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1. INTRODUCTION AND OBJECTIVES

The Mediterranean region is strongly associated with olive oil production, with Spain, Italy, and
Greece among the leading producers worldwide. Since only 15-20% of the olive fruit is converted
into oil, substantial quantities of olive pomace are generated as a major by-product of the olive oil
industry (Donner et al., 2022; Galanakis, 2017). Olive pomace consists mainly of skins, pulp,
seeds, and stems, and is characterized by high organic load and elevated concentrations of phenolic
compounds. Improper disposal of this material may result in soil and water contamination,
unpleasant odors, and greenhouse gas emissions. However, olive pomace is also recognized as a
valuable secondary raw material rich in bioactive compounds, dietary fibers, residual oils, and
phenolics with potential applications in the food, pharmaceutical, cosmetic, and bioenergy sectors

(Dermeche et al., 2013; Socas-Rodriguez et al., 2021)

Although conventional valorization approaches such as composting, animal feed, and energy
production are already applied, the sustainable utilization of olive pomace remains limited due to
technical, environmental, and economic challenges. The high moisture content, acidic pH,
lignocellulosic structure, and elevated phenolic concentrations of olive pomace reduce its
biodegradability and restrict its direct agricultural application. Furthermore, uncontrolled disposal
practices continue to represent a major environmental issue in olive oil-producing regions.
Consequently, there is increasing interest in innovative and sustainable technologies capable of
converting olive pomace into valuable products while minimizing environmental impacts (Cepo

et al., 2018; Fotiadou et al., 2024; Parascanu et al., 2018).

In recent years, green extraction technologies such as ultrasound-assisted extraction (USAE),
microwave-assisted extraction (MWAE), enzymatic extraction, and supercritical fluid extraction
have emerged as promising alternatives to conventional extraction methods. These technologies
offer several advantages, including improved extraction efficiency, shorter processing times,
reduced solvent consumption, and lower environmental burden (Chanioti & Tzia, 2018; Zin &
Banvolgyi, 2021). In addition, biological treatment methods, particularly composting assisted by
Effective Microorganisms (EM), have shown potential for improving the stabilization and

biodegradation of olive pomace residues.



Therefore, the main objective of this research was to develop sustainable valorization strategies
for olive pomace through the integration of advanced extraction technologies, EM-assisted
composting, and environmental impact assessment within a circular economy framework. The
study aimed to compare conventional extraction, MWAE, and USAE in terms of polyphenol
recovery, antioxidant activity, and environmental performance using a carbon-footprint-based Life
Cycle Assessment (LCA) approach. Additionally, the residual olive pomace after extraction was
evaluated to determine the presence of remaining phenolic compounds, while the effectiveness of

EM-assisted composting for stabilization of post-extraction residues was investigated.

The research was based on the hypothesis that advanced extraction technologies, particularly
USAE and MWAE, would achieve higher polyphenol recovery and antioxidant activity than
conventional extraction while simultaneously reducing environmental impacts. Furthermore, it
was hypothesized that the application of Effective Microorganisms during composting could
accelerate biodegradation and improve the physicochemical properties of olive pomace residues.
The integration of extraction and composting processes was expected to contribute to more
sustainable olive pomace management and support circular economy principles within the olive

oil industry.



2. MATERIALS AND METHODS

This research is structured into three distinct approaches. The first approach (Figure 1) investigates
polyphenol extraction from olive pomace using novel techniques, including microwave-assisted
(MW) and ultrasound-assisted (US) methods, in comparison with conventional extraction. The
main objective is to determine the optimal extraction method and conditions for maximizing

polyphenol yield, as well as to quantify residual polyphenols remaining after extraction.
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Figure 1. Experimental approach 1: Sequential extraction and post-extraction evaluation of
polyphenols from olive pomace.

The second approach (Figure 2) examines the composting of wet olive pomace through the
application of effective microorganisms. Considering the well-documented environmental and
socio-economic impacts of olive oil production, producing compost for use as fertilizer in olive

groves offers a sustainable and cost-effective strategy.
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Figure 2. Experimental approach II: Assessment of composting suitability and microbial
treatment of two-phase olive pomace.

The third approach (Figure 3) focuses on evaluating the environmental impact of the polyphenol
extraction methods (USAE, MWAE, and CE) and comparing their carbon footprints. Taken
together, these experiments are designed to determine the extraction technique that maximizes

polyphenol recovery while minimizing associated environmental impacts.
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Figure 3. Experimental approach I1I: Comparative life cycle assessment (LCA) of conventional,
ultrasound-assisted, and microwave-assisted polyphenol extraction methods using openLCA
software.

2.1. Equipment and sample preparation

The experimental work was conducted using laboratory and processing equipment to ensure
precise and reproducible results. Conventional extraction was performed using a jacketed
extraction vessel connected to a circulating water bath and equipped with an overhead stirrer
operating at 220 rpm. Microwave-assisted extraction (MWAE) was carried out using a microwave
oven with a power range of 100—-800 W, while ultrasound-assisted extraction (USAE) was
performed using a Power Ultrasound System operating at 20 kHz and 400 W, equipped with three
probes of different ultrasonic intensities. The influence of probe size and ultrasonic intensity on
extraction efficiency was evaluated. Identification and quantification of phenolic compounds were
performed using LC-MS/MS equipped with an electrospray ionization source. For composting
experiments, olive pomace was composted in plastic containers and treated with Effective

Microorganisms (EM).



Olive pomace samples were obtained from olive oil mills in Montenegro using a two-phase
centrifugation system. Samples originated from the Zutica and Frantoio olive varieties and were
stored at —18 °C prior to analysis. Before extraction, the pomace was dried at 40 °C and 60 °C to
evaluate the influence of drying temperature on polyphenol stability. Moisture content was reduced

below 5%, after which samples were homogenized using a knife mill.

For composting experiments, three treatment conditions were applied: aerobic composting with
EM solution, anaerobic composting with EM solution, and anaerobic composting with EM
solution supplemented with Bokashi bran to enhance microbial activity and decomposition

efficiency.

2.2. Experimental Designs for extractions
Before the main extraction experiments, water, ethanol, and isopropanol were evaluated as
solvents for polyphenol recovery from olive pomace using conventional extraction. The influence
of drying temperature (40 °C and 60 °C) on total polyphenol content (TPC) was also investigated.
Based on preliminary results, the most effective solvents were selected and further optimized using
a central composite design (CCD), considering solvent concentration, extraction temperature, and

solid-to-solvent ratio (Alu’datt et al., 2010; Goldsmith et al., 2018; Maldonado Espinel, 2022)

Conventional extraction (CE), ultrasound-assisted extraction (USAE), and microwave-assisted
extraction (MWAE) were subsequently optimized using CCD experimental designs. For CE, the
effects of temperature, extraction time, and solid-to-solvent ratio were evaluated. USAE
optimization included extraction time, solid-to-solvent ratio, and ultrasound probe size, while
MWAE experiments investigated the influence of microwave power, extraction time, and solid-to-
solvent ratio. Total polyphenol content (TPC) and antioxidant activity (AA) were used as the main
response variables in all extraction methods. After extraction, samples were filtered, centrifuged,

and stored at —18 °C prior to analysis.

The second experimental phase focused on EM-assisted composting of two-phase olive pomace.
Raw olive pomace was initially characterized by physicochemical parameters including moisture
content, pH, electrical conductivity, total organic carbon, total nitrogen, and mineral composition.

Composting experiments were conducted for four months under controlled laboratory conditions



to evaluate the influence of Effective Microorganisms (EM) on olive pomace stabilization and
biodegradation. Four treatments were investigated: aerobic composting with EM, anaerobic
composting with EM, anaerobic composting with EM and Bokashi bran, and untreated olive
pomace as the control. The physicochemical properties of the composted material were analyzed
after the composting period to assess compost maturity and the effectiveness of EM-assisted

treatment for sustainable olive pomace management.

Total polyphenol content (TPC) of olive pomace extracts was determined using the Folin—
Ciocalteu colorimetric method following previously reported procedures (Alu’datt et al., 2010;
Genwali et al., 2013). Antioxidant activity (AA) was evaluated using the Ferric Reducing

Antioxidant Power (FRAP) assay, with results expressed as ascorbic acid equivalents.

Identification and quantification of individual phenolic compounds were performed using LC—
MS/MS analysis with electrospray ionization in multiple reaction monitoring (MRM) mode,
enabling sensitive detection of phenolic compounds in olive pomace extracts (Petrovi¢ et al.,
2025). Additionally, physicochemical parameters of olive pomace compost, including moisture
content, pH, electrical conductivity, total organic carbon, total nitrogen, lipids, cellulose, and

mineral composition, were analyzed using standardized analytical methods.

2.3. Environmental Impact Methodology
Life Cycle Assessment (LCA) was applied to evaluate the environmental performance of
conventional extraction (CE), ultrasound-assisted extraction (USAE), and microwave-assisted
extraction (MWAE), with particular focus on carbon footprint (CF) expressed as kg COz-eq. The
assessment followed ISO 14040 and ISO 14044 standards and included raw material handling,
solvent production, energy consumption, and post-extraction residue management. The functional

unit was defined as 1 kg of wet olive pomace processed.

The life cycle inventory was based on experimentally obtained laboratory-scale data, including
solvent consumption, extraction time, energy demand, transport, and polyphenol yield.
Environmental impacts of the extraction methods were compared using IDEMAT database data in

order to identify the most sustainable extraction technology with the lowest environmental burden.
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3. RESULTS AND DISCUSSIONS

3.1. Evaluation of Pure Solvents for Polyphenol Extraction and the Influence of Olive

Pomace Drying Temperature

The solvent screening experiment demonstrated that extraction efficiency strongly depended on
solvent polarity. Water achieved the highest total polyphenol content (TPC), followed by ethanol,
while isopropanol showed the lowest extraction efficiency. Based on these results, water and
ethanol were selected for further optimization due to their complementary ability to extract both
hydrophilic and moderately polar phenolic compounds. Lower drying temperature (40 °C)
significantly improved TPC values compared to 60 °C, indicating reduced thermal degradation of

phenolic compounds during sample preparation (Bohmer-Maas et al., 2020; Katsinas et al., 2021).

Optimization experiments using response surface methodology showed that TPC and antioxidant
activity (AA) were significantly influenced by extraction temperature and solid-to-solvent ratio,
while solvent concentration had a less pronounced effect. The highest TPC and AA values were
obtained using hydroethanolic mixtures under moderate ethanol concentration, elevated
temperature, and high solid loading. Statistical analysis confirmed that the developed quadratic
models adequately described the extraction process and enabled prediction of optimal extraction

conditions.

The optimized extraction parameters for simultaneous maximization of TPC and AA were
identified at approximately 52.7% ethanol, elevated extraction temperature, and high solid-to-
solvent ratio. These findings are consistent with previous studies reporting improved polyphenol
recovery using hydroethanolic solvents and elevated temperatures for olive pomace extraction
(Alu’datt et al., 2010; Antonia Nunes et al., 2018; Lafka et al., 2011). Based on these results, the

optimized ethanol-water mixture was selected for all subsequent extraction experiments.
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3.2.Conventional Extraction

The conventional extraction experiments demonstrated that extraction conditions strongly
influenced both total polyphenol content (TPC) and antioxidant activity (AA). TPC values ranged
from 0.34 to 8.56 mg GA/gdw, while AA varied between 1.42 and 22.57 mg AS/gdw. A strong
positive correlation between TPC and AA (r = 0.73) confirmed the important contribution of
phenolic compounds to antioxidant capacity, consistent with previous findings for olive-derived

matrices (Giilgin, 2012).

Response surface analysis showed that the solid-to-solvent ratio was the most influential factor
affecting extraction efficiency, while temperature and extraction time had less pronounced effects.
Lower solid-to-solvent ratios generally resulted in higher TPC and AA values due to improved
mass transfer and extraction efficiency. Statistical analysis confirmed that the developed quadratic
models adequately described the extraction behavior and could successfully predict optimal

extraction conditions.

The observed trends were consistent with previous studies reporting the strong influence of solid
loading on phenolic recovery from olive pomace (Béhmer-Maas et al., 2020) (Katsinas, Bento Da
Silva, et al., 2021). Numerical optimization identified the optimal conventional extraction
conditions at elevated temperature, shorter extraction time, and low solid-to-solvent ratio, resulting

in the highest predicted TPC and antioxidant activity values.

3.3. Ultrasound extraction

The ultrasound-assisted extraction (USAE) experiments confirmed that this technique is effective
for recovering phenolic compounds from olive pomace, with total polyphenol content (TPC)
ranging from 3.87 to 19.50 mg GA/gdw and antioxidant activity (AA) between 3.31 and 11.15 mg
AS/gdw. A strong positive correlation between TPC and AA (r = 0.85) indicated that phenolic
compounds significantly contributed to the antioxidant potential of the extracts, consistent with

previous studies on olive by-products (Cabrera et al., 2024; Gortzi et al., 2008; Giil¢in, 2012).
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Statistical analysis showed that the solid-to-solvent ratio and ultrasound probe size were the most
influential factors affecting extraction efficiency, while extraction time had a less pronounced
effect. Lower solid-to-solvent ratios generally resulted in higher TPC and AA values due to
improved mass transfer. The response surface models demonstrated good predictive capability and

confirmed the suitability of USAE for polyphenol recovery from olive pomace.

Optimization results identified low solid-to-solvent ratio and moderate extraction time as the most
favorable conditions for maximizing both TPC and AA. Although the medium probe achieved the
highest individual TPC value, the large probe demonstrated more stable and reproducible
extraction performance across the experimental domain. The improved efficiency of the large
probe was attributed to more uniform ultrasonic energy distribution and stable cavitation,
minimizing localized overheating and degradation effects. Similar observations regarding the
importance of ultrasonic intensity and cavitation behavior have been reported in previous studies

(Dujmic¢ et al., 2020; Natolino & Celotti, 2022; Sancho-Galén et al., 2019).

3.4. Microwave extraction

Microwave-assisted extraction (MWAE) demonstrated effective recovery of phenolic compounds
from olive pomace, with total polyphenol content (TPC) ranging from 6.86 to 15.30 mg GA/gdw
and antioxidant activity (AA) between 5.54 and 10.00 mg AS/gdw (Mardoki¢ et al., 2023). A
strong positive correlation between TPC and AA (r = 0.812) confirmed that higher phenolic
content contributed to increased antioxidant activity. The obtained results were comparable to
previously reported values for microwave-assisted extraction of olive by-products (Chanioti et al.,

2021).

Statistical analysis revealed that microwave power and solid-to-liquid ratio were the most
significant factors influencing both TPC and AA, whereas extraction time had a limited effect.
Higher microwave power enhanced extraction efficiency due to intensified heating and improved
mass transfer, while lower solid-to-liquid ratios promoted better solvent penetration and phenolic
recovery. Similar trends have been reported in previous studies on microwave-assisted extraction

of olive pomace (Macedo et al., 2021; Tapia-Quiros et al., 2020).
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Optimization results identified the most favorable extraction conditions at high microwave power,
longer extraction time, and low solid-to-liquid ratio, resulting in the highest predicted TPC and
AA values. However, prolonged microwave treatment may increase solvent evaporation and
energy consumption, highlighting the importance of balancing extraction efficiency with process

sustainability and operational feasibility.

3.5. Comparative evaluation of the Extraction Techniques of Polyphenols

The three extraction techniques investigated—conventional extraction (CE), ultrasound-assisted
extraction (USAE), and microwave-assisted extraction (MWAE)—showed clear differences in
extraction efficiency and sensitivity to operational parameters. Overall, MWAE achieved the
highest and most consistent total polyphenol content (TPC) and antioxidant activity (AA), while
USAE also provided high extraction efficiency under relatively mild conditions. Conventional
extraction showed the lowest and most variable performance due to its diffusion-controlled

mechanism and longer processing time.

The results confirmed that low solid-to-solvent ratios improved extraction efficiency across all
methods by enhancing mass transfer and solvent accessibility. In MWAE, microwave power was
the dominant factor affecting extraction performance, whereas in USAE, probe size and cavitation
intensity played key roles. Although MWAE achieved the highest extraction efficiencies, practical
limitations such as solvent evaporation at high power levels required optimization of operating

conditions.

Based on experimental results and numerical optimization, specific operating conditions were
selected for further comparative analyses. For MWAE, slightly lower microwave power was
chosen to reduce solvent evaporation while maintaining high extraction efficiency. For USAE, the
large probe and low solid-to-solvent ratio provided the most stable and reproducible extraction
performance. Overall, the intensified extraction techniques demonstrated clear advantages over

conventional extraction in terms of efficiency, processing time, and sustainability.
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3.6.Evaluation of results in extracts and post- extracts generated using optimized

parameters

LC-MS/MS analysis confirmed the reliability and selectivity of the analytical method, with no
detectable peaks observed in blank samples and excellent calibration linearity for all analyzed
phenolic compounds. Optimized extraction conditions were subsequently applied to two olive
pomace cultivars (Frantoio and Zutica), enabling comparison of extraction methods and evaluation

of residual phenolic content after post-extraction treatment.

The results showed that ultrasound-assisted extraction (USAE) generally produced the highest
total polyphenol content (TPC) and antioxidant activity (AA), particularly for the Zutica cultivar,
while microwave-assisted extraction (MWAE) and conventional extraction achieved moderate but
comparable performance. Statistical analysis confirmed that extraction method significantly
influenced TPC and AA, whereas cultivar effects were less pronounced. The superior performance
of USAE was mainly attributed to cavitation-induced matrix disruption, which enhanced solvent

penetration and mass transfer (Chemat et al., 2011; Kumar et al., 2021).

Post-extraction analysis demonstrated that only low residual levels of phenolic compounds
remained in the exhausted olive pomace, confirming the high efficiency of the optimized
extraction procedures. Residual antioxidant activity was minimal in most samples, indicating that
the majority of bioactive compounds had been removed during the primary extraction step. From
a waste management perspective, this reduction in phenolic content is particularly important
because it decreases phytotoxicity and improves the suitability of olive pomace for further
valorization pathways such as composting or bioenergy production (Paraskeva & Diamadopoulos,

2006; Roig et al., 2006a).

LC-MS/MS profiling identified a wide range of phenolic compounds belonging to flavonoids,
phenolic acids, phenylethanoids, and secoiridoids. Secoiridoids and phenylethanoids, particularly
secologanoside, hydroxytyrosol, oleacein, and verbascoside, represented the dominant phenolic
groups, consistent with previous reports for olive-derived residues (Servili et al., 2004; Cioffi et
al., 2010). Considerable differences between cultivars were observed for several individual

compounds, confirming cultivar-dependent variability in phenolic composition.
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Comparison of primary extracts and post-extraction residues showed a substantial reduction in
both phenolic concentration and diversity after extraction. Several compounds, including ferulic
acid, oleuropein, apigenin, and gallic acid, were detected only in primary extracts, whereas more

stable glycosylated flavonoids and selected secoiridoids remained detectable in residual material.

3.6.1. EM-Assisted Composting of Olive Pomace

The raw olive pomace exhibited characteristics typical of two-phase olive mill residues, including
high moisture and organic matter content, acidic pH, and notable concentrations of macro- and
micronutrients. Its high total organic carbon (TOC) and mineral content confirmed its suitability

for composting and further biological treatment (Aparicio & Harwood, 2013; Mekersi et al., 2022).

After four months of composting, all treatments showed substantial physicochemical changes,
although the extent of these changes depended on oxygen availability and EM application. The
most pronounced effects were observed in the EM-treated samples, particularly under anaerobic
and Bokashi conditions, where significant reductions in TOC indicated enhanced organic matter
degradation and microbial activity. Similar trends have been reported in previous composting

studies of olive mill residues (Iglesias Jim & Garcia, 1992; Khater, 2015).

Moisture content remained relatively high in all treatments, while EM-treated samples also
maintained acidic pH values due to fermentative microbial activity. Therefore, additional aeration
or curing would be required to achieve fully mature compost suitable for agricultural application.
Nevertheless, electrical conductivity values remained below phytotoxic thresholds, and heavy
metal concentrations were very low, indicating no significant environmental risk (Bernal et al.,

2009; Tiquia et al., 1997).

The composting process also influenced lipid degradation, cellulose transformation, and nutrient
dynamics. EM-treated samples showed lower residual fat content and more efficient
lignocellulosic degradation compared to the untreated control, suggesting improved microbial
decomposition. Macro- and micronutrients remained within expected ranges for olive-pomace-

based composts, supporting their potential agricultural value.
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The results demonstrated that EM-assisted composting, particularly under anaerobic conditions,
can enhance stabilization and degradation of olive pomace. However, further optimization,
including improved aeration, use of bulking agents, and extended curing phases, would be

necessary to obtain fully mature and stable compost.

3.7. Environmental impact of the extraction methods

The carbon footprint (CF) assessment revealed clear differences in environmental performance
among the investigated extraction methods. Microwave-assisted extraction (MWAE) exhibited the
lowest total CF (24.61 kg CO2-eq/FU), followed by ultrasound-assisted extraction (USAE) with
29.35 kg CO:2-eq/FU, while conventional extraction (CE) showed the highest impact (59.26 kg
CO:-eq/FU). Across all methods, electricity consumption represented the dominant contributor to
total emissions, particularly in conventional extraction due to prolonged heating requirements.
Ethanol use was the second most important contributor, whereas water use, transport, wastewater

treatment, and spent pomace had negligible impacts.

When normalized to polyphenol yield, MWAE and USAE demonstrated substantially lower
environmental burdens compared to conventional extraction. The CF per gram of recovered gallic
acid equivalents was 1.61 kg COz-eq for MWAE, 1.51 kg CO.-eq for USAE, and 6.92 kg CO2-eq
for CE, indicating that the higher extraction efficiency of intensified technologies compensates for
their energy demand. Similar trends have been reported in previous studies highlighting the
environmental advantages of green extraction technologies based on improved process efficiency

and reduced processing time.

The results identified electricity consumption and solvent use as the main environmental hotspots
in olive pomace extraction processes. Under the investigated laboratory-scale conditions, MWAE
showed the most favorable environmental performance, followed closely by USAE, while
conventional extraction exhibited the highest climate-change impact due to significantly higher
energy consumption. Although the assessment was limited to carbon footprint analysis, the
findings emphasize the importance of energy efficiency and solvent management in developing

sustainable olive pomace valorization strategies
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4. CONCLUSIONS & RECOMMENDATIONS

This research investigated the sustainable valorization of olive pomace through the integration of
advanced extraction technologies, biological treatment, and environmental assessment within a
circular economy framework. The results demonstrated that ultrasound-assisted extraction
(USAE) and microwave-assisted extraction (MW AE) significantly improved polyphenol recovery
and antioxidant activity compared to conventional extraction. Under optimized conditions, USAE
achieved the highest polyphenol yields, while MWAE provided rapid extraction with lower
processing time and favorable environmental performance. In contrast, conventional extraction

showed lower extraction efficiency and higher energy demand.

Carbon-footprint assessment revealed that electricity consumption was the main contributor to
environmental impacts across all extraction methods. MWAE exhibited the lowest overall carbon
footprint, followed by USAE, whereas conventional extraction showed the highest environmental
burden. When normalized to polyphenol yield, both assisted extraction techniques demonstrated
substantially lower impacts per unit of recovered bioactive compounds, highlighting the

importance of extraction efficiency in sustainable process evaluation.

The study also addressed the management of post-extraction olive pomace through EM-assisted
composting. Composting promoted biodegradation and stabilization of the material, although
additional curing or aeration would be necessary to obtain fully mature compost suitable for
agricultural application. The reduced phenolic content in post-extraction residues further supports
the suitability of exhausted olive pomace for downstream valorization pathways such as
composting or soil amendment. Statistical analysis confirmed that extraction performance was
mainly influenced by the applied extraction technique, while cultivar effects were less pronounced.
LC-MS/MS profiling revealed a diverse phenolic composition dominated by secoiridoids,
phenylethanoids, and flavonoids, confirming the high valorization potential of olive pomace.
Although the study was performed at laboratory scale and focused primarily on carbon footprint
analysis, the results provide important insight into sustainable olive pomace management. Future
research should focus on process scale-up, solvent and energy optimization, broader environmental
assessment, and the development of integrated biorefinery systems combining extraction,

composting, and energy recovery for improved resource utilization.
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5. NEW SCIENTIFIC FINDINGS

The present research generated several original scientific findings that advance the sustainable
valorization of olive pomace, particularly in the fields of green extraction technologies,

environmental sustainability, and residue management.

1. Comparative performance of extraction technologies
This study provides a direct, experimentally controlled comparison of conventional, ultrasound-
assisted (USAE), and microwave-assisted extraction (MWAE) methods for polyphenol recovery
from olive pomace under harmonized conditions. The results demonstrate that USAE achieves the
highest polyphenol yields under optimized conditions, while MW AE enables rapid extraction with
competitive efficiency. In contrast, conventional extraction showed lower recovery efficiency and
higher cumulative energy demand, indicating the technical advantages of assisted extraction

technologies for olive pomace valorization under the investigated conditions.

2. Influence of olive cultivar on phenolic composition and extraction performance
Statistical analysis showed that olive cultivar influenced the absolute polyphenol content and the
composition of individual phenolic compounds for the two cultivars investigated in this study.
Qualitative profiling confirmed the presence of a diverse range of phenolic compounds, including
hydroxytyrosol, tyrosol, secoiridoid derivatives, flavonoids, and phenolic acids, with variations in

their relative abundance between cultivars.

However, under the investigated conditions, no statistically significant interaction was observed
between cultivar and extraction method, indicating that the relative ranking of extraction methods
was primarily governed by process conditions rather than cultivar-specific responses. These results
suggest that, while raw material characteristics influence the absolute phenolic profile and
compound distribution, they do not substantially alter the comparative performance of extraction

technologies.

3. Role of ultrasonic intensity in extraction efficiency
The study advances understanding of ultrasound-assisted extraction by demonstrating that
extraction performance is influenced by effective ultrasonic intensity delivered to the sample,

rather than probe size alone. While probe size affects nominal power distribution, the actual
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extraction efficiency is governed by the resulting power density and cavitation conditions within
the medium. Uniform energy distribution and stable cavitation were associated with improved

polyphenol recovery, while minimizing localized overheating.

A discrepancy was observed between the experimentally measured maximum TPC and the model-
predicted optimum conditions, suggesting that local variations in cavitation intensity and
experimental variability may influence extraction outcomes beyond the predictive capability of the
model. These findings support the concept of a cavitation threshold, beyond which increasing
power input does not lead to proportional gains in extraction efficiency. These insights are relevant

for the optimization and scale-up of ultrasound-based extraction systems.

4. Link between extraction efficiency and environmental performance
By integrating a carbon-footprint-based assessment within an LCA framework with
experimentally determined extraction yields, this work shows that environmental performance is
strongly influenced by extraction efficiency and functional unit selection. When impacts were
normalized to the amount of extracted polyphenols, both USAE and MWAE exhibited
substantially lower carbon footprints per unit of bioactive compounds than conventional

extraction.

It should be noted that the environmental assessment focused on the carbon footprint (climate
change impact category), and that inclusion of additional LCA impact categories would be
required for a comprehensive environmental evaluation. This finding highlights the importance of
yield-based normalization in sustainability assessment and provides a functionally relevant

framework for comparing extraction technologies.

5. Evaluation of the role of Effective Microorganisms (EM) in the treatment of pure

olive pomace
This study shows that Effective Microorganisms (EM) can promote organic matter degradation in
pure two-phase olive pomace without the use of bulking agents—an experimental condition rarely
examined in existing literature. Under the investigated conditions, anaerobic EM treatments were
associated with greater reductions in total organic carbon and cellulose compared to other

treatments.
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These results indicate that EM-assisted treatment under laboratory conditions promotes
degradation processes, as reflected by TOC reduction and changes in physicochemical parameters.
However, the acidic pH of EM-treated samples indicates that the material cannot be considered
fully mature compost and would require additional curing or aeration before agricultural

application. Further optimization and validation are therefore required.

The presented findings contribute to an integrated understanding of olive pomace valorization,
linking extraction performance, carbon-footprint-based environmental assessment, and residue
management. These insights provide guidance for the development of more sustainable and

resource-efficient strategies in olive oil producing regions.
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