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Life cycle and circularity metrics
to measure the sustainability of
closed-loop agri-food pathways

Giacomo Falcone, Teodora Stillitano, Nathalie lofrida,
Emanuele Spada, Bruno Bernardi, Giovanni Gulisano and
Anna Irene De Luca*

Department of Agriculture (AGRARIA), Mediterranea University of Reggio Calabria, Reggio Calabria,
Italy

This work aims to present a methodological proposal based on Life Cycle (LC)
methodologies, and circularity performance indicators, to assess closed-loop
pathways by providing comprehensive results on economic and environmental
impacts generated by agri-food production systems. The methodological
approach will be tested on olive oil production systems, one of the most
important agri-food chains for Mediterranean countries, whose import and
export significance is set to grow in light of the shrinking market supply of
seed oils. Some insights for the co-products valorization are provided through
the evaluation of the reuse of by-products as a possible resource capable to
improve the sustainability of the olive oil farms. The integrated application of
three different methodologies, Life Cycle Assessment (LCA), Environmental
Life Cycle Costing (ELCC) and Material Circularity Indicator (MCI), enabled
comparative evaluation of Extra Virgin Olive Oil (EVOO) production under a
linear production model with production under a circular model. The circular
scenario was better in most environmental impact categories, registering an
improvement in Global Warming Potential (GWP) of nearly 30%. In economic
terms, there was a lower production cost for the circular scenario and a lower
environmental cost by reducing the use of synthetic products through the
reuse of waste products. The circular scenario recorded a higher degree of
circularity due to a reduction in virgin raw materials used in the production
process and a reduction in non-recoverable waste. The implementation
of circular strategies represents one of the possible trajectories to guide
the ecological transition, and the proposed methodological framework can
support the decisions of both producers and public decision-makers toward
more sustainable and efficient production patterns.
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olive oil sector, circular economy, Life Cycle Assessment, Environmental Life Cycle
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FIGURE 2

Contribution analysis of EVO oil production (Source: Authors’ elaboration).

the higher input cost (0.066 vs. ...0.062 €kg_1), and human
labor cost (0.065 vs. ... 0.053 €kg’1) due to the increased
use of manpower to manage the operations associated with the
production of olive pits.

By adding the olive production cost and the operating cost
of olive oil extraction, the total production cost of EVO oil for
both scenarios was obtained, as shown in Figure 3. The cost of
olive production was estimated by dividing the operating cost
incurred in the constant production stage by the olive yield
and then multiplying the value thus obtained by the amount of
olives needed to obtain one kilogram of oil. The olive production
cost was lower for the circular scenario with a value of 1.87
€kg~! than that achieved in the linear scenario of 1.94 €kg™1,
with a reduction of 3.62%. The final results showed the best
performance reached by the circular system with an EVO oil
production cost of 2.28 vs. ... 2.33 €kg~! obtained from the
linear one (—2.16%).

The results of the evaluation of external costs per scenario
are reported in Figure4. In line with LCA results, the
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environmental cost contribution analysis revealed that the
olive production phase is the most impactful compared to
the extraction phase in both scenarios. However, the circular
scenario showed the best results with a deviation of 3.71%
compared to the linear scenario. The impact categories
producing the greatest externalities were particulate matter
formation with 64.83% of the total (vs. ...64.77% of the linear
scenario) and terrestrial acidification (17.5 vs. 14.0%). The
climate change category achieved the lowest environmental costs
in the circular scenario (5.96 vs. 8.04) due to lower emissions for
fertilizer production.

3.3. Investment analysis results

The findings of the investment feasibility analysis revealed
that, in the EVO oil production phase, the circular system was
the most economically feasible alternative, presenting an NPV
equal to 0.91 €kg~! (vs. 0.59 €kg~! of the linear one) and an

frontiersin.org



Falcone et al.

10.3389/fsufs.2022.1014228

2.50
2.28 233
1.94
2.00 1.87
150
&
1.00
0.41 0.39
0.50
0.00 - -
Circular scenario Linear scenario
mmmm Olive production cost mm Olive oil extraction cost
Total EVO oil production cost
FIGURE 3
Total costs of EVO oil production per scenario (Source: Authors' elaboration).

TABLE 4 Olive production costs of the circular vs. linear scenario per
life cycle stages (€ ha~! year™).

TABLE 5 Olive oil extraction costs of the circular vs. linear scenario
(€kg™).

Life cycle stages Circular Linear Item cost Circular Linear
scenario scenario scenario scenario
Planting stage (year 0) 7,555.40 7,495.40 Start-up investment 0.16 0.15
costs
Unproductive stage (1%-4 2,102.17 2,326.95
year) Total operating 0.41 0.39
(extraction) costs, of
Increasing production stage 3,887.61 3,972.05 which:
(5"-15" year)
Total variable costs 0.13 0.12
Constant production stage 4,332.28 4,454.09
(16™-56" year) Input cost 0.066 0.062
- Tillage (input cost + human 231.07 214.80 Human labor cost 0.065 0.053
labor cost)
Interests on advance 0.004 0.003
- Fertilization (") 779.43 827.97 capital
- Disease control (") 314.90 306.40 Total fixed costs 0.28 0.27
- Pruning (") 617.60 633.60 Machinery and land 0.081 0.079
investment ownership
- Harvesting (") 680.00 748.00 costs
Decreasing production stage 4,418.96 4,298.67 Rental shed 0.064 0.064
(57"-60" year)
Interests on capital 0.027 0.026
End of life stage (60" year) 10,986.67 11,164.86 goods
Source: Authors’ elaboration. Taxes 0.047 0.047
Administration 0.059 0.058
overheads
IRR of 40.30% (vs. 40.10%) (Table 6). Furthermore, according End-of-life costs 0.081 0.073

to the oil mill lifetime of 20 years, the proposed scenario had
a payback period of 2.58 years (vs. 2.71 years), indicating a full
recovery of the initial investment.

Finally, also in terms of the DGM indicator, which amounts
to 2.98 €kg~! (vs. 2.22 €kg™ 1), the circular scenario was the
most profitable and economically feasible alternative. The higher
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Source: Authors’ elaboration.

profitability of the circular system was positively affected by
the lower input costs incurred in the agricultural phase and
the increased revenue from the additional sale of olive pits,
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—1 and are used for

which reaches a selling price of 0.15 €kg
household heating.

It should be noted that the profitability of both scenarios
has been positively affected by including European subsidies.
A sensitivity analysis carried out by excluding public subsidies
revealed adverse results for both systems, proving that olive
grove management is not sustainable and economically viable.
This suggests that olive growing in many Mediterranean

countries is still heavily dependent on public intervention.

3.4. MCl results

The MCI results show that the best performance is effectively
achieved by the circular scenario with a value of 0.68 out of 1,
unlike the linear scenario in which the MCI reaches a value of
0.53 out of 1 (Table 7). This better result is due to both a lower
quantity of virgin raw materials (V), because of the reuse of the
co-products obtained in both agricultural and extraction phases,
and lower production of unrecoverable waste (W). Owing to the
lack of studies applying MCI to the olive oil system, it is difficult
to contextualize its score. The only applications of the MCI to the
agricultural system concerned tomato production in the study
by Rufi-Salis et al. (2021), with an MCI value of 0.46 out of 1,
and the poultry sector in Rocchi et al. (2021), with a value of
0.48 out of 1.

The uncertainty analysis, carried out through the evaluation
of data variance collected for the four production years (2020/21,
2019/20, 2018/19, 2017/18), showed a low uncertainty degree
of MCI results (cfr. Table 7). The same analysis proves the
significance of the results, as a low standard deviation of V and
W values is found from the four production years. A difference
of 15% emerges between the two scenarios; in particular, the
virgin material flows are significantly lower in the circular
scenario (about 22% compared to the linear scenario) as are
those of the non-recoverable waste (<50% compared to the

linear scenario).

4. Discussion

4.1. Environmental implications

The introduction of circular strategies in agriculture
undoubtedly represents a crucial challenge in the pathways
of ecological transition. In a global scenario with a world
population of eight billion and projections suggesting that it
will reach almost 10 billion by 2050 (United Nations, 2022), it
is clear that food production will play an increasingly central
role. To avoid exceeding the carrying capacity, it will be
of growing importance to reduce the consumption of virgin
resources, valorizing waste products that would otherwise have
to be managed as waste, further burdening the system. The
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challenge is to grow by reducing resource exploitation, waste and
environmental burdens.

The application of the LCA methodology has made it
possible to show how much and in which manner the
environmental profile of a product is changed for the better
or the worse by adopting circular strategies. The subsequent
application of the Material Circularity Indicator made it
possible to assess the degree of circularity of the innovative
scenario compared to the linear one, but without giving any
indication of the environmental impacts. It is clear that in
the assessment of circular strategies it is not enough to assess
only the degree of circularity, just as it is not enough to assess
only the environmental impacts: an integrated assessment of
the two environmental aspects is required, adding also the
assessment of the economic and social aspects. Starting from
these assumptions, it is important to first check the robustness of
the results. By comparing the environmental profile of the linear
scenario with some EPD-certified oils, it was possible to observe
substantial comparability for the impact categories in common
between the EPD method and the Re.Ci.Pe. method (Global
warming, Terrestrial acidification, Freshwater eutrophication).
Considering that one liter of oil is equivalent to 916 gms, simply
multiply our results by 0.916 to scale the values to the same
Functional Unit used in EPD certifications (11 of EVOO). It
should also be considered that only upstream and core process
impacts should be calculated, excluding bottling impacts. In
terms of “Global Warming,” the linear scenario has an impact
of 1.61 kg CO3 eq, which is comparable with both “Monini Gran
Fruttato” oil (EPD, 2022) which has an impact of 1.88kg CO;
eq and De Cecco oil (EPD, 2017) which has an impact of 1.41 kg
COj eq.

The impact category “Terrestrial acidification” is the
second category that can be compared between the different
environmental analyses and has a value of 0.0202 kg SO, eq for
the linear scenario of the present study, 0.0253kg SO, eq for
“Monini Gran Fruttato” oil (EPD, 2022) and 0.012kg SO eq
for “De Cecco” oil (EPD, 2017). The last category “Freshwater
eutrophication” has a value of 0.0011kg P eq for the linear
scenario of this study, 0.0653 kg P eq for “Monini Gran Fruttato”
oil (EPD, 2022), and 0.006kg P eq for “De Cecco” oil (EPD,
2017).

These results are also consistent with the literature review
carried out by Guarino et al. (2019) who analyzed the impacts
in terms of “Global Warming” in 18 different studies, using one
liter of olive oil as a reference unit.

Having verified the robustness of the results of the linear
scenario, a critical comparison can be made with the circular
scenario. As can be seen from the inventory analysis, the circular
strategies allowed the replacement of part of the synthetic
fertilizers with crop residues and by-products from the mill. This
provided a double benefit related to the reduction of impacts but
also the reduction of waste. If we had expanded the boundaries
of the system by considering disposal-related impacts, the results
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FIGURE 4
Environmental cost contribution analysis (Source: Authors’ elaboration).
TABLE 6 Investment analysis of the circular vs. linear scenario.
Economic indicator Unit EVO oil production phase
Circular scenario Linear scenario
Net Present Value (NPV) €kg! 0.91 0.59
Internal Rate of Return (IRR) % 40.30 40.10
Payback Period (PBP) years 2.58 2.71
Discounted Gross Margin (DGM) €kg! 2.98 2.22

would probably have been even more strongly in favor of the
circular scenario.

As was also discussed during the analysis of the results,
the adoption of circular strategies does not always bring only
benefits, so their adoption must necessarily be evaluated through
a life-cycle analysis in order to assess possible burden shifting.
An expansion in the adoption of circular strategies could bring
further significant benefits. For example, pomace could first be
used for biogas production (Benalia et al., 2021) and digestate
eventually used as fertilizer. Value could still be extracted from a
product that is conventionally considered waste.

4.2. Economic and circularity implications

In addition to the environmental issues, several concerns can
affect the economic performance of adopting circular strategies
in olive oil systems. As discussed by Ncube et al. (2022), the
difficulties to start closing the loop in the olive oil production
sector appear to be economical and organizational, which, if
overcome, become cost-effective paths.

Frontiers in Sustainable Food Systems 14

As our study showed, circular techniques necessarily require
greater investment in machinery and technology. In the circular
scenario examined, more machines are required, i.e., shredding
machines for pruning residues, pomace spreading and olive pit
extractor, whose use allows the reuse of by-products as input
and thus the reduction of chemical fertilizers and thermal energy
from virgin raw material. Shredded pruning residues likewise
offer an opportunity to improve soil functioning as tangible
water and soil conservation measure, also reducing erosion and
preserving soil moisture. This agricultural operation allows to
reduce the appearance of weeds and thus the application of
herbicides, as well as contributes to the improvement in fertility
and C sequestration (Gomez-Muioz et al., 2016; Taguas et al,,
2021). The other application that takes part in the reduction
of chemical fertilizer use is the spreading of two-stage pomace
from olive oil extraction. The use of pomace is also finding
increasing application as a soil conditioner and fertilizer due to
the decreasing extraction of pomace oil in specific industries.
Similar conclusions were reached by the study of Foti et al.
(2022), who assert the current use in agriculture of olive pomace
as a soil conditioner and fertilizer, as well as in bioenergy
production and for the extraction of polyphenols intended
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TABLE 7 MCI results.

10.3389/fsufs.2022.1014228

Scenario Production years Y w LFI MCI
(k) (kg) (0/1 scale) (0/1 scale)

Circular 2020/21 1.02 3.60 0.28 0.72
2019/20 1.07 422 0.34 0.66
2018/19 1.07 4.62 0.34 0.66
2017/18 1.05 3.98 032 0.68
AV 1.05 411 0.32 0.68
Mdn 1.06 4.10 033 0.67
Min 1.02 3.60 0.28 0.66
Max 1.07 4.62 0.34 0.72
SD 0.0262 0.4281 0.0288 0.0288
o? 0.0007 0.1832 0.0008 0.0008

Linear 2020/21 445 8.58 0.46 0.53
2019/20 4.95 9.34 0.47 0.53
2018/19 4.48 8.89 0.47 0.53
2017/18 448 8.64 0.47 0.54
AV 459 8.86 0.47 053
Mdn 448 8.77 0.47 053
Min 445 8.58 0.46 0.53
Max 4.95 9.34 0.47 0.54
SD 0.2421 0.3446 0.0047 0.0038
o? 0.0586 0.1187 0.0000 0.0000

V, Virgin feedstock; W, Waste unrecoverable; LFI, Linear Flow Index; MCI, Material Circularity Indicator; AV, Average Value; Mdn, Median; SD, Standard Deviation; o2, Variance.

Source: Authors’ elaboration.

for pharmaceutical, food, or cosmetic industries. Until a few
decades ago, however, pomace oil extraction carried out with
solvents was flourishing and the sale of pomace to processors
was profitable. Because of the emergent apprehensions from
the public about the use of organic solvents in food processing
(Ncube et al., 2022), pomace has fully lost its economic value
and it is ordinary for it to be taken for free by pomace factories.

Olive pit extraction is also considered a circular practice due
to its use for thermal energy production (Stempfle et al., 2021).
Considering that cold olive oil extraction does not require water
at high temperatures, the use of olive pits in the mill is limited.
Therefore to a large extent, it is sold as fuel for households, going
to be a good source of biomass and income for the enterprise.
As argued by Hermoso-Orzdez et al. (2020), olive pits with a
high calorific power by thermochemical conversion could be
converted into different forms of energy also contributing to the
mitigation of global warming.

In addition to high investments in innovative material
recovery and extraction techniques, the valorization of the
oil by-products is hindered by bureaucratic and authorization
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challenges, as well as difficulties in planning for the supply and
seasonal availability of the raw material (Ncube et al., 2022).

Financial support from the public sector could help
companies in the initial investment of by-product valorization
technologies, enabling them to overcome some of the barriers to
adopting circular strategies.

In terms of material flow restoration at farm level, our
research results showed better performance for the circular
scenario with an MCI value of 0.68 out of 1 vs. the linear scenario
reaching a value of 0.53. This means that in the circular scenario
there is both a lower use of virgin raw material and a lower
production of unrecoverable waste. In the former case, the use
of virgin resources is replaced by the reuse of the co-products
obtained both in the agricultural phase, i.e., pruning residues
that are shredded and buried in the soil, and in the extractive
phase, where part of the nut-free pomace along with the leaves
are used in the organic fertilization of farm soils, and the olive
pits to produce the thermal energy needed by the olive mill. The
circular system is also characterized by less waste that cannot
be recovered (unrecoverable waste) or can be recovered for

frontiersin.org
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other uses. Specifically, pomace and pruning residues are not
counted in the circular scenario waste. In addition, emissions
from LCA results that are lower in the circular scenario were
taken into account among the non-recoverable waste. The
greater degree of circularity achieved through the application of
closed-loop pathways on the olive farm under study represents a
means of making environmental improvements and increasing
resource productivity.

4.3. Trade-off between LC indicators and
MCI

The marginal variations of each environmental and

economic impact indicators were assessed by relating
the percentage change of circular scenario to the linear
scenario (baseline), as already mentioned in Section Material
Circularity Indicator implementation to the case study.

The results presented in Figure5 show, therefore, the
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percentage deviation (positive or negative) of impacts per
indicator as circularity increases by one percentage point. Any
increase >1% indicates an improvement in environmental
and/or economic impacts more than proportional to
the increase in circularity, any increase <1% indicates
an improvement less than proportional to the increase
in circularity, any decrease indicates a worsening of the
environmental and/or economic impacts relative to the increase
in circularity.

For almost all scenarios it is observed more than
proportional increases, which demonstrates the effectiveness of
the circularity strategy in terms of environmental and economic
sustainability. For specific environmental indicators like
“Ozone formation—Human health,” “Fine particulate matter
formation,” and “Ozone formation—Terrestrial ecosystems”
the improvement is less than proportional to the increase
in circularity, as well as is the case for “Total Cost.” For the
three environmental indicators, the causes are to be found in

the by-product valorization process, while in the case of the
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economic indicator, the cause is the increase in investment
costs for the circular scenario against a reduction in the costs
associated with the purchase of production factors. As regards

» «

“Stratospheric ozone depletion,” “Terrestrial acidification,” and
“Marine eutrophication,” as already discussed in the discussion
of the results of the LCA analysis, the worsening is largely due to
the increase in field emissions. In particular for “Stratospheric
ozone depletion” and “Marine eutrophication,” this worsening
is more than proportional to the increase in circularity, so it
deserves special attention in terms of eco-design to limit this

burdens shifting.

5. Conclusions

This study aims to assess the sustainability performance of
circular strategies in the EVO oil production system, applying
environmental, economic, and circular metrics at the micro-
level. It is well-known that olive oil production causes significant
environmental impacts and economic concerns due to the
production of several by-products that are difficult to manage.
The implementation of closed-loop pathways allow reusing,
recycling, or enhancing such by-products, moving toward more
sustainable and efficient production patterns. Indeed, using
specific technologies, by-products can be managed as a possible
resource that can be converted into a source of income for the
farm (e.g., energy, organic matter, irrigation water). However,
the transition to a circular and sustainable model remains
a complex challenge needing an approach that includes not
only supply chain actors but also public decision makers. In
addition, there is a need to overcome the various obstacles,
both technical related to the industrial phase and economic
related to investments to initiate circular practices. Despite
being particularly anthropized, the olive oil supply chain lends
itself well to circular modeling, which is instead inherent in
natural ecosystems.

The methodological proposal here shown, based on LC
methodologies (LCA and ELCC) and circularity indicators
(MCI), provides comprehensive results on environmental and
economic impacts, and circularity performance of applying
closed-loop strategies in olive oil systems. In scientific literature,
the integrated applications of LC approaches and circular
economy metrics refer to single process components (e.g.,
agricultural phase, mill wastewater, and olive pomace) rather
than to the overall production process. Through the proposed
LC model, it was possible to evaluate the sustainability
performance of circular strategies along the entire olive oil
supply chain.

In terms of environmental assessment, due to not counting
energy and transport in the MCI implementation the use of
LCA methodology becomes essential for the return of a reliable
result and in particular to verify whether the adoption of
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circular techniques contributes effectively to the mitigation of
environmental impact categories and does not instead to burden
shifting. For example, the circular scenario was found to allow a
double benefit related to the reduction of impacts and wastes,
with the replacement of part of the synthetic fertilizers with crop
residues and by-products from the olive-oil mill.

From an economic point of view, our study shows how
the circular scenario requires greater business investment
when closed-loop strategies are implemented. The purchase of
machines for separating olive stones or spreading pomace are
examples of this. This result highlights how investment outlay
is a limitation to circular approaches, which can also be solved
through the adoption of specific government-type investment
support measures. In terms of profit, circular scenarios achieve
better performance related to the reduction of virgin raw
materials purchased and the sale of some by-products such
as olive pits. From the perspective of external cost evaluation,
the circular scenario also shows the best results compared
to the linear scenario. The climate change category achieved
the lowest environmental costs due to lower emissions for
fertilizer production.

Through the
environmental results along with the assessment of circularity,

integrated analysis of economic and
it was possible to define the trade-offs that potentially
exist in the implementation of closed-loop strategies, by
considering the interrelation between improved circularity
and changes in environmental and economic sustainability
performances. Future research will be aimed at extending
the analysis here proposed to other olive production
areas to validate the applicability and effectiveness of
circular strategies on olive-oil farms. In addition, further
research development will be concerned with extending
the sustainability dimensions by integrating the social-LCA
(SLCA) methodology.
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