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Abstract: At present, taking into account the sustainability of the starting matrices, the biogas
production industry is continuously growing, especially in consideration of ecological transition and
circularity. The present study deals with the development of anaerobic bioreactors aimed at valorizing
two specific wastes of the olive oil supply chain, i.e., the residual of protein hydrolysis process of
three-phases olive pomace (OP-PH) and that recovered after the extraction of bioactive molecules
from olive mill wastewater (OMWW waste). The energy consumed for biogas production varied
from 0.52 kJ (OP and OMWW waste) to 0.97 kJ (OP-PH), while the energy produced for OP, OP-PH
and OMMW waste was equal to 1.73, 2.94 and 1.60 kJ, respectively. The optimal production period
was defined by considering only the range showing energy production higher than its consumption.
According to this, OMWW showed the best performances, since it required 9 days (instead of 12 of
untreated and treated OP) to reach the completion. The biogas production efficiency of the three-
phase OP-PH waste calculated in the optimal production period, i.e., 12 days, was higher than the
other samples, with a yield of 76.7% and a quantity of energy potentially producible corresponding to
1727.8 kJ/kg of volatile solids. These results pave the way for possible applications of this procedure
for the planning of a multi-purpose biorefinery fed with by-products from the olive supply chain
waste, thus promoting the use of sustainable waste materials from a circular economy perspective.

Keywords: agri-food waste biomasses; olive pomace; biorefinery; biogas; biomethane;
circular economy

1. Introduction

Nowadays, the industrial processing of agri-food products gives rise to large quantities
of by-products that must be disposed of [1]. A considerable effort is currently in progress
to find use and utility for the waste inevitably produced and to give new value to waste
biomass by transforming it into products that can be used in other industrial fields and
reintroduced into the market, thus responding to the circular economy challenge [2–5].
Most agricultural and agri-food waste biomasses preserve a high content of potentially
recoverable bioactive compounds that can be exploited to produce high-added-value
products, such as protein hydrolysates (PHs) or low-added-value products, such as compost
or digestate [1,6–9]. The former have multiple applications in various industrial sectors,
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from the food industry, both human and animal, to the nutraceutical sector, the cosmetics
industry, and the agricultural field; differently, the low-added-value products mainly
find applications in the agricultural sector [1,8,10–13]. Agricultural waste biomass has
been identified as low-cost raw material and represents a good portion of the biomass
present in the world. It is estimated that globally 140 billion tons of biomass are generated
from agricultural waste every year [14,15]. Among all the activities of the Mediterranean
region, the olive industry produces tons of waste every year that could be valorized and
reintroduced into the market, i.e., olive pomace (OP) and olive mill wastewater (OMWW).
Olive cultivation and olive oil making are in fact crucial activities in the Mediterranean
basin of social and financial significance, as a matter of fact over 98% of the world’s olive
oil is produced in this area, and Italy is one of the greatest manufacturers in this sector,
alongside Spain, Greece, and Portugal [7,16,17]. This large industry, however, generates
large quantities of waste, which often have significant ecological implications due to their
environmental impact, furthermore, they represent an economic problem for olive-oil-
producing companies as they have to take charge of their disposal [16,18,19]. Specifically,
the olive industry produces large quantities of wet and solid by-products, such as OP and
OMWW [18,20]. The OP resulting from the processing of olives represents approximately
35–40% of the total weight of the olive and is made up of the solid part left after the
milling process in the oil mill, i.e., stone, and the pulp and peel [21,22]. It has been
estimated that the annual global production of OP is around 400 million tons, while the
OMWW production varies from 7 to over 30 million m3 globally annually [23–25]. In
this scenario, it becomes important to mitigate the impacts of olive oil production and
find new ways of treating its potentially harmful by-products for the ecosystem which
are aimed at obtaining new materials with added value, thus avoiding problems relating
to the disposal of this waste. Therefore, by focusing on the reuse of waste, the olive oil
production chain develops a potential yet to be explored in terms of bioeconomy and
circular economy activities. Depending on the particular climate, cultivation techniques,
and the variety of olives from which OPs derive, they can contain different concentrations of
many molecules of important biological value such as proteins, fats, phenolic compounds,
lignin, cellulose, hemicellulose, pectic polymers, and minerals [20,22,26–29]. As far as
OMWWs are concerned they are dark liquid effluents characterized by strong odor and a
high concentration of organic compounds, such as organic acids, tannins, pectins, sugars,
and phenolic substances. The latter, in particular, are responsible for OMWW toxicity in
the soil if released in the environment, as they inhibit bacterial activity and growth [30–32].
From this perspective, by virtue of the considerable content of bioactive compounds that
can be recovered and valorized, waste from the olive oil industry can be used as a raw
material for the production of organic products with high added value by applying or
developing appropriate technologies [18]. The great potential of these waste materials lies in
the opportunity to extract valuable bioactive molecules, such as polyphenols, or transform
them into high-added-value products, such as PHs, thus promoting the transition towards a
circular and eco-compatible economy. In order to fully valorize the waste biomass, this work
focused on the study of the anaerobic digestion of the waste obtained from both processes,
i.e., the OP waste obtained following the production of a PH, and the OMWW waste
recovered after the extraction of bioactive molecules. These wastes can in fact be treated for
anaerobic digestion aimed at producing biogas, from which electricity can be produced,
and biomethane which can be obtained through adequate purification processes and can be
injected into the natural gas network or used for the gas sector transport [33,34]. In the quest
for sustainable energy sources and waste management solutions, biogas emerges indeed
as a promising player on the global stage. Additionally, anaerobic digestion is a useful
method for treating biomass wastes and producing biogas at the same time [35]. With a
burgeoning population and the escalating challenges posed by climate change, there is then
an urgent need to explore eco-friendly alternatives that simultaneously address energy
demands and mitigate environmental impacts [36,37]. Hence, due to its cost-effectiveness
and environmental friendliness, anaerobic digestion technology garnered a lot of attention
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thanks to the possibility to easily convert organic waste into biogas, which is mostly
composed of CH4 and CO2, and digestate, which could be used for making the compound
fertilizer [38]. The anaerobic digestion of waste from olive processing, i.e., OP and OMWW,
has been extensively tested in the literature [39,40], however to the best of our knowledge
the waste from the hydrolysis process of OP and the extraction of bioactive molecules
from OMWW has never been tested for anaerobic digestion aimed at biogas production.
Furthermore, the aspect of the energy balance of the anaerobic digestion of these wastes
is addressed here for the first time. This study embarks indeed on a holistic assessment
of the energy aspects and yields associated with biogas production from diverse waste
streams, aiming to shed light on the potential of waste-to-energy technologies. In particular,
as stated above, the waste of three-phase OP deriving from an alkaline hydrolysis, for the
production of high-added value PHs, and OMWW waste from which biomolecules, such
as polyphenols, have previously been extracted, were tested for anaerobic digestion. The
controls were represented by an inoculum consisting of digestate, a mixture of inoculum
and swine slurry, a mixture of inoculum and untreated three-phase OP, and a mixture of
inoculum and untreated OMWW.

The aim of this work was then to test the anaerobic digestion aimed at biogas pro-
duction of both the three-phase OP wastes obtained from the production of PHs and the
OMWW wastes derived from the extraction of biomolecules. In fact, from both OP and
OMWW treatment, a small part of waste is generated that has been tested for the production
of biogas, which normally contains a large quantity of biomethane (Figure 1).

Agronomy 2024, 14, x FOR PEER REVIEW 3 of 19 
 

 

simultaneously address energy demands and mitigate environmental impacts [36,37]. 
Hence, due to its cost-effectiveness and environmental friendliness, anaerobic digestion 
technology garnered a lot of aĴention thanks to the possibility to easily convert organic 
waste into biogas, which is mostly composed of CH4 and CO2, and digestate, which could 
be used for making the compound fertilizer [38]. The anaerobic digestion of waste from 
olive processing, i.e., OP and OMWW, has been extensively tested in the literature [39,40], 
however to the best of our knowledge the waste from the hydrolysis process of OP and 
the extraction of bioactive molecules from OMWW has never been tested for anaerobic 
digestion aimed at biogas production. Furthermore, the aspect of the energy balance of 
the anaerobic digestion of these wastes is addressed here for the first time. This study 
embarks indeed on a holistic assessment of the energy aspects and yields associated with 
biogas production from diverse waste streams, aiming to shed light on the potential of 
waste-to-energy technologies. In particular, as stated above, the waste of three-phase OP 
deriving from an alkaline hydrolysis, for the production of high-added value PHs, and 
OMWW waste from which biomolecules, such as polyphenols, have previously been ex-
tracted, were tested for anaerobic digestion. The controls were represented by an inocu-
lum consisting of digestate, a mixture of inoculum and swine slurry, a mixture of inocu-
lum and untreated three-phase OP, and a mixture of inoculum and untreated OMWW. 

The aim of this work was then to test the anaerobic digestion aimed at biogas pro-
duction of both the three-phase OP wastes obtained from the production of PHs and the 
OMWW wastes derived from the extraction of biomolecules. In fact, from both OP and 
OMWW treatment, a small part of waste is generated that has been tested for the produc-
tion of biogas, which normally contains a large quantity of biomethane (Figure 1). 

 
Figure 1. Biogas production through anaerobic digestion of three-phase olive pomace waste after 
the hydrolysis process and olive mill wastewater waste after the extraction of biomolecules. In the 
boĴom center: the experimental system used in this study for the quantification of biogas produced. 

This work also aimed at evaluating the biomethanation potential of the two different 
olive oil industry wastes obtained following the recovery of molecules with different ex-
traction processes placing aĴention on the analysis of the energy balance related to biogas 
production in terms of energy consumed/produced by the entire process, focusing on the 
time interval where the energy produced was greater than that spent. Batch anaerobic 

Figure 1. Biogas production through anaerobic digestion of three-phase olive pomace waste after
the hydrolysis process and olive mill wastewater waste after the extraction of biomolecules. In the
bottom center: the experimental system used in this study for the quantification of biogas produced.

This work also aimed at evaluating the biomethanation potential of the two different
olive oil industry wastes obtained following the recovery of molecules with different ex-
traction processes placing attention on the analysis of the energy balance related to biogas
production in terms of energy consumed/produced by the entire process, focusing on the
time interval where the energy produced was greater than that spent. Batch anaerobic
digestion reactors have been set up in order to shed light on which olive oil waste posi-
tively influences the efficiency of the biogas yield. This study synthesizes these empirical
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observations to contribute not only to the advancement of waste-to-energy technologies
but also to the broader discourse on sustainable energy solutions in an era of growing
environmental concerns. Taking into account the potential applications and the sustain-
ability of the starting matrices, the biogas industry results then in an attractive answer to
valorize the aforementioned agroindustrial wastes that can satisfy the growing demand for
an ecological transition and circularity.

2. Materials and Methods
2.1. Materials

The inoculum used in this study was represented by a digestate that was produced in
our laboratory. The characterization of the inoculum is reported in Table 1.

Table 1. Main characteristics of the inoculum used in this study.

Parameter Inoculum

Moisture (%) 93.3
pH 8.76

TOC (% on DM) 56.2
TKN (% on DM) 5.8

Total P (g/kg of DM) 3.30
Total K (g/kg of DM) 80.11
WEOC (g/kg of DM) 117.06
WEN (g/kg of DM) 71.89

TOC: total organic carbon; TKN: total Kjeldahl nitrogen; WEOC: water extractable organic C; WEN: water
extractable N; DM: dry matter.

The swine slurry was supplied by a local breeder in the Umbria region, Italy. The
three-phase OP and OMWW were supplied by a local olive mill in the Umbria region,
Italy. For the production of PHs, three-phase OP was digested under alkaline conditions.
After the hydrolysis process, PHs were isolated from each sample and the waste produced
following the treatment was recovered to be used for anaerobic digestion. As far as the
recovery of bioactive molecules, i.e., phenolic compounds, from OMWW is concerned, the
waste produced after the extraction process was collected to be subsequently tested for
biogas production.

2.2. Determination of Moisture Content

The moisture content was evaluated according to the official method with few modifi-
cations [41]. For the moisture evaluation, 2 g of each sample were evenly distributed on a
dish and dried in an oven at 105 ◦C. Samples were then cooled down at room temperature
in a desiccator containing silica gel and weighed. The process was repeated until a constant
and stable weight was reached. The content of water was determined as the difference
between the initial and final weight. Each sample was analyzed in triplicate.

2.3. Determination of Volatile Solids

Volatile solids (VS) were measured according to the standard method with few mod-
ifications [42]. For the VS evaluation, 2 g of each sample previously dried were evenly
distributed on a ceramic crucible. The samples were then introduced in a muffle furnace
where the temperature was gradually and slowly increased to reach 550 ◦C. After this, the
samples were left to incinerate at 550 ◦C. Subsequently, the ceramic crucibles containing
the samples were transferred to the desiccator containing silica gel for cooling and weighed
once the temperature balance was reached. The content of VS, which represents also an
estimation of the sample organic matter content [43], was determined as the difference
between the initial and final weight. Each sample was analyzed in triplicate.



Agronomy 2024, 14, 531 5 of 18

2.4. Anaerobic Bioreactors

The production of biogas analysis was carried out in 50 mL batch bioreactors kept in
mesophilic conditions in a climatic chamber at a temperature of 37 ◦C for 30 days. The
production of biogas was evaluated through the volumetric method. In particular, four
controls and two treated samples were set up in the batch anaerobic digestion reactors as
follows: Sample 1 consisting of sole digestate produced in our laboratory that represents
the inoculum, Sample 2 consisting of ¾ of inoculum and ¼ of swine sludge, Sample 3
consisting of ¾ of inoculum and ¼ of untreated three-phase OP, Sample 4 consisting of ¾
of inoculum and ¼ of untreated OMWW, Sample 5 consisting of ¾ of inoculum and ¼ of
waste of three-phase OP-PH, and Sample 6 consisting of ¾ of inoculum and ¼ of OMWW
waste recovered after the extraction of biomolecules. In the reactors, 37.5 g of each mixture
was inserted by considering the proportions mentioned above. Each sample was analyzed
in triplicate.

2.5. Statistical Analysis

The data regarding the analysis concerning the analyzes performed in this study are
reported as mean values of three samples. A one-way ANOVA test was used to investigate
the significance of the differences in the sample mean values. The level of significance for
the data was set at p < 0.05.

3. Results and Discussion

The residues of both the hydrolysis process of three-phase OP and the extraction of
polyphenols from OMWW, whose tested quantities were reported in Section 2.4, were
assessed for anaerobic digestion for the production of biogas aimed at valorizing the waste
derived from the production of olive oil. These residues were evaluated in laboratory-
scale reactors maintained at 37 ◦C and followed for one month. The results showed
how anaerobic bioreactors containing the waste of three-phase OP-PH show a greater
production of biogas, followed by reactors added with the OMWW waste. Specifically, the
daily production of biogas showed an increasing trend from the first day while reaching its
peak on the sixth day (23.8 mL of biogas produced). The production then decreased and
reached its inactivity on the eighteenth day. As far as the OMWW waste is concerned, the
peak of activity is detected on day one (19.3 mL of biogas produced). The reason behind
this behavior could be attributed to the highest availability of nutrients already suitable for
biodigestion process in the first steps of the test. Its production then gradually decreased
over time ending its production on the fourteenth day. The results highlighted differences
in trend between the various controls. In particular, the control consisting of untreated
three-phase OP showed variable production of biogas during the production period. Peaks
of production were observed on the sixth and eighth days (10.8 mL of biogas produced).
Then the production gradually decreased, until completely stopping from the thirteenth
day. The swine sludge control showed even lower biogas production, with its peak on day
ten (6.3 mL of biogas produced) and then a decrease reaching zero activity on day 22. As
regards the control consisting only of sole inoculum, this shows its peak on the fourth day
(10.5 mL of biogas produced), increases until the twelfth day and then decreases and ends
biogas production on the twenty-fifth day. The control consisting of untreated OMWW,
however, did not show any biogas production.

In the same way, the cumulative production of the biogas (Figure 2) produced in the
reactors inoculated with residues of OP-PHs was evaluated, and the results showed how the
biogas was produced in greater quantities in this sample over the time of the examination
(Table 2 and Figure 2). A 153.9 mL total volume of biogas was found in the three-phase
OP-PH waste sample, followed by 84.1 mL in OMWW waste, 80.0 mL in untreated three-
phase OP, 62.5 in swine slurry sample, and 56.5 mL in the sole inoculum. The control
consisting of untreated OMWW is not shown in the graph as there was no production of
biogas by the reactors, this could be justified by the phenolic component present in the
OMWW which is responsible for inhibiting growth and bacterial activity [30–32].
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Figure 2. Cumulative biogas production (mL) of the anaerobic reactors containing sole inocu-
lum (Sample 1), inoculum and swine sludge (Sample 2), inoculum and untreated three-phase OP
(Sample 3), inoculum and waste of three-phase OP-PH (Sample 4), and inoculum and waste of
OMWW recovered after the extraction of biomolecules (Sample 5).

Table 2. Cumulative quantities of biogas produced (mL) by sole inoculum (Sample 1), inoculum and
swine sludge (Sample 2), inoculum and untreated three-phase OP (Sample 3), inoculum and waste of
three-phase OP-PH (Sample 4), and inoculum and waste of OMWW recovered after the extraction of
biomolecules (Sample 5).

Day n◦ Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

1 0 2.5 7.2 2.2 19.3
2 0.2 6.8 8.2 15.4 34.8
3 1.3 9.5 14.6 28.3 42.9
4 11.8 14.0 22.1 42.4 53.7
5 11.9 16.5 26.4 53.5 59.8
6 12.9 18.3 37.2 77.4 68.3
7 14.7 21.8 46.0 93.7 74.5
8 14.7 23.6 56.8 113.0 79.7
9 17.2 25.2 65.2 127.1 83.2
10 21.5 31.5 71.3 136.2 83.2
11 27.0 36.0 76.8 143.2 84.0
12 33.9 39.2 80.0 148.6 84.0
13 38.6 43.7 80.0 151.1 84.1
14 43.1 46.2 80.0 153.2 84.1
15 47.6 51.0 80.0 153.4 84.1
16 48.8 54.2 80.0 153.8 84.1
17 51.7 58.0 80.0 153.9 84.1
18 53.5 60.1 80.0 153.9 84.1
19 53.9 60.6 80.0 153.9 84.1
20 55.1 62.1 80.0 153.9 84.1
21 55.1 62.5 80.0 153.9 84.1
22 55.8 62.5 80.0 153.9 84.1
23 56.1 62.5 80.0 153.9 84.1
24 56.5 62.5 80.0 153.9 84.1
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Table 2. Cont.

Day n◦ Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

25 56.5 62.5 80.0 153.9 84.1
26 56.5 62.5 80.0 153.9 84.1
27 56.5 62.5 80.0 153.9 84.1
28 56.5 62.5 80.0 153.9 84.1
29 56.5 62.5 80.0 153.9 84.1
30 56.5 62.5 80.0 153.9 84.1

These results therefore highlight how the reactors treated with three-phase OP-PH
waste showed a greater production of biogas, followed by the OMWW waste, highlighting
how the use of these wastes can have industrial potential with a view to valorizing the
waste of a process aimed at valorizing waste from the olive oil supply chain.

The six samples, described in Section 2.4, were then analyzed comparing the biogas
production with the energy produced and the energy spent for each of them.

Table 2 shows the cumulative quantity of biogas produced for all the samples that
showed biogas production, expressed in mL, while the diagrams (Figure 2) describe the
cumulative curves defined with data reported in Table 1.

The diagrams (Figure 2) highlight relevant differences between the production of
biogas achieved with the different samples. The addition of three-phase OP improved
the production of biogas, if compared with the quantities achieved with Sample 1 and
Sample 2. The corresponding quantities are not numerically reported here, since the global
production of biogas will be discussed in detail in the next paragraphs.

Depending on the specific composition of the samples, the cumulative curve assumed
different trends: even if with different daily increments and final quantities reached,
Sample 1, related to the sole inoculation, and Sample 4, where one-fourth of OP-PH waste
was added to the inoculation, showed a continuous trend that subsequently decreased
when biogas production ends. Conversely, Sample 2, containing one-fourth of swine slurry,
revealed a partially discontinuous trend. The more constant production of biogas, in
particular that of the three-phase OP-PH waste, could be justified by greater availability of
simple sugars, amino acids, and fatty acids formed following the hydrolysis process and
which could have remained in the waste used in reactors [43]. These compounds having
a small carbon chain can in fact be easily converted by acidogenic bacteria into a mixture
rich in volatile fatty acids, which represents the substrate for the acetogenic bacteria that
convert them into acetic acid, CO2, and H2 [44]. The latter are the substrates from which
methanogenic bacteria can carry out methanogenesis and produce biogas [45].

However, the complete extraction of biogas from digestate might be unfeasible from
an economic point of view. The biogas production process has some energy requirements
to satisfy, mainly related to the maintenance of temperature within the optimal temperature
range and to the management of the whole plant. It means that the production of biogas
is feasible only until the energy production (evaluated for the unit of time) is higher
than the energy consumption. Therefore, the samples analyzed in this study cannot be
evaluated and compared among each other exclusively considering the overall quantity of
biogas produced; such quantity must be evaluated only within the time period where the
production goes over the consumption of energy and is then compared.

Table 3 shows the daily biogas production, expressed in kg, for each sample, the
corresponding quantity of biomethane, and the related total quantity of energy produced.
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Table 3. Daily quantities of biogas produced, corresponding amount of biomethane, and related energy produced by sole inoculum (Sample 1), inoculum and
swine sludge (Sample 2), inoculum and untreated three-phase OP (Sample 3), Part 1. Daily quantities of biogas produced, corresponding amount of biomethane,
and related energy produced by inoculum and waste of three-phase OP-PH (Sample 4), and inoculum and waste of OMWW recovered after the extraction of
biomolecules (Sample 5), Part 2.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Day
Num◦

Biogas
[kg]

Biomethane
[kg]

Energy
[kJ]

Biogas
[kg]

Biomethane
[kg]

Energy
[kJ]

Biogas
[kg]

Biomethane
[kg]

Energy
[kJ]

Biogas
[kg]

Biomethane
[kg]

Energy
[kJ]

Biogas
[kg]

Biomethane
[kg]

Energy
[kJ]

1 0 0 0 9.62 × 105 1.54 × 10−6 8.19 × 10−7 4.52 × 10−6 3.00 × 10−6 1.56 × 10−1 1.36 × 10−6 7.96 × 10−7 4.14 × 10−2 1.21 × 10−5 7.09 × 10−6 3.69 × 10−1

2 9.43 × 10−8 4.48 × 10−8 2.33 × 10−3 1.72 × 10−4 2.75 × 10−6 1.46 × 10−6 6.28 × 10−7 4.17 × 10−7 2.17 × 10−2 8.32 × 10−6 4.86 × 10−6 2.53 × 10−1 9.74 × 10−6 5.69 × 10−6 2.96 × 10−1

3 7.23 × 10−7 3.43 × 10−7 1.79 × 10−2 1.06 × 10−4 1.69 × 10−6 9.00 × 10−7 4.02 × 10−6 2.67 × 10−6 1.39 × 10−1 8.06 × 10−6 4.71 × 10−6 2.45 × 10−1 5.09 × 10−6 2.97 × 10−6 1.55 × 10−1

4 6.60 × 10−6 3.14 × 10−6 1.63 × 10−1 1.77 × 10−4 2.83 × 10−6 1.51 × 10−6 4.71 × 10−6 3.12 × 10−6 1.62 × 10−1 8.91 × 10−6 5.21 × 10−6 2.71 × 10−1 6.79 × 10−6 3.97 × 10−6 2.06 × 10−1

5 7.86 × 10−8 3.73 × 10−8 1.94 × 10−3 9.82 × 10−5 1.57 × 10−6 8.36 × 10−7 2.70 × 10−6 1.79 × 10−6 9.32 × 10−2 6.97 × 10−6 4.08 × 10−6 2.12 × 10−1 3.83 × 10−6 2.24 × 10−6 1.16 × 10−1

6 6.28 × 10−7 2.99 × 10−7 1.55 × 10−2 7.07 × 10−5 1.13 × 10−6 6.02 × 10−7 6.79 × 10−6 4.50 × 10−6 2.34 × 10−1 1.50 × 10−5 8.75 × 10−6 4.55 × 10−1 5.34 × 10−6 3.12 × 10−6 1.62 × 10−1

7 1.13 × 10−6 5.38 × 10−7 2.79 × 10−2 1.37 × 10−4 2.20 × 10−6 1.17 × 10−6 5.53 × 10−6 3.67 × 10−6 1.91 × 10−1 1.03 × 10−5 6.00 × 10−6 3.12 × 10−1 3.90 × 10−6 2.28 × 10−6 1.18 × 10−1

8 0 0 0 7.07 × 10−5 1.13 × 10−6 6.02 × 10−7 6.79 × 10−6 4.50 × 10−6 2.34 × 10−1 1.21 × 10−5 7.10 × 10−6 3.69 × 10−1 3.27 × 10−6 1.91 × 10−6 9.93 × 10−2

9 1.57 × 10−6 7.47 × 10−7 3.88 × 10−2 6.28 × 10−5 1.01 × 10−6 5.35 × 10−7 5.28 × 10−6 3.50 × 10−6 1.82 × 10−1 8.81 × 10−6 5.15 × 10−6 2.68 × 10−1 2.20 × 10−6 1.29 × 10−6 6.68 × 10−2

10 2.67 × 10−6 1.30 × 10−6 6.60 × 10−2 2.45 × 10−4 3.93 × 10−6 2.09 × 10−6 3.83 × 10−6 2.54 × 10−6 1.32 × 10−1 5.76 × 10−6 3.37 × 10−6 1.75 × 10−1 0 0 0
11 3.46 × 10−6 1.64 × 10−6 8.54 × 10−2 1.77 × 10−4 2.83 × 10−6 1.51 × 10−6 3.46 × 10−6 2.29 × 10−6 1.19 × 10−1 4.40 × 10−6 2.57 × 10−6 1.34 × 10−1 5.03 × 10−7 2.94 × 10−7 1.53 × 10−2

12 4.34 × 10−6 2.0 × 10−6 1.07 × 10−1 1.28 × 10−4 2.04 × 10−6 1.09 × 10−6 0 0 0 3.35 × 10−6 1.96 × 10−6 1.02 × 10−1 0 0 0
13 2.99 × 10−6 1.42 × 10−6 7.38 × 10−2 1.77 × 10−4 2.83 × 10−6 1.51 × 10−6 0 0 0 1.61 × 10−6 9.43 × 10−7 4.90 × 10−2 6.28 × 10−8 3.67 × 10−8 1.91 × 10−3

14 2.83 × 10−6 1.34 × 10−6 6.99 × 10−2 9.82 × 10−5 1.57 × 10−6 8.36 × 10−7 0 0 0 1.33 × 10−6 7.77 × 10−7 4.04 × 10−2 0 0 0
15 2.83 × 10−6 1.34 × 10−6 6.99 × 10−2 1.87 × 10−4 2.98 × 10−6 1.59 × 10−6 0 0 0 1.26 × 10−7 7.34 × 10−8 3.82 × 10−3 0 0 0
16 7.23 × 10−7 3.43 × 10−7 1.79 × 10−2 1.28 × 10−4 2.04 × 10−6 1.09 × 10−6 0 0 0 2.51 × 10−7 1.47 × 10−7 7.64 × 10−3 0 0 0
17 1.84 × 10−6 8.76 × 10−7 4.56 × 10−2 1.47 × 10−4 2.36 × 10−6 1.25 × 10−6 0 0 0 2.62 × 10−8 1.53 × 10−8 7.96 × 10−4 0 0 0
18 1.13 × 10−6 5.38 × 10−7 2.79 × 10−2 8.44 × 10−5 1.35 × 10−6 7.19 × 10−7 0 0 0 0 0 0 0 0 0
19 2.14 × 10−7 1.02 × 10−7 5.28 × 10−3 1.77 × 10−5 2.83 × 10−7 1.51 × 10−7 0 0 0 0 0 0 0 0 0
20 7.85 × 10−7 3.73 × 10−7 1.94 × 10−2 5.89 × 10−5 9.43 × 10−7 5.02 × 10−7 0 0 0 0 0 0 0 0 0
21 0 0 0 1.77 × 10−5 2.83 × 10−7 1.51 × 10−7 0 0 0 0 0 0 0 0 0
22 4.40 × 10−7 2.09 × 10−7 1.09 × 10−2 0 0 0 0 0 0 0 0 0 0 0 0
23 1.57 × 10−7 7.47 × 10−8 3.88 × 10−3 0 0 0 0 0 0 0 0 0 0 0 0
24 2.51 × 10−7 1.19 × 10−7 6.21 × 10−3 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Starting from biogas, the quantity of biomethane achieved was directly measured and
the following results expressed as percentage of biogas produced were reached:

1. Sample 1 (sole inoculation): 47.52%;
2. Sample 2 (inoculation + ¼ swine slurry): 53.23%;
3. Sample 3 (inoculation + ¼ untreated three-phase OP): 66.30%;
4. Sample 4 (inoculation + ¼ three-phase OP-PH waste): 58.44%;
5. Sample 5 (inoculation + ¼ OMWW waste): 56.99%.

In Table 3, the energy produced was calculated by considering the LHV (Lower Heat-
ing Value) of methane equal to 52 MJ/kg. The transformation of biogas into biomethane
was considered costless, due to the limited quantities produced. In this regard, the most
widespread technique consists of the membrane separation technology, since the recovery
of methane is higher than 99.5%, with relatively moderate operating costs [46]. The energy
cost for biogas treatment is estimated in the range of 0.18–0.35 kWh/Nm3 [47]; such an
estimation inevitably leads to a negligible consumption of energy for this study. It should
be considered that the investment cost of membrane modules may vary from 7600 to
3700 €/(m3 h) for inlet capacities of 100–500 m3/h. Differently, for capacities higher than
1000 m3, the investment cost remains constant and approximately equal to €200,000 per
year [48]. Considering the quantity and composition of samples, the table immediately
suggests that a 30-day production time period is excessive and can be easily shortened,
while maintaining the overall production of biogas unvaried. Therefore, the next calcula-
tions involving the energy spent were carried out by considering a shorter time period,
different for each sample and extended until the last day where biogas production different
from zero was measured. If combining the data of Tables 2 and 3, it clearly appears that the
length of the production time is not strictly proportional to the overall amount of biogas
and biomethane produced. The first sample led to the less abundant quantity produced
(56.5 mL), even if the production time was the longest (24 days).

While the energy produced was directly obtained from the experimental results, the
energy spent was deduced from the literature.

The input energy consists of the sum of several different contributions; the most
significant can be referred to as follows:

(1) Energy crop cultivation and feedstock pre-treatment;
(2) Feedstock collection and transportation;
(3) Biogas plant operation processes;
(4) Biogas treatment and storage;
(5) Digestate processing and handling.

The overall energy spent to carry out all these phases can be quantified as a highly
variable percentage of the energy contained in the produced biogas. To compare these two
latter quantities, the Primary Energy Input Output ratio (PEIO) [49] was introduced. Based
on the typology and composition of the feedstock used, the PEIO index was estimated to
range from 10.5% to 64.0%.

Considering the experimental procedure followed for the experiments and, mostly,
the scale of the experimental apparatus, contributions such as feedstock collection and
transportation, plant operation processes, and digestate processing and handling, cannot be
calculated with accuracy. For that reason, the energy spent was calculated as a percentage
of the energy produced. The percentage value was defined as an average of the values
found in the literature and those available elsewhere [50–52].

In this study, the following value was used: PEIO = 33%.
Table 4 shows the energy consumed (quantity estimated according to what previously

asserted) for each sample, to reach the final quantity of biogas produced. Such amount was
then split out between the single day of production. The daily quantity is indicated in the
last column of Table 4.
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Table 4. Total and daily energy consumed by sole inoculum (Sample 1), inoculum and swine sludge
(Sample 2), inoculum and untreated three-phase OP (Sample 3), inoculum and waste of three-phase
OP-PH (Sample 4), and inoculum and waste of OMWW recovered after the extraction of biomolecules
(Sample 5), considering the effective days of production and PEIO = 33%.

Total Energy Consumed
[kJ] Days of Production Daily Energy Consumed

[kJ]

Sample 1 0.29 ± 0.005 24 0.01 ± 0.005
Sample 2 0.36 ± 0.005 21 0.02 ± 0.005
Sample 3 0.52 ± 0.005 12 0.05 ± 0.005
Sample 4 0.97 ± 0.005 17 0.06 ± 0.005
Sample 5 0.52 ± 0.005 13 0.05 ± 0.005

Being the consumed energy expressed as percentage of the produced one, the quan-
tities corresponding to the different samples are ordered exactly as the corresponding
quantities of energy produced. It is important to note that, based on the days of production
shown in Table 4, the presence of OP and OMWW waste lowered the production period
and also improved the overall production of energy, if compared with what obtained with
the sole inoculation or with the inoculation mixed with swine slurry.

The following diagrams (Figures 3–7) compare, for each tested sample, the daily
energy production with the daily energy consumption and allow one to identify the optimal
production time period, which denotes the interval where the daily production is higher
than the daily consumption.
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Figure 3. Daily energy production vs. daily energy consumption, measured for Sample 1 consisting
of sole inoculum.
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Figure 4. Daily energy production vs. daily energy consumption, measured for Sample 2 consisting
of inoculum and swine sludge.
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Figure 5. Daily energy production vs. daily energy consumption, measured for Sample 3 consisting
of inoculum and untreated three-phase OP.
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Figure 6. Daily energy production vs. daily energy consumption, measured for Sample 4 consisting
of inoculum and waste of three-phase OP-PH.
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Figure 7. Daily energy production vs. daily energy consumption, measured for Sample 5 consisting
of inoculum and waste of OMWW recovered after the extraction of biomolecules.

The diagrams (Figures 3–7) further confirm (see Table 3) that biogas production is
time-limited and, in any case, the process did not cover the 30-day period fixed for all the
experiments. The production trend is widely different, as a function of the sample taken
into consideration for biogas production. The biogas production from Sample 1 showed an
initial increasing trend, until reaching the maximum daily production after twelve days;
then, the production gradually decreased and finished after 24 days. It should be noted
that the maximum previously mentioned is referred to the production trend, while the
overall maximum value was measured after four days of production, but consists of an
isolated peak of production. With Sample 2, daily production values quantitatively similar
to those observed for Sample 1 were reached; however, no specific trend was denoted and
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these values resulted casually distributed throughout the whole production period, whose
time duration was equal to 21 days.

The addition of untreated OP (Sample 3) led to completely different results: the
daily production was massively higher than the other samples and the time production
was significantly more limited. In detail, the maximum daily production was equal to
1.63 × 10−1 kJ for Sample 1, 1.09 × 10−1 kJ for Sample 2, while the same parameter reached
2.34 × 10−1 kJ in presence of OP, or in Sample 3 (Figures 3–5). The process reached its
completion after twelve days.

In Sample 4, the maximum daily production was equal to 4.55 × 10−1 kJ and occurred
after six days of production (Figure 6). Similarly, the total production period fell within the
values observed for the other samples and was about 17 days. The production trend was
similar to what observed for Sample 1: it increased until reaching the maximum values,
then it gradually decreased.

However, during the production period, the daily production of biogas was not always
higher than the daily consumption of energy needed to carry the process forward. For
instance, with Sample 1, the production exceeded the consumption until day 18, then the
trend was reversed. Sample 2 showed higher consumption on day 19 and higher production
on the next day 20; then the consumption always remained above the production. A similar
behavior was also observed for Sample 5, while Sample 4 described the same trend of the
first Sample 1, just showing differences regarding the end of biogas production periods.
Conversely, when the production effectively occurred, in Sample 3 the quantity produced
was always higher than the quantity consumed, except for day 2. The comparison between
daily energy production and consumption is mandatory to correctly define the optimal
biogas production period. Extracting the maximum possible quantity of biogas might be
not the best solution in terms of energy produced/energy spent ratio, as confirmed in
all the tests carried out in this study. According to the present experimental results, the
preferred option would consist of extracting biogas until the previously mentioned ratio
remains higher than one, and consequently leaving part of the whole quantity theoretically
extractable, within the exhaust digestate.

Table 5 shows, for each sample, the total energy produced, the estimated time period
having daily production higher than the energy consumption (or the optimal biogas pro-
duction period), the portion of energy produced in this latter time range and, in the last
column, the percentage of energy lost, corresponding to the portion of biogas not extracted
from the digestate.

Table 5. From left to right: overall quantity of energy produced; optimal production period; quantity
of energy produced during the so-defined time period and portion of energy unextracted from the
digestate. Sample 1: sole inoculum, Sample 2: inoculum and swine sludge, Sample 3: inoculum and
untreated three-phase OP, Sample 4: inoculum and waste of three-phase OP-PH; Sample 5 inoculum
and waste of OMWW.

Whole Production
of Energy

[kJ]

Optimal
Production Period

[Day]

Energy Produced
in the Optimal

Period [kJ]

Portion of Energy
Lost
[%]

Sample 1 0.88 18 0.80 9.09
Sample 2 1.09 18 1.05 3.67
Sample 3 1.73 12 1.73 0
Sample 4 2.94 12 2.84 3.40
Sample 5 1.60 9 1.58 1.25

Table 5 confirms the positive contribution of OP, both in terms of biogas extracted and
time period duration. In particular, the OP-PH waste led to the best performance for biogas
production: 2.94 kJ were produced, against 1.73 kJ, obtained with the presence of untreated
OP, and 1.60 kJ, achieved with OMWW waste. Finally, 0.88 and 1.09 kJ were achieved with
the other samples. In the case of tests made with OP or residual OP, the one carried out
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with OMWW showed the lowest overall production of energy. However, it presented, at
the same time, the shortest production period, which is symptomatic of a more contained
consumption of energy.

The coupling of these two benefits, the higher production and the lower production period,
led to a significantly better efficiency for biogas production from digestate containing OP.

The efficiency value (η) was initially defined by considering the whole energy pro-
duced and the energy consumed during the whole production period. This latter parameter
was considered different from the 30-day test initially fixed; it was assumed equal to the
number of days during which the production of biogas was different from zero. In par-
ticular, from Sample 1 to Sample 5, it was equal to 24, 21, 12, 17 and 13 days, respectively.
According to it and based to the efficiency values reported in the literature [49–52], the
process efficiency was considered equal to 67%.

Here, the efficiency (ηOPT) was calculated by considering only the energy produced
during the optimal production period, shown in Table 5, and the energy consumed during
the same period. The results are shown in Table 6.

Table 6. Biogas production efficiency, expressed as ratio between energy consumption and energy
production, evaluated during the whole (on the left) and the optimal production period (on the right).

η [%] ηOPT [%]

Sample 1 67.0 74.8
Sample 2 67.0 72.3
Sample 3 67.0 81.7
Sample 4 67.0 76.7
Sample 5 67.0 75.9

The re-evaluation of the process efficiency, limited to the optimal production period,
clearly led to better results, especially in the presence of OP, where the efficiency was
found to be equal to 81.7%, with untreated OP, and 76.7%, with the treated one. It must be
remembered that the energy consumed was considered as percentage of the total energy
produced and it is, therefore, different between the different samples. As a consequence
of it, the biogas production process of each sample must be evaluated by taking into
consideration the quantity of energy produced and also the portion of energy lost if the
production is limited to the optimal time period defined in Table 5. In this regard, Sample 4
(containing the OP-PH waste) showed higher performances than Sample 3 (containing
untreated OP).

The higher biogas production from the sample containing treated three-phase OP
waste could be again justified by the greater availability of simple and readily-available
sugars, amino acids, and fatty acids in this raw material that are formed following the
hydrolysis process, and that can ultimately lead to a more efficient methanogenic process
over time [45]. On the contrary, untreated OP, being made up of olive peel and pulp, mainly
contains polysaccharides, proteins, and lipids, making the hydrolysis step necessary before
the acetogenic and methanogenic process [45,53,54]. The analysis of these raw materials
used for these experiments will be the subject of subsequent studies where these concepts
will be explored in depth.

Finally, the energy producible per unit of total (TS) and volatile solids (VS) of the
single samples was calculated and is shown in Table 7. The results obtained with the sole
inoculation and with the addition of swine slurry and OP were compared among each
other. Due to the convenience of producing biogas from digestate containing OP-PH waste,
only Sample 4 has been taken into account for this last evaluation.
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Table 7. Energy produced per unit of total solids (ETS) and volatile solids (EVS) for the sole inoculation
(Sample 1) and with the addition of swine slurry (Sample 2) and waste of three-phase olive pomace
protein hydrolysate (OP-PH) (Sample 4).

TS [kg] ETS [kJ/kg] VS [kg] EVS [kJ/kg]

Sample 1 (sole inoculation) 2.43 × 10−3 361.1 1.65 × 10−3 530.3
Sample 2 (with swine slurry) 2.22 × 10−3 490.1 1.44 × 10−3 756.0
Sample 4 (with OP-PH waste) 3.10 × 10−3 946.5 1.70 ×10−3 1727.8

The highest quantity of energy per unit of mass, both considering the TS and the VS,
was calculated for the inoculum containing OP-PH waste, corresponding to Sample 4.

Based on the whole results obtained with this study, it clearly comes to light the conve-
nience of upgrading digestate mixtures with OP-PH waste, in order to both increase the total
quantity of biogas extractable and also keep the production time contained, with consequent
lower operative costs. The preferability of OP-PH waste, instead of the untreated one, can be
explained by the higher overall production of energy and the lower percentage of unextracted
energy. Moreover, as previously explained, OP-PH waste means that the present raw material
has been previously processed to obtain PHs, high-added-value products that can have dif-
ferent applications in many commercial sectors [1]. Therefore, the added values, associated
with the production of these further compounds, such as biogas and biomethane, have to be
considered and perfectly agree with the concept of biorefinery. This study deepened the possi-
bility of achieving still high-efficiency biogas production from biomasses previously used for
active molecules. Moreover, the digestates obtained from anaerobic digestion processes could
be valorized through a composting process to produce compound fertilizer. Therefore, the
production of fertilizers from digestates, collected during the present experimental campaign,
will be treated in future studies.

The scientific literature on this specific topic is full of research focused on the produc-
tion of biogas from agricultural waste biomass, however, there is a lack of studies on the
optimal production period from an energy point of view that can elucidate the timing to be
used in a plant before it is supplied with biomass to be digested. This study therefore aimed
to shed light on the period in which there is an energy advantage of the entire process by
comparing energy spent/produced in the optimal biogas production period. Furthermore,
to the best of our knowledge, the newly synthesized wastes that are the focus of this study,
i.e., OP-PH and OMWW waste, have never been tested in other works, under this point of
view. Finally, the methodology proposed in this study needs to be validated in large-scale
apparatuses in order to make the results more solid from an industrial point of view.

4. Conclusions

This research investigated the production of biogas from the waste biomass deriving
from both three-phase OP-PH extraction process and recovery of the OMWW polyphenolic
component. The results achieved with these waste biomasses were then compared with
those obtained with different biomasses, for a total of five samples tested. The concentration
of biomethane in the biogas mixture was detected and, considering the whole quantity
of biogas produced from the samples, the quantity of energy producible for unit of mass
was calculated. This latter quantity was then compared with the energy consumption
associated with the production of biogas and derived from the literature. Based on the
energy spent/energy produced ratio, the optimal production period was defined for each
sample and the process efficiency was re-defined within this time range.

The batch anaerobic bioreactors consisting of inoculum added with the waste of three-
phase OP-PH showed a greater production of biogas compared to the controls consisting
of sole inoculum, inoculum with the addition of swine slurry, a mixture of inoculum and
untreated three-phase OP, inoculum and untreated OMWW, and inoculum and OMWW
waste recovered after the extraction of bioactive molecules. The largest production of
biogas for the bioreactors inoculated with the three-phase OP-PH waste occurred in the first
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12 days, reaching an optimal production yield of 76.7%. The quantity of energy potentially
producible using this raw material accounts for 946.5 kJ/kg of TS or 1727.8 kJ/kg of VS.
These results more than doubled those obtained by the other samples, demonstrating how the
energy values potentially obtainable from the waste of three-phase OP-PH are remarkable
and should be taken into consideration in order to optimize processes aimed at valorizing
olive oil waste supply chain. The biogas obtained can be then used for electricity production,
while through a purification process it is possible to obtain biomethane, which can instead be
used by introducing it into the distribution network or for the transport sector.

These outcomes pave the way for possible applications of the waste from the olive
supply chain in a multi-purpose biorefinery concept, aimed at valorizing the olive by-
products from different points of view. In this way, the waste from a process of valorization
of waste from the production of olive oil, i.e., the waste derived from the production of
PHs starting from three-phase OP and the waste recovered after the extraction of bioactive
molecules from OMWW, can also be reused to obtain an energy value in a circular economy
perspective thus promoting the use of more sustainable raw materials for biogas production.
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