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Abstract
The aim of the present research was to investigate the influence of the application of a novel cold-pressing system in olive oil 
manufacturing on the characteristics of olive pomace (OP) and on its valorization by anaerobic digestion (AD). Green olives 
and olives in veraison, both from the Picual variety, were used with the objective of assessing the effect of ripening level 
on the performance of the AD processes. The AD processes of these OPs were assessed in biochemical methane potential 
(BMP) tests. The maximum methane yield (327 ± 5 mL  CH4/g VS) and biodegradability value (90.8%) were found for the OP 
derived from green olives without cold-pressing, which showed the highest soluble COD (113 g  O2/L) and the lowest total 
phenolic concentration (9 g gallic acid/L). The first-order and Transference Function (TF) kinetic models were employed 
to evaluate the variation in methane production with time and to obtain the kinetic parameters of the anaerobic processes of 
the four OPs tested. The kinetic constant from the first-order model, k, did not show significant differences for the four OPs 
tested and ranged between 0.23 and 0.27  day−1. The TF revealed that the values for the maximum methane production rate 
(Rmax) were slightly higher for the OPs derived from green olives compared to those obtained from olives in veraison. For 
the green olives, the cold-pressing system caused a decrease in the value of Rmax from 87 ± 7 to 73 ± 6 mL  CH4/(g VS·d).

Keywords Anaerobic digestion · Olive cold-pressing system · Transference Function · Olive pomace · Green olives · Olives 
in veraison · Methane yield · First-order model

1 Introduction

The quality of olive oil begins in the field and passes 
through the different stages of production and packaging. 
At all points in these stages, increasing attention is being 
paid not only to obtaining quality oil, but also to improving 
the management of the by-products and residues produced 
[1]. Nowadays, the concept of quality is also linked to the 
environmental quality of the production environment. In this 
way, increasingly sustainable processes are sought which 

also provide new tools for improving our health through 
food and the health of the environment. This is why there 
is an important trend in the use of by-products to improve 
the use of our natural resources. This is the case of olive oil 
by-products. Many studies have led the industry to change 
its mentality and initiate a transformation process based on 
the integral use through a biorefinery [2]. This is based on 
obtaining the components of interest followed by the appli-
cation of bioprocesses aimed at obtaining energy, compost, 
or animal feed.

At the same time, the olive oil sector is also evolving to 
improve production systems by focusing the properties of 
extra virgin olive oil and of all the by-products which are 
generated [3]. One of the steps being taken to improve the 
organoleptic properties of the oil is to bring forward the 
harvesting of the olives and process them at an early stage of 
ripeness, i.e., green before they start to darken. This reduces 
extraction yield, but improves the fruity, bitter, and spicy 
attributes, increasing its sensory quality. Different systems 
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have been proposed to improve oil extraction at the earliest 
stages of maturation, such as the use of vacuum during beat-
ing or the use of electric pulses after milling. These systems 
are still in a testing phase that can improve the fat yield from 
extraction. However, in the present work, we propose to go a 
step further and advance not only to increase the amount of 
oil that can be extracted from an under-ripe olive, but also to 
enhance the properties of the by-products generated, which 
would allow them to be better used. In this way, the use of 
green olives would be encouraged in order to improve both 
the quality of the oil and the quality of the by-products gen-
erated from it. This work is based on the study of the appli-
cation of a novel cold-pressing system that improves the 
extractability of the oil and provides a residual solid (olive 
pomace, OP) enriched in phenolic components of greater 
value for its use, focusing the study on the integral use of 
this solid for the generation of energy after the application 
of anaerobic digestion (AD). Figure 1 shows a schematic 
diagram of the novel cold-pressing system for illustration. 
High-pressure systems are used industrially to improve 
food preservation. The cold-pressing system is based on the 
application of high pressure for short periods of time and 
at room temperature. In this process, the structure of the 
surface microorganisms is broken down, helping to reduce 
the microbial load of the food and thereby increasing its 
shelf-life [4]. The pressure system used in the present work 

is based on the same principle, but increasing the time to 
affect the structure of the plant wall and thus improving the 
subsequent beating and centrifugation step, increasing the 
recovery of oil and facilitating the valorization of the olive 
pomace by AD.

Therefore, the aim of this study was to investigate the 
methane production efficiency in batch mode of the olive 
pomace derived from a new olive oil manufacturing pro-
cess in which the olives were previously subjected to a cold-
pressing process at 7 kg/cm2 and 12 °C temperature. The 
effect of the olive ripening level was also assessed using 
green olives and olives in veraison. In both cases, the vari-
ety of the olives used was "Picual". Biochemical methane 
potential (BMP) tests were carried out in order to evaluate 
the anaerobic process. As far as we know, there is no previ-
ous literature focused on comparing the anaerobic digestion 
of the substrate obtained under the manufacturing condi-
tions explained above for olive oil. This study also examines 
the potential of two mathematical models (i.e., first-order 
and Transference Function models) for the production of 
biomethane, the specific rate constant, the rate of maximum 
methane production, and the lag time of anaerobic processes 
using the experimental results of methane production and 
time.

2  Materials and methods

2.1  Cold‑pressing reactor for olive processing

A pressurized reactor of 100-L capacity was used. The 
reactor prototype was designed by our research group at 
the Instituto de la Grasa (Seville, Spain). The reactor has a 
100-L capacity stainless steel reservoir that can operate at a 
maximum pressure of 1.2 MPa. Olive samples of the Picual 
variety were introduced into the reactor at a rate of 5 to 10 kg 
of sample. The reactor was then closed and pressurized with 
air until a pressure of 7 kg/cm2 was reached. This pressure 
was maintained for 10 min. The initial temperature of the 
olives was 12 °C and the temperature after the pressure treat-
ment was 12.2 °C. Finally, the reactor was depressurized 
and the olives were taken out. Oil was extracted using an 
Abencor system as a lab mill (MC2 Ingenierıa Sistemas, 
Seville, Spain). The olives were crushed with an Abencor 
hammer mill equipped with a 4-mm sieve and 600-g paste. 
The malaxation was carried out at 29 °C and was processed 
for 45 min. The amount of water added to the paste was 
100 mL with the addition of talc. The non-fat liquid and 
solid fractions (olive pomaces) were stored under refrigera-
tion at − 20 °C until use.

Green olives and olives in veraison, both from the Pic-
ual variety, were used in order to study the influence of the 
ripening level on the anaerobic digestion processes for the 

Olives

Novel Cold Pressure
Processing
7 kg/cm2
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Pre-treated olives

Processed oil mill:
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- Centrifuga�on

Olive oil
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Fig. 1  Schematic diagram of the novel olive oil manufacturing pro-
cess based on an olive cold-pressing system



10037Biomass Conversion and Biorefinery (2024) 14:10035–10043 

1 3

OPs obtained. The olives were cultivated and collected from 
“Valle de los Pedroches, Pozoblanco” (Cordoba Province, 
Spain). The date of harvest for green olives and olives in 
veraison was 5 December 2020.

Thus, four OPs were tested: OP from green olives sub-
jected to the cold-pressing system, OP from these olives 
without being subjected to cold-pressing (control), OP from 
olives in veraison with cold-pressing, and OP from these last 
olives without pressing (control).

2.2  Biochemical methane potential tests

The anaerobic digestion experiments for the OPs tested 
were carried out in batch mode in 250-mL total volume and 
210 ± 2 mL working volume reactors. The reactors were kept 
in thermostatic baths (35 ± 2 °C) under constant stirring at 
400 rpm. The initial volatile solid concentration of the anaer-
obic inoculum was 19.9 g/L. In the reactors, an inoculum-to-
substrate ratio of 2 (as volatile solids) was maintained. The 
anaerobic inoculum used was a mesophilic granular sludge 
from a full-scale UASB reactor treating wastewater from 
a brewery industry. The reactors were prepared with the 
addition of the inoculum and the substrate together with a 
micronutrient solution [5, 6]. The main characteristics of the 
inoculum were pH: 7.5 ± 0.2, total solids (TS): 25.0 ± 1.1 g/
kg, volatile solids (VS): 19.9 ± 1.2 g/kg. In order to maintain 
anaerobic conditions, nitrogen gas was flushed to the reac-
tors for 2 min at the beginning of the experiments (40 mL 
of headspace volume). The reactors were then sealed and 
placed in the thermostatic baths. The reactors were acti-
vated in three replicates per substrate. A triplicate was also 
placed in the reactor with only inoculum, without substrate, 
in order to subtract the inoculum’s endogenous methane 
production. The produced biogas was passed through a 2 N 
NaOH solution to retain the  CO2. The displacement volume 
was assumed to be methane. The methane production was 
expressed under standard conditions of pressure and tem-
perature (0 °C, 1 atm). The main characteristics of the differ-
ent substrates used in the experiments are shown in Table 1.

2.3  Analytical methods

Prior to the anaerobic digestion process, the following 
parameters were analyzed in all the olive pomaces tested: 
total chemical oxygen demand (TCOD), soluble chemical 
oxygen demand (SCOD), total and volatile solids (TS and 
VS, respectively), as well as the total phenol concentration. 
After 26 days of operation period, the following parameters 
were determined in the resulting digestates or process efflu-
ents: SCOD, TS and VS, pH, total alkalinity, and volatile 
fatty acids (VFA). The methods used for the different analy-
ses carried out were previously described by Fernández-
Rodríguez et al. [5].

2.4  Kinetic models

2.4.1  First‑order kinetic model

In order to study the process kinetics and estimate the pro-
cess performance in the anaerobic digestion of the different 
substrates studied, the following first-order kinetic model 
was used:

where G is the cumulative specific methane production (mL 
 CH4/g  VSadded), Gm is the ultimate methane production (mL 
 CH4/g  VSadded), k is the specific rate constant  (day−1), and t 
is the digestion time (day). This kinetic model is generally 
applied to evaluate the kinetics of the batch anaerobic diges-
tion processes for different types of biodegradable substrates 
[7, 8]. This model is based on the premise that methane 
generation is proportional to the amount of substrate and not 
limited by microbial cell mass [9].

2.4.2  Transference Function (TF) model

The Transference Function (TF) model was also used to 
fit the experimental data of methane production during 

(1)G = Gm

[

1 − exp(−kt)
]

Table 1  Main characteristics 
of the four olive pomaces 
(OPs) used in the anaerobic 
digestion experiments and 
of the anaerobic sludge 
used as inoculum. Figures 
after ± represent standard 
deviation and different letters 
show significant differences

Parameters OP 
Green olives
Control

OP 
Green olives
Cold-pressing

OP 
Olives 
in veraison
Control

OP 
Olives 
in veraison
Cold-pressing

Inoculum

TS (g/kg) 367 ± 2 a 384 ± 2 b 375 ± 2 c 386 ± 1 b 25 ± 1
VS (g/kg) 351.9 ± 0.2 a 364.2 ± 0.4 b 355.8 ± 0.5 b 372.9 ± 0.1 c 19 ± 1
VS/TS 0.96 0.95 0.95 0.97
Moisture content (%) 63.2 ± 0.1 a 61.6 ± 0.2 b 63.5 ± 0.2 a 60.8 ± 0.1 c 98.7 ± 0.1
CODtotal (g  O2/kg) 493 ± 1a 583 ± 1 b 462 ± 1 c 559 ± 1 d
CODsol (g  O2/L) 113 ± 3 a 106 ± 1 b 107 ± 6 b 106 ± 1 b
Total phenols (g Gallic 

acid/L)
9.1 ± 0.5 a 10.3 ± 0.5 b 10.5 ± 0.4 b 9.9 ± 0.4 b
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biochemical methane production (BMP) tests (Eq. (2)). 
The TF (reaction curve-type model) (RC), used mainly 
for control purposes, contemplates that any process might 
be analyzed as a system receiving inputs and producing 
outputs [10]. The TF model was successfully applied 
by several authors for the biomethanization of different 
organic wastes [7, 10, 11]. The TF model is given by the 
following expression:

where B (mL  CH4/g  VSadded) is the cumulative specific 
methane production, Bmax (mL  CH4/g  VSadded) is the ultimate 
methane production, Rmax is the maximum methane produc-
tion rate (mL  CH4/(g  VSadded·d)), t (days) is the digestion 
time, and ℷ (days) is the lag time.

Determination coefficients (R2), errors (%), and stand-
ard errors of estimates (SEE) were calculated to evaluate 
the goodness-of-fit and the accuracy of the results for 
both models. The errors in percentage were calculated 
from the difference between the experimental and theo-
retical values (predicted by the model) of the ultimate 
methane production. The kinetic parameters for each 
experiment and mathematical adjustment were deter-
mined numerically from the experimental data obtained 
by non-linear regression using the software Sigma-Plot 
(version 11).

2.5  Energy output

The methane yield experimental data obtained in the 
BMP tests were used to determine the energy output by 
using Eq. (3) [12]:

where

E0 
 is the energy output in (kJ/g  VSremoved),

PCH4 
 is the cumulative methane production after digestion time 
 (m3),

Ɛ 
 is the lowest heating value for methane (35,800 kJ/m3  CH4),

λm 
 is the energy conversion factor of methane (0.9),

(2)B = Bmax ∗

(

1 − exp

[

−
Rmax(t − ℷ)

Bmax

])

(3)E
0
=
(

PCH4
∗ � ∗ �m

)

∕VSremoved

VSremoved  is the grams of VS removed at the end of the 
BMP test (g/L).

2.6  Statistical analysis

Triplicate experiments and analyses were carried out. The 
results were expressed as means ± standard deviation. The 
SigmaStat software for Windows (Palo Alto, CA94303, 
USA) was used for all the statistical analyses performed. 
Data were analyzed using a one-way analysis of variance 
(ANOVA) test, which was used to determine levels of signif-
icance among various results. The bio-kinetic parameters for 
each experiment and mathematical adjustments were deter-
mined numerically from the experimental data obtained by 
non-linear regression using the software Sigma-Plot (version 
11).

3  Results and discussion

3.1  Biodegradability and methane yield coefficients

Figure 2 shows the accumulated methane yield coefficient 
throughout the experimental time for the four OPs assayed. 
As can be seen, the four substrates tested exhausted most 
of the biogas production after a 10-day period. The follow-
ing ultimate methane yield values were obtained: 258 and 
327 mL  CH4/g VS for OP derived from green olives sub-
jected to cold-pressing or without cold-pressing (control), 
respectively, and 249 and 276 mL  CH4/g VS for OP derived 
from olives in veraison subjected to cold-pressing or without 
cold-pressing (control), respectively. The methane yield val-
ues obtained for OPs derived from green olives were higher 
than those achieved for OPs from olives in veraison. These 
results are in accordance with the higher biodegradability 
values reached for the OPs from green olives, i.e., 86.4 and 
90.8% when cold-pressing is applied and for the control, 
without cold-pressing, respectively, compared to 74.5 and 
84.2% for OPs from olives in veraison when cold-pressing 
is applied and for the control, respectively. Biodegradability 
was defined as the percentage of VS removed at the end of 
the BMP processes [23, 24].

Therefore, the maximum value for the ultimate methane 
yield was found for the OP derived from green olives with-
out pressing (327 mL  CH4/g VS), which is in accordance 
with the higher soluble COD concentration (113.0 ± 2.8 g 
 O2/L) contained in this OP compared to the others, whose 
values ranged between 105.9 and 107.4 g  O2/L. A high dis-
solved organic matter result in a nutrients and microorgan-
isms’ synergism [13].

Serrano et al. [14] reported lower methane yield val-
ues (261 ± 2 mL  CH4/g VS) for the biomethanization of 
untreated OP under mesophilic conditions. By subjecting the 
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OP to a high-temperature thermal pre-treatment at 170 °C 
for 30 min, the AD of the pre-treated OP provided a similar 
methane yield (264 mL  CH4/g VS) to untreated OP from 
the green olives tested in the present work. The co-digestion 
of the pre-treated mixture of the solid and liquid fractions 
obtained did not produce a synergy effect on the methane 
yield compared to the biomethanization of untreated OP. 
In this case, the increase in soluble compounds due to the 
thermal pre-treatment did not result in a significant enhance-
ment in methane production. The fact that an improvement 
in methane production was not always produced by increas-
ing soluble matter through thermal pre-treatment has also 
been reported by other authors [15]. In the study cited, the 
non-significant improvement in methane production subse-
quent to thermal pre-treatment can be due to non-degradable 
or toxic compounds which could partially inhibit the AD 
process [16].

Higher values for methane yield (461 mL  CH4/g VS) 
were reached after co-digesting the OP with the micro-
alga Scenedesmus quadricauda [5]. The co-digestion mix-
ture contained an optimum C/N ratio [17]. The use of two 

co-substrates aided in the stability of the anaerobic system 
as well. The Chlorophyta was able to balance the C/N ratio 
and provide extra alkalinity. Co-digestion can increase the 
anaerobic digestibility of OP by improving the substrate 
composition, as has been determined from other investiga-
tions. A co-effect can take place in some substrates so that 
they stimulate enzymatic synthesis which can also improve 
anaerobic digestion yield [18].

3.2  Characterization of the anaerobic digestion 
effluents

The pH of the different anaerobic effluents (Table 2) ranged 
between 7.85 ± 0.02 (OP from green olives subjected to 
cold-pressing) and 8.0 ± 0.06 (OP from olives in veraison 
control). Very similar intermediate pH values were found for 
the effluents of the BMPs of OP from green olives control 
(7.98 ± 0.02) and OP from olives in veraison subjected to 
cold-pressing (7.92 ± 0.01). Once the batch experiments had 
ended, the pH values fell within the optimal pH range for 
the methanogenic phase [19]. Alkalinity is known to be one 

Fig. 2  Variation in methane 
production versus time for 
the different substrates tested. 
Values represent means ± stand-
ard deviation. OP green olives 
7 kg/cm2: Olive pomace from 
green olives subjected to the 
cold-pressing system; OP green 
olives control: Olive pomace 
from green olives without being 
subjected to cold-pressing 
(control); OP olives in veraison 
7 kg/cm.2: Olive pomace from 
olives in veraison subjected to 
the cold-pressing system; OP 
olives in veraison control: Olive 
pomace from olives in veraison 
without pressing (control)
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Table 2  Main characteristics 
of the digestates or anaerobic 
effluents of the four OPs. 
Figures after ± represent 
standard deviation and different 
letters show significant 
differences

Parameters OP 
Green olives
Control

OP 
Green olives
Cold-pressing

OP 
Olives in veraison
Control

OP 
Olives in veraison
Cold-pressing

pH 7.98 ± 0.01 a 7.85 ± 0.02 b 8.00 ± 0.06 a 7.92 ± 0.01 a
TA (g  CaCO3/kg) 6505 ± 461 a 6503 ± 272 a 6414 ± 622 a 6684 ± 127 b
Acetic acid (mg/L) 100 ± 4 a 80.3 ± 0.6 b 91 ± 3 c 78 ± 3 b
Butyric acid (mg/L) 3.7 ± 0.4 a 2.8 ± 0.3 b
CODsol (mg  O2/L) 1179 ± 22 a 1077 ± 71 a 1069 ± 124 a 1088 ± 66 a
TS (g/kg) 34.6 ± 0.7 a 33.6 ± 0.2 b 36.6 ± 0.4 c 34.7 ± 0.8 a
VS (g/kg) 25.8 ± 0.7 a 25.6 ± 0.3 a 29 ± 1 b 26.3 ± 0.9 a
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more important parameter involved in the AD process and 
also for the most pH-sensitive microorganisms [20]. After 
the experiments, the effluents had a good buffering capacity 
since values in the range of 6,414 and 6,684 mg  CaCO3/L 
were obtained for all the substrates assayed (Table 2). The 
optimal alkalinity value was reported to range from 2,500 
to 6,500 mg  CaCO3/L, and that these values serve to buffer 
pH changes inside the anaerobic reactor [20].

In addition, at the end of the experiments, acetic and 
butyric acids alone were detected as volatile fatty acids. This 
is another parameter which points to the positive evolution 
and adequate performance of the substrates under study 
in anaerobic processes (Table 2). Values for acetic acid in 
the range of 78.4 to 100.3 mg/L and butyric acid concen-
tration lower than 3.7 mg/L were achieved for all the OPs 
tested. These results indicated that no acidification processes 
occurred during the anaerobic processes, which proves high 
stability for the four processes investigated.

3.3  Estimation of the model parameters by kinetic 
modeling

3.3.1  First‑order kinetic model

The kinetic parameters determined from Eq.  (1) for the 
anaerobic digestion of the OPs coming from green and verai-
son olives after the prior cold-pressing of 7 kg/cm2 or with-
out pressing (control) both at room temperature are summa-
rized in Table 3. The low values for the standard deviations 
of the kinetic parameters and errors (differences between the 
ultimate methane productions and those which are theoreti-
cal or predicted by the model) (less than 3.6%) and the high 
determination coefficient values are indicative of the appro-
priate fit of the experimental results to the proposed model.

As can be observed in Table 3, there were no significant 
differences among the values for the specific rate constant 
of the four OPs tested, which ranged between 0.23 ± 0.01 
(OP for olives in veraison control) and 0.27 ± 0.02  day−1 
(OP from olives in veraison subjected to cold-pressing). 
The values for the kinetic constants were slightly higher 
when the olives were subjected to cold-pressing prior to the 
manufacturing process both for the green olives and olives 

in veraison. In any case, the values for the kinetic constants 
were much higher than those obtained from the AD of OP 
from olives subjected to the traditional two-phase system 
(0.013 ± 0.004  day−1 [6]. This fact can be attributed to the 
higher VS/TS ratios found in the OPs from olives subjected 
to pressing, whose values ranged between 94.8 and 96.6%, 
while the VS/TS ratio for the classical OP was only 81%.

By contrast, similar k values to those found in the present 
research were reported when the classical OP was previously 
pre-treated at 121 °C, for 30 min and at 1 bar of pressure and 
later subjected to AD (k = 0.19  day−1) and when the OP was co-
digested with the microalga Dunaliella salina (k = 0.21  day−1) 
[21]. During the AD of OP, hydrolysis step was detected as 
the main drawback due to the low biodegradability of this 
substrate [22]. The soft hydrothermal pre-treatment aided in 
breaking down the lignocellulose fibers [23], but nevertheless, 
the bacteria involved in the first step are the cause of an imbal-
ance in the AD process. During co-digestion, an improvement 
in the hydrolysis step was seen, with the co-substrate acting as 
a catalyst for hydrolytic enzymes [22].

In addition, the theoretical Gmax values obtained from the 
model were higher for the OPs derived from green olives than 
those olives in veraison in a similar way to the variation in the 
respective experimental values. On the other hand, for both 
types of olives processed, there were decreases in the Gmax 
values of 25.8 and 9.4% when the pressing process was not 
applied (control samples) for green and veraison olives, respec-
tively. A similar decrease was observed in the values of the 
experimental ultimate methane yields when no pressing was 
used prior to the manufacturing process. The maximum Gmax 
value (321 ± 6 mL  CH4/g VS) was found for the OP derived 
from green olives without cold-pressing (control), the sample 
that showed the higher biodegradability value (90.8%) com-
pared to the other OPs tested. However, this highest Gmax value 
was lower than those recently reported for the anaerobic diges-
tion of thermally pre-treated OP (395 mL  CH4/g VS) and the 
co-digestion of OP and the microalga D. salina (451 mL  CH4/g 
VS) [21]. Particularly, final methane production rates from the 
first-order kinetic model were increased by 8.5 and 24% when 
the OP was thermally pre-treated (121 °C at 1 bar for 30 min) 
and co-digested with D. salina (95% OMSW–5% D. salina) 
respectively, compared to the untreated OMSW [21]. During 

Table 3  Values for the kinetic 
constant obtained from the 
first-order model for the 
different OPs tested. Figures 
after ± represent standard 
deviation and different letters 
show significant differences

OP, olive pomace; S.E.E., Standard Error of Estimate; Gmax, ultimate methane production (mL  CH4/g VS); 
k, specific rate constant or apparent kinetic constant  (day−1); R2, determination coefficient; Error (%), dif-
ference (in percentage) between the experimental and calculated ultimate methane production

Substrate Gmax
(mL  CH4/g VS)

k
(day−1)

R2 S.E.E Error (%)

OP from green olives and cold-pressing 255 ± 4 a 0.26 ± 0.02 a 0.988 15.54 1.1
OP from green olives control 321 ± 6 b 0.25 ± 0.02 b 0.985 21.28 1.8
OP from veraison olives and cold-pressing 243 ± 4 c 0.27 ± 0.02 c 0.987 15.54 2.4
OP from veraison olives control 266 ± 4 d 0.23 ± 0.01 d 0.986 13.14 3.6
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the co-digestion experiment, even though most of the organic 
matter originated from the OP, the contribution of the microal-
gae aided in the hydrolytic stage, making it more evenly spaced 
over time, which resulted in an overall improvement in the AD 
process [21].

3.3.2  Transference Function model

Table 4 summarizes the parameters determined from the 
application of the TF to the experimental data of methane 
production over time, as shown in Fig. 2, where the errors 
defined as the differences between measured and predicted 
methane yields were less than 3.9% for the four OPs tested. 
Again, the high values for the determination coefficients 
(R2) and the low values for the standard errors of estimates 
(Table 4) show the superb fit of the experimental results to 
the Transference Function model.

The values for maximum methane production rate (Rmax) 
were somewhat higher for the OP derived from green olives 
compared to those obtained from olives in veraison. In the 
case of the OPs derived from green olives, the pressing 
process caused a decrease in this parameter from 87 ± 7 to 
73 ± 6 mL  CH4/(g VS·d); while for the OPs from olives in 
veraison, there was no significant difference between the val-
ues (71 ± 5 and 64 ± 4 mL  CH4/(g VS·d) for olives subjected 
to pressure and control, respectively). It was observed that the 
highest values in the Rmax coincided with the lowest values 
for the phenolic contents of the OPs, which were found to be 
10.28 and 9.09 g gallic acid/L for OPs from green olives with 
pressing and control, respectively, and 9.86 and 10.50 g gallic 
acid/L for OPs from olives in veraison subjected to pressing 
and control, respectively. Therefore, only in the case of the OP 
derived from green olives, did the previous pressure process 
cause a decrease in the Rmax value. In addition, the maximum 
Rmax value achieved in the present research (87 ± 7 mL  CH4/ 
(g VS·d)) for OP derived from green olives without pressing 
was very similar to that obtained during the anaerobic co-
digestion of OP and the microalga S. quadricauda (89 mL 
 CH4/(g VS·d), for which an optimum carbon to nitrogen ratio 
of 25.3 was determined [5].

On the other hand, the maximum value for ultimate meth-
ane production (Bmax) was also observed for the OP derived 
from green olives without cold-pressing (319 ± 6 mL  CH4/g 
VS), which is similar to what occurred for Rmax. This result 
could be explained by the higher content in soluble matter 
(SCOD: 113 g/L) present in this OP compared to the oth-
ers (SCOD ranging from 105 to 107 g/L). The highest Bmax 
achieved for this OP coincides with the maximum biodeg-
radability value reached for this substrate (90.8%) compared 
to the other OPs, whose values ranged from 74.5 to 86.4%. 
It is also interesting to point out that the Bmax achieved for 
the OP from the green olive control (319 ± 6 mL  CH4/g VS) 
was 9% higher than that obtained for an OP previously sub-
jected to a steam explosion (200 °C for 5 min with rapid 
decompression) (294 mL  CH4/g VS) [14]. This behavior is 
due to the fact that the steam explosion process generates 
some undesirable compounds that act as inhibitors in the 
AD process [24].

The lag periods found for all the substrates tested in the 
present work were very low (0.2–0.3 days), and the shape of 
the methane production curves with time underwent rapid 
growth for all the POs assayed. These low lag time values 
(ʎ) across the board indicate a rapid consumption of the most 
readily available biodegradable components of all the OPs 
assayed and in all the AD processes studied.

The highest values for ultimate methane yield (Bmax) and 
the maximum methane production rate (Rmax) achieved in 
the anaerobic digestion of OP from green olives processed 
at ambient temperature without pressing (control) revealed 
the robustness of OP AD compared to the one obtained after 
the cold-pressing of 7 kg/cm2 and for the OPs derived from 
olives in veraison, both with and without pressing.

3.4  Energy assessment

Although anaerobic digestion is a resource-efficient pro-
cess because it reduces the organic content and consider-
ably diminishes pollution coming from wastes, it is extraor-
dinary that a high methane production and energy output 
are obtained during the process. The energy output was 

Table 4  Values for the parameters obtained from the Transference Function model for the different substrates studied. Figures after ± represent 
standard deviation and different letters show significant differences

OP, olive pomace; Bmax, is the ultimate methane production; Rmax, is the maximum methane production rate; and ʎ is the lag time. S.E.E., Stand-
ard Error of Estimate; R2, determination coefficient; Error (%), difference (in percentage) between the experimental and calculated ultimate 
methane production

Substrate Bmax
(mL  CH4/g VS)

Rmax
(mLCH4/(g VS·d)

ℷ
(day)

R2 S.E.E Error (%)

OP from green olives and cold-pressing 254 ± 4 a 73 ± 6 a 0.2 ± 0.1 0.981 14.91 1.5
OP from green olives control 319 ± 6 b 87 ± 7 b 0.3 ± 0.1 0.978 20.39 2.4
OP from veraison olives and cold-pressing 241 ± 4 c 71 ± 5 c 0.3 ± 0.1 0.981 13.94 3.2
OP from veraison olives control 265 ± 4 d 64 ± 4 d 0.2 ± 0.1 0.986 13.07 3.9
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determined from experimental BMP data from these assays 
by applying Eq. (3) [12]. The energy yield or viability of the 
process is a factor of ultimate importance in scaling up the 
anaerobic digestion process. It should also be noted that the 
inoculum had not been acclimatized to the new substrates 
prior to the start of the anaerobic experiments and therefore, 
the methane yield was underestimated. The energy output 
values for OPs from green olives were 12.40 and 13.86 kJ/g 
VS removed in the case of olives subjected to cold-pressing 
and control, respectively; while for the OPs from olives 
in veraison, these values were 8.27 (with pressing) and 
11.40 kJ/g VS removed (control), respectively.

As can be seen for the two olives selected, the energy out-
put decreased when cold-pressing was applied to the fruits 
prior to the olive oil manufacturing process, which agrees 
with the low biodegradability values observed when press-
ing was used. More specifically, the energy yield decreased 
by 10.5 and 27.5% when pressing was applied for the OPs 
from green olives and olives in veraison, respectively.

At the same time, the energy output was higher in the case 
of OPs from green olives compared to the OPs from olives 
in veraison. The highest value (13.86 kJ/g VS removed) was 
achieved for the OP from green olives without pressing (con-
trol). This result is in line with the highest methane yield and 
maximum methane production rate values observed in this OP 
compared to the others. Pasalari et al. [12] reported energy out-
put values from 9.43 to 25.5 kJ/g VS removed for the anaerobic 
digestion process of landfill leachate after being pre-treated 
with electrochemical oxidation. The values obtained in the 
present study were in line with the values reported previously. 
High net energy output values (76.25 kJ/g fed VS) were also 
reported for the anaerobic co-digestion of sludge (SS) and food 
waste (FW) when both substrates were subjected to microwave 
(MW) pre-treatment [25]. These results show that MW pre-
treatment was effective in the dissolution of organic matter, 
conversion of protein to  NH4

+-N, and cumulative methane 
production and methane yield, as well as the reaction rate of 
methane production in the SS and FW anaerobic co-digestion 
systems [25].

4  Conclusions

The anaerobic digestion (AD) of olive pomaces (OPs) 
derived from a novel cold-pressing system applied both to 
green olives and olives in veraison could be a sustainable 
method for management of theses wastes. BMP tests on 
these OPs compared to others carried out without previous 
cold-pressing revealed that maximum values for methane 
yield (327 mL  CH4/g VS) and biodegradability (90.8%) were 
achieved for the OP derived from green olives which were 
not subjected to cold-pressing, which showed the highest 
soluble COD and lowest phenolic compound concentration. 

The slight increase in the methane yield values obtained 
in the AD of OPs when the olives were not subjected to 
the cold-pressing process is attributed to the higher biodeg-
radability values and lower phenolics content achieved in 
this case when compared to the values observed in the OPs 
when the pressure system is applied. The data from the AD 
experiments of these wastes were accurately described by 
the first-order and Transference Function (TF) models. The 
first-order kinetic parameters were similar for the four OPs 
tested and ranged from 0.23 to 0.27  day−1. The highest value 
for maximum methane production rate (Rmax) (TF model) 
was found for the OP from green olives which were not sub-
jected to the cold-pressing system (87 ± 7 mL  CH4/g VS·d). 
It can be concluded that the AD of these olive pomaces is 
a promising and effective alternative for the generation of 
energy. Future research is required in order to assess the 
influence of this new cold-pressing system on the character-
istics and anaerobic biodegradability of OPs derived from 
other olives varieties with different maturation levels.
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