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Resum
Els residus de la producció d’oli d’oliva (OMW) són generats per l’extracció de l’oli d’oliva en els
molins. Contenen una gran càrrega orgànica i una alta concentració de components fitotòxics. En
països mediterranis, normalment són abocats directament al clavegueram o emmagatzemats en
llacunes centrals o petits estanys. Aquests estanys produeixen males olors i poden afectar
negativament l’aigua subterrània. L’alta demanda química d’oxigen (DQO) i la baixa
biodegradabilitat deguda a l’alta concentració de fenols fan que els OMW siguin un assumpte
ambiental important en l’àrea mediterrània, ja que aquesta produeix el 95 % de l’oli d’oliva
mundial. Actualment, amb les regulacions d’aigües residuals, l’interès en el desenvolupament de
noves tecnologies per a tractar els OMW està creixent.
El marc de treball és promoure la producció d’energia renovable sostenible a través de la
producció de biogàs a partir dels OMW en plantes a petita escala, adaptades a molins d’oli d’oliva
existents. L’objectiu específic del treball és estudiar la factibilitat del procés de digestió anaeròbica
aplicat al tractament de 2POMW i 3POMWW per a produir energia i la seva implementació en
molins de dues i tres fases respectivament. El treball també estudiarà la barreja dels OMW amb
purins per a la codigestió anaeròbica.
Les plantes de biogàs seran planificades amb el programari EcoGas (Version 07-E1). Aquest
programari és una eina per estimar la producció de biogàs potencial i és d’ajuda per a planejar
plantes de biogàs. Conté varies configuracions canviables que seran utilitzats per a la simulació,
dimensionat i l’estudi econòmic de les plantes de biogàs analitzades.
En ambdós casos, la digestió anaeròbica podria ser recomanada per a tractar els residus però no
seria econòmicament factible i s’haurien d’estudiar altres escenaris en treballs futurs.
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Resumen
Los residuos de la producción de aceite de oliva (OMW) son generados por la extracción del aceite
de oliva en almazaras. Contienen una gran carga orgánica y una alta concentración de
componentes fitotóxicos. En países mediterráneos, normalmente son vertidos directamente al
alcantarillado o almacenados en lagunas centrales o en pequeños estanques. Estos estanques
producen malos olores y pueden afectar negativamente a las aguas subterráneas. La alta
demanda química de oxigeno (DQO) y la baja biodegradabilidad debida a la alta concentración de
fenoles hacen que los OMW sean un asunto ambiental importante en el área mediterránea, ya
que ésta produce el 95 % del aceite de oliva mundial. Actualmente, con las regulaciones de aguas
residuales, el interés en el desarrollo de nuevas tecnologías para tratar los OMW está creciendo.
El marco de trabajo es promover la producción de energía renovable sostenible a través de la
producción de biogás a partir de los OMW en plantas a pequeña escala, adaptadas a almazaras
existentes. El objetivo específico del trabajo es estudiar la factibilidad del proceso de digestión
anaerobia aplicado al tratamiento de 2POMW y 3POMWW para producir energía y su
implementación en almazaras de dos y tres fases respectivamente. El trabajo también estudiará la
mezcla de los OMW con purines para la codigestión anaerobia.
Las plantas de biogás serán planificadas con el software EcoGas (Version 07-E1). Este software es
una herramienta para estimar la producción de biogás potencial y es de ayuda para planear
plantas de biogás. Contiene varias configuraciones cambiables que serán utilizadas para la
simulación, dimensionado y estudio económico de las plantas.
En los dos casos, la digestión anaerobia podría ser recomendada para tratar los residuos, pero no
sería económicamente factible y se tendrían que estudiar otros escenarios en futuros trabajos.
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Abstract
Olive mill waste (OMW) is generated from olive oil extraction in olive mills. It contains a very high
organic load and high concentration of phytotoxic compounds. In Mediterranean countries, this
OMW is usually discharged directly to the sewer network or stored in central lagoons or small
ponds. These ponds produce odour problems and can often negatively affect ground water. The
high chemical oxygen demand (COD) and the low biodegradability due to the high concentration
of phenolic compounds make OMW an important environmental issue in the Mediterranean area,
which is nearly producing 95 % of all olive oil worldwide. Nowadays, with the restrictive
regulations concerning wastewater discharges, the interest in developing new technologies for
treating OMW is growing.
The general framework of the proposed work is to promote the sustainable production of
renewable energy through biogas production from OMW in small-scale plants, adapted to existing
olive oil mills. The specific objective is to study the feasibility of the anaerobic digestion process
applied to the treatment of olive mill waste for energy production. In this work, the feasibility of
anaerobic digestion treatment of 2POMW and 3POMWW for energy production and its
implementation in two and three-phase olive oil mills respectively will be studied. The mixture of
the OMW with pig manure to perform anaerobic digestion will also be studied.
The biogas plants will be planned with the EcoGas Software (Version 07-E1). This Software is a
tool for estimating potential biogas production and is helpful for planning biogas plants. It
contains a number of alternative settings which will be used for the simulation, dimensioning and
economic analysis of the case study biogas plant.
In both cases, anaerobic digestion could be recommended for treating the wastes but it would not
be economically feasible and other scenarios should be studied in future works.
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BOD5
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Chemical Oxygen Demand

DM

Dry Matter Content
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Fresh Matter
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Olive Mill Solid Waste
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Olive Mill Waste
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1 Introduction
1.1 Theoretical background
1.1.1 Scientific problem
Olive oil industry produces many by-products, in both solid and liquid phases, during a short
period − from November to February − as the olives must be quickly processed to reduce
oxidation and keep the acidity level low. Those by-products represent an important
environmental issue in the Mediterranean countries and thus in Spain. The disposal of such
products can negatively affect the soil and both surface and groundwater as they have a very high
concentration of organic compounds, some of them phytotoxic. The waste generated depend on
the fruits processed, the extraction system and the conditions in which this process is held but the
COD (Chemical Oxygen Demand) typically ranges between 50 and 150 kg/m3 and it can in some
cases reach 200 kg/m3. Due to the high organic load of the OMW (Olive Mill Waste) it is classified
as one of the strongest industrial liquid wastes and thus one with the higher energy potential [9].
In three-phase extraction systems, 3POMWW (3 Phases Olive Mill Waste Water) is the main
waste and the one with the higher environmental impacts and most problematic disposal. It is a
mixture of the olive vegetable water and the additional water used for the extraction. Some
studies show some applications for this waste but since the quantities required are too low
compared to its annual production there is still a big problem to deal with. Most mills discharge
the 3POMWW in evaporation ponds where it is evaporated during summer and the solids
remaining are then used as fertilizer. Once the decay of the 3POMWW starts mal odour is
produced and insects are attracted. A breakdown in one of those constructions can also affect
negatively the ground water due to the contaminant compounds of 3POMWW. Likewise, threephase mills also produce solid waste [1][6].
Nowadays, 98 % of the olive oil mills in Spain use the two-phase system [15]. With this system, the
consumption of water is considerably reduced since the drying process is longer and more intense
but it generates 60 % more solid waste [1]. This solid waste, known as 2POMW (2 Phases Olive
Mill Waste), has a doughy consistence with a strong odour and presents treatment difficulties and
transport complications. As it happens with 3POMWW there are some applications for the
2POMW but very small quantities are needed for that, so it does not solve the waste
management problem [1].
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1.1.2 History of olive oil production
The introduction of olive tree, Olea europaea, in the Iberian Peninsula is attributed to the Greeks
and Phoenicians around 1000 BC [13]. Such was its value that Homer (VIII BC) deemed it liquid
gold and Hippocrates of Kos (c. 460 BC – c. 370 BC) deemed it the great healer [11].
But it is not until Roman times that the cultivation of olive trees and the olive oil production was
speeded and enhanced. The trade derived from olive oil played an essential role in the
Mediterranean economy. The oil from Hispania, which was by then already the biggest producer,
was the most valued and was exported to Rome and the rest of the Western Roman Empire
[4][5].
When Arabs arrived to the Peninsula they kept improving the olive oil production technique and
their work was so important that nowadays the word used in Spanish to refer to oil – aceite –
comes from the Arabic world – al-zat – meaning olive juice.
Nowadays, after all this long millenary tradition and as we can see in Figure 1-1, Spain is the
world's leader olive oil producer, with more than half of the total production, followed by Greece
and Italy.

Olive oil production (1,000 tonnes/year)
2000

Spain

Greece

Italy

1000 tonnes

1500

1000

500

0
2010/11

2011/12

2012/13

2013/14

Season

2014/15

2015/16

Figure 1-1 Olive oil production (1,000 tonnes/year) in Spain, Greece and Italy from 2010 to 2016 [3].

Spain leads the production every year but we can see that there are very high fluctuations in the
production of different seasons. This is due to the high number of factors influencing the olive
production that cannot be controlled, being the climatology the most important one.
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1.1.3 Olive oil elaboration process
The olive oil elaboration process includes from the extraction in the oil press to bottling and
marketing. The process chain and all the derived activities include the waste treatment and the
by-products exploitation [2].
1.1.3.1
•

Phases of olive oil elaboration

LEAVES REMOVAL AND WASHING – Generally the leaves are removed by vibration and
blowing. Water is added only in case the olives have been picked from the ground, as the
extra moisture can decrease the oil extraction efficiency [13].

•

MILLING OR CRUSHING – In order to release the oil from the olive cells, the olives have to be
crushed. It can be achieved through two different systems which present different
emulsification – mixture of two or more liquids that are normally immiscible – levels [13]:

•

o

Stone mills, less emulsification

o

Hammer mills, more emulsification

MALAXATION – Is the mixing of the olive paste to prepare it for the oil separation. The main
goal is to reduce the emulsification resulting from the milling and thus optimize the oil
extraction. The stirring is performed at around 30 °C to increase the mixture viscosity [13].

•

OIL EXTRACTION – To obtain the oil through physic extraction with the following methods [2]:
o

PRESSING SYSTEM − TRADITIONAL − The oil is extracted by pressing

o

THREE-PHASE CONTINUOUS CENTRIFUGATION SYSTEM The separation is achieved by
centrifugation thanks to density differences and it is a continuous process.

o

TWO-PHASE CONTINUOUS CENTRIFUGATION SYSTEM The separation is achieved
with the same process but there are only two separated phases.

•

OLIVE MILL SOLID WASTE PROCESS to extract the residual oil that it contains.

In Figure 1-2 the different stages and by-products obtained in the extraction process and the
differences between the used systems can be seen. And as we can appreciate, the only system
that does not generate wastewater – shown in the figure with white background – as a byproduct is the two-phase one but there is an extra drying step added, as this solid waste has a
very high water content.
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Figure 1-2 Extraction process of olive oil in the different systems and their by-products. Solid waste has the
darkest background while wastewater has it white.

1.2 Objectives
The objective of the present work is to promote the sustainable production of renewable energy
from the biogas production from OMW treatment in small-scale olive oil mills for energy selfsufficiency. The proposed work will address the feasibility of anaerobic digestion treatment of
2POMW and 3POMWW for energy production and its implementation in a two and a three-phase
olive oil mills. They are located in Garriguella, Alt Empordà, Spain (Maset Plana) and Pegalajar,
Jaén, Spain (Oleobercho), respectively.
To meet this demand the following aspects were investigated in detail:
•

Revision of recent reports on anaerobic 2POMW and 3POMWW treatment.

•

Sampling of the waste produced in the chosen plants – 2POMW and 3POMWW and pig
manure (for codigestion) – and subsequent characterization.

•

Optimizing the mixture of 2POMW and 3POMWW with pig manure for anaerobic digestion
based on pH values and moisture level.

•

Identifying potential factors like cost, economy income, plant techniques, performance and
reliability for the proposed biogas plants for 2POMW and 3POMWW treatment in Spain using
the EcoGas Software (Version 07-E1).
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2 Generation and characterization of olive mill waste
In this chapter, the different waste generated during olive oil production – solid and liquid waste –
will be characterized together with the different technologies used for olive oil extraction and the
problems that these waste present.

2.1 OMW description and environmental problems
2.1.1 OMWW – Olive Mill Waste Water
Olive oil mill wastewater is constituted by the olive vegetative water and usually also the water
added during the process. It is very polluting and it has to be treated specifically in order to avoid
negative environmental effects. Depending on the extraction process used the OMWW can have
very different compositions or even be negligible as it happens in the two-phase system [2]. The
most important causes of the high polluting power of the olive mill waste waters are the
following:
•

Its acidity is the main direct contributor to fish death when it is dumped in riverbeds [16].

•

The high amount of fats forms a layer on the water surface that blocks the oxygen exchange
and sunlight penetration preventing flora and fauna’s normal development [16].

•

The organic content contributes to the dissolved oxygen consumption [16].

With the BOD5 (Biological Oxygen Demand in 5 days) we can evaluate the relative polluting power
of olive oil mill waste waters. This value expresses the amount of dissolved oxygen needed by
aerobic organisms to break down organic material present in a given water sample at certain
temperature over a specific time period. The average value per inhabitant is 60 g of BOD5 per day
and as we can see in Table 2-1 the pollution generated would be proportional to approximately
the contamination generated by 6 million people during one year [16].
Table 2-1 Typical values referring to BOD5 of diverse industries [16]

Industry

BOD5 (mg/L)

Oil mills

60,000

Alcohol plants

20,000

Sugar factories

2,000
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Two-phase systems also generate a liquid residue similar to vegetable water but in much lower
quantities. It is generated in the rinsing of the oil and in the draining waters of the storage
hoppers [16].
During olive oil production, besides 2POMWW, olives and oil rinsing waters are also generated.
The polluting power of these waters is considerably lower than the 3POMWW water [16].

2.1.2 OMSW – Olive Mill Solid Waste
Olive mill solid waste is a mixture of the olive pulp, stone and skin. The moisture content differs
between the systems used. It has to then be used to extract the residual oil and when treated can
also be used to produce energy [2].
In two-phase systems, this waste is known as 2POMW (2-Phase Olive Mill Waste) and it differs
from the one of the other systems as it has much higher moisture level and it mixes the solid and
the liquid phases. It requires a drying process in order to be subsequently used or treated [2].
This residue contains a certain amount of residual oil that cannot be extracted by physical means
and it is extracted in the extracting plants of olive-kernel oil [16]. Its doughy consistence and its
strong odour makes the treatment hard and presents complications when transporting it.

2.2 Olive mill waste characterization
The physical and chemical composition of OMW is an important fact to take into account when
planning an anaerobic treatment.
Table 2-2 shows the percentages of each component of the OMSW (Olive Mill Solid Waste) – olive
cake − for the different systems and the most characteristic values influencing anaerobic digestion
are highlighted.
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Table 2-2 Composition (in percentage) of the different Olive Mill Solid Wastes – olive cake − [6]
Parameters

Press process

Three-phase process

Two-phase process

Moisture

27.2 ± 1.048

50.2 ± 1.935

56.80 ± 2.188

Fats and oils

8.72 ± 3.54

3.89 ± 1.449

4.65 ± 1.736

Proteins

4.77 ± 1.048

3.43 ± 0.017

2.87 ± 0.014

Total sugars

1.38 ± 0.016

0.99 ± 0.012

0.83 ± 0.010

Cellulose

24.1 ± 0.283

17.37 ± 0.203

14.54 ± 0.170

Hemicellulose

11.0 ± 0.608

7.92 ± 0.438

6.63 ± 0.366

Ash

2.36 ± 0.145

1.70 ± 0.105

1.42 ± 0.088

Lignin

14.1 ± 0.291

10.21 ± 0.209

8.54 ± 0.175

Kjendahl nitrogen

0.71 ± 0.010

0.51 ± 0.007

0.43 ± 0.006

Phosphorous as P2O5

0.07 ± 0.005

0.05 ± 0.004

0.04 ± 0.003

Phenolic compounds

1.14 ± 0.060

0.326 ± 0.035

2.43 ± 0.150

Potassium as K2O

0.54 ± 0.045

0.39 ± 0.033

0.32 ± 0.027

Calcium as CaO

0.61 ± 0.059

0.44 ± 0.043

0.37 ± 0.036

Total carbon

42.9 ± 3.423

29.03 ± 2.317

25.37 ± 2.025

Moisture, it is important due to the increase in difficulty of the waste management that it implies
and we can see that the method that generates the wettest olive cake is the two-phase system
with more than double quantity than the press system.
Cellulose, it is a polysaccharide that converts to monosaccharides which are one of the substrates
for anaerobic digestion. It appears to be associated with other compounds – hemicellulose and
lignin – that can affect its biodegradation [25]. Hemicellulose, is also a polysaccharide, but it has a
lower molecular weight than cellulose. Lignin, forms a physical impenetrable barrier in the cell
plant. Vegetal cell walls are rich in cellulose and hemicellulose that are an important determinant
of the volatile fatty acids produced [25].
In Figure 2-1 we can see that the two-phase system is the one with less cellulose but the
proportions for the three components are similar in all the systems.

Escola Superior d’Agricultura de Barcelona
UPC - BarcelonaTech

8

Feasibility study of anaerobic digestion of olive mill waste for energy production.

Cellulose, Lignin and Hemicellulose content (in percentage) of the
different Olive Mill Solid Wastes – olive cake −
60

Cellulose

Lignin

Hemicellulose

Percentage %

50
40
30
20
10
0
Press process

Three-phase process

Two-phase process

Figure 2-1 Percentages of cellulose, lignin and hemicellulose in the different OMSW [6].

In Figure 2-2 we can make an appreciation of the rest of important substances concerning
anaerobic digestion:

Composition (in percentage) of the different Olive Mill Solid Wastes –
olive cake −
10

Percentage %

8

Press process

Three-phase process

Two-phase process

6
4
2
0
Fats and oils

Proteins

Phenolic compounds

Total sugars

Figure 2-2 Percentages of some of the most relevant substances in the different OMSW [6].

Fats and oils, those convert to fatty acids and monosaccharides and both are substrates for
anaerobic digestion. Long chain fatty acids are difficult to biodegrade [9].
Proteins, they are another substrate of anaerobic digestion as they convert to amino acids.
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Phenolic compounds, those compounds are one of the main cause of OMW toxicity as they are
very hard to biodegrade by some micro-organisms and can also inhibit some other groups [9]. We
can appreciate in Figure 2-2 that the system showing more phenols is the two-phase one. This fact
makes it the one with the most toxic waste and the one harder to deal with.
Sugars, in the same way as cellulose does, convert into monosaccharides during anaerobic
digestion.
Kjendal Nitrogen, is the total amount nitrogen present in the sample in different forms – organic
and ammonia nitrogen –. It is important to meet the C:N ratio conditions in order to achieve a
good digestion.
Table 2-3 Carbon Nitrogen ratio of the different Olive Mill Solid Wastes – olive cake − [6]

Parameters

Press process

Three-phase process

Two-phase process

Total carbon

42.9

29.03

25.37

Kjendahl nitrogen

0.71

0.51

0.43

C:N

60.42

56.92

59.00

The desirable values for acidogenesis and methanogenesis are 100:1 and 40:1 respectively [9]. As
it can be seen in Table 2-3 none of the systems meets the necessary conditions as all the ratios in
the OMSW double the ones needed. The lack of N for the anaerobic digestion can lead to
problems during the treatment of the OMW and should be compensated.

2.3 Olive oil extraction technology
Olive extraction systems have evolved since it is very beginning due to environmental and
economic reasons. Those operations are focused on the extraction and/or separation of the fatty
phase (oil), the solid and the aqueous and we can differentiate three different systems used
nowadays as introduced in 1.1.3.1 phases of olive oil elaboration: Pressing, three-phase and twophase [1][2]:

2.3.1 Pressing system – traditional –
The pressing extraction method has been used traditionally and was the only one used to extract
the olive oil until the new systems based in centrifugation appeared. The washed olives are
ground in a stone mill and the resulting dough is spread out on strainer discs made of fabric and
subsequently pressed in a hydraulic press. The liquid obtained – the quality of which decreases
with the increase of pressure – is then directed to a natural decanter. The resulting phases are the
following:
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•

OIL Oily phase

•

OMSW Solid phase olive cake (around 26 % water content [2][6]) – olive pulp + stones

•

OMWW Aqueous phase (around 88 % water content [2]) – water content of fruits + process
water + water used to wash the olives

2.3.2 Three-phase continuous centrifugation system
It was implemented in the 70s in order to considerably improve the efficiency and productivity of
the mills. Three different phases are obtained and subsequently separated by densities:
•

OIL Oily phase.

•

3POMSW Solid phase olive cake (around 40 % water content [2]) – olive pulp + stones.

•

3POMWW Aqueous phase (around 94 % water content [2]) – water content of fruits +
process water + water used to wash the olives.

This method showed a considerable number of advantages compared to the traditional pressing
system such as:
•

Mechanical simplification.

•

Continuous elaboration.

•

Less human labour required.

•

Smaller surface needed.

•

Higher olive oil production rates.

But there were, of course, some disadvantages [9]:
•

The amount of water used was increased (1.25 to 1.75 times more water)[9]

•

Higher energy requirements.

•

Valuable compounds of the oil were lost (natural antioxidants).

•

Problems with the disposal of the waste water.

2.3.3 Two-phase continuous centrifugation system
The development of new technologies was potentiated by the huge amount of wastes generated
in the three-phase extraction process and the changes in waste treatment legislation. The socalled "ecologic" two-phases system was introduced in Spain in the 1991-1992 season and it was
based on the separation of the oily phase from the rest of by-products. Since then, the use of this
system has replaced by three-phase systems and only 2 % of the olive oil mills in Spain are
nowadays three-phases [15].
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Only two different phases are obtained in this process:
•

OIL Oily phase.

•

2POMW Solid phase olive cake (around 60 % water content [2][6]) – very wet solid residue.

The advantages introduced by this system compared to the three-phase continuous
centrifugation system were:
•

There was no wastewater generated as it was mixed with the solid waste.

•

Energy and water saving as there was no need of adding water to the process.

•

The quality of the oil produced was higher due to a higher oxidation stability and better
organoleptic characteristics.

•

More reliable and cheaper than the three-phase decanter.

•

The construction of the two-phase centrifuges is simpler.

Besides the water saving and the other advantages a new waste management issue appeared
together with other problems:
•

A new by-product − 2POMW− which needs a very different treatment and presents difficulties
in composting.

•

The transport, storage and handling are also difficult for 2POMW as it has a higher moisture
content, sugars and fine solids which give it its doughy consistency.

•

The concentration of fats, dry residues, phenols and o-diphenols in 2POMW is higher than in
3POMWW.

•

The COD and turbidity are also higher.

2.4 Olive oil extraction systems input and output comparison
In the different olive oil extraction systems, there are big differences concerning the input and
output amounts of energy and water – olives and oil rinsing waters and process water – needed
to produce the same amount of olive oil.
In Table 2-4 the differences in the energy and water input and outputs in the different used
systems can be seen.
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Table 2-4 Systems input and output comparison [2]

System

Press

3-Phase

2-Phase

® Input

Quantities

Output ®

Quantities

Olives

1t

Oil

200 kg

Olive rinsing water

100-120 L

OMSW

400-600 kg

Energy

40-60 kWh

OMWW

400-600 L

Olives

1t

Oil

200 kg

Olive rinsing water

100-120 L

3POMSW

500-600 kg

Added water

700-1,000 L

Energy

90-117 kWh

Olives

1t

Oil

200 kg

Olive rinsing water

100-120 L

2POMW

800 kg

Energy

< 90-117 kWh

Oil rinsing water

100-150 L

3POMWW

1,00012,000 L

As it can be seen in Table 2-4 the three-phase system uses a much bigger amount of water for the
olive oil production. This increase in water consumption is around 7 to 10 times the water needed
in the other systems and as a consequence very high amounts of wastewater are produced. In
two-phase system, no wastewater is generated.
On the other hand, two-phase systems generate nearly twice the solid waste than the other
methods.
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3 Anaerobic digestion treatments
The aim of this chapter is to describe the anaerobic digestion process, why has this treatment
been chosen, its requirements and problems for OMW treatment, its products and the technology
used.

3.1 AD process
Anaerobic digestion (AD) – also known as biomethanation – is the decomposition of organic
matter by micro-organisms in the absence of oxygen [20]. During AD, complex molecules are
decomposed into simpler ones with two final products: biogas and digestate [21]. It can be used
to treat different waste such as agricultural waste or animal manure. The composition of the input
is the main influencer for anaerobic digestion velocity. The digestions times vary from very long
term as it happens with lignin biodegradation, several weeks for cellulose, a few days for
hemicellulose, fat or proteins and just a few hours for molecular sugars, volatile fatty acids or
alcohols [21].
The whole AD process consists of four reactions with specific micro-organisms each: hydrolysis,
acidogenesis, acetogenesis and methanogenesis. During the transformation of the organic matter
into biogas the steps illustrated in the Figure 3-1 are followed:

Figure 3-1 Diagram of the different steps of anaerobic digestion.
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3.1.1 Hydrolysis
The process begins with the bacterial hydrolysis that transforms the polymers − complex
molecules − that constitute the input waste into mono and dimers − simpler and soluble derivate
molecules − so other bacteria can use them [1][25]:
•

Carbohydrates ® Long chain fatty acids and glycerol

•

Proteins ® Amino acids

•

Lipids ® Monosaccharides

The micro-organisms involved in hydrolysis are relative anaerobes and they produce extracellular
enzymes – mostly hydrolases like amylases, proteases and lipases –

that decompose the

polymers present in the substrate [25]. The time needed for the hydrolysis and the hydrolysis rate
depends on the characteristics of the substrate such as size of the particles, pH, enzymes
production… [25].

3.1.2 Acidogenesis
During acidogenesis – acidification stage − the water-soluble molecules from the hydrolysis phase
are fermented and transformed into volatile fatty acids (VFA), CO2, ammonia, alcohols and H2 [1]
[25]. The bacteria participating in this process are called fermentative or acidogenic bacteria and
they are facultative anaerobe that use the oxygen accidentally introduced in the process and
create favourable conditions for those obligatory anaerobe bacteria present in the process [20]
[25].

3.1.3 Acetogenesis
Some of the products such as VFA and alcohols formed during acidogenesis are oxidized and
transformed into H2, acetic acid and CO2 [1][20]. During this step, not only acetogenic bacteria are
involved but also methanogenic micro-organisms [20].

3.1.4 Methanogenesis
The last stage of anaerobic digestion is the methanogenesis where the methane is formed. The
micro-organisms involved in this reaction are heterotrophic methanogenic bacteria that transform
acetic acid and H2 into the final methane [1][25]. 70 % of the methane produced in this step
derives from the acetates while the remaining 30 % comes from the H2 and CO2 [20]. The chemical
reaction happening during methanogenesis is the slowest in the whole anaerobic digestion
process [20].
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3.2 Why anaerobic digestion?
Traditional methods are not suitable to process the OMW as there are many factors affecting the
different possibilities [13]:
Composting, the nitrogen concentrations of the OMW are too small [13].
Decomposition, the large amounts of solid grain interfere for a complete process [13].
Incineration, it is environmentally pollutant due to the smoke and exhaust emission [13].
Aerobic treatments, are also discarded since anaerobic digestion of OMW has a positive energy
balance compared to aerobic ones as it produces methane which can then be used as an
electricity or heat source and the biological sludge quantities obtained are significantly smaller
[9][10].
Anaerobic digestion is a well-known process in which biogas and bio-fertilizer are produced.
Anaerobic digestion has a proved efficiency to produce biogas that can be used for the production
of renewable heat and power and digestate. During this process, anaerobic bacteria transforms
the organic matter in the absence of oxygen into biogas rich in methane [24].

3.3 Requirements in the different stages of AD
As we have seen before in 3.1 AD process, AD has several steps and those are performed by
diverse micro-organisms that need different medium conditions.

3.3.1 Temperature
Temperature is a very important factor for the microbial growth and thus for AD and it should be
kept constant during the whole process. It is directly related to the HRT (Hydraulic retention time)
as the production takes longer at low temperatures than at higher ones. The methane ratio
production at temperatures lower than 35 °C decreases drastically as the degradation of the
organic matter is slower [20].
We can classify micro-organisms in different groups depending on their optimal growing
temperatures as we can see in Table 3-1:
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Table 3-1 Classification of micro-organisms according to their growing temperatures [17]

Group

Min (°C)

Optimal (°C)

Max (°C)

Hypertermophiles

68 - 80

85 - 105

97 - 110

Termophiles

40 - 45

55 - 75

60 - 90

Mesophiles

05 - 15

30 - 45

35 - 47

Psycrophiles

-5 - (+5)

12 - 15

15 -2 0

Psycrotrophiles

-5 - (+5)

25 - 30

32 - 43

The required temperatures for the different stages of AD are detailed in Table 3-2:
Table 3-2 Temperature requirements in the different stages of anaerobic digestion [9]

Influencing variable

Acidogenesis

Temperature (°C)

25 - 35

Methanogenesis
Mesophyll

32 - 42

Thermophile

50 - 58

3.3.2 pH
The pH (potential of hydrogen) is a measure of acidity in a solution as it indicates the
concentration of hydrogen ions [H+]. It can be calculated by the following equation:
pH = - log)* [aH - ]

(3-1)

Where
- log10
[aH+]

Opposite of base 10 logarithm
Hydrogen concentration

In Table 3-3 we can see a classification of micro-organisms depending on their growing pH:
Table 3-3 Classification of micro-organisms according to their growing pH [17]
Extreme

Group
pH

acidophiles
acidic

<2

Acidophiles

Neutrophiles

Alkalophiles

2-5

6-8

9 - 12

Extreme
alkalophiles
> 12
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The pH of each sample is important as the different micro-organisms involved in anaerobic
digestion have variable optimal pH values and we need specific ones for a good performance. As
the growth of the micro-organisms is affected the methane production is also affected.
During AD, the following pH values detailed in Table 3-4 are needed in the different stages:
Table 3-4 pH requirements in the different stages of anaerobic digestion [9]

Influencing variable

Acidogenesis

Methanogenesis

pH

5.2 – 6.3

6.7 – 7.5

3.4 Problems in AD of Olive Mill Wastes
Due to the high organic load the anaerobic digestion process present some problems, but there
are also other difficulties to take into account [9]:
•

The seasonable availability of the OMW – it is usually produced from mid-November to midFebruary – that supposes a need for a big storage place or an over-dimensioned plant to meet
the needs. The second option leave us with a plant not operated during half of the year [9].

•

The concentration of nitrogen in OMW is too low as seen in [9]. The C:N ratio nearly doubles
the needed for a good performance of the anaerobic digestion.

•

The pH of OMW is too low to achieve a good anaerobic digestion performance as the microorganisms involved in the treatment need a more alkaline medium [9].

•

Lipids and polyphenols [9]. Long chain fatty acids are difficult to biodegrade [9].

To deal with the aforementioned problems some measures have been suggested including:
The mixture and codigestion of OMW with other waste to reduce the inhibitory factors that affect
the process and to succeed cometabolism [9].
Codigestion with different waste has been tested and manure proved to be the most promising as
it has a high alkalinity so it increases the resistance to acidification during the codigestion and also
a dilution of the inhibitory substances of the process due to the mixture. The high ammonia
content of the manure also increases bacterial growth [9].
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The seasonal availability of OMW and the high amounts of it that are obtained give the chance to
acidify it and subsequently store it during the rest of the year so it can be properly and easily
treated in manure digesting plants and in a smaller flow [9].
The codigestion of the mixture of OMW and manure is an environmentally-friendly way to treat
different rural residues and transform the environmental problematic waste into a profitable
resource [9].
From the treatment of the OMW and manure together we can obtain biogas that can be used to
produce energy in the form of both electricity and heat. But besides the energetic potential of the
biogas, the solid fraction obtained from the process contains a high nutrient load which makes it a
good fertilizer to improve the soil quality [9].

3.5 Operation design parameters for AD of Olive Mill Waste
HRT or q (Hydraulic retention time) is a measure of the average time that the inflow stays in the
fermenter.
It is an important factor to establish the bioreactor size as it relates the fermenter volume with
the influent flowrate as it can be seen in the following equation:

HRT =

1
2

(3-2)

Where:
HRT
V
Q

Hydraulic retention time (days)
Volume of the digester (m3)
Influent flow rate (m3/days)

Thus, we can see that the HRT decreases when the influent flowrate is increased.
The longest the inflow stays in the reactor and thus in contact with the microorganisms, the most
organic matter will be biodegraded and more biogas will be produced. The methane production
then is correlated to the HRT and the Yx (biomass yield factor).
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Figure 3-2 shows the accumulate methane production of an anaerobic digester where we can
appreciate that the methane production decreases with time, as the slope steepness of the graph
decreases with time.
That illustrates that the biodegradation process is not lineal and it follows Monod’s kinetics – as
the inflow decreases so does the biodegradation velocity – [12].
As we can see in Figure 3-2 the biomass yield factor (Yx) is an important value to take into account
to increase the methane production for low HRT values (around 30 days) but it becomes
independent from the biomass yield factor for very high values of HRT (more than 100 days) [12].

hours (h)
Figure 3-2 Accumulative methane production as a function of HRT for different Yx (biomass yield factor
[gVSS/gCOD]) values [12].
Where:

[VSS]

Concentration of Volatile Suspended Solids (gCOD/l)

For water depuration and energy production we will have to choose lower HRT as if the inflow is
in the bioreactor for longer, the balance between energy production and consumption and
building cost would be negative hence unviable. For this reason, we have to find a balance
between the highest possible biogas yield and having a justifiable plant economy [9].

3.6 Products of AD
As previously mentioned the two main products of anaerobic digestion are the biogas and the
biogas digestate.
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3.6.1 Biogas
Biogas includes all the gas produced during anaerobic digestion of organic matter. This gas is
formed by different bacteria in anaerobic conditions that break down complex molecules to from
a gas that mainly consists of methane and carbon dioxide and its exact composition depends on
the substrate used to obtain it [21].
Other gases such as water vapour (H2O), carbon monoxide (CO), nitrogen (N2), hydrogen (H2),
hydrogen sulphide (H2S) and oxygen (O2) can be found in biogas with percentages ranging from 5
% as it can happen with N2 to mere traces like with O2 [21].
Table 3-5 Biogas composition [20][21]

Gas

%

Methane, CH4

50 – 75

Carbon dioxide, CO2

25 – 45

The biogas energy depends on the methane content and thus the higher the methane content
more energy can be produced.
Table 3-6 Theoretical gas yields [20]

Substrate
Raw protein
Raw fat
Carbohydrates

Litre gas/kg DM

CH4 (%)

CO2 (%)

700

70-71

29-30

1,200-1,250

67-68

32-33

790-800

50

50

As it can be seen in Table 3-6, the biochemical composition of the substrates determines its
methane yield.
Current literature considers the specific methane yield 0.3 m3/kg VS (Volatile Solids) the average
performance [18] and thus depends on the volatility of the sample’s solids.

3.6.2 Anaerobic digestate
The indigestible residue from anaerobic digestion is known as biogas digestate [21]. It is not
compost even though the characteristics are very similar. As it happens with biogas, the
composition of the digestate also depends on the substrate used but some typical values can be
[26]:
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•

Nitrogen, N2

2.3-4.2 kg/t

•

Phosphorous, P

0.2-1.5 kg/t

•

Potassium, K

1.3-5.2 kg/t

It can be used as fertilizer with several advantages over other fertilizers used because the nitrogen
content is less susceptible to water pollution, it is a homogenous mixture and the management
and storage opportunities are better and compared to raw animal manure the odours and [21].
The volume of digestate will be around 90-95 % of what was fed into the digester [26].

3.7 AD technology
Biogas plants are formed by various elements. The most important variables that affect the design
of the plant the most is the kind of substrate and the quantities fed. The type of substrate – DM
content, structure... – will determine the technology used while the amount of substrate will
determine the dimensioning – digester size, storage capacity and CHP unit –. For this reason,
there are different digesters designs and operation systems.
In the following Figure 3-3 the main steps followed in a biogas plant are detailed:

Figure 3-3 Representation of a typical biogas plant. Adapted from [31].
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3.7.1 Digester (biogas reactor)
The digester is an air-proof reactor tank wherein the digestion of the substrate takes place in
anaerobic conditions. It is the core of biogas plants and it is where the biogas is produced [20]. All
digesters have a system to feed in the substrate and systems for biogas and digestate output.
The design of the biogas plant will depend on the DM content of the substrate. Depending on the
dry matter content of the substrate the process can be classified in two different groups: wet and
dry digestion. The border between dry and wet digestion is theoretical and it is mostly determined
by the pump-ability of the substrate [20].
3.7.1.1

Dry digestion

The dry matter content ranges between 20 - 40 % DM. It does not need stirring nor mixing during
AD and batch digesters are usually used for dry digestion [20].
3.7.1.2

Wet digestion

The dry matter content is about < 15 % DM All the systems used are stirring ones and the only
difference relies on the stirring method [28].

3.7.2 Feeding system – Input and output system
Another classification we can make concerning the anaerobic digester is the feeding mode. There
are two kinds of feeding: continuous and batch feeding [20]. The technique used will depend on
the substrate type and its pump-ability.
3.7.2.1

Continuous feeding

During the operation of continuous digesters, the new substrate fed in the digester is equal to the
one leaving so the volume is always the same [23]. The substrate flows through the digester
mechanically or by the pressure applied by the new fed substrate that pushes the digested one.
The AD process is not interrupted and thus the biogas produced is constant and it can be
predicted [20].
Continuous-type digesters are presented in different designs that can be determined by the
stirring system – completely stirred (CSTR) and plug flow – and flow direction – vertical, horizontal
or multiple tank–. Usually, the flow direction is related to the stirring system and completely
stirred digesters are usually vertical while plug flow are horizontal [20]. In Table 3-7 we can see
the different characteristics of the continuous digester types.
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Table 3-7 Continuous digester types [20][21]

Completely stirred digester (CSTR)

Plug flow digester

Shape

Round, vertical, simple

Elongated, horizontal

Stirring

Completely stirred

Vertically mixed

Simple substrate (wet)

Difficult manure (dry)

DM content
3.7.2.2

Batch feeding

In batch digesters, the substrate is loaded with portions and it stays in the digester until the AD is
completed and then the process is repeated [20].
The HRT in this digester system is known as the process time as the process as all the input stays
in the digester until it is all removed at the same time. Some of the content has to remain in the
digester once the process finishes as it will be used as the inoculum for the next charge. The
volume of the bioreactor then will have to be multiplied by 1.5 since the volume of substrate that
remains in the bioreactor between charges is usually around the 50 %.
They are simpler to build and the operation and mechanical technology cost are lower. In the
other hand the process energy consumption and maintenance costs are higher [20]. They are
usually used for dry digestion and also for combined wet and dry digestion when the substrates
are stackable [20].

3.7.3 Biogas storage tank
The biogas facility is designed to temporarily store biogas to compensate for any production
variation during the biogas production. There are different designs for biogas storage facilities but
the simplest solution is to place them on the top of the digester and use a tight membrane that
will also be the digester cover [20].
The minimum capacity that the biogas storage must have corresponds to one fourth of the daily
production but normally one of two days’ production capacity is recommended [20].
Tanks can be classified by the overpressure of the tank and they can be: low, medium or high
pressure tanks.
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3.7.3.1

Low pressure tank

Overpressure in the tank between 0.05 – 0.5 mbar. They are installed in the top of the digester
and are made of a special membrane that expands according to the gas contained [20].
3.7.3.2

Medium and high pressure tanks

The pressure in this tanks ranges between 5 – 250 bar and they are made of steel and have a high
operation cost and are rarely used in agricultural biogas plants [20].

3.7.4 CHP plant
CHP (combined Heat and Power) or co-generation consists in the production of power and heat
simultaneously from a single source – in this case biomass – [22].
More efficiency and benefits are obtained when power and heat is generated through CHP cell
[22]. The electricity produced from the biogas can then be used in the AD process for – pumps,
control systems and stirrers – or sold to the grid. The heat produced can be in the AD to heat up
the digester and also sold to be used in industry processes, heating or other activities [20]. The
electricity alone is not enough to be profitable in most plants and thus they have to include the
heat production to the plant design [20].
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4 Materials and methodology
The material and the methods used to perform the present study are detailed in this chapter. It
will focus on the raw material used and the description of the analytical analysis performed to
obtain the OMW and pig manure characteristics.

4.1 Raw material
Three biomass substrates were selected to apply for the present project run in the laboratory of
the Institute of Chemical and Energy Engineering, BOKU University. These substrates were:
One sample of a two-phase olive oil mill and one for a three-phase olive oil mill:
•

2POMW sample from a 2-phase mill located in Garriguella, Alt Empordà, Spain (Maset Plana).

•

3POMWW from 3-phase mill located in Pegalajar, Jaén, Spain (Oleobercho).

Every substrate was representatively sampled and transported in closed barrels of 1 L from Spain
and acquired directly from the olive oil producers.
•

Pig manure, was brought from a pig farm in Lower Austria. The kind of manure is pig slurry,
which is liquid manure.

4.2 Analytical analysis
In order to use the EcoGas Software we previously need the following information about the
different wastes that we will obtain through analytical analysis:
•

pH

•

% DM – Dry Matter content

•

% VS – Volatile Solids

•

SG – Specific Gravity

In order to get the analytical analysis results we are going to use two repetitions for each waste.
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4.2.1 pH
The pH value of the different waste is important because it will define the mixture ratios in order
to know the quantity of pig manure that will be used and thus the total amount of waste that will
be treated in the planned bioreactor.
•

Material
o

pH-meter

o

pH buffer solutions (4, 7, 10)

o

Centrifuge

o

Filter paper

o

Beakers

o

Deionized and distilled water

We will measure the pH values of the different samples with a pH-meter. We must first calibrate
with three different pH buffer solutions at pH values 4, 7 and 10.
For the pig manure, we will have to carry out a previous filtration with filter paper due to the high
amount and size of the suspended solids.
The 2POMW has a too doughy consistence and the mentioned pH-meter cannot be used by itself.
In this case, we will apply the 1/5 dilution wb (wet basis) method. We will add 5 parts of distillate
and deionized water per every part of sample. The mixture will have to be properly blended in a
centrifuge and then we can measure the pH of the mix.
For the 2POMW the pH will not be as important as the mixture ratio will be determined by the
moisture level, as we want to design a completely stirred digester and thus the dry digestion is not
suitable for that system. The desired dry matter content in this case will have to be lower than 15
%.

4.2.2 % DM – Dry Matter content
To get the dry matter content we will use the Gravimetric Method (adapted from Standard
Methods for the Examination of Water and Wastewater).
•

Material
o

Ceramic pots

o

Weighing scale

o

Drying oven
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In order to know the DM content of the samples we will use a drying oven operated at 105 °C
during 12 h.
With the weights of the samples before and after being dried on a ceramic pot we can calculate
the percentage of DM for 3POMWW, 2POMW and pig manure by using the following equation:
100 g FM ∗

g DM
= % DM
g FM

(4-1)

4.2.3 % VS – Volatile Solids content
This determination gives us an approximation of the quantity of organic matter present in the
solid fraction of the sample.
•

Material
o

Ceramic pots

o

Weighing scale

o

Muffle furnace

Once the samples are dry a muffle furnace will be used at 550 °C during 15 min in order to
remove all the volatile solids.
The equation we used to calculate the percentage of volatile solids is the following:
100 g FM ∗

g DM − g Ignite matter
g DM
∗
= % VS
g DM
100 g FM

(4-2)

4.2.4 SG – Specific Gravity
SG (Specific Gravity) – also known as relative density – is the ratio of the density of a substance to
the density of water and it is a dimensionless unit [30] and can be calculated with the following
equation:
SG =

EFGHFIJKLM
ENO P

Where
SG
ρsubstance
ρwater

Specific Gravity
Density of the substance (kg/m3)
Density of water (kg/m3)
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This value is important as we can relate the weight of the matter that we have to treat with its
volume and thus we know the volume that we will have to treat.
To get the specific gravity of every sample we will have to determine the density of each sample in
the laboratory. To do so we will weight a known volume of every sample so this way we will know
the weigh per volume unit.

4.3 EcoGas Software
EcoGas (Version 07-E1) Software, which has been developed in BOKU – Vienna – is part of a
comprehensive and inclusive toolkit comprising technological, economic, social, environmental
and cultural dimensions of development. This software uses powerful search algorithms to
identify potential trade-offs among factors such as cost, performance and reliability. EcoGas will
be used in our work for the simulation, dimensioning and to perform the economic analysis of the
case study biogas plant for treatment of by-product from olive oil extraction industry in Spain.
This software is a tool for estimating a potential biogas production and is helpful for planning
biogas plants.
It contains a number of selectable settings – substrates, engine types… – which allow it to be
adjusted for use in any region.
With this software, we can define and calculate factors such as:
•
•
•

•
•
•

Technical aspects of the bioreactor
Investment costs
Energy partitioning and consumption
o Power heat coupling – losses, usable energy
o Own consumption of energy – electricity, heat
Energy balance (kWh)
Annual revenue and investment costs
Reduction of emission
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5 Results
In this chapter, the results obtained in the analytical analysis will be presented as well as the
values obtained from the literature review.

5.1 Calculations
In order to get all the software input values, we will have to carry the following calculations:

5.1.1 Mixture ratios and fresh matter per year (FM/year)
The mixture ratios are important factors as we only know the fresh matter of the OMW as are the
ones we need to treat and the pig manure can be used in the subsequent required quantities.
The pH requirements in the different stages of anaerobic digestion are 5.2 – 6.3 for acidogenesis
and 6.7 – 7.5 for methanogenesis [9]. The target pH value is 6.3 as it is the highest limit for
acidogenesis and will be enough for the beginning of acidogenesis. In order to achieve the desired
pH for a good anaerobic digestion performance we will mix the different OMW with pig manure.
As previously mentioned in the case of 2POMW the main factor to determine the mixture ratios
will be achieving a wet digestion. The calculation for the mixture ratio for the 3POMWW plant can
be seen in Annex A.
In the 3POMWW plant we will introduce 60 % 3POMWW and 40 % pig manure and in the
2POMW plant the input will be 25 % 2POMW and 75 % pig manure.
We need to know the total amount of fresh matter to be treated as it will be the basis for the
bioreactor dimensioned. As we now know the best mixture ratios and the OMW amounts that
we need to treat we can determine the amount of pig manure needed for the different wastes
and thus the total input for each plant. The calculations can be seen in Annex B.
In Table 5-2 and Table 5-3 the proposed mixture ratios for the OMW and pig manure mixtures and
the total fresh matter per year of each waste will be detailed:
Table 5-1 Proposed mixture of 2POMW and pig manure for biogas production

Mixture

2POMW plant

2POMW

Pig manure

%

t/year

%

t/year

25

850

75

2,550
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Table 5-2 Proposed mixture of 3POMWW and pig manure for biogas production

Mixture

3POMWW

3POMWW plant

Pig manure

%

t/year

%

t/year

60

10,500

40

7,000

The input for each plant in percentage as fresh matter weight is represented in Figure 5-1

Variation in the input content as fresh matter weight
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

2POMW plant
2POMW %

3POMWW plant
3POMWW %

Pig manure %

Figure 5-1 Variation in the input content as fresh matter weight.

5.1.2 % DM – Dry Matter content and %VS – Volatile Solids content
In the following table, we can see a summary of the different dry matter contents and volatile
solids of each sample. The calculations for % DM and % VS can be seen in Annex C.
Table 5-3 Table summary of the % DM and % VS of the different wastes

% DM

% VS

2POMW

37.6

34.7

3POMWW

2.9

1.6

Pig manure

5.6

3.6
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5.1.3 Operation time
We need the operation time of the plant in order to calculate values in a daily basis. As it is a
seasonal waste we cannot calculate it for 365 days but only for the time the wastes are produced.
Both olive oil mills operate around 70 days/year during 24/day every day. These average times
have been acquired directly from the mill owners.
The high seasonality of OMW makes the construction of a mono-digestor (with only one kind of
substrate) plant construction unprofitable both technical and economically. The feasibility of the
OMW anaerobic treatment relies on the presented mixtures as this way we can have input all the
year round [18].
By maximizing the operation hours at full load the economy could be maximized [19] then even
though the mills operate only during this time our bioreactor will operate 8,000 hours for 365
days a year as this way we will need a smaller bioreactor and we will produce energy for a longer
period.

5.1.4 SG – Specific Gravity
The calculations done to get those results can be seen in Annex D.
•

2POMW = 1.124

•

3POMWW = 0.981

•

Pig manure = 0.989

5.1.5 Specific methane yield (N CH4 m3 / kg VS)
We acquired this value from the literature and in Annex E the units transformation is detailed.
•

2POMW = 0.268 m3 N CH4/kg VS [1]

•

3POMWW = 0.260 m3 N CH4/kg VS [1]

•

Pig manure = 0.256 3 N CH4/kg VS [8]

The values for the specific methane yield of all the wastes are between 0.26 and 0.27 m3/kg SV
and thus our values are to be considered standard [18].

5.1.6 Average methane concentration
We acquired this value from the literature and it is around 50-75 % [20][21] and we will assume a
60 % methane concentration.
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5.1.7 HRT
In the literature review the HRT that showed to be the most suitable was 18 days so that is the
retention time we are going to use in both plants [9].

5.1.8 Fermenter
5.1.8.1

Number of fermenters

We are going to size our plant with only one fermenter in order to simplify and make the building
process more cost effective.
5.1.8.2

Fermenter internal temperature

Temperature ranges for acidogenesis and for methanogenesis are different. In methanogenesis
we can have different micro-organisms performing the same reaction and they can be mesophylls
or thermophiles. In order to have similar temperatures between the two processes the
methanogenic micro-organisms should be mesophylls (32 – 42 °C) as the lowest temperature is
similar to the highest needed for acidogenesis (25 – 35 °C) [9]. The best temperature for a good
anaerobic performance will be 37 °C [9][18].

5.2 Values needed for the calculations
In this section, the parameters needed for running EcoGas Software and making all the
calculations will be detailed in two different tables, one for each plant:
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5.2.1 2POMW
Table 5-4 Summary of the necessary values to run EcoGas Software for the 2POMW plant

Units

2POMW

Pig manure

FM/year

t

850

2,550

DM %

%

37.6

5.6

VS %

%

34.7

3.6

Specific gravity

-

1.124

0.989

Specific methane yield

m3 CH4 N/kg VS

0.268

0.256

Methane concentration

%

60

days

18

Fermenter internal Tº

°C

37

Nº Fermenters

-

1

HRT

5.2.2 3POMWW plant
Table 5-5 Summary of the necessary values to run EcoGas Software for the 3POMWW plant

Units

3POMWW

Pig manure

FM/year

t

10,500

7,000

DM %

%

2.9

5.6

VS %

%

1.6

3.6

Specific gravity

-

0.981

0.989

Specific methane yield

m3 CH4 N/kg VS

0.260

0.256

Methane concentration

%

60

days

18

HRT

Escola Superior d’Agricultura de Barcelona
UPC - BarcelonaTech

34

Feasibility study of anaerobic digestion of olive mill waste for energy production.

6 Discussion
6.1 Discussion of the 2POMW plant
In this chapter, the results of the study of the 2POMW plant will be discussed through the
characteristics, the energy balance and the economic analysis of the plant.

6.1.1 Characteristics of the 2POMW biogas plant
6.1.1.1

2POMW plant digester design

For the digester design, we first need to calculate its volume and then we will determine which
digestion technology will be more suitable for each plat.
The volume of the digester is calculated according to the following equation:
1 = HRT ∗ 2 =
Where
V
HRT
Q
t
FM

HRT ∗ FM
Q

(6-1)

Volume of the digester (m3)
Hydraulic retention time (days)
Influent flow rate (m3/day)
Operation time (days)
Total Fresh Matter to treat (m3)

With Equation 6-1 we can estimate that the volume of the 2POMW digester will be 152 m3.
The digester system used will be chosen according on the amount of fresh matter that needs to
be treated and the dry matter content of each substrate and based on the literature review:
Table 6-1 Fresh and dry matter content of each substrate and mixture of the 2POMW plant

2POMW

PM

2POMW + PM

FM/year

t

850.0

2,550.0

3,400.0

FM/day

m3

-

-

9.3

Proportion

%

25

75

100

DM

t

319.6

142.8

331.5

DM

%

37.6

5.6

13.6
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3

The total amount of fresh matter that needs to be treated is about 9.3 m a day during 18 days –
with a digester volume of 152 m3 – and the dry matter content of the 2POMW together with the
pig manure is 13.6 % which, based on the literature review, it is considered wet digestion. In this
case, the bioreactor that we are going to use will be a CSTR as it is suitable for wet digestion.
6.1.1.2

2POMW plant biogas and methane production

In the following table the values used to estimate the biogas potential are detailed:
Table 6-2 Values needed to calculate methane and biogas production of the 2POMW plant

2POMW

PM

2POMW + PM

VS in %

%

34.7

3.6

-

VS/year

kg/year

294,950

81,000

375,950

m³N/ kg VS

0.27

0.26

-

Specific methane yield

Considering the methane yield we can calculate the methane potential with the following
equation:

(6-2)

RSMITJKM = RUJFIM ∗ V
Where
W methane
W waste
Umethane

mass flow of biogas (m3/year)
mass of waste (kg VS/year)
methane yield (m3/kg)

The methane proportion of the biogas has a 60 % content and with this value we can calculate the
biogas yield.
Table 6-3 Total methane and biogas yield of the 2POMW plant

Total methane yield

Total biogas yield

2POMW

PM

2POMW + PM

CH4 m³N/ day

217

57

274

CH4 m³N/year

79,047

20,736

99,783

Biogas m³N/day

362

95

457

Biogas m³N/year

131,745

34,560

166,305
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6.1.1.3

2POMW plant biogas storage tank

In the literature, we have also found that the recommended volume of the storage tank should be
about one or two days the production capacity and a minimum of a fourth of the daily production.
We are going to dimension it as a one day production 457 m³.
The biogas storage tank used will be a low-pressure tank as they are the cheapest option.

6.1.2 2POMW plant energy balance
6.1.2.1

Utilization of biogas for electrical energy production

In order to produce electricity a combined heat and power (CHP) unit will be used in each plant.
To calculate the electricity that each plant will generate we will use the amount of methane
produced known we already calculated and the efficiency. The efficiency – usually denoted by h –
is the relation between the useful power output and the total input power:

h=

useful power output
Total power input

(6-3)

To calculate the energy produced in a biogas plant the gross energy of the methane is considered
equal to 9.97 kWh/CH4 m3 and we can calculate it with the following expression:

hM\MLI] =

electricity produced
methane produced

kWh
year

m3
kWh
∗ 9.97
year
m3

(6-4)
∗ 100

The efficiency depends on the quality of the biogas and the size of the CHP. Once we know the h –
we will assume an efficiency equivalent to 38.9 % (based on EcoGas Software) – we can calculate
the total electricity that the plant will produce:

m3
kWh
hM\MLI] ∗ methane produced
∗ 9.97
kWh
year
m3
electricity produced
=
year
100

(6-5)

With the electricity produced obtained from the equation and the known working hours we can
calculate the electric capacity of the plant (kWe) as we can see in Table 6-4.
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Table 6-4 Electricity production of the of the 2POMW plant

CH4 production

Efficiency level

Electricity production

CH4 m³N/year

%

kWh/year

Working hours

kWe

99,783

38.9

386,990

8,000

48

The capacity of the plant will be around 48 kWe.
6.1.2.2

Utilization of biogas for thermal energy production

The thermal efficiency we are going to take is 41.3 % based on the EcoGas Software.
To calculate we will use the same equation as for the electricity efficiency:
m3
kWh
hITM]S ∗ methane produced
∗ 9.97
kWh
year
m3
Thermal energy prod.
=
year
100

(6-6)

With Equation 6-6, we can calculate the heat production of the plant as detailed in Table 6-5.
Table 6-5 Heat production of the of the 2POMW plant

CH4 production

Efficiency level

Heat production

CH4 m³N/year

%

kWh/year

kWh/day

99,783

41.3

410,866

1,060

6.1.3 Economic analysis of the 2POMW plant
The results of the economic analysis have been calculated with the EcoGas Software and are the
following for the investment and running costs and energy partitioning and consumption and
revenue.
6.1.3.1

Investment cost of the 2POMW plant

Investment cost refers to the total money invested in the biogas plant. The different costs of plant
settling will be the following and will be taken from the literature and will take into account the
cost of the biogas plant and the CHP cost. We will neglect the land cost as the biogas plants would
be located within olive mill existing facilities and thus no more land will be bought.
The investment cost per kWe for a biogas plant of up to 100 kWe is found to be between 5,0003,000 €/kWe [21]. We are going to take the highest value and with the capacity of the plant we
can determine that the cost is around 240,000 €.
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To calculate the cost of the CHP a value of 900 €/kWe [21] will be used and the final price will be
about 43,200 €.
Table 6-6 Investment cost summary of the 2POMW plant

Item

Value

Units

Total

Biogas plant

5,000

€/kWe

240,000 €

900

€/kWe

43,200 €

CHP

The total inversion in the plant will be of about 306,800 €.
6.1.3.2

Energy partitioning and consumption of the 2POMW plant

The electric energy needed to run the plant will be 144,449 kWh/year which is the 37.3 % of the
total electric energy produced in the plant. The EcoGas Software values used for those
calculations can be seen in Annex F.
6.1.3.3

Annual revenue and running costs of the 2POMW plant

The total annual revenue of the plant takes into account the electric and heat energy that can be
produced in the plant and it will be 56,669 €. The running costs consider the operational cost and
the logistics and it will be about 61,087 €. In Annex G. the values used in EcoGas Software to
calculate the total annual revenue and running costs can be seen.

6.1.4 Balance of emission of the 2POMW plant
With the EcoGas Software we can calculate the reduction of emission achieved with the biogas
plant and they can be seen in Figure 6-1:

Figure 6-1 Balance of emission for the 2POMW plant.

As seen in Figure 6-1, the use of the biogas plant shows considerable emission reductions of
carbon dioxide (CO2), carbon monoxide (CO) as well as some reduction in sulphur dioxide (SO2)
and some increase in nitrogen oxides (NOx).
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6.2 Discussion of the 3POMWW plant
The discussion methodology of the 3POMWW plant will follow the same structure as the 2POMW
plant and thus the description information will not be repeated.

6.2.1 Characteristics of the 3POMWW biogas plant
6.2.1.1

3POMWW plant digester design

The volume of the 3POMWW plant digester will be 889 m3.
Table 6-7 Fresh and dry matter content of each substrate and mixture of the 3POMWW plant

3POMWW

PM

3POMWW + PM

FM/year

t

10,500

7,000

17,500

FM/day

m3

-

-

47.95

Proportion

%

60

40

100

DM

t

304.5

392.0

696.5

DM

%

2.9

5.6

3.98

3

In this plant, the fresh matter treated is up to 49 m a day – with a digester volume needed of 889
m3 – and the dry matter contend of both 3POMWW and pig manure is 3.98 %. In this plant, the
bioreactor that is going to be used is a CSTR. The waste to be treated in this plant will need a wet
digestion and the amount that will be treated makes this system the best option.
6.2.1.2

3POMWW plant biogas and methane production

In the following table the values used to estimate the biogas potential are detailed:
Table 6-8 Values needed to calculate methane and biogas production of the 3POMWW plant

3POMWW

PM

3POMWW + PM

VS in %

%

1.6

3.6

-

VS/year

kg/year

168,000

252,000

420,000

m³N/ kg VS

0.26

0.26

-

Specific methane yield

The methane content of the biogas is the 60 % of the biogas.
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Table 6-9 Total methane and biogas yield of the 3POMWW plant

Total methane yield

Total biogas yield

3POMWW

PM

3POMWW + PM

CH4 m³N/ day

120

177

297

CH4 m³N/year

43,680

64,512

108,192

Biogas m³N/day

200

295

495

Biogas m³N/year

72,800

107,520

180,320

6.2.2 3POMWW plant biogas storage tank
The size of the storage tank will be the same as a one day biogas production and it will be 495 m³.
The biogas storage tank design will be a low-pressure tank.

6.2.3 3POMWW plant energy balance
6.2.3.1

Utilization of biogas for electrical energy production

Table 6-10 Electricity production of the 3POMWW plant

CH4 production

Efficiency level

Electricity production

CH4 m³N/year

%

kWh/year

Working hours

kWe

108,192

38.9

419,604

8,000

52

The capacity of the plant will be around 52 kWe.
6.2.3.2

Utilization of biogas for thermal energy production

Table 6-11 Heat production of the 3POMWW plant

CH4 production

Efficiency level

Heat production

CH4 m³N/year

%

kWh/year

kWh/day

108,192

41.3

445,492

1,220

6.3 Economic analysis of the 3POMWW plant
6.3.1 Investment cost of the 3POMWW plant
The investment cost for the biogas plant cost is around 26,000 € and the cost of the CHP will be
about 46,800 €, as it can be seen in Table 6-12, and makes a total of 306,800 €.
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Table 6-12 Investment cost summary of the 3POMWW plant

Item

Value

Units

Total

Biogas plant

5,000

€/kWe

260,000€

900

€/kWe

46,800€

CHP

6.3.2 Energy partitioning and consumption of the 3POMWW plant
The electricity needed to run the plant will be 144,449 kWh/year which is the 46 % of the total
produced in the plant. The values used to calculate the energy partitioning and the consumption
with the EcoGas Software are detailed in Annex H.

6.3.3 Annual revenue and running costs of the 3POMWW plant
The revenue of the plant takes into account the electric and heat energy that can be produced in
the plant and it will be 46,007 € per year. The running costs consider the operational cost and the
logistics and it will be about 60,289 €. In Annex I. he values obtained from the EcoGas Software
can be seen.

6.3.4 Balance of emission of the 3POMWW plant

Figure 6-2 Balance of emission of the 3POMWW plant.

Figure 6-2 shows that the use of the biogas plant would have considerable emission reductions of
carbon dioxide (CO2), carbon monoxide (CO) as well as some reduction in sulphur dioxide (SO2)
and some increase in nitrogen oxides (NOx).
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7 Conclusions and recommendations
In comparison, the 2POMW plant would treat five times less residues than the 3POMWW plant
but would produce a very similar amount of biogas and thus energy. This is a good point as the 2phase mills are taking over the olive oil production sector.

7.1 Conclusions concerning the 2POMW plant
The present work studied the feasibility of a wet codigestion with a 13.6 % dry matter content in a
plant treating a total fresh matter of 3,400 t a year of a mixture of 2POMW and pig manure in a
completely stirred tank of 152 m3.
The plant would be able to produce 99,783 CH4 N/year with a daily biogas yield of 457 m3, that
would be the same volume needed for the biogas storage tank. With these methane and biogas
values the capacity of the plant would be 48 kWe producing 386,990 kWh/year of electricity and
410,866 kWh/year of heat.
The investment cost including the biogas plant and the CHP will reach up to 306,800 € and the
running cost will be 61,087 € per year. The revenue of the plant will be about 56.669 €, which will
make the total cost of the plant to be 4,418 € per year plus the initial investment. With these
values, we can see that the plant would not be economically feasible as the initial inversion not
even would not it be recovered but each year the plant would have economical losses.
Considerable reduction of emission can be seen for CO2, SO2 and CO which is a good
environmental fact.

7.2 3POMWW plant
This plant would treat a total fresh matter weight of 17,500 t with 3.9 % of dry matter and thus
would need a digester volume of 889 m3 for wet codigestion in a completely stirred tank.
With this input the plant could treat 108,192 CH4 m3 N/year and thus the daily biogas yield would
be 495 m3 and so would be the volume of the biogas storage tank. The plant capacity would be 52
kWe producing 419,604 kWh/year electric energy and 445,492 kWh/year of thermal energy.
The first inversion needed for the biogas plant will be around 306,800 € plus 60,289 € per year
that will be needed in order to run the plant. The total revenue will be 46,007 € each year which

Escola Superior d’Agricultura de Barcelona
UPC - BarcelonaTech

42

Feasibility study of anaerobic digestion of olive mill waste for energy production.

makes the plant not economically feasible as the yearly running cost would be 14,282 € plus the
investment cost.
The reduction of emission in this plant could be achieved for CO2, SO2 and CO which is
environmentally positive.

7.3 Recommendations
As seen before the plants would not be economically feasible and thus some other options should
be reviewed as is a very good environmental possibility. A better scenario could be treating the
OMW in bigger codigestion plants in order to exploit the economies of scale. This strategy would
improve the economical aspect since the bigger the plants are the more economically profitable
they become.
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9 Annexes
Annex A.

Mixture ratios

Annex B.

FM/year – Fresh matter per year

Annex C.

% DM and % VS

Annex D.

SG – Specific Gravity

Annex E.

Specific methane yield (CH4 m3 / kg VS)

Annex F.

Energy partitioning and consumption of the 2POMW plant

Annex G.

Annual revenue and running cost of the 2POMW plant

Annex H.

Energy partitioning and consumption of the 3POMWW plant

Annex I.

Annual revenue and running cost of the 3POMWW plant

Escola Superior d’Agricultura de Barcelona
UPC - BarcelonaTech

i

ii

Feasibility study of anaerobic digestion of olive mill waste for energy production.

Annex A. Mixture ratios
9.1.1.1

3POMWW

The pH value that we want is around 6.3 and the one obtained for 3POMWW is 5.31. With these
values, we will mix 70 % 3POMWW with 30 % pig manure.
3POMWW: pig manure

5.3 ∗ 0.7 + 8.4 ∗ 0,3 = m. no

(9-1)

7:3
pH value obtained in the lab = 6,124
As the pH obtained in the laboratory is too low we are going to repeat the experiment with a
higher percentage of pig manure. In this case we will use 60 % 3POMWW and 40 % pig manure.
3POMWW: pig manure

5.3 ∗ 0.6 + 8.4 ∗ 0,4 = m. qo

6:4 = 3:2
•

pH value obtained in the lab = 6,379

Escola Superior d’Agricultura de Barcelona
UPC - BarcelonaTech

(9-2)

iii

Feasibility study of anaerobic digestion of olive mill waste for energy production.

Annex B. Fresh matter per year
We need to know the total amount of fresh matter to be treated as it will be the basis for the
bioreactor dimensioned. The following quantities have been acquired directly from the olive oil
producers:
•

2POMW = 850 t/year

•

3POMWW = 10.500 t/year

As we can see in the fluctuation between the different years is very high in the three-phase
mill we cannot take the average yield but we have to use a much bigger amount (the
maximum achieved).
As we now know the best mixture ratios, the amount of pig manure needed for the different
wastes will be:
2POMW

850t
3 pig manure
v
2POMW ∗
= n. qqu
{|} ~yÄzx
year
1 2POMW
wxyz

(9-3)

1:4

•

Total waste to be treated 2POMW = 3.400 t

3POMWW
3:2

•

10500t
2 pig manure
v
3POMWW ∗
= Å. uuu
{|} ~yÄzx
year
3 3POMWW
wxyz

Total waste to be treated 3POMWW = 17.500 t
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Annex C. % DM and % VS
% DM – Dry Matter content)
In order to calculate the dry matter content in each sample we have to follow the next equation:
100 weight FM ∗

DM weight
= % DM
FM weight

(9-5)

In this case, we will have to subtract the cup weight to the dry and wet content as indicated in the
next equation:
100g FM ∗

Cup weight + dry Sample − Cup weight g DM
= % DM
Cup weight + wet Sample − Cup weight g FM

(9-6)

2POMW
1

2

•

100g FM ∗

85,485 − 69,745 g DM
= oÉ, q % ÑÖ
110,622 − 69,745 g FM

(9-7)

100g FM ∗

84,613 − 73,533 g DM
= om, É % ÑÖ
103,658 − 73,533 g FM

(9-8)

100g FM ∗

65,967 − 64,228 g DM
= 2,9 % ÑÖ
124,532 − 64,228 g FM

(9-9)

100g FM ∗

69,374 − 67,627 g DM
= 2,9 % ÑÖ
128,258 − 67,627 g FM

(9-10)

100g FM ∗

69,154 − 65,220 g DM
= q, Å % ÑÖ
134,653 − 65,220 g FM

(9-11)

100g FM ∗

78,214 − 74,122 g DM
= q, m % ÑÖ
147,238 − 74,122 g FM

(9-12)

Average = 37,6 %

3POMWW
1

2

•

Average = 2,9 %

Pig manure
1

2
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•

Average = 5,6 %

% VS – Volatile Solids content
9.1.1.2
1

100g FM ∗

2

•

2POMW sample
85,485 − 70,994 g VS
DM
∗ 37,6 g
= 34,6 % VS
85,485 − 69,745 g DM
100g FM

100g FM ∗

84,613 − 74,377 g VS 37,6 g DM
∗
= 34,7 % VS
84,613 − 73,533 g FM 100 g FM

(9-13)
(9-14)

Average = 34,7 %
The same calculations have been done for the different wastes.
9.1.1.3

3POMWW: Average = 1,6 %

9.1.1.4

Pig manure: Average = 3,6 %

In the following figure, we can see a capture of the spreadsheet used to calculate the dry matter
and the volatile solids for the different wastes.
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Annex D. SG – Specific Gravity
Now that we know the density of each matter and the density of the water, we can calculate each
sample specific gravity with the following equation:
As a reference, it is common to use the density of water at 4 ºC since water at this point has the
highest density of 1000 kg/m3:
Üá =
•

44,96 g
1kg
1000ml 1000l 1dl
1124kg
∗
∗
∗
∗
=
ë
40 ml 1000g
1l
1dl
1m
më
ÜánèçÖê =

(9-16)

1124 kg/më
= ì, ìnî
1000 kg/më

3POMWW

ÜáoèçÖêê

•

(9-15)

2POMW
énèçÖê =

•

àâÄäâvyãx
à ån ç

49,06 g
981,2 kg/më
50 ml
=
=
= u, ïÉìn
1000 kg/më 1000 kg/më

(9-17)

49,43 g
988,6 g
50 ml
=
=
= u, ïÉÉm
ë
1000 kg/m
1000 kg/më

(9-18)

Pig manure

Üá{|} ~yÄzx
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Annex E. Specific methane yield (CH4 m3 / kg VS)
In this Annex, the conversion from m3 CH4/ton dry weight to m3 CH4/kg VS is detailed:
Pig manure = 0,256 m3 CH4/kg VS
o

225 m3 CH4/ton dry weight [8]

o

4,09 %DM

o

3,6 %VS

225 më CHñ
DM
FM
1t
~o óåî
DM ∗ 4,9t
∗ 100t
∗
= u, nqm
ôÜ
ton
100t FM
3,6t VS 1000kg
ò}
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Annex F. Energy partitioning and consumption of the 2POMW plant
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Annex G. Annual revenue and running cost of the 2POMW plant
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Annex H. Energy partitioning and consumption of the 3POMWW plant
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Annex I. Annual revenue and running cost of the 3POMWW plant
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