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A B S T R A C T

The growing production of olive oil, particularly in Mediterranean regions, generates large volumes of by- 
products such as olive mill wastewater (OMWW) and olive leaves, which pose environmental management 
challenges but also present opportunities for resource recovery. This study aims to assess the technical feasibility 
of co-digesting OMWW with olive leaves to enhance methane production and improve the sustainability of olive 
oil processing residues. To achieve this objective, Biochemical Methane Potential (BMP) assays were conducted 
to evaluate and compare the anaerobic mono-digestion of olive mill wastewater (OMWW), designated as feed
stock mixture 1 (FM1), with its co-digestion supplemented with 4 % (w/w, TS basis) olive leaves, referred to as 
feedstock mixture 2 (FM2). The experimental setup involved monitoring key indicators such as biogas yield, 
methane concentration, and process stability to evaluate performance. The tests revealed that FM1 achieved a 
higher total biogas yield (192.80 Nm3/t), while FM2 resulted in a higher methane concentration (52.60 %), 
indicating improved biogas quality and energy potential. Both digestion setups demonstrated stable performance 
throughout the trials. These findings suggest that co-digestion of OMWW with olive leaves can enhance methane 
content and offer a viable route for valorizing olive mill residues. Future research should aim to optimize co- 
substrate ratios, ensure long-term process stability, and evaluate the scalability of the approach for industrial 
applications.

1. Introduction

Global energy consumption continues to rise, driven by population 
growth, industrialization, and climate change. Current projections es
timate that the global population will reach 9.7 billion by 2050, 
increasing energy demand significantly—by up to 58 % under high- 
warming scenarios [1–4]. Historically, industrial societies have depen
ded on fossil fuels, but their unsustainable use and associated green
house gas emissions underscore the urgent need for cleaner, renewable 
alternatives [5,6]. In response, international frameworks like the UN’s 
Sustainable Development Goal 7 (SDG 7) aim to ensure universal access 
to affordable and sustainable energy. Despite advancements, an esti
mated 660 million people will still lack electricity by 2030, highlighting 

the need to accelerate renewable energy adoption [7]. In alignment with 
these global sustainability goals, the European Union has responded 
with policies targeting a 32 % renewable energy share and a 55 % 
reduction in greenhouse gas emissions by 2030. As part of this strategy, 
the 2018/2001/EU Renewable Energy Directive mandates that 25 % of 
bioenergy come from organic waste through anaerobic digestion (AD), 
supported by initiatives like the Biomethane Industrial Partnership 
aiming to produce 35 billion m3 of biomethane annually by 2030 [8]. 
Biogas derived from AD offers a promising solution, converting organic 
waste into energy while supporting circular economy principles [9].

Among agricultural sectors, the olive oil industry is a major producer 
of biomass residues, especially in Mediterranean regions, especially 
Spain and Italy [10]. With an annual output of over 2.5 million metric 
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tons of olive oil, the sector generates large volumes of olive mill 
wastewater (OMWW), olive pomace, and olive leaves [11,12]. Man
aging these residues is crucial for advancing a circular economy, 
providing opportunities for innovative uses, secondary raw materials, 
and local energy generation [7]. Most olive mill by-products are 
currently valorised in the energy sector. Over the last two decades, a 
wide range of studies has investigated the valorisation of olive oil in
dustry by-products, particularly olive pomace and OMWW, using both 
thermochemical and biochemical processes [13–20]. Olive pits, for 
instance, are commonly used in combustion systems as a renewable fuel, 
with potential applications in biofuel production due to their high 
calorific value [16]. Olive pomace, on the other hand, is often processed 
in pomace oil extraction plants and has also been explored for its po
tential in producing high-value compounds such as polyphenols, car
boxylic acids, and biopolymers through integrated and innovative 
conversion methods [17–19]. Additionally, OMWW and olive pomace 
have been assessed for composting and AD, with the latter offering the 
dual benefit of reducing organic load while generating stabilized sludge 
and high-energy biogas with limited need for nutrient supplementation 
[20].

Despite these advances, olive leaves—an abundant residue generated 
during olive harvesting and oil production—remain largely underutil
ized for energy purposes. While they have received attention for the 
extraction of bioactive compounds such as oleuropein and other poly
phenols [21,22], their role in energy recovery has been overlooked. 
Their high lignin and polyphenol content presents both a biochemical 
challenge for anaerobic degradation and a potential opportunity for 
substrate complementation [23]. One promising but underexplored 
scenario involves the co-digestion of olive leaves with OMWW to 
enhance biogas production.

OMWW itself has been extensively studied and is known for its high 
organic load and biogas potential. Studies have demonstrated a positive 
energy balance when OMWW is used as a substrate for AD [24,25]. 
However, its high concentrations of polyphenolic compounds are known 
to inhibit microbial activity, particularly methanogens, thereby 
reducing methane yields [26]. To overcome this limitation, co-digestion 
strategies have been developed, typically involving OMWW and 
nutrient-rich or easily biodegradable co-substrates such as manure or 
dairy waste [27,28]. These approaches aim to dilute the inhibitory 
compounds, balance nutrient profiles, and improve overall process sta
bility and methane output.

Nevertheless, very few studies have explored the possibility of co- 
digesting OMWW with olive leaves—two residues produced concur
rently within the olive oil production chain. Olive leaves contain 
structural lignocellulosic components and antimicrobial polyphenols 
that may hinder biodegradation but could also serve as carbon-rich 
materials to optimize the carbon-to-nitrogen ratio in OMWW-based di
gesters. The high availability of both waste types in olive-producing 
regions further supports the rationale for investigating their combined 
use. This study aims to evaluate the feasibility of using olive leaves as a 
co-substrate in AD, comparing the biochemical methane potential (BMP) 
of OMWW mono-digestion with that of OMWW and olive leaves co- 
digestion. By exploring this innovative valorisation pathway, the 
research contributes to sustainable waste management and renewable 
energy production. While OMWW is known for its high biogas potential, 
its elevated polyphenol content can inhibit microbial activity. Olive 
leaves, though rich in lignin and polyphenols and thus challenging to 
biodegrade, may counterbalance these inhibitory effects by improving 
the carbon-to-nitrogen ratio and diluting toxic compounds, potentially 
enhancing biogas yield and quality.

The novelty of this work lies in evaluating the synergistic potential of 
co-digesting two underutilized waste streams—OMWW and olive leav
es—originating from the same production chain. This study introduces a 
previously unexplored valorisation route for olive leaves within the 
context of the olive oil mill’s circular bioeconomy, positioning them not 
merely as agricultural residues but as viable co-substrates for 

biomethane production. By investigating this integrated approach, the 
study offers valuable insights into the technical feasibility of co- 
processing these residues under realistic AD conditions, including sub
strate compatibility, methane yield potential, and process stability. 
These findings not only contribute novel data to the limited body of 
literature on OMWW and olive leaf co-digestion but also demonstrate 
the potential for developing scalable, replicable, and locally embedded 
valorisation strategies. Ultimately, this work could contribute to support 
a more circular and resource-efficient management of olive oil by- 
products, advancing the sustainability of the sector.

2. Materials and methods

2.1. Feedstocks characterisation

This study investigates the anaerobic co-digestion of OMWW and 
olive leaves to improve biomethane production while promoting sus
tainable waste valorisation in line with circular economy principles. The 
OMWW and olive leaves used in this study were obtained from the C.A. 
B. - COOP. AGRICOLA BRISIGHELLESE, an olive mill located in Bri
sighella, Ravenna (Italy), during the 2023 olive oil campaign (Fig. 1).

Sample collection was conducted over a two-week period in 
November 2023, corresponding to peak seasonal processing in Medi
terranean climates. OMWW was collected directly from the post- 
extraction wastewater outlet, and olive leaves were gathered from the 
mill’s leaf separation system to ensure full traceability. To account for 
short-term variability and reflect realistic feedstock fluctuations in in
dustrial applications, three composite samples of each feedstock were 
collected on separate days during this period. Samples were transported 
under refrigeration and stored at − 20 ◦C to preserve their native 
composition until further processing. Olive leaves were shredded using 
an IKA A11 basic mill to reduce particle size and promote homogeneity 
in the feedstock mixture (FM).

Based on historical production data from the mill, olive leaves 
represent approximately 4 % (w/w) of OMWW output. This informed 
the formulation of the FM, combining OMWW with olive leaves at this 
proportion. The inoculum was sourced from a full-scale mesophilic AD 
plant in Emilia-Romagna treating a mix of maize silage, poultry manure, 
and cereal bran—substrates known to support a robust and diverse 
microbial community. The inoculum was pre-incubated at 42 ± 1 ◦C for 
five days before use to minimize residual methane production from 
endogenous activity. The following parameters were selected for feed
stock and inoculum characterisation: pH, total solids (TS), volatile solids 
(VS), and lipid content (Table 1). These parameters are essential for 
evaluating AD performance: TS and VS indicate organic load potential, 
pH affects microbial viability, and lipids—though potentially inhibitory 
at high concentrations—can enhance methane yield due to their high 
energy density. Two FMs were tested: one consisting of only OMWW 
(FM1) and another containing OMWW and 4 % olive leaves (FM2). Each 
mixture was diluted with deionized water to achieve a target VS content 
of ~8 %, consistent with typical mesophilic AD plant operations and 
facilitating comparability with other published BMP studies, as detailed 
in Table 2.

2.2. Biochemical methane potential test

2.2.1. BMP experimental setup
The BMP test was conducted in batch mode using the MethanTube® 

system (Biological Care, Bologna, Italy), a laboratory-scale AD platform 
specifically designed to replicate mesophilic digestion under tightly 
controlled operational conditions (Fig. 2).

MethanTube® replicates specific plant and substrate conditions, 
facilitating simulation of diverse operational settings, ideal for 
measuring Specific Hydrogenotrophic Methanogenic Activity (SHMA). 
Biogas production is measured through a manometric method by means 
of a pressure sensor placed on the reactors lid. Production can be 
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monitored in real time through a customised software which is part of 
the MethanTube® assembly. Each cylindrical reactor has a working 
volume of 3.76 L and is enclosed in a jacketed, heated aluminium body 
capable of maintaining temperatures between 25 ◦C and 70 ◦C, with a 
stability of ±1 ◦C. The system integrates a manometric pressure sensor 
on the reactor lid, connected to a custom-built software interface that 
enables real-time monitoring of biogas production. Additionally, each 
reactor lid included a gas sampling port fitted with a gas-tight septum, 
allowing periodic extraction of headspace gas for composition analysis 
without compromising system integrity.

Reactors were operated at a mesophilic temperature of 42 ± 1 ◦C, 
reflecting conditions commonly found in full-scale AD plants. Initial 
headspace pressure was carefully managed and maintained below 2 bar 
to avoid inhibition of methanogenic activity, as excessive pressure is 
known to impair microbial performance [29]. Venting was performed 
manually whenever necessary to sustain optimal bioconversion condi
tions throughout the test duration.

Prior to digestion, each feedstock—OMWW for FM1 and OMWW 
supplemented with 4 % (w/w, TS basis) olive leaves for FM2—was 
chemically characterized and thoroughly mixed with inoculum and 
deionized water to achieve a VS content of 8 %. The inoculum was 
sourced from a stable mesophilic digester treating food waste and was 
pre-incubated at 42 ± 1 ◦C for several days without added nutrients, in 
order to reduce residual gas production and improve consistency across 
tests.

For each feedstock condition (FM1 and FM2), experiments were 
conducted in triplicate (n = 3), consistent with BMP assay standards and 

Fig. 1. Olive mill facility: C.A.B. – COOP. AGRICOLA BRISIGHELLESE (Brisighella, Ravenna, Italy).

Table 1 
Physicochemical characterization of feedstock and inoculum. Results are re
ported as mean ± standard deviation (n = 3). Parameters measured include pH, 
TS, VS, and lipid content. These characteristics inform substrate suitability for 
AD and help evaluate the organic load and biogas potential.

Sample TS (% w/w) VS (% TS) Lipidic content (% w/w) pH

OMWW 18.31 ± 0.12 2.59 ± 0.17 0.75 ± 0.03 5.2
OMWW+4% 20.56 ± 0.15 3.41 ± 0.11 1.36 ± 0.03 5.2
Inoculum 11.68 ± 0.12 1.04 ± 0.30 – 8.4

Table 2 
Composition of the FMs. The mixtures were formulated based on typical OMWW 
production ratios. FM1 contains only OMWW, while FM2 includes OMWW 
supplemented with 4 % (w/w) olive leaves on a TS basis. All mixtures were 
diluted to achieve a VS content of ~8 % prior to AD.

Feedstock FM1 FM2

Wet weight [g] Wet weight [g]

OMWW 50 –
OMWW+4% – 50
Inoculum 716 716
Water 284 284

Total 1050 1050
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in line with published protocols. Each test reactor was loaded with 716 g 
of inoculum, 283 g of deionized water, and 50 g of feedstock, while the 
corresponding blank (control) reactor contained only inoculum and 
water in identical proportions (716 g and 283 g, respectively). Net 
biogas production was calculated by subtracting gas produced in the 
blanks from that of the test reactors.

All BMP assays were run for 42 days to ensure complete degradation 
and allow comparison across conditions. Although FM2 encountered a 
technical issue at day 35, gas production in all FM2 replicates had 
already plateaued by that time. Therefore, methane yield data were 
normalized and harmonized over a 42-day period for both FM1 and FM2 
to maintain methodological consistency and ensure a robust compara
tive analysis.

Biogas production data were used to determine cumulative methane 
yields, expressed in normalized cubic meters of methane per tonne of VS 
(Nm3 CH4/tVS), in accordance with ISO 11734:1995 standards [30]. 
Continuous pressure monitoring allowed for the generation of detailed 
methane production curves, which are essential for evaluating degra
dation kinetics and process efficiency under the tested conditions. While 
this study did not include a detailed assessment of potential contami
nants such as heavy metals (e.g., copper residues from agricultural 
treatments), which are sometimes present in OMWW and olive leaves, 
this was beyond the scope of our investigation. The primary objective 
was to assess the impact of olive leaf co-digestion on biogas yield and 
process performance. Nonetheless, for future scale-up and agricultural 
reuse of the digestate, the presence of such contaminants should be 
carefully monitored to ensure compliance with environmental and 
agronomic safety standards.

2.2.2. Analytical methods
Prior to digestion, both feedstock and FMs (FM1 and FM2) were 

subjected to comprehensive physicochemical characterization. Param
eters analysed included pH, TS, VS, and lipid content.

TS and VS were determined according to Standard Methods (APHA- 
AWWA-WEF, 2005). Samples were oven-dried at 105 ◦C (Fratelli Galli, 
Modena, Italy) for TS determination and subsequently incinerated in a 
muffle furnace at 550 ◦C (Gelman Instrument, Michigan, USA) to obtain 
VS content.

Lipid content was measured using Soxhlet extraction (FALC, Italy) 
with 99 % analytical-grade n-hexane (Sigma-Aldrich, USA) over an 8-h 
cycle.

All analytical determinations were performed in triplicate and are 
reported as mean values ± standard deviation to ensure statistical 
robustness and reproducibility.

2.2.3. Biogas composition analysis
Biogas composition was determined using gas chromatography 

(Micro-GC 3000 A, Agilent Technologies, Milan, Italy), equipped with a 
thermal conductivity detector (TCD) and a Molsieve 5A column. 
Methane (CH4), carbon dioxide (CO2), and hydrogen sulphide (H2S) 
were quantified under the following operational conditions: injector 
temperature 90 ◦C, column temperature 60 ◦C, nitrogen carrier gas at 25 
psi, and a run time of 44 s. Biogas samples were collected from the 
reactor headspace using gas-tight 100 mL vials, pre-flushed with nitro
gen to eliminate atmospheric contamination and analysed for methane 
(CH4), carbon dioxide (CO2), and hydrogen sulphide (H2S). Gas 
composition data were acquired at regular intervals throughout the test, 
with all measurements performed in triplicate. Calibration was con
ducted using certified standard gas mixtures (Rivoira S.p.A., Milan, 
Italy) to ensure measurement accuracy. Calibration checks were 
repeated every 7 days and after every 30 samples to ensure analytical 
consistency across all runs. Methane production was normalized using 
the method proposed by Hafner et al. (2020) [31]. The BMP value was 
calculated according to ISO-11734 (1995) [30] and expressed as 
Nm3CH4/tVS. All reported biogas compositions represent the mean 
values of triplicate measurements. One-way analysis of variance 
(ANOVA) was applied to determine statistically significant differences 
(p < 0.05) among treatments (FM1 and FM2), followed by Tukey’s 
Honest Significant Difference (HSD) post-hoc test for pairwise compar
isons where p-values <0.05. This statistical framework was selected 
based on established practices in BMP testing and ensures the validity of 
comparisons between FM1 and FM2, particularly in evaluating differ
ences in cumulative methane yield and methane concentration, ensuring 
methodological transparency and supporting the study’s goal. This 
methodological framework ensures reproducibility and supports the 
study’s objective of assessing the feasibility of OMWW and olive leaves 
co-digestion for enhanced biomethane production, providing basis for 
assessing the biomethane potential of OMWW and olive leaves, with 
implications for scaling up co-digestion strategies in Mediterranean AD 
facilities. The operational parameters chosen in this study—mesophilic 
temperature (42 ± 1 ◦C), VS ~8 %, and realistic inoculum-to-substrate 
ratios—reflect the conditions typically found in full-scale AD facilities 
across similar geographical areas. Such facilities frequently operate at 
organic loading rates (OLRs) ranging from 2 to 4 kg VS/m3⋅day and 
hydraulic retention times (HRTs) of 20–40 days.

Fig. 2. MethanTube® laboratory-scale AD system used for the BMP assays. a) Overview of the full experimental setup, including multiple jacketed reactors con
nected to the central control unit for temperature regulation and real-time gas monitoring. b) Close-up of an individual test unit, showing two reactor vessels 
equipped with manometric pressure sensors and the digital control panel used for monitoring biogas production.
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3. Results and discussion

3.1. Feedstock characterisation

The primary characteristics of the feedstocks and inoculum used in 
this study are summarized in Table 1. Among the samples, OMWW 
mixed with 4 % olive leaves (OMWW+4 %) exhibited the highest total 
solids (TS) content at 20.56 %, followed by OMWW and the inoculum. 
The inoculum showed a volatile solids (VS) content of approximately 

1.04 % of total solids, which reflects its high moisture content—a 
common trait of anaerobic sludge. The relatively low VS (%TS) values 
observed in both the feedstock and the inoculum are consistent with the 
high water content typical of these materials. The pH of both OMWW 
and OMWW+4 % was 5.2, in agreement with previous findings on 
OMWW acidity due to the presence of organic acids and phenolic 
compounds [32–34]. Notably, the lipid content increased from 
approximately 0.75 % (w/w) in OMWW to 1.38 % (w/w) in OMWW+4 
% after the addition of olive leaves. This increase may be due to the 

Fig. 3. Cumulative biogas production for FM1 (OMWW only). a) Mean cumulative biogas production over time (mean ± SD, n = 3) during the 42-day BMP test. b) 
Individual cumulative biogas production curves for each of the three replicates (R1, R2, R3) of FM1.
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n-hexane extraction method, which could have also solubilized 
non-lipidic hydrophobic compounds present in the olive leaf material. 
Two FMs were prepared for BMP testing: FM1 (OMWW with inoculum) 
and FM2 (OMWW+4 % with inoculum), both adjusted to a VS con
centration of approximately 8 % to ensure consistency in initial diges
tion conditions (Table 2). The characteristics of the feedstocks and 
inoculum are summarized in Table 1, offering a basis for understanding 
how minor variations in the blending ratio influence AD performance.

3.2. BMP test on mixed feedstocks

The BMP test for FM1 (OMWW only) was conducted over 42 days. 
The primary objective of this test was not to estimate the ultimate 
methane yield under extended digestion, but rather to enable a 
comparative assessment of substrate behaviour between OMWW mono- 
digestion and co-digestion with olive leaves under uniform conditions. 
As such, the chosen duration was sufficient for assessing substrate 
compatibility and relative biogas performance. Compared to a control 
blank consisting solely of inoculum, FM1 exhibited substantial biogas 
production, generating 18.90 Nm3/ton, while the blank only produced 
8.35 Nm3/ton (Fig. 2), confirming effective substrate conversion. The 
biogas production curve followed a typical sigmoidal profile with three 
distinct phases: a lag phase (days 0–10), an active production phase 
(days 10–40), and a stabilization plateau post day 40. This trend reflects 
a stable AD process and aligns with previously reported OMWW diges
tion patterns. The control remained comparatively flat, validating that 
the majority of biogas production in FM1 originated from the OMWW 
substrate rather than residual microbial activity in the inoculum 
(Fig. 3a).

Fig. 3b shows the replicate profiles (R1, R2, R3) for FM1, all of which 
demonstrated consistent trends with minimal variability. Early minor 
deviations— such as the slightly faster start in R1— likely reflect minor 
heterogeneities in substrate mixing, which fall within expected ranges 
for BMP assays [31]. Statistical analysis confirmed good reproducibility 
across replicates (n = 3), underscoring the robustness of the data. 
Samples of the biogas produced from each replicate of FM1 and the 
control (inoculum-only) were collected in gas sampling bags and ana
lysed using micro gas chromatography (microGC) to determine their 
composition. The resulting chromatograms, presented in the Supple
mentary Materials, clearly illustrate the separation of gas components. 
The analysis of biogas from FM1 revealed an average methane (CH4) 
content of 50.71 %, while carbon dioxide (CO2) accounted for the 
remaining 49.29 %. In comparison, the control exhibited a higher CH4 
concentration of 54.31 % and a lower CO2 content of 45.69 % (Table 3). 

These results indicate that, although FM1 produced more biogas overall 
than the control, the inoculum alone generated gas with slightly higher 
methane purity—likely due to the absence of complex organic inhibitors 
such as phenolics. When compared to literature values, the biogas yield 
of FM1 (18.90 Nm3/ton) aligns well with reported methane potentials 
for OMWW, which generally range from 16 to 20 Nm3/ton [35]. How
ever, it is important to note that such values can be influenced by several 
variables, including the feedstock’s chemical composition (affected by 
olive cultivar, milling technique, and storage), the regional climatic 
conditions, and the characteristics of the microbial inoculum.

Although OMWW composition can exhibit variability due to differ
ences in olive ripeness and processing parameters, the seasonal effect is 
relatively minor in this context, as olive oil production typically occurs 
during a well-defined harvest period from October to January. During 
this time, ambient temperatures in Mediterranean regions remain fairly 
stable (average 12–20 ◦C, with recorded minima and maxima of 
approximately 8 ◦C and 22 ◦C, respectively), reducing the likelihood of 
major fluctuations in substrate quality. Consistent with this, previous 
studies from similar climatic zones have reported methane contents in 
the range of 45–70 %, with the observed variations largely attributed to 
differences in organic load and operational parameters [36]. These 
comparisons help validate the results obtained in the present study and 
emphasize the relevance of the findings within the broader context of 
OMWW valorisation.

The BMP test for FM2 (OMWW + 4 % olive leaves w/w) was 
terminated at day 35 due to an unforeseen technical issue affecting one 
reactor’s instrumentation. However, this duration still captured the full 
biogas production profile, as cumulative gas output had plateaued by 
day 33 in all replicates, indicating digestion completion. Thus, the 35- 
day data remain valid for comparative purposes and were included in 
the analysis to reflect realistic operational timeframes encountered in 
mesophilic digesters. FM2 achieved a cumulative biogas yield of 16.39 
Nm3/ton, significantly higher than its corresponding control (4.75 Nm3/ 
ton), confirming effective substrate conversion (Fig. 4a). The biogas 
production curve was slightly more gradual than FM1, reflecting the 
lignocellulosic nature of olive leaves, which slows hydrolysis and reduce 
the overall digestion rate (Fig. 4).

Replicates curves (R1, R2, and R3) demonstrated consistent and 
reproducible trends, as shown in Fig. 4b, with statistical analysis con
firming low variability and stable process performance across replicates, 
validating the reliability of the results despite the shorter test duration. 
Gas composition analysis revealed that the biogas produced from FM2 
contained an average methane (CH4) concentration of 52.60 %, with 
carbon dioxide (CO2) comprising the remaining 47.40 %. This CH4 
content falls within the range reported in the literature and aligns with 
findings from studies on co-digestion involving lignocellulosic sub
strates, which have shown that such materials can enhance methane 
concentration by improving the C/N ratio and supporting methanogenic 
activity [35]. In comparison, the blank samples (inoculum-only) 
exhibited a slightly higher methane content of 53.68 % and a CO2 
content of 46.32 % (Table 3). The marginal difference may be attributed 
to the absence of potentially inhibitory compounds in the blank and the 
simpler composition of the inoculum, which can lead to more efficient 
microbial conversion in the early stages of digestion. Nonetheless, the 
increased methane concentration in FM2 highlights the potential benefit 
of incorporating olive leaves into OMWW digestion, particularly for 
improving the energy quality of the resulting biogas.

To evaluate the specific impact of olive leaves in the mixture, only 
the biogas produced by the biomass was considered. This was achieved 
by subtracting the cumulative biogas output of the control from that of 
the feedstock. Fig. 5 compares FM1 and FM2, showing no significant 
difference in net biogas volume (p > 0.05), but a statistically significant 
increase in methane content in FM2 (p = 0.0353). This suggests a 
qualitative improvement in energy content despite a modest drop in 
total volume. These findings support the hypothesis that olive leaves 
may help buffer phenolic inhibition in OMWW by providing additional 

Table 3 
Biogas composition of FM1 and FM2. Results represent the final gas composition 
(CH4, CO2, H2S) after digestion. Values are reported as mean ± SD (n = 3 rep
licates per feedstock). Gas analysis was performed via gas chromatography 
(Micro-GC 3000 A).

Samplesa CH4 (%) CO2 (%)

FM1

R1 mean ± s.d. 47.70 ± 1.76 52.30 ± 1.76
R2 mean ± s.d. 52.33 ± 0.24 47.67 ± 0.23
R3 mean ± s.d. 52.10 ± 0.11 47.90 ± 0.11
Blank mean ± s.d.b 54.31 ± 0.07 45.69 ± 0.07

FM2

R1 mean ± s.d. 53.17 ± 0.07 46.83 ± 0.07
R2 mean ± s.d. 52.24 ± 0.03 47.76 ± 0.03
R3 mean ± s.d. 52.38 ± 0.01 47.62 ± 0.01
Blank mean ± s.d.b 53.68 ± 0.01 46.32 ± 0.01

a Individual replicate values are reported in Supplementary Materials.
b Blank values for FM1 and FM2 refer to separate runs using the same inoc

ulum. Minor differences are due to instrument and sampling variability and do 
not affect result interpretation.
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carbon and improving C/N balance, thus enhancing methanogenic ac
tivity [36]. However, further long-term studies are required to validate 
this effect.

In this context, the observed slight increase in methane con
tent—achieved without compromising overall biogas yield—demon
strates the potential of olive leaves as a valuable complementary co- 

substrate in AD. This finding aligns with previous research that high
lights the positive impact of low-percentage lignocellulosic additives on 
both process stability and the enhancement of gas quality in AD systems 
[37]. Despite the early termination of the FM2 trial after 35 days, the 
decision to retain these data is well-supported by the fact that gas pro
duction had reached a plateau before the test’s conclusion, and by the 

Fig. 4. Cumulative biogas production for FM2 (OMWW + 4 % olive leaves). a) Mean cumulative biogas production over time (mean ± SD, n = 3) during the 35-day 
BMP test. b) Individual cumulative biogas production curves for each of the three replicates (R1, R2, R3) of FM2.
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consistency of trends observed across all replicates. Therefore, these 
results are directly comparable to FM1, which also exhibited stabiliza
tion in biogas output by day 40. Nevertheless, the long-term influence of 
feedstock variability, particularly with respect to fluctuations in olive 
harvests over multiple years, warrants further investigation. Future 
studies will incorporate feedstock samples from different harvest sea
sons to better assess the consistency, scalability, and overall robustness 
of co-digestion strategies involving olive leaves across varying envi
ronmental and operational conditions.

3.3. Impact of blending ratio and inhibitory effects

The biogas produced from both OMWW (FM1) and OMWW supple
mented with 4 % olive leaves (FM2) exhibited significantly differences 
in methane (p = 0.0353) and carbon dioxide (p = 0.0353) concentra
tions (Table 3), indicating that the addition of olive leaves at low per
centages (e.g., 4 %) enhances overall biogas quality. Specifically, 
methane content increased from an average of approximately 50 % in 
FM1 to 53 % in FM2. In detail for FM1, the CH4 content was measured at 
50.71 % with a margin of error of ±2.43 %, while CO2 was 49.29 % with 
the same margin of error (±2.43 %). In contrast FM2 showed a higher 
CH4 content of 52.60 % with a smaller margin of error (±0.44 %), and a 
CO2 content of 47.44 %, with the same ±0.44 % margin, as detailed in 
Supplementary Materials.

Although FM2 did not yield a statistically significant increase in total 
biogas volume compared to FM1, the improved methane concentration 
represents a meaningful qualitative enhancement. The statistical anal
ysis was instrumental in quantifying these compositional improvements, 
which suggest that olive leaves may mitigate the inhibitory effects of 
phenolic compounds in OMWW.

Indeed, in addition to balancing the C/N ratio, the inclusion of olive 
leaves may also contribute to mitigating the effects of inhibitory com
pounds present in OMWW, particularly phenolic compounds. These 
compounds are known to interfere with anaerobic digestion by exerting 
antimicrobial effects that disrupt enzymatic activity and microbial 
community stability. As highlighted by Barakat et al. [38], 
lignin-derived phenolics and furan compounds commonly found in 
lignocellulosic residues can significantly inhibit biomethane production 
by impairing microbial metabolism. Similarly, Mata-Alvarez et al. [39] 
emphasized that elevated concentrations of polyphenols in organic 
waste can hinder methanogenic activity, thus reducing biogas yield. 
While this study did not quantify the phenolic content in olive leaves, 
the enhanced methane concentration observed in FM2 suggests that 

co-digestion may have either diluted inhibitory phenolics from OMWW 
or provided structural carbohydrates that buffered microbial commu
nities against toxic effects. Moreover, Komilis et al. [40] noted that 
volatile organic compounds, including phenolics, can be emitted during 
organic waste treatment, underscoring the need to manage such inhib
itory constituents. Together, these findings support the hypothesis that 
olive leaves could play a beneficial role in improving AD performance 
through both nutritional and detoxifying mechanisms.

Future research should include quantification of total phenolic 
content and a more refined chemical characterization of both OMWW 
and olive leaves, especially in terms of specific inhibitors. Enzymatic 
assays to test the direct impact of olive leaf compounds on methanogenic 
enzymes and microbial community profiling would offer further mech
anistic insight. Such analyses are essential for optimizing co-substrate 
ratios and ensuring the robustness of full-scale applications.

To our knowledge, this is the first study to specifically evaluate the 
use of olive leaves as a co-substrate with OMWW in AD. Therefore, the 
results contribute novel insights into the valorisation of olive processing 
residues. While several previous studies have explored the use of other 
olive-derived residues—such as olive pomace or pruning waste—few, if 
any, have focused on olive leaves. These results align with previous 
studies, which have reported improvements in methane content with 
similar olive by-products, lending indirect support to the trends 
observed in our study [36]. Regarding climatic conditions, it is impor
tant to note that olive oil production in the study area consistently oc
curs between October and January, limiting intra-annual climatic 
variability. Average temperatures during the campaign ranged from 
12 ◦C to 20 ◦C, with minimum and maximum values rarely deviating 
from this window. Therefore, the feedstock composition in this specific 
timeframe is relatively stable. However, the inter-annual climate vari
ability could impact substrate characteristics such as moisture and 
phenolic content, therefore, future research will include samples 
collected across multiple annual campaigns to better capture feedstock 
variability and validate the reproducibility of these findings. Although 
the experiments were conducted in batch mode, the findings provide 
valuable insights into anaerobic digestion kinetics and inform the po
tential scale-up to continuous or semi-continuous systems. The inclusion 
of olive leaves—a lipid-rich, seasonally abundant agro-residue [41]—as 
a co-substrate demonstrates promising potential within circular bio
economy frameworks, enhancing both biomethane yields and the 
nutrient content of the resulting digestate. While the results presented 
here are encouraging, they represent preliminary evidence; further 
research involving extended monitoring in lab-scale continuous reactors 

Fig. 5. Comparison of cumulative biogas production between FM1 (OMWW) and FM2 (OMWW + 4 % olive leaves).
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and broader sample sets is essential to validate long-term process sta
bility and performance [34]. Overall, these findings constitute an 
important initial step toward optimizing co-digestion strategies for the 
sustainable valorisation of olive oil production residues.

4. Conclusion

This study represents a preliminary investigation into the co- 
digestion of OMWW with olive leaves to enhance biogas production. 
The results from the BMP tests indicated that while mono-digestion of 
OMWW (FM1) generated slightly higher overall biogas yield, the co- 
digestion with 4 % olive leaves (FM2) led to improved methane con
tent, suggesting an enhancement in biogas quality. Although the effect 
on total yield was marginal, the improved energy potential highlights 
the potential of olive leaves as a viable co-substrate. However, the au
thors acknowledge the limitations of the current experimental design, 
particularly the short monitoring period and the absence of sample 
variability across multiple olive oil production campaigns. As this work 
is based on batch-mode BMP tests, the findings are intended as a first 
step to assess substrate compatibility, rather than to predict long-term 
performance. The absence of seasonal variation and limited process 
duration may have influenced the results and therefore restrict the 
generalizability of the conclusions. To address these limitations and to 
ensure the reliability and scalability of the results, future studies will 
include samples from multiple annual campaigns to capture the full 
range of seasonal variability in OMWW and olive leaf characteristics. 
Longer-term trials and the use of real-scale AD systems will be conducted 
to better understand microbial dynamics and process stability over time. 
Furthermore, optimizing the co-substrate ratio and evaluating addi
tional feedstocks will support the refinement of the process. Including an 
economic assessment would additionally help evaluate the cost- 
effectiveness of this strategy, especially in Mediterranean regions with 
abundant olive industry residues. Importantly, future studies should also 
incorporate comprehensive contaminant profiling—particularly for 
heavy metals such as copper—to ensure that co-digestion strategies 
involving OMWW and olive leaves are environmentally safe and suitable 
for full-scale implementation. By laying the groundwork for this line of 
inquiry, the current study contributes to a broader understanding of 
circular economy strategies for olive mill waste valorisation and sup
ports further development toward sustainable biogas production.

CRediT authorship contribution statement

Sofia Zantedeschi: Writing – original draft, Methodology, Investi
gation, Formal analysis, Data curation. Francesca Valenti: Writing – 
review & editing, Writing – original draft, Visualization, Supervision, 
Formal analysis, Conceptualization. Mirko Maraldi: Writing – review & 
editing, Validation, Software, Methodology, Investigation, Data cura
tion. Gonzalo Augustin Martinez: Writing – review & editing, Meth
odology, Data curation. Matilde Tura: Writing – review & editing, 
Visualization, Data curation. Enrico Valli: Writing – review & editing, 
Visualization, Data curation. Tullia Gallina Toschi: Writing – review & 
editing, Visualization, Funding acquisition.

Funding

This study was carried out within the Agritech National Research 
Center and received funding from the European Union Next-Generation 
EU (PIANO NAZIONALE DI RIPRESA E RESILIENZA (PNRR) – MIS
SIONE 4 COMPONENTE 2, INVESTIMENTO 1.4 – D.D. 1032 17/06/ 
2022, CN00000022). This manuscript reflects only the authors’ views 
and opinions, neither the European Union nor the European Commission 
can be considered responsible for them.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biombioe.2025.108201.

Data availability

Data will be made available on request.

References

[1] H. Ritchie, P. Rosado, M. Roser, Energy production and consumption, Published 
online at OurWorldinData.org. Retrieved from, https://ourworldindata.org/ 
energy-production-consumption, 2020 [Online Resource].

[2] H. Ritchie, M. Roser, Energy mix, Published online at OurWorldinData.org. 
Retrieved from, https://ourworldindata.org/energy-mix, 2020 [Online Resource].

[3] United Nations, Growing at a slower pace, world population is expected to reach 
9.7 billion in 2050 and could peak at nearly 11 billion around 2100: UN report. 
https://www.un.org/sustainabledevelopment/blog/2019/06/growing-at-a- 
slower-pace-world-population-is-expected-to-reach-9-7-billion-in-2050-and- 
could-peak-at-nearly-11-billion-around-2100-un-report/, 2019. (Accessed 26 
November 2024).

[4] B.J. Van Ruijven, E. De Cian, I. Sue Wing, Amplification of future energy demand 
growth due to climate change, Nat. Commun. 10 (2019) 2762, https://doi.org/ 
10.1038/s41467-019-10399-3.

[5] V. Smil, Energy and Civilization: a History, MIT press., Cambridge, United States, 
2017.

[6] L. Delannoy, P.-Y. Longaretti, D.J. Murphy, E. Prados, Assessing global long-term 
EROI of gas: a net-energy perspective on the energy transition, Energies 14 (2021) 
5112, https://doi.org/10.3390/en14165112.

[7] UN, Progress on basic energy access reverses for first time in a decade. https:// 
www.un.org/sustainabledevelopment/blog/2024/06/press-release-energy-progre 
ss-report-2024/, 2024. (Accessed 26 November 2024).

[8] J. Ochando-Pulido, S. Vuppala, A.I. García-López, A. Martínez-Férez, A focus on 
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