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Abstract
The aim of this paper is to assess the feasibility of the co-digestion of olive mill industrial waste with urban sewage sludge

from wastewater treatment plants (WWTP). These wastes include olive mill solid waste (OMSW) and olive mill effluent

(OME). This co-digestion process enables the energetic exploitation of OMSW and/or OME and introduces an environ-

mental solution for their highly pollutant compounds. The behaviour of both co-substrates was studied using biochemical

methane potential assays. To determine the optimal proportions of each co-substrate, different quantities of OME and

OMSW were added to a constant quantity of substrate (urban sewage sludge) and put to test. A small amount of digested

sludge from WWTP was used as an inoculum to accelerate the pace of the reactions. Thus, the optimal proportions between

substrate and co-substrate were defined. The samples containing OMSW showed a biodegradability around 23%, slightly

above that of the substrate on its own (21.3%). Moreover, biogas production in samples containing OMSW was signifi-

cantly superior to samples containing substrate only. Nevertheless, the samples containing OME as a co-substrate presented

an inferior biodegradability (20.3%) to that of the substrate on its own. Similarly, biogas production in OME co-digestion

remained within the usual values of urban sewage sludge biogas production. In all cases, the system remained stable and

the energetic efficiency of the process was improved in comparison to the digestion of substrate only. Therefore, co-

digestion with urban sewage sludge proves to be a cost-effective method for OMSW and OME environmental

management.
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Abbreviations
OMSW Olive mill solid waste

OME Olive mill effluents

WWTP Urban wastewater treatment plant
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BMP Biochemical methane potential

TS Total solids

VS Volatile solids

FS Fixed solids

MS Mixed sludge

COD Chemical oxygen demand

VFA Volatile fatty acids

OLR Organic loading rate

HRT Hydraulic retention time

Although the co-digestion of olive mill waste is not a

new idea—the basic process was defined 20 years ago by

Lebrato (Lebrato et al. 1995)—it has seen major develop-

ment only during the last 10 years. Nowadays, most

WWTP have oversized anaerobic reactors. This fact makes

it possible for tanks to contain additional co-substrate

volume without compromising digestion stability.

Biochemical methane potential (BMP) assay is a wide-

spread and reliable tool for the feasibility assessment of

different substrate-to-co-substrate ratios (Khoufi et al.

2015) (Veluchamy and Kalamdhad 2017). BMP assays

constitute an easy and inexpensive way to assess digester

behaviour as well as the biodegradability and methano-

genic potential of a certain waste. This allows to take

preventive and/or corrective actions (Goncalves Ferreira

2013) (Elbeshbishy et al. 2012). Therefore, this is the

method used to determine to what extent the treatment of

OMSW and OME is feasible.

Since in a co-digestion process more organic matter is

fed to the reactor than in standard digestion, an increase in

biogas production and, consequently, in electric energy

generation shall occur.

Biogas-generated power in OECD countries grew from

3.7 TWh in 1990 to 78.8 TWh in 2015, making it the third

fastest growing renewable electricity source after wind and

solar energy. The leaders of this growth are European

OECD countries, which accounted for almost 80% of

biogas-generated power in 2015 (IEA 2016).

Biogas-based power enables energy storage via biogas

storage in large quantities. This way, energy production

can be adapted to the ever-varying demand patterns. This

flexibility makes biogas an essential renewable energy

source. Amongst other goals, this paper seeks to assess

whether OME and OMSW are optimal biogas sources.

Mixed sludge from WWTP is mainly used in agriculture

after its digestion. A co-digestion process with either

OMSW or OME would not prevent it from becoming a

reliable soil conditioner or fertilizer. In fact, both OMSW

and OME have also promising applications in agriculture

after undergoing a stabilization or compost process

(Álvarez et al. 2010). As conditioners, OMSW and OME

are valued for their ability to improve soil structure

(Saveyn and Eder 2014; (Hernández et al. 2017; Dahlin

et al. 2017; Weiland 2010).

The goal of this work is to determine the viability of

incorporating the described co-substrates (OMWS and

OME) to a conventional urban wastewater treatment pro-

cess; taking advantage of the excessive capacity numerous

anaerobic reactors were mistakenly designed with, while

not compromising the anaerobic digestion of WWTP-

generated sludge. Thus, firstly, anaerobic digestion of

sludge with and without co-substrates was compared.

Conclusions drawn from this comparison will clarify

Introduction

Two-phase olive manufacturing produces three identifiable 
and separable waste streams, namely primary wash water, 
olive mill solid waste (OMSW) and secondary wash water. 
These wash waters originate from the primary and sec-

ondary centrifugation of olives and are collectively referred 
to as olive mill effluents (OME) or alpechı́n. OMSW, also 
known as alperujo, is an aqueous solid waste generated 
during primary centrifugation (Hodaifa et al. 2008; Stoller 
and Chianese 2006). This two-phase manufacturing 
method involves minimizing water consumption. This 
leads to OMSW having a steep organic matter concentra-

tion, which is the reason why it is a very hazardous pol-

lutant and cannot be handled via traditional treatments. 
OME and OMSW cause serious environmental concern 
because of their elevated organic load and low 
biodegradability (Danellakis et al. 2011; Hodaifa et al. 
2013; Karaouzas et al. 2011; Ntougias et al. 2013). The 
volume of OME per processed olive kg is & 0.25 dm3 

(Borja et al. 2006).

This is a very concerning issue in Mediterranean coun-

tries (Khoufi et al. 2015). It has been demonstrated that 
OMSW and OME can be treated via anaerobic digestion at 
mesophilic temperature (Kosobucki et al. 2008). Anaerobic 
digestion is an efficient and widespread treatment option 
due to its excellent waste stabilization and high energy 
recovery (Pagés-Dı́az et al. 2014) (Kelessidis and Stasi-

nakis 2012). In the case of OMSW, COD removal effi-

ciencies in the range of 96.8–82.9% have been achieved in 
continuous stirred tank reactors (CSTR) with methane 
yield coefficients in the range of 0.30–0.20 dm3 CH4 g-1 

COD removed (operating at OLR of 0.8–15.0 g COD dm-3 

day-1 and HRT of 50–10 days). When processed in 
immobile cell bioreactors, OME reached COD removal 
efficiencies within the range of 72–89% and an average 
methane yield coefficient of 0.3 dm3 CH4 g-1 COD 
removed (OLR of 0.8–5.3 g dm-3 d-1 and HRT of 
25–4 days) (Borja et al. 2006).



whether it is recommendable treating the studied co-sub-

strates in a conventional WWTP co-digestion process, and

whether this procedure improves methane yield. Moreover,

different proportions of substrate and co-substrate have

been essayed and eventually the optimal proportions of

both have been determined.

Materials and Methods

Materials

Substrate

Mixed sludge (primary and surplus activated sludge,

referred to as MS) obtained from El Copero WWTP

(Seville, Spain), was the main substrate in the assays

described. MS was the reference of choice in this research

due to the fact it is usually treated in WWTP anaerobic

digesters. It had 24.1 ± 0.6 g TS and 15.9 ± 0.7 g VS per

liter. A constant amount of 50 mL of MS was used in all

samples. All compounds and samples were stored at a

temperature of 4 8C prior to their use.

The good behaviour of this substrate in anaerobic

digestion has been widely demonstrated in numerous

studies on this subject (Zhen et al. 2017).

Inoculum

Mesophilic anaerobic digested sludge (also obtained from

El Copero WWTP) was used as inoculum in order to

accelerate the beginning of the process. It had 18.5 ± 0.5

gL-1 TS and 13.1 ± 0.6 gL-1 VS. The same inoculum was

used in all assays to evaluate the response of the digester to

different co-substrates (Goncalves Ferreira 2013). The

samples, which had been stored at 4 �C, were kept in a hot

camera at 35 �C for at least 3 days prior to the beginning of

the assays. This protocol was followed to minimize

endogenous production, readapting the sludge to assay

temperature (Goncalves Ferreira 2013).

Co-substrate

OMSW and OME samples were collected from a two-

phase olive oil production plant located in Jaén, Spain. The

samples were stored in a freezer at 4 �C between 30 and

40 days prior to use.

The characteristics of these samples are displayed in

Table 1.

The high average COD value for OMSW (380.0 ± 0.8

gL-1) in contrast to that of OME (31.9 ± 0.7 gL-1) reveals

that the former might be a valuable co-substrate as far as

biogas production is concerned.

Methods

Biochemical Methane Potential Test (BMP)

BMP tests were performed on each sample to determine

their anaerobic biodegradabilty and the effects of different

substrate and co-substrate proportions on biogas production

(Angelidaki et al. 2009). BMP tests provide the volume of

methane produced in normal conditions per g SV, allowing

methane yield to be calculated (Angelidaki et al. 2009;

Nielfa et al. 2015a, b).

Sixty transparent 250 mL borosilicate bottles equipped

with rubber stoppers were used as batch reactors. These

stoppers allow differential pressure measurements. Also,

please notice that even though the bottles are commercially

labelled to have a capacity of 250 mL, they actually have a

volume of 300 mL. In total, each bottle contained 150 mL

of sample volume. The remaining 150 mL were left as free

space for biogas.

Each reactor contained a sample consisting of 50 mL of

substrate and different amounts of either OMSW or OME

as co-substrate, in accordance to a ratio of 0.5 g VS

(Substrate ? Co-substrate)/g VS of inoculum. This unified

ratio for all samples makes it possible to compare them.

Biodegradability values obtained in the BMP test are

strongly affected by the value of this relation (Moreno-

Andrade and Buitrón 2003)—the higher the (Substrate

? Co-substrate)/Inoculum ratio, the more velocity in bio-

gas production. Taking this into account, such a high g VS

(Substrate ? Co-substrate)/g VS of inoculum ratio was

chosen for our purposes (Angelidaki et al. 2009).

Reactors were kept in mesophilic temperature

(35–36 �C) and stirred at 150 rpm over a period of

20–26 days with aid of a New Brunswick Scientific G10—

Gyratory Shaker, as described by Soto et al. (1993) and

Fdz-Polanco et al. (2005).

The produced gas volume was measured daily (Angel-

idaki et al. 2009). Biogas composition was determined by

taking 20 mL of volume from the reactor with aid of a

syringe and injecting it into an NaOH 6 N solution, causing

CO2 to precipitate as carbonate. The displaced NaOH

volume corresponds to methane volume (Veluchamy and

Kalamdhad 2017).

In order for a biodegradability test to be carried out, the

environment needs to have all nutrients that microorgan-

isms need to increase their population. Therefore,

FeCl3.4H2O, CoCl2�6H2O, MnCl2�4H2O, CuCl2�2H2O,

ZnCl2, H3BO3, EDTA, NH4Cl, KH2PO4, CaCl2�H2O and

MgSO4�4H2O were added (Angelidaki et al. 2009). In total,

these compounds represent 1 mL of volume per liter of

inoculum.



measurer (accuracy ± 0.0001 mS). COD was measured by

titration of ferrous ammonium sulphate after a total

digestion with Ag2SO4 and potassium dichromate at

150 �C for two hours (APHA 1998). The TS were analysed

by weighting the samples before and after being dried at

105 �C. The VS were determined weighting samples after

being burned at 550 �C for 20 min (APHA 1998). Alka-

linity and VFA were measured according to the standard

procedure given in (APHA 1998). Biogas volume was

calculated from pressure measurements with aid of an IFM

PN5007 pressure transmitter with a range of measurement

between 0 and 1 bar ± 1 mbar. The system was calibrated

by submitting a bottle to overpressure and taking diary

measurements while monitoring no significant pressure

loss.

Work Procedures

With regard to COD levels (Table 1), substrate-to-co-sub-

strate ratios have been chosen to resemble WWTP working

conditions as closely to reality as possible. In all cases, a

C/N ratio of 1.4 was used.

Also, data from OMSW and OME production rates in

Andalusian industries were taken into account. Different

amounts of co-substrate have been studied with the aim to

determine the critical point in which the anaerobic process

is destabilized. The samples were prepared adding different

amounts of co-substrate to an identical volume (50 mL) of

substrate (MS), always maintaining a ratio of 0.5 g VS

(Substrate ? Co-substrate)/g VS inoculum.

Table 2 displays the amounts of substrate and co-sub-

strate present in each sample.

To contrast digestion and co-digestion processes of

OMSW and OME, the assays included the digestion of

these wastes on their own, as well as in co-digestion with

MS. The concept of methane yield was fundamental to the

processes assessment. Methane yield constituted the crite-

ria to determine whether the co-digestion of OMSW and

OME played a synergic or additive role in the overall

process. Consequently, when the addition of the substrate

and the co-substrate individual methane yields is signifi-

cantly superior to the methane yield of substrate and co-

substrate in co-digestion, an additive relationship exists

between substrate and co-substrate. In this case, the

Table 1 Characterization of

samples
Parameter Unit Co-susbtrate Substrate

OMSW OME Mixed sludge

COD g L-1 380.0 ± 0.8 31.9 ± 0.7 32.3 ± 0.7

Total solids (TS) g L-1 359.0 ± 0.7 3.5 ± 0.7 24.1 ± 0.6

Volatile solids (VS) g L-1 339.3 ± 0.7 2.9 ±0.6 15.9 ± 0.6

% 94.4 83.7 66.2

HCl or NaOH was added to the reactors to bring pH 
levels to 7.5. Since the sample decomposition process 
liberates H? ions into the medium, a buffer solution was 
also put into the reactors with the aim to maintain pH 
constant. Furthermore, the batch digesters were sealed to 
sustain anaerobic conditions until the end of the test. 
Finally, the reactors were set into the stirring equipment 
and kept under controlled temperature. These conditions 
were intended to emulate the behaviour of an actual 
WWTP digester.

Biogas volume could be calculated from pressure 
measurements:

VBiogas ¼ Vgas camera � T
� �

= P � Tassay

� �� �
� Pmeasured=1:01325

where VBiogas is the biogas volume obtained (mL), 
Vgas camera is the volume of the gas camera of BMP 
(150 mL), T is the reference temperature (273 K), P is the 
reference pressure (1 atm), Tassay is the assay temperature 
(309 K), and Pmeasured is the measured pressure in the 
assays (mbar).

Calculations of methane volume are allowed to calculate 
COD. In turn, COD data are enabled to calculate 
biodegradability (Soto et al. 1993) (Fdz-Polanco et al. 
2005) (Angelidaki et al. 2009). All calculations were car-

ried out by triplicate with the aim to minimize errors.

At the end of the tests, methane yields for all reactors 
were calculated by dividing either accumulated biogas or 
total methane volume by the initial substrate VS mass. 
Methane yield represents the volume of CH4 (mL) pro-

duced per mass of added volatile solids (mL CH4 g-1 

added VS).

Analytical Methods

Characterization of all substrates and inoculums regarded 
the following parameters: pH, conductivity, COD, total 
solids (TS), volatile solids (VS), fixed solids (FS), alka-

linity and volatile fatty acids (VFA).

These analytical tests follow the methodology described 
hereinafter:

pH (activity of H? ions) was measured with a Hatch 
HQ40D potentiometer (accuracy ± 0.01). Conductivity 
was measured with a EUTECH PCD 650 multi-parametric



increase in CH4 production during co-digestion in com-

parison to digestion of the substrate is indebted to a

superior COD in the reactor. Providing that the co-diges-

tion methane yield remains superior to the methane yield of

the substrate on its own, this relationship between substrate

and co-substrate guarantees the feasibility of the process

and confirms the fact that MS and olive mill waste can

indeed be processed together.

On the contrary, if the methane yield of a sample in co-

digestion is approximately equal or superior to the addition

of the substrate and co-substrate individual methane yields,

a synergic relationship exists between substrate and co-

substrate.

Results and Discussion

The results described here demonstrate, in first place, that

the exploitation of OMSW and OME as co-substrates with

MS is a viable process. In the light of this assessment, the

behaviour of the different substrate/co-substrate samples is

analysed. Finally, the optimal proportion of substrate and

co-substrate is determined.

Performance in Depuration Parameters

With regard to the results obtained in the assays with

MS ? OMSW in three different proportions (Table 3), it is

apparent that the COD removal percentage was signifi-

cantly higher in MS ? OMSW-2 (50.1%) in comparison to

MS ? OMSW-1 (43.6%) and MS ? OMSW-3 (36.1%.).

VS removal was similar in MS ? OMSW-1 and MS ?

OMSW-2 samples—approximately 25% in both. Never-

theless, the MS ? OMSW-3 sample experimented a dra-

matic rise in the VS removal rate. Even though

MS ? OMSW-1, the sample containing the least amount

of OMSW, displayed acceptable COD and VS removal

rates, its performance was the poorest amongst the OMSW

samples. A superior OMSW concentration, as in the case of

MS ? OMSW-2, saw maximum performance levels. Fur-

ther rise in OMSW proportion, as tested on the MS ?

OMSW-3 assay, was accompanied by a decrease in the

COD removal and an increase in the VS removal rates—

microbial consortia were not able to assimilate such a

quantity of organic matter and the system surpassed its

saturation point due to organic overload.

In fact, this is reflected in daily biogas production data

(Figs. 1, 2)—from day 15 on, a decrease in daily biogas

production by MS ? OMWS-3 with respect to MS ?

OMSW-2 can be observed.

This decrease may be explained by the fact that less

biomass (SV) was measured in these samples, considering

that all reactors had a similar COD (0.5 g SV (Sub-

strate ? Co-substrate)/g VS inoculum ratio). Therefore, a

decrease in biogas production is determined by a decrease

in VS, as it can be observed in the assay results of Table 3.

This confirms VS decrease as an effect of overfeeding.

These graphics point that the MS ? OMSW-2 biogas

production during weeks 2 and 3 was nearly equal (171 mL

in week 2 and 179 mL in week 3). Nonetheless, MS ?

OMSW-3 had a different behaviour—unlike MS ?

OMSW-2, its production did not stabilize but kept growing

throughout weeks 1 and 2 (305 ± 6 mL during week 1 and

258 ± 5 mL during week 2). From that point on, MS ?

OMSW-3 production drops dramatically, with only

118 mL in comparison to MS ? OMSW-2’s 179 mL

during week 3.

Therefore, the optimal proportion of MS and OMSW is

represented by MS ? OMSW-2, whose microbial consor-

tia were able to adapt to the quantity of organic matter and

achieve high COD removal rates while maintaining their

VS removal rate.

Regarding MS ? OME assays, it is noted that the COD

removal rate in MS ? OME-1 and MS ? OME-2 was

similar, but the VS removal rate was slightly superior in

MS ? OME-2. Therefore, a small increment in OME can

induce the VS removal rate to rise and the COD removal

rate to decrease, resulting in the anaerobic system reaching

its saturation point. According to these results, both sam-

ples are stable in anaerobic co-digestion, with MS ?

OME-2 even approaching its saturation point.

Alkalinity increases in all cases towards the end of the

assay, with near-optimal concentrations (Gerardi 2003) in

MS ? OMSW-2 and MS ? OMSW-3—denoting a great

buffer capacity of the solutions towards possible pH

changes. This buffer solution keeps the reactor from

Table 2 Quantities of co-

substrate and substrate per

sample

Co-substrate Substrate (mL) Inoculum

Type Unit Amount

OMSW-1 mg 0.50 ± 0.01 50 0.5 g SV Substrate ? Co-substrate/g Inoculum

OMSW-2 mg 1.30 ± 0.01 50 0.5 g SV Substrate ? Co-substrate/g Inoculum

OMSW-3 mg 2.50 ± 0.01 50 0.5 g SV Substrate ? Co-substrate/g Inoculum

OME-1 mL 0.55 ± 0.01 50 0.5 g SV Substrate ? Co-substrate/g Inoculum

OME-2 mL 2.50 ± 0.01 50 0.5 g SV Substrate ? Co-substrate/g Inoculum



samples stayed slightly above the biodegradability of the

substrate MS. On the contrary, OME behaved worse in

terms of biodegradability, with the same value of

20.3 ± 1.1% for both samples (MS ? OME-1 and MS ?

OME-2). In conclusion, OMSW improved biodegradability

in all three samples, whereas OME did not in any of them.

Biogas Production

Figure 1 displays the accumulated biogas production dur-

ing the MS-OMSW assay in comparison to the accumu-

lated biogas production during the reference substrate (MS)

anaerobic digestion. At first, all assays shared a similar

gradient due to going through a latency phase during the

first days, while the microbial consortia adapted to the

different samples (Nielfa et al. 2015a, b). From day 5,

biogas volumes began to differ from sample to sample.

Table 3 Samples characterization before and after BMP assays

Parameter Inoculum (I) ? Substrate (S) ? Co-substrate

I ? S I ? S?OMSW-1 I ? S?OMSW-2 I ? S?OMSW-3 I ? S?OME-1 I ? S?OME-2

COD (g L-1)

Influent 22.8 ± 0.7 23.5 ±0.6 23.6 ± 0.7 24.1 ± 0.5 23.5 ± 0.6 23.6 ± 0.8

Effluent 12.7 ± 0.9 13.3 ± 0.8 11.8 ± 0.7 15.4 ± 0.8 13.4 ± 0.6 13.4 ± 0.7

Removal (%) 44.4 43.6 50.1 36.1 42.8 43.1

TS (g L-1)

Influent 23.5 ± 0.6 22.6 ± 0.6 23.1 ± 0.5 23.9 ± 0.7 24.3 ± 0.5 24.7 ± 0.5

Effluent 19.2 ± 0.7 15.6 ± 0.6 18.2 ± 0.6 18.7 ± 0.7 17.9 ± 0.6 18.6 ± 0.7

Removal (%) 18.5 30.9 21.0 22.1 26.3 24.4

VS (g L-1)

Influent 12.7 ± 0.7 11.2 ± 0.6 12.6 ± 0.8 13.1 ± 0.6 12.6 ± 0.5 13.8 ± 0.6

Effluent 8.5 ± 0.7 8.2 ± 0.6 9.5± 0.6 8.4 ± 0.7 9.5 ± 0.8 9.7 ± 0.7

Removal (%) 33.1 26.8 24.4 35.9 24.4 29.6

pH

Influent 7.70 ± 0.16 7.70 ± 0.19 7.70 ± 0.37 7.70 ± 0.23 7.70 ± 0.17 7.70 ± 0.21

Effluent 7.20 ± 0.26 7.30 ± 0.24 7.40 ± 0.18 7.20 ± 0.26 7.00 ± 0.21 7.10 ± 0.25

Conductivity (mS cm-1)

Influent 12.00 ± 0.16 11.77 ± 0.16 11.52 ± 0.19 11.48 ±0.15 12.02 ± 0.20 11.92 ± 0.17

Effluent 11.98 ± 0.12 11.70 ± 0.11 11.40 ± 0.10 11.50 ± 0.12 12.00 ± 0.14 11.90 ± 0.13

Alkalinity (mg CaCO3 L-1)

Influent 5776 ± 36 6713 ± 37 5625 ± 32 6711 ± 35 6015 ± 36 6227 ± 38

Effluent 7540 ± 40 4781 ± 36 6979 ± 33 7657 ± 38 5682 ± 35 4566 ± 36

VFA (mg CH3COOH L-1)

Influent 978 ± 25 896 ± 23 794 ± 26 783 ± 23 1073 ± 24 950 ± 28

Effluent 376 ± 14 254 ± 13 238± 16 316 ± 14 261 ± 14 207 ± 13

VFA/alkalinity relation

Influent 0.14 0.11 0.10 0.11 0.15 0.13

Effluent 0.05 0.04 0.03 0.04 0.04 0.04

suffering acidification and keeps pH within optimal values 
for methanogenic microorganisms. These VFA, alkalinity 
and pH values reflect the good working-state of the system 
as far as stability against possible variations is concerned—

thus, ensuring the system’s reliability.

AGV/alkalinity ratio in all samples (acetic acid equiv-

alent/CaCO3 equivalent) and in MS is similar and widely 
below limit values.

Biodegradability

The biodegradability percentage of the substrate (MS), 
based on methane, was of 21.3 ± 1.1%. All samples con-

taining OMSW as a co-substrate were highly biodegrad-

able, with values of 22.5 ± 0.9% for MS ? OMSW-2 and 
slightly higher for MS ? OMSW-1 and 3, whose values 
were of 23%. In all cases, the biodegradability of the



MS ? OMSW-1 reached its maximum biogas production

on day 17 with a total of 364 ± 8 mL. MS ? OMSW-2

and MS ? OMSW-3 (which contained more co-substrate

quantity then MS ? OMSW-1) reached maximum pro-

duction on day 26 with 437 ± 8 and 423 ± 9 mL,

respectively. MS ? OMSW-2 achieved the highest biogas

production of all three. It was, thus, verified that MS ?

OMSW-2 contained the optimal proportions for anaerobic

co-digestion with 96 more biogas mL than the reference

MS anaerobic digestion while remaining stable.

Figure 3 shows biogas production during the MS ?

OME assay in comparison to the biogas production accu-

mulated in the anaerobic degradation of the reference

substrate (MS). For the first 6 days of the assay, MS ?

OME-1 had a very similar behaviour to MS, with bacteria

adapting to the sample in the same manner as to MS. As it

can be observed in the Fig. 3, from day 7 the accumulated

Fig. 1 MS ? OMSW accumulated biogas production

Fig. 2 MS ? OMSW accumulated methane yield



All three samples showed a methane yield above the

reference substrate. The 443 ± 13 mL CH4 g-1 added VS

methane yield from MS ? OMSW-2 was a noteworthily

high measurement, yet again demonstrating that MS ?

OMSW-2 represented the optimal substrate/co-substrate

proportion for anaerobic co-digestion.

Despite the fact that the MS ? OMSW-3 contains more

OMSW, its methane yield was lower because of the

microbial consortia not having adapted properly due to the

high OMSW quantities.

Figure 4 illustrates the fact that, during the first 6 days,

the reference substrate (MS) methane yield is superior to

that of all samples. The microbial consortia adaptation

period is extended in the presence of OME because it is a

highly pollutant waste with many difficult-to-biodegrade

polyphenols (Gunay and Karadag 2015). Since MS ?

OME-2 contains more OME, its methane yield is inferior to

the others during the first days.

From day 7, the methane yields in both MS ? OME-1

(353 ± 28 mL CH4 g-1 added VS) and MS ? OME-2

(374 ± 24 mL CH4 g-1 added VS) were beyond the values

of the reference substrate (333 ± 15 mL CH4 g-1 added

VS).

MS-OME-2 had a higher methane yield, as it was

expectable due to the bigger quantity of OME as organic

matter feed for the system. Thus, despite being OME a

difficult-to-biodegrade compound, the anaerobic digestion

process was able to handle the large OME proportion in

MS ? OME-2.

Nonetheless, the difference in methane yield between

the different samples is not proportional to the increase in

Fig. 3 MS ? OME accumulated biogas production

biogas volume exceeds by far the MS mark. Biogas pro-

duction continued to rise and peaked on day 22 with 
361 ± 23 mL.

The MS ? OME-2 sample suffered a decrease in biogas 
production on day 4, followed by a rise from day 5 on, and 
surpassing the MS biogas production on day 7.

The addition of OME did not cause a significant increase 
in the produced biogas volume in comparison to that of the 
MS.

This indicates that the anaerobic co-digestion of both 
MS ? OME-1 and MS ? OME-2 is viable with approxi-

mately the same biogas quantity being produced (361 ± 24 
and 363 ± 20 mL, respectively), although it should be 
noted that MS-OME-2 was added 2 more OME g than 
MS ? OME-1. We would like to emphasize that even 
though MS ? OME-2 did not produce more biogas, it did 
handle a bigger volume of highly pollutant waste without 
altering the functioning of the station.

Methane Yield

As one can see in Fig. 2 from day 5 to day 17, MS ?
OMSW-1 registered a higher methane yield than all other 
samples, peaking on day 17 with 373 ± 13 mL CH4 g-1 

added VS and then decaying. Even though the gradient in 
MS ? OMSW-2 is inferior to that of MS ? OMSW-1 
until day 21 and to that of MS ? OMSW-3 until day 16, it 
is apparent that after that point the MS ? OMSW-2 
methane yield is significantly superior. After a 26-day 
study period, MS ? OMSW-2 had still not reached maxi-

mum methane yield.



the organic charge MS ? OME-2 was subject to, in com-

parison to MS ? OME-1. Therefore, we can conclude that

a bigger volume of OME can be treated via anaerobic

digestion, even though the overall biogas quantity in the

reactor will not increase.

In all cases, sludge co-digestion with OMSW or OME

resulted in a superior methane production in comparison to

anaerobic WWTP MS digestion processes. Therefore, co-

digestion increases power generation by biogas co-gener-

ation in WWTP and, thus, enhances their electrical self-

sufficiency.

To determine whether this increase is indebted to an

additive or synergic effect, the behaviour of each waste

was analysed in digestion on its own as well as taking part

in a co-digestion process.

In the light of the results obtained and taking into

account the criteria explained in the ‘‘Materials and

Methods’’ section, the following observations can be made

(Table 4).

MS ? OMSW samples:

In all OMSW samples, the methane yields of substrate

and co-substrate combined (465 mL CH4 g-1 added VS)

were superior to the co-digestion methane yield. Never-

theless, co-digestion values fit in a very similar range—

especially in the case of MS ? OMSW-2. Therefore, co-

digestion has proven feasible and the registered biogas

production can be explained by a synergic effect. In all

samples, co-digestion offered a higher biogas production in

comparison to MS-only digestion in WWTP.

MS ? OME samples:

In all OME samples, the methane yields of substrate and

co-substrate combined (706 mL CH4 g-1 added VS) are

superior to the co-digestion methane yield level. In all

cases, co-digestion has proven to be feasible and its

methane yield was above that of MS-only digestion. Sub-

strate and co-substrate have an additive relationship and no

synergic effect is present.

Notice that both co-substrates could be digested without

negatively affecting MS digestion in any way. That is to

say, it is possible to co-digest olive mill wastewater

(OMSW) in conventional WWTP via anaerobic digestion

Fig. 4 MS ? OME accumulated methane yield

Table 4 Accumulated methane yield

Parameter Unit MS OME MS ? OME1 MS ? OME2

Accumulated methane yield (26 days, 37 8C) ML CH4 g added SV-1 333 373 353 374

Parameter Unit MS OMSW MS ? OMSW1 MS ? OMSW2 MS ? OMSW3

Accumulated methane yield (26 days, 37 8C) mL CH4 g added SV-1 333 132 366 443 380



with MS. Moreover, OMSW co-digestion in WWTP

increases the power the plant can generate for its own use.

Conclusions

The studied co-substrates, namely olive mill solid waste

(OMSW) and olive mill effluents (OME), have proven to

have a similar biodegradability level to the mixed sludge

that is commonly found in wastewater treatment plants.

The addition of OMSW as co-substrate caused a sig-

nificant increase in the biogas production, between 10 and

30% depending on sample compositions. On the contrary,

the addition of OME did not modify biogas production.

Both co-substrates increased methane yield, despite the

small decrease of biodegradability caused by OME.

MS ? OMSW-2 and MS ? OME-2 were the samples

with best overall behaviour. They produced the highest

biogas values, namely, 437 ± 8 and 363 ± 20 mL,

respectively. They were also the ones to have the highest

productivity with, respectively, 443 ± 13 mL CH4 g-1

added VS and 374 ± 24 mL CH4 g-1 added SV while

keeping the digester stable.

This research demonstrates the potential of co-digestion

of olive oil production waste with mixed sludge from urban

wastewater treatment plants and its capability to achieve a

great sustainability of this industrial sector in the

Mediterranean area.

This technology eliminates polluting waste from the

environment while exploiting their methane yield in order

to generate electric energy that WWTP can take advantage

of. The produced electrical energy introduces economic

savings and a decrease in CO2 emissions, making the

process advantageous from both an economic and ecolog-

ical perspective.

Acknowledgements The authors would wish to thank the Empresa

Metropolitana de Abastecimiento y Saneamiento de Aguas de Sevilla,

EMASESA, for their technical support and supplies of mixed sludge

and inoculum they provided us with. They would also like to thank

the co-operative society AGROSEGURA for the co-substrates they

provided for this research.

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interest.

References
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