to the field as a soil
improver. As far as costs are concerned, as shown in Figure 3, it
appears that for all scenarios analyzed, the main costs (€ ha™!)
are represented by the planting and disposal phases. However,
in olive growing, the costs of disposal are largely covered by the
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sale of the resulting marketable wood assortments. As regards
the planting phase, the highest costs are found in the circulars
of Apulia and Sicily, with values of 16,113.24 € ha~! and 9930.88
€ hal, respectively. In Calabria, on the other hand, the highest
costs are found in the linear scenario, with a value of 7581.07 €
ha~!. The constant production phase appears to be the one that
covers the greatest number of years in all the scenarios consid-
ered, making it the most important phase among the different
phases of the LC. The results show a very similar cost between
circular and linear for the Apulian scenarios, whereas for the

16,000.00
14,000.00
12,000.00
10,000.00

8,000.00

[€ ha'']

6,000.00
4,000.00
2,000.00

0.0

(=]

Circular Linear
Apulia
= Planting stage
Constant production stage

m End-of-life stage

= Unproductive stage

Calabrian and Sicilian scenarios, the circular scenarios show
lower costs of 4055.87 € ha™! and 3697.36 € ha~!, respectively.
However, when analyzing the cost per kilogram of olives pro-
duced, the circular scenarios perform the best. The costs are 0.02
€ per kilogram lower than the corresponding linear scenarios
in each region analyzed. Regarding the percentage incidence of
each operation on the total cost, it appears that for all the scenar-
ios considered, harvesting and pruning have a higher incidence,
except for the Calabrian linear scenario, where fertilization has
a greater impact than pruning.

Circular Linear

Circular Linear

Calabria Sicily

= Increasing production stage

® Decreasing production stage ™ Senescence phase

FIGURE3 | Oil olive production costs through LCC of circular versus linear scenarios by life cycle stages (€ ha~!year™).

0.16 1
0.14 0.9
0.8
0.12
0.7
_ 0.1 0.6 —
£00.08 0.5 2
w, w,
0.06 04
0.3
0.04
0.2
0.02 0.1
, 1l 0
Circular Linear Circular Linear Circular Linear
Apulia Calabria Sicily

s Start-up investment cost

s Start-up investment cost

End of life cost (Disposal plant) ==@==Total operative cost

FIGURE4 | Extraction costs of Evo oil through LCC of circular versus linear scenarios by life cycle stages (€ kg™).
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A common characteristic of all the circular scenarios is the
lower incidence of the fertilization item, compared with the lin-
ear scenarios, because of the acquisition of recycled or recovery
inputs. Concerning the incidence of circularity applications on
cost items, it emerges that the quotas and other allocations items
for the Sicilian circular scenario have the highest incidence
equal to 17.99%, because of the high investments for the acquisi-
tion of machines to spread the pomace; for the manual labor, the
incidence is quite similar in the three regions, with a percent-
age between 8.86% (Apulia) and 11.14% (Sicily). The incidence of
miscellaneous expenses of circularity applications is obtained in
Sicily at 12.07% and in Apulia at 11.82%.

In the industrial extraction phase, as shown in Figure 4, the
highest investment costs, expressed in € 17! of Evo oil, are ob-
tained in the Calabrian and Sicilian circular scenarios. The
highest total extraction costs are obtained in the circular sce-
narios and are 0.91 € 17! for Sicily, 0.49 € 17! for Calabria, and
0.29 €171 for Apulia.

4.2 | Investment Analysis Results

Figure 5 illustrates the results of the profitability analysis in
terms of NPV and IRR for the agricultural and industrial phases.

The results of the financial analysis are obtained by consider-
ing both the sale of the main products (olives and oil) and of
pit by-products that are not reused within the processes. In the
agricultural phase, the most profitable NPV is observed in the
circular scenarios, particularly in Calabria and Sicily, with a
value of 0.03 € kg™! of olives, in comparison with a value of the
respective linear scenarios of 0.02 € and 0.01 €kg~'. The most
profitable IRR is also recorded in the circular scenarios, with
values of 3.85% for the Calabrian scenario, 3.55 for the Sicilian
scenario, and 3.00% for the Apulian scenario, versus those of
the linear scenarios, which are 3.00%, 2.58%, and 2.16%, respec-
tively. The profitability analysis investments for the industrial

0.55

0.50

0.45

__ 040

— 035

£ 030

025

2 020

“ ols

0.10

005 = ,

0.00 -~ B
ks g & g & g
O O O
Apulia Calabria Sicily

Agricultural ( 1 kg of olive)

phase indicate that even in this phase, the circular scenarios ex-
hibit the most optimal economic performance. The highest NPV
is observed in the Calabrian circular scenario, with a value of
0.54 €171, followed by the Apulian and Sicilian scenarios, with
NPVs 0f0.34 € and 0.27 €171, respectively, in the linear scenarios.
The Apulian circular scenario exhibits the highest IRR, with a
value of 49.49%, followed by Calabria and Sicily with 21.80% and
10.96%, respectively.

A sensitivity analysis (Table 3) was carried out by adjusting the
price of outputs (olives and oil) and inputs (total costs) according
to a range of +5%, 10%, and 15%. This range was established
considering the volatility of output and input prices that can
be expected on the market in the current historical context,
according to Roselli et al. (2020) and Di Trapani et al. (2014).
Sensitivity analysis is particularly useful for studies applied over
long periods, such as the LCC case, because it allows us to assess
the degree of uncertainty associated with the results (Jansen
et al. 2020).

The results show the great variability of the NPV obtained in
the scenarios analyzed concerning olive and oil prices and total
production costs. The simulations point out that circular scenar-
ios always perform better than linear scenarios, especially in
the case of a decrease in the selling price of olives and oil or an
increase in total production costs. It is also shown that agricul-
tural scenarios reach negative values before industrial scenar-
ios, because of the lower value of the final product. For example,
with a 5% reduction in the production price, both the linear and
circular agricultural scenarios in Apulia and the linear agricul-
tural scenario in Sicily reach negative NPV values; with a 10%
reduction, only the circular industrial scenario in Apulia and
the linear and circular industrial scenarios in Calabria remain
positive; finally, with a 15% reduction, only the circular indus-
trial scenario in Calabria remains positive. Regarding the varia-
tion of input costs, the values are very similar to those reported
for outputs. With a 10% increase in costs, for example, six out of
12 scenarios remain positive, of which four are circular.

60%
50%
40%
30% §
20%
10%
0%

£ § & § & g

5 E 5 E 5 E

B - B - R -

] ] ]

Apulia Calabria Sicily

Industrial/extraction (1 1 of bulk oil)

s NPV ==@==]RR

FIGURES5 | NPV and IRR indicators obtained from the profitability analysis of analyzed scenarios.
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FIGURE 6 | Percentage variations of NPV obtained with sensitivity in the circular and linear scenarios compared with the corresponding basic

scenarios.

The analysis of the deviation of the NPV in percentage terms
compared with the basic scenario, reported in Figure 6, con-
firms the lower variability of the circular scenarios regarding
the variations considered, resulting in a lower slope of the lines.
This condition translates into greater resilience of the circular
scenarios concerning the variations considered.

5 | Discussion and Conclusion

Current study results highlight an increase in the efficiency of
the farm, supporting the study by Kuisma and colleagues (2017).

The case studies assumed as circular scenarios were able to seize
the opportunities offered by embedding the CE paradigm into
their production process. By rethinking and innovating their
business structure, they have reoriented their approach to cre-
ating and capturing value. Their strategies of recovery, valoriza-
tion, and recirculation of internal resources are now at the core
of their business model, rather than being overlooked in linear
business-as-usual scenarios. They shifted toward a closed-loop
business model (Winkler 2011; Mentink 2014), which are inte-
grated elements of two sustainable business model archetypes:
(i) creating value from waste and (ii) substituting with renew-
ables and natural processes (Bocken et al. 2014).

2759

85UB017 SUOUIWIOD BA 118810 3ol (dde 8y Aq pausenob ae Sapie YO '8sN JO SaInJ 10} ARIq1T 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBI WD A8 | ARe.q Ul [Uo//Scy) SUORIPUOD pUe swie 1 8y} 88S *[5202/90/0€] Uo Aeiqiauluo 8|1 esuellpe|N IPNIS 11Baa eI eAIIN AQ TZTH'950/200T OT/I0P/W0d A8 im Afe.d 1 jpuluoy/:sdny WoJj pepeo|umod ‘€ ‘GZ0Z ‘9E80660T



More in detail, organic materials that result as residues or by-
products of production processes, conventionally treated as
waste, and disposed of outwardly the firm gate, are profitably
reused, or recycled as production inputs within the firm system,
by means of agronomic application or energetic valorization.
End-of-use materials replace virgin and synthetic inputs exter-
nally sourced on the market and become new key resources for
fulfilling the core business activities. The firms recapture both
the ecological and economic residual value of such materials:
From one side, they make a restorative and regenerative use of
the organic matter reincorporated into the soil; on the other side,
they change their structure cost and revenue streams, because
internal recycling allows to reduce farming management costs
and to enhance economic resilience.

The use of the MCI, in combination with the LCC, made it
possible to compare the economic performance of full-LC cir-
cular applications, in line with the results of Jansen and col-
leagues (2020). Taking stock of the approach implemented, it is
possible to shed light on the potentials and criticalities of cir-
cular approaches, such as high investment costs or high labor
requirements to perform certain activities. The evaluation of the
economic long-term sustainability of the circular performances
of olive growing present in scientific literature is not enough
to be able to make comparisons with our results; however, it is
possible to find reasoning on economic evaluations of the LC of
the olive tree as reported by Castillo-Ruiz et al. (2017), Falcone
et al. (2022), Spada et al. (2022), and Stillitano et al. (2016), that
report, for linear scenarios, results in accordance with those
obtained in this study. In terms of the distribution of fixed and
variable costs obtained in the transformation phase, the find-
ings agree with Stillitano et al. (2019). The economic sensitivity
analysis shows that all scenarios are influenced by variations in
the price of olives or oil production, and by the cost of production
factors, as also found in the studies by De Luca et al. (2018), De
Gennaro et al. (2012), and Hussain, Mumma, and Saboor (2005).
Specifically, it is observed that in circular scenarios, changes in
the prices of outputs and inputs are less decisive than in linear
scenarios. The circular scenario has a lower variance than the
linear counterpart and shows greater economic resilience be-
cause of the lower dependence on external resources, which is
typical of the circular approach (Haque, Fan, and Lee 2023).
However, with variations of 10% or 15%, some of these scenar-
ios also assume negative performances, demonstrating how the
volatility of the input and output market strongly influences the
olive oil supply chain.

Addressing the first research question posed at the outset of this
work—concerning “What is the degree of circularity of farms
that implement closed-loop pathways?”—this analysis made it
possible to outline that with appropriate applications this can
be very high and reach 94% as in the Apulian circular sce-
nario, which therefore can be defined as an almost closed cycle.
Regarding the second question—“What are the investment and
management costs of adopting circular strategies?”—the work
shows, through the application of the LCC, that in circular
scenarios greater economic investments are necessary for the
acquisition of specific machines that are not always routinely
found in agricultural companies, such as the pomace dispenser
or the pit separator in the specific case. For this reason, the tran-
sition toward this production model needs to be supported by

specific contributions to agricultural companies by national
governments and regional policies, as also shown in the study
by Donner et al. (2022). In terms of management costs, circu-
lar practices require more manual work, for example, spread
of by-products. As regards the third research question—“Does
the adoption of circular strategies affect the profitability of the
agricultural company and increase its resilience to changes in
production prices and production costs?”—the results show
that in circular scenarios, because of the lower use of virgin raw
materials, the cost of obtaining finished products is lower, and
despite higher investments, these scenarios show the best eco-
nomic performance. The lower dependence on external sources
in circular scenarios also translates into greater resilience of the
agricultural firm, related to the lower incidence of price or cost
variations caused by external shocks.

The results obtained can be of great support to entrepreneurs
and public decision-makers whose task is to plan in the long
term by implementing strategies to pursue sustainable devel-
opment objectives. First, the higher economic performance
reached in terms of NPV and IRR by the circular case studies,
both in the agricultural and industrial phases, suggest that
adopting circular business models allows to create and capture
greater value, leading to cost savings and increased returns on
investments. Besides, the results of the sensitivity analysis of
NPV also show a greater resilience to external shocks. Overall,
business model innovation is believed to be key to business suc-
cess (Chesbrough 2010), and shifting toward circular business
models can generate economic advantage for firms, while de-
livering positive contributions to societal and environmental
sustainability.

Moreover, our findings reveal important implications both for
the general nature and for policymakers. The general implica-
tion is related to the added value generated by CE strategies in
the olive oil sector. This implies optimizing the existing value
through interventions in the production model, such as the stim-
ulation of the reuse of by-products or the activation of symbiosis
with other companies, as well as the involvement of local com-
munities (Poponi et al. 2023). Regarding the implications at the
level of policymakers, it appears that, because of the higher in-
vestment costs, shifting to circular business models may not be
economically viable at the beginning, although greater revenues
can be gained in the medium-long term. So, investment costs can
be a relevant economic barrier hindering the adoption of circu-
lar strategies, especially for small- and medium-sized businesses
with limited access to credit, which however represent a large
part of entrepreneurial reality in the agri-food sector. Therefore,
policymakers should establish proper policy and market tools
(e.g., targeted subsidies or incentives to small and medium enter-
prises) to help overcome this barrier and thus support a broader
transition toward CE in the agri-food sector. This will allow ag-
riculture to continue producing food, address resource scarcity,
and adapt to the effects of climate change by promoting its mit-
igation and preventing environmental risks (Gava et al. 2020).

Although the analysis carried out did not include transaction
costs, a further issue to be tackled for transitioning into circu-
lar models points to those policies aimed to ease knowledge
exchange, enhance capacity building, or raise trust between
farmers and other actors along the food supply chain.
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In light of the growing attention being paid to environmental
aspects by both institutions and civil society in general, integrat-
ing this study with an analysis of the environmental sustainabil-
ity of the impacts of circular strategies would provide a more
complete result, thereby enabling policymakers and entrepre-
neurs to make more informed decisions regarding the planning
of agricultural development strategies.
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