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Wastes and by-products of the olive oil supply chain:
state of art of treatment technologies and eco-
efliciency assessment tools

Eleonora Recupero
University of Palermo
Giuseppe Saija
University of Messina
Giovanni Mondello
University of Messina

ABSTRACT

Due to its high environmental impacts, the agrifood sector is the subject
of policy action for promoting environmental sustainability. Among the
agrifood sector, olive oil production is one of the most important compart-
ments in which there is an increasing interest in the search for new strategies
and technologies toward an ecological transition. This is because the olive
oil supply chain generates a huge amount of waste and by-products that
can cause several significant environmental impacts, if not properly man-
aged. Despite this, there is a lack of studies in the literature that deal si-
multaneously with both aspects related to the treatment technologies
adopted and the evaluation of their eco-efliciency. Therefore, the present
study aims to carry out an exploratory analysis of state of the art regarding
the technologies and strategies used in the olive oil supply chain for the
treatment of by-products and wastes, as well as the tools applied for assess-
ing their eco-efhiciency, through a preliminary bibliometric analysis of the
scientific literature. The results allow us to identify the trends related to the
strategies employed in the olive oil sector from an environmental sustain-
ability and circular economy point of view.

KEYWORDS: olive oil; by-product; technologies; waste management; eco-
efficiency; circular economy.

1 Introduction

Olive oil production from Mediterranean countries accounts for
about 95% of the world’s entire production (Fondazione Qualivita, Filiera
olio DOP IGP, 2020). Among EU Member States, Spain exported 301,400
tonnes of olive oil to non-EU Member States in 2018 (52% of extra-EU
exports of olive oil in weight). This makes Spain the largest EU exporter of
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olive oil to the rest of the world, followed by Italy (191,000 tonnes, 33%),
Portugal (56,000 tonnes, 10%) and Greece (20,600 tonnes, 4%). These
four countries accounted for 99% of all extra-EU exports of olive oil in
2018. (Eurostat, 2023). The economic importance of olive oil is highly val-
ued worldwide. The global olive oil production in the world accounted for
3,373,881 tonnes in 2020, of which about 73.1% is produced in Southern
Europe, 12.9% in Asia, 12.4% in Africa, 1.2% in Americas, and 0.3% in
Oceania, (FaoStat, 2020). Many studies (e.g., Carluccio et al., 2003; Dini
etal., 2020; Nunes et al., 2022) highlight the beneficial, anti-inflammatory,
and antioxidant properties of the compounds contained in olive oil, even
though the composition of the product can change depending on several
external factors (cultivars, growing conditions, and extraction processes).
Its uniqueness is due to the abundance of fatty acids, but also the occurrence
of many bioactive molecules, like hydrophilic phenols, phytosterols, toco-
pherols, and carotenes that provide several functional properties as well as
a long storage time due to their high oxidative stability (Jimenez-Lopez et
al., 2020: 2-31). The anticancer properties of olive oil seem correlated with
the antioxidant activity of phenolic and polyphenolic compounds that are
capable of scavenging free radicals and reactive oxygen species. Antioxidant
and anti-atherogenic effects of olive oil polyphenols, like oleuropein and
hydroxytyrosol, have been vastly confirmed in the literature (e.g., Edge-
combe et al., 2000: 105-109; Frankle, 1976: 2996-3002; Gorzynik-De-
bicka et al., 2018: 2-13). Despite its beneficial properties, olive oil has
several adverse environmental effects (Ncube et al., 2022: 1-21). For ex-
ample, olive oil extraction generates huge amounts of waste that can have
a great impact on the terrestrial and water environment due to their high
phytotoxicity. (Paredes et al., 1987: 1557-1564), on aquatic ecosystems
(DellaGreca et al., 2001: 352-359) and even in the atmosphere (Rana et
al., 2003: 49-58). However, many treatment techniques and technologies
have been proposed in the literature; many from the point of view of even
just laboratory-scale research (Komnitsas & Zaharaki, 2012, 1-8; Pampuri
etal., 2021, 1-23), and others also transposed to industrial scale (Amaral-
Silva etal., 2017, 1336-1344; Nieto et al., 2009, 2017-202). Unfortunately,
among these studies, few authors highlight aspects of environmental sus-
tainability of these treatment practices, which many times cause the pro-
duction of other by-products and treatment wastes, that require special
attention. For example, different studies evaluate the treatment efliciencies
of advanced oxidation systems with the Fenton reaction on olive oil wastew-
ater (e.g., Khoufi et al., 2006, 2007-2016; Mehdaoui et al., 2022, 20450-
20468); the Fenton reagent, made up of Fe** ions and hydrogen peroxide
H,0,, constitutes a source of OH radicals- with high oxidizing potential
but also produces a sludge rich in the catalyst and Fe3+ precipitated by the
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reaction which could be recovered but rarely recovered (Domingues et al.,
2018, 1-17). In this regard, the ecological transition of the olive supply
chain and, in particular, of the related waste treatment technologies is made
even more challenging due to the lack of studies that focus on the evalua-
tion of eco-efficiency. Although in literature there is not a common defini-
tion of eco-efliciency, the existing ones capture different aspects (Koskela
& Vehmas, 2012): i) the first is related to the statement of “more from less”,
by which eco-efficiency is seen as a solution for producing more physical
output from less use of natural resources; ii) the second aspect is related to
the “ratio between economic output and environmental output”, and the
focus is either on productivity (i.e., producing more value-added with less
environmental impacts) or on intensity (i.e., decreasing the environmental
intensity of the economic performance); and iii) the last which describes
eco-efficiency as “management strategy” in which the basic idea is that a
company simultaneously improves its economic and environmental per-
formance. However, the main aspect is that eco-efliciency may be consid-
ered as a ratio between the reduction of environmental impacts and the
increment of the value of productlon (Huppes & Ishikawa, 2005, 2- 4)
The underlying idea is that by creating “more value with less impact”
through eco-efliciency, society can move towards using resources more sus-
tainably (World Business Council for Sustainable Development, 2000)
(Figge & Thorpe, 2023, 1-11). In this regard, a potential solution to achieve
and increase eco-efficiency may be represented by the application of models
and strategies based on the concept of Circular Economy (Figge & Thorpe,
2023, 1-11). According to the Ellen MacArthur Foundation (Ellen
MacArthur Foundation, 2013a, p. 7), the circular economy represents “an
industrial system that is restorative or regenerative by intention and design.
It replaces the ‘end-of-life’ concept with restoration, shifts towards the use
of renewable energy, eliminates the use of toxic chemicals, which impair
reuse, and aims for the elimination of waste through the superior design of
materials, products, systems, and, within this, business models. In other
words, the circular economy, is an alternative pathway to eco-efficiency, al-
though scholars often, combine this with operational eco-efliciency
(Bocken etal., 2016: 308-320; Geissdoerfer et al., 2020: 1-18). In this way,
at least in theory, eco-efficiency and circular economy may be complemen-
tary, with the common goal of reducing resource use overall through tech-
nological innovation.

This study aims to carry out a bibliometric analysis of the scientific
literature aimed at preliminarily exploring the state-of-the-art of waste and
by-product treatment technologies in the olive oil production processes,
also focusing on their valorisation strategies and on how eco-efliciency has
been explored in this area. The results are also evaluated from a circular
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economy and environmental sustainability perspective, considering the po-
tential synergies resulting from them.
After this introductory section, the structure of the paper is orga-
nized as follows:
— methodology section, which presents a detailed description of
the literature search method applied.
— results and discussion section, in which the main results of the
bibliometric study conducted are highlighted.
— conclusions section, in which the main results of the analysis are
summarized, and further future research is proposed.

2 Methodology

The steps of the method pursued were identified through the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (Moher et al., 2014: 1-8). The first step of the method is
through the identification of the research question. In particular, to satisfy
the aim of this study, two main research questions have been defined: i)
what is the state of the art of treatment technologies used for olive oil pro-
duction by-products and wastes aimed at their valorisation?; and ii) how
many of these technologies do the literature associate the concept of eco-
efficiency? The literature search has been carried out through Scopus and
Web of Sciences (WoS) databases for which two queries, in line with the
research questions, have been structured. The research was conducted with-
out defining any specific time frame and was completed in September
2023. In particular, the first query (query 1) was structured as follows:
(“olive 0il”) AND (“by*product®” OR “olive mill” OR “mill waste*”) AND
(“treatment technolog*” OR “waste® treatment*”); it aims to highlight ar-
ticles in the literature that deal with by-products and wastes treatment tech-
nologies in the olive oil sector. The second query (query 2) was structured
as follows: (“olive 0il”) AND (“by*product®” OR “olive mill” OR “mill
waste™”) AND (“eco*efficienc*” OR “environmental impact*” OR “re-
source management” OR “environmental sustainability”). Query 2 aims to
investigate aspects related to the eco-efficiency concepts in the context of
waste and by-products produced in the olive supply chain.
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Figure 1 — Search strategy based on PRISMA protocol

As reported in Figure 1, the samples initially identified were n=575
for query 1 and n=176 for query 2. After duplicate removal, the first screen-
ing was conducted using databases’ filters: a) selected language=English; b)
selected document types=articles and reviews. Next, the second screening
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was conducted through abstract reading to select only those articles that
were directly related to the investigated topics. Finally, the third screening
stage involved more specific eligibility criteria to be investigated through
full-text reading:

— vfor query 1, only studies in which olive oil by-product and waste

treatment technologies and their valorisation were investigated.

— for query 2, only studies in which the assessment of eco-efhiciency

in the olive oil production sector was proposed, and whether en-
vironmental sustainability and circular economy strategies were
presented, if any.

Following the sample design phase, n=235 final articles for the first
query and n=55 final articles for the second query were identified. Finally,
bibliometric data were collected and analysed on Excel workbooks and
VOSviewer. In particular, bibliometric analysis is useful for deciphering
and mapping the cumulative scientific knowledge and well-established
fields by making sense of large volumes of unstructured data in rigorous
ways. The aim of the bibliometric analysis is thus to summarise these large
quantities of bibliometric data to present the state of the intellectual struc-
ture and emerging trends of a research topic (Donthu et al., 2021, 1-12).
In this paper for both queries, the bibliometric analysis has been carried
out focusing on the annual evolution of publications, the journals in which
the selected articles are published, the most cited authors, and the geo-
graphical areas of the authors’ respective afhliations. In addition, the main
subject’s areas of the journals, as well as the author’s keywords were evalu-
ated through a network analysis. The network metrics of bibliometric anal-
ysis allow highlighting the interaction and links between research
constituents (e.g., author’s keywords, subject areas, affiliations, countries,
etc), which may not necessarily be reflected through publications or cita-
tions only (Donthu et al., 2021, 1-12). The network analysis has been per-
formed using the VOSviewer software, a freely available computer program
that was developed for constructing and viewing bibliometric maps. The
functionality of VOSviewer is especially useful for a graphical representation
of large bibliometric maps in an easy-to-interpret way (Van Eck & Walt-
man, 2010, 1-16).

3 Results and Discussion
In this section results and discussion related to the bibliometric analysis of
the samples obtained from query 1 and query 2 are reported focusing on

years of publication, citations, journals of publication, subject areas, geo-
graphical area, and keywords.
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3.1 Years of Publication

As shown in Figure 2 which reports the years of publication of the
samples, it can be observed that only after the year 2003 there been an in-
creasing interest by the scientific community in analysing the treatment
technologies of waste and by-products of olive oil production to achieve
their convenient valorisation. Certainly, European environmental policies,
that have found fulfillment in the European Green Deal (European Parlia-
ment- actuality section, 2020), have greatly influenced the interest of the
scientific community in this regard. At the same time, the studies con-
ducted on the eco-efliciency of these treatment technologies, even if slowly
and only recently, are also registering an increasing interest in the scientific
community.
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Figure 2 — Publication years of the articles contained in the samples of query 1 and
query 2

3.2 Citations of articles

The results of the most cited articles in the two respective samples under
analysis are shown in Figures 3 and 4. For simplicity, given the large number
of articles in the samples, the analysis is focused on articles having a citation
index greater than 100 in query 1, and on articles having a citation index
greater than 50 in query 2.
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Figure 3 — Number of citations of articles having a citation index
greater than 100 in query 1
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Figure 4 — Number of citations of articles having a citation index
greater than 50 in query 2
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The most cited article in the research query on olive oil by-product
treatment technologies is that of Paraskeva and Diamadopoulos (2006).
The authors proposed a comprehensive review expressing the advantages,
disadvantages, and abatement yields (of biochemical oxygen demand
(BOD), chemical oxygen demand (COD), and suspended solids) of olive
oil mill wastewater treatment technologies distinguish them by chemical-
physical treatments and a combination thereof (biological treatments, ox-
idation and advanced oxidation processes (AOPs), combined processes,
composting). The second most cited one belongs to Azbar et al. (2004),
who proposed a review to identify the best management systems for solid
wastes, consisting of olive pulp, and pits left over after pressing the fruits,
as well as for liquid wastes, consisting of vegetable and additional water,
produced by the traditional system, two-stage extraction system, and three-
stage extraction system. In particular, the authors focused the analysis on
waste valorisation through energy recovery from olive stones, treatment of
wastewater to be used for fertigation, and sludge composting or animal
fodder manufacturing. Both articles turned out to be excellent reference
points for a comprehensive overview of olive oil production, its production
of waste and by-products, and suitable and known technologies for their
treatment from a chemical-physical-biological point of view and respective
valorisation or recovery (energy or biomass). On the other hand, the study
proposed by Fiorentino et al. (2003) is the most cited article in query 2.
‘The objective of the study was to determine the toxicity of the whole olive
oil mill wastewater (OMW) matrix and its different fractions obtained by
microfiltration (MF), ultrafiltration, nanofiltration, and reverse osmosis to
test the toxicity on aquatic organisms from different trophic levels. The sec-
ond most cited article in query 2 (Berbel & Posadillo, 2018: 1-9) is a further
review of the valorisation of olive by-products (olive pomace, leaves, stone,
and olive tree pruning biomass ) within the context of bioeconomy' strat-
egy, trying to give more weight to the higher levels of the bioeconomy pyra-
mid, e.g., the use of these by-products for animal feed that can be improved
by reducing the content of saturated fatty acids (SFA) and increasing the
amount of polyunsaturated fatty acids considered beneficial in response to
their use. The authors also pointed out that this strategy makes the food
healthier for humans and simultaneously reduces the feeding costs and en-
vironmental impact of livestock.

The results here permit to highlight how the scientific community

! The bioeconomy, often referred to as ‘biobased economy’, encompasses the production
of biobased resources and their conversion into food, feed, bioenergy and biobased mate-
rials. A biobased value chain includes the primary production of biobased resources, their
conversion to higher-value goods via processing and commercialisation on the
market.(Lewandowski, 2018, 1-358).
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has given greater resonance to exhaustive studies and reviews containing
important insights for further research about olive oil by-products/waste
management and valorisation from an environmental sustainability per-
spective.

3.3 Journals of publication and subject area

The analysis of journals showed that 7% of the sample in query 1
is published in Bioresource Technology, 6% in Waste Management, and
5% in the Journal of Environmental Management, as can be seen in Figure
5. The major journals that have emerged are well known for their attention
to the discussion of information on solid waste generation, characterization,
minimization, collection, separation, treatment, and disposal, as well as
manuscripts that address waste management policy, education, and eco-
nomic and environmental assessments.
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Figure 5 — Waterfall graph representation of the main journals found in query 1
(all journals having only one publication are included in “other”)

1040



Wastes and by-products of the olive oil supply chain...

For the sample obtained from query 2, 8% was published by the
Journal of Cleaner Production, and 5% by Science of the Total Environ-
ment and Sustainability (Switzerland) (figure 6). It is immediately observed
that the main journals in Figure 5 are associated with journals whose goals
are environmental protection, resource recovery from waste, and clean pro-
duction.
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Figure 6 — Waterfall chart representation of the main journals found in query 2
(all journals having only one publication are included in “other”)

The analysis of the subject’s areas of the most cited journals in query
1 is reported in Figure 7. The main subject areas are Physical Sciences, En-
vironmental Science, and Chemical Engineering, in line with the research
topic, which is focused on treatment technologies and management systems
for waste and by-product valorisation. However, very interesting is the yel-
low cluster showing the correlation between Environmental Sciences, Social
Sciences, Economics, Econometrics, and Finance, confirming that sustain-
ability is touched on all three dimensions, although the environmental one
is more frequent. The green cluster highlights the correlation between
Chemistry, Life Sciences, Agricultural and Biological Sciences and Bio-
chemistry confirming the fact that many valorisation systems are related to
reuse in agriculture and chemical characterization of biomass, as well as to
studies of toxicology and reuse of valuable substances (e.g., antioxidants to
be used in drugs formulation). Also interesting are the correlations of Phys-
ical Sciences and Environmental Sciences with Medicine, Energy, and
Health Sciences, which are included in the blue cluster, and are mainly re-
lated to the goals of valorisation (energy and therapeutic).

1041



E. Recupero, G. Saija, G. Mondello

-

il eeng

ey

Sl GOmERilal stente

ph;s(bences —

Figure 7 — Network analysis of the subject’s areas related to query 1
(elaboration through VOSviewer software)

Similarly, the correlation between the subject’s areas of the main
journals in query 2 is observed, which again sees the subject’s areas of Phys-
ical Sciences and Environmental Sciences as the main ones but Social Sci-
ences and Life Sciences are also bordered by these, confirming that in this
second research the topics are not only focused on environmental sustain-
ability, but also the on social sustainability (figure 8). Economic, Econo-
metrics Finance fall in the same cluster as Environmental Sciences and
Social Sciences but are less frequent in the sample.
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Figure 8 — A network analysis of the subject’s areas of the first search
(related to query 2 (elaboration through VOSviewer software)

Similarly, we observe that Physical Sciences is included in the clus-
ter of Engineering and Energy confirming the fact that the main trim of
mill waste treatment technologies is mainly associated with energy return
and the system of engineering strategies and technologies useful for energy
enhancement, as suggested by the label of “Engineering” side by side with
“Energy”. The red cluster with Life Sciences as the main subject areas also
includes Health Sciences, Agricultural and Biological Sciences, and Bio-
chemistry, Genetics, and Molecular Biology confirming that the main top-
ics related to sustainability and efficiency include health and biochemical
and biological research to improve human health.

3.4 Geographical areas

The analysis of the countries related to the authors afhliation (fig-
ure 9) shows that trends related to geographical area are in line with the
world’s leading producers of olive oil, represented by Mediterranean coun-
tries. Indeed, for query 1 the results point out that Spain is the most rep-
resentative country (21% of the total sample of articles), followed by Italy
with 16%, and Greece with 12%.
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Figure 9 — Distribution of geographical areas related to authors’ affiliations
for query 1 (all geographic areas with a frequency of 1 are included in “other”)

On the other hand, for query 2, results highlight that Italy is the most re-
curring country (30%), followed by Spain (17%), and Portugal (7%) (fig-
ure 10). This also provides an overview of which countries may be mainly
focused on the concept of eco-efficiency in the context of the olive oil sec-
tor, also investigating the most suitable technologies and tools to increase
their sustainability and to achieve the circular economy principles. In this
context, Italy is keeping up very well on the circular economy front as well

as on the waste management criteria in the olive sector (European Com-
mission, 2022).
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Figure 10 — Distribution of geographical areas related to authors’ affiliations
for query 2 (all geographic areas with a frequency of 1 are included in “other”)
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3.5 Author keywords analysis

The results related to the authors” keywords, obtained through a
network analysis, allowed the identification of the main areas of investiga-
tion related to the research’s object as well as the selection of the main paths
on these issues, by the scientific community. Regarding query 1, as reported
in Figure 11, it can be observed that the most adopted keywords are repre-
sented by “olive oil mill waste”, “olive mill wastewaters”, “physical-chemical
treatment’, “value-added compound”, and “anaerobic digestion”.
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Figure 11 — Visual network mapping representation of VOSviewer related
to the authors’ keywords for query 1

Olive mill wastes and their treatment technologies are the main
topic of the investigated articles; in particular, the main focus of the studies
is on OMW and its treatment system. This is because the OMW is ob-
tained in larger quantities by the olive oil production chain (Berbel &
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Posadillo, 2018, 1-9) and there are many studies focused on studying the
environmental impacts associated with its improper disposal (Koutsos et
al., 2018: 942-953). The main treatment technologies for mill by-products
and wastes are anaerobic digestion (Donner et al., 2022), chemical-physical
treatments (including sedimentation, flocculation/agglomeration, centrifu-
gation, electrocoagulation, and electrochemical treatments), advanced ox-
idation processes, adsorption, membrane filtration, and composting. While
from a point of view, the main by-product valorisation routes are observed:
recovery of high value-added compounds, recovery of polyphenolic sub-
stances to be used in the production of cosmetics or the pharmaceutical in-
dustry, production of activated carbon and energy recovery, compost,
fertilizers, soil conditioners, fertigation or also in the building construction
industry as substances to improve the quality and strength of materials.
Table 1 highlights some examples of the most commonly encountered val-
orisation technologies in the analysis of query 1, with their respective ref-
erences.

(Caputo et al.,
2003)

digestion”;
“Disposal of by-products in the olive
oil  industry:  waste-to-energy
solutions”

Reference Article title Valorisation systems
(Azbar et al., “Enhancement of biogas production | Energy recovery through
2008) from olive mill effluent (OME) by co- | biogas production from

anaerobic treatments of
crusher waste, especially

OMW

(Alburquerque et
al., 2006)
(Galliou et al.,
2018)

“Composting of a solid olive-mill by-
product (“alperujo”) and the potential
of the resulting compost for
cultivating pepper under commercial
conditions”.

“Production of organic fertilizer from
olive mill wastewater by combining

Processing of olive mill
waste into fertilizer, soil
conditioner compost, and
other agricultural uses

2021)
- (Nunes et al.,
2022):

Wastewater as a Source of Polyphenols
for the Treatment of Skin Disorders:
A Review”

“Potential therapeutic of olive oil
industry by-products in skin health: a
review

solar  greenhouse  drying and
composting”
(Carrara et al., “Potential of Olive Oil Mill [Recovery of phenols

polyphenols and other
useful compounds in the
cosmetics industry

1046




Wastes and by-products of the olive oil supply chain...

(Sicari et al.,
2023)

“Comparison of Physicochemical
Characteristics and Bioactivity of
Olive Oil Mill Wastewaters from
Traditional and Water-Saving ARA-

Recovery  of  phenols
polyphenols and other
compounds useful for
their therapeutic action in

(Sar et al., 2020)

as a Source of Polyphenolic
Compounds to Use as Food
Additives”

“New Insights on Protein Recovery
from Olive Oil Mill Wastewater
through Bioconversion with Edible
Filamentous Fungi”

Controlled Three-Phase Decanter” | the pharmaceutical
industry
(Barbera, 2020) | “Reuse of Food Waste and Wastewater | Recovery  of  phenols

polyphenols and other
useful compounds to add
them as additives in foods
to improve their quality

(Khwaldia et al., | “Olive byproducts and their bioactive | Recovery ~ of  useful
2022) compounds as a valuable source for | compounds  for  the
food packaging applications” production of bioplastics
used in food packaging
(Ferndndez- “Application of biomass gasification | Use of solid and liquid
Pereira et al., fly ash for brick manufacturing” waste to implement the
2011) “Valorization of olive mill wastewater | quality and strength of
(Mekki et al., by its incorporation in building | construction materials
2008) bricks”

Table 1 — Summary of the main technologies applied for the valorisation
of by-products and mill waste resulting from the investigated articles in query 1

Also very interesting is the presence of the keywords “value-added
compounds” and “value-added materials” which express the weight that
many articles gave to the valorisation of by-products through the extraction
and reuse of useful compounds, such as phenols and polyphenols mainly,
but also many nutritional contents, that are present in the waste. In addi-
tion, focusing the attention on the cluster of keywords that are associated
with the concept of circular economy and environmental sustainability, the
results show that keywords such as “circular economy”, “ecotoxicity”, “en-
vironmental feasibility”, and “sustainable development” have emerged and
are carriers of strong interest from the scientific community on these con-
cepts and related issues or opportunities. This is an excellent indication of
the ecological thrust toward which research is moving for olive mill waste
treatment technologies and olive oil production systems. In particular, it is
observed that “circular economy” is mainly associated with the cluster of
keywords on the recovery of phenolic and polyphenolic compounds (e.g.,
Bonetti et al., 2016: 73-86; Camacho et al., 2021: 1-17; Cifuentes-Cabezas
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etal, 2022:1-15) and to the thermal treatment of solid crusher by-products
(i.e., leaves, pruning waste, and fruit stones) that have a high thermal ca-
pacity for energy recovery (Rincén et al., 2009: 2566-2573), for the pro-
ducmonofacUVMfdcaﬂxnlkauI)ﬂoetal 2021: 1-19), but also rich in
organic matter exploitable as fertilizer (Parati et al., 2011: 160-163; Zorpas
& Costa, 2010;7984-7987). “Ecotoxicity”, on the other hand, belongs to
the cluster of waste reuse processes in agriculture and thus in association
with soil. On the contrary, not much consideration is given to ecotoxicity
associated with emissions (Blanco et al., 2022: 1-25; Nasini et al., 2016:
70-76) into the atmosphere or aquatic environment (Fiorentino et al.,
2003: 1005-1009). While “sustainable development” is included in the
clusters associated with by-product valorisation and models used for waste
management; therefore, it is treated little from the point of view of tech-
nologies that are more sustainable but is mainly observed from the theo-
retical (modeling) and by-product valorisation point of view.

Figure 12 reports the results related to the network analysis of au-
thors’ keywords for query 2, by which the eco-efficiency of treatment tech-
nologies for by-products and mill production waste, from the olive oil
sector is investigated.
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Figure 12 — Visual network mapping representation of VOSviewer related
to the authors’ keywords for query 2

Through the visual network map, it emerges that the most occurred
keywords are represented by “environmental sustainability”, “olive oil by-
product valorisation”, “olive mill wastewater”, “circular economy” and “life
cycle assessment”. Compared to these, less highlighted but still quite fre-
quent is the term “eco-efficiency”; this points out that the authors rarely
use the term eco-efficiency to describe the set of studies conducted on re-
source management in the treatment of olive mill by-products/waste. The
focus tends to shift more toward the valorisation processes, circular econ-
omy, and the Life Cycle Assessment (LCA). Specifically, the LCA method
has been widely adopted by authors to assess the potential environmental
impacts associated with all the life cycle stages of olive oil, from raw mate-
rials extraction, moving toward agronomic operations, extraction of oil stor-
age, bottling and packaging, distribution, and end-of-life (e.g.,
Ferndndez-Lobato et al., 2022: 1-17; Ozturk et al., 2023: 1-9; Ruiz-Car-
rasco et al., 2023: 1-23). All this fits into the categories of main keywords
highlighted above. Thus, in the range of articles selected during the research,
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many aspects of environmental sustainability and circular economy were
touched by the authors, and the LCA method has emerged as a tool for
evaluating eco-efliciency. In fact, the keywords analysis highlighted that the
two terms are linked. Also, very often eco-efficiency has been associated,
as shown in the study conducted, with the levels of pollutants emitted into
the environment (Secchi et al., 2016: 269-281), so surely it is treated in an
aspect exclusively related to the environmental externalities caused by these
wastes that only partially belongs to the concept of eco-efficiency. From the
point of view of by-product valorisation, it is interesting to note the rela-
tionship between “olive oil by-product valorisation” and “circular economy”
and “bioactive compounds”, so the strength of the circular economy aspects
expressed in these articles lies in the valorisation of by-products to obtain
new products with added value, especially in the area of useful bioactive
substances present in the waste. But, the valorisation of by-products also
touches in an important way on renewable energy, which is related to the
thermochemical processes of treatment of olive pomace and solid olive mill
and agrifood waste, that are used as fuel biomass, and the production of
energy to be used in the same production system (e.g., Ferndndez-Lobato,
Aguado, et al., 2022: 1-17; Garcia-Maraver et al., 2012: 745-751; Pattara
etal., 2010: 1484-1489). The term “life cycle assessment” is certainly cen-
tral to the research sample. Indeed, several links emerge between “life cycle
assessment” and olive oil, environmental sustainability, energy, carbon foot-
print (Rinaldi et al, 2014), renewable energy use (Parascanu et al., 2018:
586-601), waste valorisation (Blanco et al., 2022: 1-25), circular economy;,
and eco-efficiency. This confirms that eco-efficiency has not been a topic
dealt with as a viable means to affirm the total ecological transition of olive
oil production, but it is considered as part of the already well-established
model of circular economy and LCA method. At least, from the analysis
of the keywords networks the LCA method emerged as the main tool used
to evaluate the environmental performances related to the olive oil supply
chain, the treatment technologies for the by-products and wastes valorisa-
tion, as well as potential circular economy strategies.

4 Conclusions

This study aimed to highlight, through a bibliometric analysis, a
preliminary state of the art concerning by-product and waste treatment
technologies focusing on their valorisation processes and identify how their
eco-efliciency has been investigated, also considering the concept of envi-
ronmental sustainability and circular economy. Therefore, starting from
two main research questions, the study of this paper focused on two
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searches conducted simultaneously on Scopus and WoS databases, and for
each search, subjected to the same selection process, the trend of publica-
tions during the years, the types of associated journals, which were the most
cited articles, and the main geographical areas were investigated. Finally,
the subject’s area and author keywords were also investigated, which overall
allowed the identification of the main study topics that emerged among
the investigated articles. The results highlighted that the main waste anal-
ysed was olive mill wastewater, while the main technologies for treatment
and valorisation were anaerobic digestion, initiated mainly with yeasts for
the production of biogas, and thus for energy recovery; AOPs that allow
high yields of reduction of liquid waste toxicity; nano- and ultra-membrane
filtration that allow to obtain biomass from wastewater, which in turn can
be recovered; and adsorption with activated carbon or other adsorbents of
organic origin for recovery of phenolic matter. Thus, all levels of the bioe-
conomy pyramid were touched upon with greater weight, however, for the
lower levels of material and energy recovery. It was interesting to find at
this early stage of the study, the presence of themes related to circular econ-
omy, environmental sustainability, and toxicity, expressing reasonable at-
tention to these environmental aspects and related concepts. Furthermore,
the main results pointed out that the themes of circular economy, LCA,
and by-product valorisation were very present in the sample analysed, and
in association with these minimally touched on eco-efhiciency. 'The latter
did not emerge as an indicator to accompany the circular economy to direct
concrete measures to the ecological transition of this production sector.
Therefore, despite eco-efficiency being an important concept, already ini-
tiated in studies of agribusiness production for the implementation of the
ecological transition, in the olive oil sector and the treatment of its by-prod-
ucts and wastes, it is not particularly well established as such. Only the LCA
method has emerged as a tool for evaluating eco-efliciency.

The proposed bibliometric analysis provided a preliminary
overview of the main trends and topics related to the subject of study
(namely the analysis of the state-of-the-art waste and by-product treatment
technologies in the olive oil production processes, by focusing on their val-
orisation strategies and how eco-efliciency has been explored in this area
from a circular economy and environmental sustainability perspective), fur-
ther future research should be oriented on carrying out a detailed analysis
of the content of the articles, applying, for example, a systematic or content
analysis.
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