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Sustainability analysis and benchmarking
of olive mill wastewater treatment methods
Dimitris P. Zagklis,a,b Eleni C. Arvaniti,a,b Vagelis G. Papadakisc and
Christakis A. Paraskeva a,b∗

Abstract

A large number of publications are available in the literature regarding olive mill wastewater treatment methods. However, none
of the proposed methods can be considered as a best available method in terms of its effectiveness, and its environmental and
economic impact. Using a literature survey, data were collected and evaluated in order for a sustainability and benchmarking
analysis to be developed. Physicochemical, biological and advanced oxidation methods were evaluated and judged in terms of
their effectiveness, environmental impact and cost. Effectiveness of each method was estimated in terms of COD and phenolic
compounds reduction, environmental impact in terms of CO2 production, while for the economic impact the operational
costs were taken into account. Finally, a procedure is suggested for selection of the most appropriate method based on user
preferences (in terms of effectiveness, environmental impact and cost). The present analysis showed that the most effective
processes in terms of organics reduction are membrane filtration, electrolysis, supercritical water oxidation and photo-Fenton.
Lower environmental impact was found with anaerobic digestion, coagulation and lime processes, while the lowest cost
category involves biocomposting and membrane filtration, thanks to the exploitation of byproducts (biocompost and phenolic
compounds, respectively).
c© 2013 Society of Chemical Industry
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INTRODUCTION
The Mediterranean countries host 95% of the global olive oil
production;1,2 this makes it a very important product for their
economies. As a byproduct of the three phase olive oil production
process, large quantities of olive mill wastewaters (OMWW) are
produced. OMWW is a waste with very high organic content and
phytotoxic characteristics, caused by the phenolic compounds
responsible for the antimicrobial and antioxidant activity of
olive oil. These compounds make biodegradation of the waste
difficult in conventional wastewater treatment facilities (e.g.
anaerobic digestion processes) that use microorganisms for the
biodegradation of organic waste, as they inhibit their growth.
On the other hand epidemiological studies have shown that
consumption of plant phenolic compounds, in which olive oil
is rich, leads to health benefits such as protection from cancer
and cardiovascular diseases, because of their antioxidant activity.3

Several methods have been proposed as possible solutions for
the management of OMWW. These methods are divided into
four main categories: disposal, physicochemical, biological and
advanced oxidation methods. Several review papers have been

published on the subject4–8 but in this study, following a literature
survey, a technique for comparison of the different methods used
for OMWW treatment is presented. All the methods mentioned
here have their own strengths and weaknesses; for example lime
treatment is a low cost method but not so effective, whereas
membrane filtration, although effective, consumes a lot of energy
because of the high trans-membrane pressures required, which
leads to the production of large quantities of carbon dioxide.
In order to determine which method is more suitable, several

aspects can be examined. In this study, a sustainability analysis
was carried out, concerning the available methods for treatment of
OMWW with the main characteristics examined being: treatment
effectiveness in terms of COD and phenolic content reduction, CO2

emissions in terms of energy consumption, and economic viability
in terms of treatment cost and possible profit from byproducts
produced. A comparison of existing methods was performed
based on the experimental results of other researchers, after
an extended literature review. Starting from an initial selection
of papers, the comparison was made only for those papers
that referred to treatment by only one autonomous method
(physicochemical, biological or advanced oxidation technique).
A second limitation was to examine only those papers that
referred to the treatment of raw or diluted OMW without any
pretreatment steps that could change the cost, effectiveness
and CO2 footprint. Effectiveness, environmental and economic
impact of each method was calculated and through an evaluation
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system each method received a score from the effectiveness,
environmental and economic point of view. A selection method
was then proposed through a ternary diagram, depending on
weights chosen for each of the aspects examined.

AVAILABLE OLIVE MILL WASTEWATER
TREATMENT METHODS
Many methods of OMWW treatment have been reported in the
literature and some are in the process of commercial exploitation.9

For the purposes of the present study of existing treatment
methods they are grouped into four main categories: disposal,
physicochemical, biological and advanced oxidation methods.

Disposal methods
The combination of treatment with calcium oxide (neutralization
and coagulation) and then disposal to waterproof lagoons is an
accepted method.10 The main disadvantages of this method are
bad odors, growth of mosquitoes, the need for land very far from
residential areas, and transfer costs. Alternatively OMWW can be
transported to olive tree fields and spread with certain limitations,
providing soil enrichment with nutritious compounds.11

Physicochemical methods
Membrane filtration includes technology such as microfiltration,
ultrafiltration, nanofiltration and reverse osmosis, for the
fractionation of compounds from liquid solutions.1,2,12,13 Although
highly efficient, membrane filtration processes require high
operational pressures that lead to high energy consumption.
On the other hand, there is a possible income from exploitation
of the phenolic compounds in byproducts.14 Lime treatment has

been proposed15–20 as a pre-treatment procedure for reduction
of the polluting effect of OMWW and it is a less expensive method.
Coagulation–flocculation is similar to lime treatment, in which
different coagulants/flocculants are employed. For this process
coagulants such as ferric chloride, and poly-electrolytes such as
FLOCAN 23 can be used.21 Although it has low cost and energy
consumption this method is not as effective in reducing the organic
content of the waste and is aimed mainly at the total suspended
solids (TSS). In electro-coagulation charged particles suspended in
the waste are precipitated through the imposition of an applied
voltage. Electrodes are made of metals such as Al and Fe, and
release metal ions in the solution creating nuclei for coagulation.22

Biological methods
In aerobic digestion aerobic strains are used for biodegradation
of the organic content of waste. Such strains are either aerobic
bacteria or fungi.23,24 Because of the high phenolic content of
OMWW, it may have to be diluted prior to aerobic treatment for the
method to be effective, as phenolic compounds inhibit the growth
of microorganisms.25 This method has a high energy demand,
leading to high CO2 emissions. In anaerobic digestion, bacteria are
used for degradation of the organic matter. Again OMWW might
have to be diluted in order not to inhibit bacterial growth, or mixed
with other wastes,26 or pretreated27 or used in combination with
physicochemical processes.28 Because of the methane produced
during the process, the energy demands of the process might
be partially compensated.29 Composting is the digestion of waste
combined with a solid substrate: this substrate can be straw,30

sesame bark,31 olive leaves, vineyard leaves, wood chips, animal

manure, etc.32 After composting, the phenolic content of the
waste is diminished and the final product is suitable for use as a
fertilizer providing a possible profit.31,32 On the other hand, due to
the long duration of the process, which is around 6–7 months,31 a
significant amount of energy is required. Energy requirements in
composting include spreading and compacting of solid material
in layers and covering with soil each day, liquid (leachates) and/or
air circulation and systems with leachates and gas collection over
a long period of time.

Methods such as disposal in wetlands33,34 and use of trickling
filters35 can also be considered as alternative methods with low
operational and fixed cost but with low effectiveness. Because of
limited available economic data, these methods are not evaluated
in the present study.

Advanced oxidation methods
In electrolysis, the organic content is either oxidized directly on
the anode or indirectly by the oxidizing agents produced in
the solution.36 Some anodes that have been used are Pt/Ir,37

Ti/IrO2,
38,39 Pt/Ti36 and boron-doped diamond.40 Because of the

important role that electricity plays in this method, the energy
requirements are very high. Fenton oxidation uses Fenton’s
reagent, which consists of H2O2 and Fe(II), for the oxidation of
waste through a series of reactions.41 As it is not an electrically
driven method, it has low energy consumption but the need for
H2O2 increases the cost. Photo-Fenton is similar to Fenton as it uses
the same reagents, with the difference that UV radiation is applied
to the solution. The UV radiation accelerates the regeneration
of Fe2+

, increasing the efficiency of the process42 but also this
method needs high energy consumption for the production of
UV radiation. Supercritical water oxidation is the oxidation of the
waste on catalysts such as Pt/γ -Al2O3

43 or without the presence of
a catalyst,44,45 above the critical temperature of water and at high
pressure (25–35 MPa43). This method is very effective for reduction
of the organic content but because of the high temperatures and
pressures employed, the treatment cost and energy consumption
are high. Ozonation uses O3 as an oxidant for oxidation of the

waste.46–48 It’s not so effective in reduction of the organic content
but reduction of the phenolic content is quite high. The main cost
and energy demand occur from production of the ozone required
for the process.

RESULTS AND DISCUSSION
Sustainability analysis
The sustainability analysis carried out in this study is based on
three main aspects. The first is the effectiveness of the method,
i.e. the efficiency of waste removal in terms of the reduction of
COD and phenolic content achieved by each method. COD and
phenolic compound values were selected as the characteristic
values of OMWW organic load despite the fact that the presence of
other components of OMWW may affect the treatment processes.
The second aspect is the impact that each method has in the
environment. In this study this is measured by the amount of
CO2 emitted for every kilogram of COD removed from the organic
content of OMWW. The CO2 taken into account is the CO2 produced
during the process mainly due to energy consumption. The third
aspect is the economic evaluation of each method.

Effectiveness
Data for COD and phenolic compound removal taken from the
literature are presented in Fig. 1. It should be noticed here that
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data even for the initial COD of untreated OMWW and final COD
reduction values differ and mean values and standard deviations
were used for the discussion that follows. Figure 1 was constructed
using the following data:

Membrane filtration includes a combination of a pretreatment
method and use of ultrafiltration and nanofiltration and leads to
high COD and phenolic content reduction.49,50 According to the
literature,1,2,12,13 an average value of 97.7% ± 0.8 for the reduction
of COD occurred and the phenolic content can be reduced by up
to 98%.1,2

Lime treatment refers to the addition Ca(OH)2 or CaO in tanks
containing OMWW. This is one of the low cost methods available
for the treatment of OMWW, but suffers from low efficiency. A mean
value of COD reduction of 42.6% ± 3.3 is given in the literature15,51

whereas the phenolic content is reduced by 72% ±8.8.15,51

Coagulation/flocculation is similar to lime treatment, but more
efficient electrolytes and poly-electrolytes are used. The COD and
phenolic content removal efficiency is similar as well, at around
45.9% ± 18.9 and 64.2% ± 11.1, respectively.21,51,52

Electro-coagulation affects the OMWW through the application
of an electric field and the dissolution of metal ions from the
electrodes, that lead to the coagulation of charged particles
suspended in the waste. This method shows medium reduction

of COD at an average of 51.9% ± 16.122,53–55 and quite high
reduction of phenolic content at an average of 79% ± 17.53,54

Aerobic digestion is the biodegradation of wastes with the
use of aerobic strains, and can effectively reduce COD and
phenolic content of the OMWW by 77.2% ± 8.5 and 79% ± 16.8,
respectively.25,56

Anaerobic digestion is the use of anaerobic bacteria for
the degradation of wastes. This method reduces COD by
68% ± 24.327,57,58 and phenolic content by 54.5% ± 12.57,58

Composting refers to the production of fertilizer by
the biodegradation of wastes, usually combined with solid
substrates.32 Although composting has a low mean COD reduction
of about 38.2% ± 24.5,30,31,59 it demonstrates a reduction of
phenolic content as high as 83.5% ± 16.331,59 which makes the
compost fit for exploitation as fertilizer.

Electrolysis leads to oxidation of the organic matter and shows

an average COD reduction of 68.4% ± 23.6,36–38,60 and a mean
reduction of phenolic content of 98.1% ±2.7.36,38,60

Fenton processes utilize a mixture of ferrous ions and H2O2

for the production of hydroxyl radicals, and present reductions of

COD and phenolic content by an average of 75.3% ± 7.841,61–63

and 50%,62 respectively.
Photo-Fenton treatment includes the use of UV radiation for

acceleration of the Fenton process. It is very effective for the
reduction of both COD and phenolic content by 79.5% ± 18.442,64

and 88.3% ± 11.1,64 respectively.
Supercritical water oxidation is the oxidation of dissolved

organic matter in water at critical conditions and can lead
to a significant reduction of COD and phenolic content by
72.5% ± 1.5,44 and 98.1% ± 0.6,44 respectively.

Ozonation of OMWW leads to the oxidation of its organic
matter, with ozone as an oxidant. Although ozonation appears to
be effective for removal of the phenolic content by 80.7% ± 1.248

it does not have the same effect on COD, which is reduced by only
44% ± 24.7.48,61

A comparison of the methods discussed above is presented in
Fig. 1. As one can see, most of the methods have a significant
deviation in their effectiveness. This is caused by variations in
the treatment parameters used by the different researcher (i.e.

different types of microorganisms used in aerobic and anaerobic
digestion, or different types of electrodes used in electrolysis)
and by variations in the parameters of the OMWW used in the
experiments.

Environmental impact
The environmental impact is measured in terms of CO2 emissions
and it is referred to the CO2 produced due to the energy
consumption during the process, with 1 kWh producing 722
gCO2.65 For this analysis, the CO2 emissions are calculated per
kgCODremoved from the organic content of the wastes after the
implementation of each method. For this reason, the kg of COD
removed per m3 was calculated for each method, depending on
the COD% reduction and the CODinitial. The following formula is
used for the calculation of the final emission of CO2 using the data
described below.

gCO2

kgCODreduced
= 722

gCO2

kWh
Energy demands

(
kWh

m3

)

/

[
CODreduction

kgCOD

treated m3

]
(1)

Despite the fact that in some cases there are extra CO2

emissions, in the present study only CO2 emissions due to energy
consumption are considered, which in most cases is the dominant
cause of emissions.

In membrane filtration a large amount of energy is needed.
Almost 370 kW are needed for ultrafiltration followed by reverse
osmosis, with a permeate filtration rate of 8 m3 h−1 (=46.25
kWh m-3).66 The average COD reduction is 97.7% for an average
CODinitial of 47.524 g L-1 1,2,12,13 thus the COD reduction per m3 of
treated OMWW is 46.43. As a result 0.996 kWh kg-1CODreduced was
calculated and corresponds to the production of 719.112 g of CO2

kg-1CODreduced.
Lime treatment uses energy only for stirring, which leads to

minimal CO2 emissions. An average COD reduction of 42.6% for
an average CODinitial of 66.55 g L-1 was reported.15,51 The average
processing time was found to be 0.283 h15,51 and the agitation
power required for every m3 of waste was 0.0575 kW,67 and thus
only 0.0006 kWh kg-1CODreduced was calculated which corresponds
to the emission of 0.433 g of CO2 kg-1CODreduced.

In coagulation/flocculation energy is used only for stirring. An
average COD reduction of 45.9% for an average CODinitial of 88.433
g L-1 was reported.21,51,52 The average process time was found to
be 0.4 h.51,52 The energy demand is similar to the lime process and
is equal to 0.0006 kWh kg-1CODreduced corresponding to 0.433 g of
emitted CO2 per kgCODreduced.

As electricity plays an important role in the electro-coagulation
method, a substantial amount of energy is required, about 30 kWh
m-3.55 An average COD reduction of 51.9% for a CODinitial of 29.88 g

L-1 is given in the literature.22,53–55 A lot of energy is needed (1.934
kWh kg-1 CODreduced) for the application of the electro-coagulation
method, which corresponds to the emission of 1396.348 g CO2

kg-1CODreduced.
Energy requirements in aerobic digestion have been calculated

at 30 kWh m-3.29 Literature suggests an average COD reduction
of 77.2% for CODinitial 25.2 g L-1.25,56 Based on the energy
requirements and the amount of COD removed with this method
it is estimated that 1.542 kWh is needed per kgCODreduced. Thus,
1113.24 g CO2 is expected to be produced per kgCODreduced.

Because of the production of extra energy during anaerobic
digestion through methane exploitation, which is greater than the

wileyonlinelibrary.com/jctb c© 2013 Society of Chemical Industry J Chem Technol Biotechnol 2013; 88: 742–750
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Figure 1. COD and phenolic content reduction of each olive mill wastewater treatment method.

energy requirements of the process, the energy requirement is
negative, –39 kWh m-3

, as energy is produced.29 An average COD
reduction of 68% for initial COD 28.9 g L-1 is reported.27,57,58 This
‘profit’ in energy terms reduces the energy consumption of the
entire process and 1.985 kWh kg-1CODreduced can be saved. Thus,
the balance for CO2 emission is negative and 1433.17 gCO2 are
saved per kgCODreduced using the anaerobic digestion process.

During composting, 0.02778 kWh kg-1 treated wastes are
consumed, with about half of the initial waste being OMWW and
the other half being a solid substrate such as straw,68 olive leaves
and branches, animal manure, etc. As OMWW has a density of about
1 kg L-1, 55.6 kWh m-3 OMWW are consumed. An average COD
reduction of 38.2%30,31,59 for initial COD 98.7 g L-1 is reported.31,59

Thus it is estimated that 1.49 kWh are used for 1 kg of COD
reduced, which corresponds to the emission of 1075.78 gCO2

kg-1CODreduced.
In electrolysis energy consumption is quite significant with

a mean value of 31.25 kWh kg−1CODreduced.36–38,60 Thus, 22
562 gCO2 is estimated to be emitted in the atmosphere per
kgCODreduced.

As the main source of energy consumption for the Fenton
process is agitation, the CO2 emissions are minimal. An average
COD reduction of 75.3% for an average CODinitial of 5.913 g L-1

is given in the literature.41,61–63 The average process time is 2.5
h41,63 and the agitation power required for every m3 of waste is
0.0575 kW.67 As a result 0.032 kWh is used per kgCODreduced, which
corresponds to the production of only 23.104 g CO2 kg-1CODreduced.

The UV radiation requirements in Photo-Fenton are about 150
kJ L-1 or 41.7 kWh m-3.64 Researchers have shown an average COD
reduction of 79.5% for a mean initial COD of 27 g L-1.42,64 The

energy demand is estimated at 1.943 kWh kg-1CODreduced and the
corresponding CO2 emissions are 1402.843 g per kgCODreduced.

Supercritical water oxidation shows an energy consumption of
455.95 kWh h-1 for the treatment of 3.86 m3 h-1.43 An average
COD reduction of 72.5% for an average CODinitial of 3.453 g
L-1 was reported.44 Thus, the energy demand is very high and
corresponds to 47.192 kWh kg-1CODreduced. As a consequence huge
CO2 emissions were calculated (34 072.624 g CO2 kg-1CODreduced).

Ozonation has one of the highest energy consumptions. It is
shown that 1.5 g of ozone is needed for every g of COD reduced
in the waste.46 Also 0.015 kWh are needed for every g of ozone
produced.47 As a result 22.5 kWh kg-1CODreduced is needed, this
corresponds to the production of 16 254 gCO2 kg-1CODreduced.

Figure 2 illustrates the environmental impact in terms of the
emissions of CO2 concerning the environmental sustainability
of each method. Three different diagrams are given in Fig. 2
as there were large deviations in the amount of CO2 produced
with each treatment method. The group with the lowest CO2

emissions are the methods that use electricity just for agitation
of the OMWW (coagulation–flocculation, lime and Fenton). The
second group consists of two biological methods that have high
CO2 emissions due to the long treatment time needed (aerobic
digestion and composting), two methods that use electricity as
a driving force for the treatment and an advanced oxidation
method that has high energy demands for the production of UV
radiation. The last group with the highest CO2 emissions contains
advanced oxidation methods with very high energy consumption
(ozonation, electrolysis, supercritical water oxidation).

J Chem Technol Biotechnol 2013; 88: 742–750 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Figure 2. CO2 emission data of olive mill wastewater treatment methods.
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Figure 3. Treatment cost of olive mill wastewater treatment methods.

Economic
For the economic analysis, the operational cost or profit was
calculated again per kg of COD removed from the waste. The
same values for the kgCODreduced m-3 that were calculated in
the environmental analysis were used. In the present section two
assumptions have been made: (a) the reported prices do not differ
from country to country (most of them are European countries);
and (b) that the costs have not changed dramatically during the
last decade in the EU.

Membrane filtration: A techno-economical study14 shows that
the cost of treatment with membrane filtration can be covered by
exploitation of the byproducts produced, leading to possible profit.
The main profit will occur through exploitation of the phytotoxic
fraction (phenolic content of the OMWW), as an ecological
herbicide, but also through exploitation of the fraction rich in
nutrient components as manure in fertilizers. The operational cost
has been calculated at around 1 535 740¤ for the treatment of
50 000 tons of waste, that is equivalent to 30.71¤ per treated m3

of OMWW. The possible profit for the same amount of waste has
been calculated at around 250 000¤ for the nutrient fraction and
1 875 000¤ for the phytotoxic fraction, that is a profit of 42.5 ¤ per
treated m3 of OMWW, which allows a net profit of 11.79¤ per m3.
If this profit is calculated at a price per kgCODreduced then a profit
of 0.25 ¤ kg-1CODreduced can be obtained.

Lime is one of the low cost methods available with mean lime
concentration needed for treatment at 42.5 g of lime for every litre
of OMWW treated.15,51 Lime has a price of 130¤ ton-1,51 so the
cost of 5.53 ¤ per m3 of treated OMWW or 0.2 ¤ kg–1CODreduced is
needed.

For coagulation/flocculation, the higher cost of coagulants and
flocculants used is balanced by their higher efficiency compared
with lime, which leads to smaller amounts of chemicals needed
for the same COD reduction, resulting in a similar cost. According
to earlier reports 287 mg of coagulants per liter of treated OMWW
with an average value of 3 ¤ per kg is needed in the process.
This results in 0.861 ¤ per m3 of treated OMWW. According to the
calculations52, a cost of 3.57 ¤ is needed per m3 of treated OMWW
while others21 suggest the use of 3.33 g of coagulants per liter of
OMWW with an average cost of 2.5 ¤ per kg of coagulant (8.33 ¤
per m3 of treated OMWW). Thus, a mean cost is considered as the
arithmetic mean of the reported values, i.e. 0.1 ¤ kg-1CODreduced.

The treatment cost of electro-coagulation is mainly caused by
the energy consumption during the process which is around 30

kWh m-3.55 The price of 1 kWh is around 0.1188¤,66–69 as a result
the cost is calculated at 3.564¤ m-3 or 0.23 ¤ kg-1CODreduced.

Aerobic digestion has a treatment cost 8.78¤ m-3 according to
literature,70 equivalent to 0.45 ¤ kg-1CODreduced.

Anaerobic digestion has a treatment cost of 10.57¤ m-3 but
part of it is covered by the exploitation of the methane produced,
around 4.65¤ m-3, with a final net cost of 5.92¤ m-3 or 0.3 ¤
kg-1CODreduced.70

The cost of composting is around 0.0377 ¤ kg-1 of waste
treated,68 but only half of the treated waste is OMWW.59 The
result is 0.0754¤ kg-1 of OMWW or 0.0754¤ L-1, which is equal to
75.4 ¤ m-3. The income is calculated at 0.12 ¤ kg-1 of compost
produced.71 As half of the initial waste is OMWW,59 the occurring
income is 0.24¤ kg-1 of OMWW or 0.24¤ L-1, which equals 240¤ m-3

of OMWW. The net profit is 164.6¤ m-3 or 4.37 ¤ kg-1CODreduced.

wileyonlinelibrary.com/jctb c© 2013 Society of Chemical Industry J Chem Technol Biotechnol 2013; 88: 742–750
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Figure 4. Effectiveness evaluation of olive mill wastewater treatment methods.

Electrolysis has a cost of 0.675 ¤ kg-1COD reduced.60

Fenton process has a high cost as well, because of the price of
H2O2 used, which is 2.6¤ kg-1CODreduced.60 The treatment cost of
photo-Fenton is 0.165 ¤ kg-1CODreduced.42

Supercritical water oxidation has the highest cost of 14¤
m-3. According to the detailed economical analysis by Aki and
Abraham, 199843 the implementation of the complex supercritical
water oxidation leads to a cost of 14 ¤ m-3 or equivalently 5.6¤
kg-1CODreduced.

Ozonation has an energy consumption of 22.5kWh
kg-1CODreduced

46,47 which is the major cost of the process. With
the price of 0.1188 ¤ kWh-169 the cost is calculated at 2.67 ¤
kg-1CODreduced.

Figure 3 shows the economic data collected for the OMWW
treatment methods. The two most promising treatment methods,
in terms of economic viability, are composting and membrane
processes, both of which appear to be profitable. The profit is
derived from exploitation of the byproducts produced during
each treatment.

Benchmarking
For benchmarking the OMWW treatment methods, each method
was given a score out of 100 (with 100 meaning excellent) for each
of the three main aspects of the sustainability analysis described
above.

Effectiveness

Figure 4 shows the effectiveness evaluation of each method. The
effectiveness evaluation is given by each method’s COD reduction
achieved. The most promising treatment method, regarding its
effectiveness, turns out to be membrane filtration while anaerobic
and photo-fenton processes show a value of effectiveness up to
80%. As Figure 4 shows, minimum efficiency in COD removal
occurs in composting, ozonation, lime and coagulation processes.

Environmental impact
The environmental evaluation presented in Fig. 5 is based on
the CO2 emissions of each treatment method. Supercritical water
oxidation, ozonation and electrolysis have immediately been given
a zero due to their high CO2 emissions, compared with the rest
of the methods. The remaining methods were evaluated with the
following equation:

Environmental impact = 100 − 100·

(
gCO2

kgCODreduced

)
method(

gCO2
kgCODreduced

)
photo−Fenton

(2)
Photo-Fenton was chosen as a base of comparison, as it

has the highest emission after supercritical water oxidation,
ozonation and electrolysis. As Fig. 5 shows, the methods with
the highest evaluations in terms of environmental impact are the
ones that are using energy only for agitation (lime, coagulation-
flocculation, Fenton) and anaerobic digestion. Anaerobic digestion
is considered the best in terms of environmental impact since the
CO2 balance is negative.

Economic
In the economic evaluation presented in Fig. 6, supercritical water
oxidation has been given a zero as its cost is much higher than that
of the rest of the methods. The two methods that appear to be
profitable have been given a score of 100. The cost of ozonation
was used as a base for comparison for the rest of the methods, as
it has the highest cost after supercritical water oxidation, through
the following equation:

Economic impact = 100 − 100·

(
Cost

kgCODreduced

)
method(

Cost
kgCODreduced

)
ozonation

(3)

As Fig. 6 shows, membrane filtration and composting are
considered the most profitable processes. Advanced oxidation
process such as ozonation, supercritical water oxidation and

J Chem Technol Biotechnol 2013; 88: 742–750 c© 2013 Society of Chemical Industry wileyonlinelibrary.com/jctb



7
4

8

www.soci.org DP Zagklis et al.

Figure 5. Environmental evaluation of olive mill wastewater treatment methods.

Figure 6. Economic evaluation of olive mill wastewater treatment methods.

Fenton are very expensive and stakeholders would never adopt
them.

Final selection of an appropriate method is based on
consideration of all factors that affect the process (effectiveness,
environmental and economic impacts). Depending on the weights
that are given to the factors above, the method that is closest to
user requirements can be selected.

Selection of the most appropriate OMWW treatment method.
A ternary diagram
As the treatment of OMWW is a complicated problem, a clear
answer cannot be given as to which method is the best. Before
choosing the method that is considered to be the best, one

must first decide the importance of each aspect presented
above, effectiveness, environmental and economical. This can
be depicted by three weight factors, one for each aspect. The
evaluation data presented in the benchmarking part of the
present work were processed and Fig. 7 was designed so that
by choosing a different weight for each aspect examined, the
method with the highest score can be found. For every point of
the diagram that corresponds to one weight for every aspect,
every method’s scores (effectiveness, environmental, economic)
were multiplied with their corresponding weight, then summed
together to a final score. On the constructed diagram the method
with the highest final score at each point is presented. As a
result some methods that did not have the highest final score
at any of the points of the diagram are not depicted at all. In

wileyonlinelibrary.com/jctb c© 2013 Society of Chemical Industry J Chem Technol Biotechnol 2013; 88: 742–750
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Figure 7. Ternary diagram for the evaluation of olive mill wastewater
treatment methods.

this way four areas occurred, each one with a different optimum
treatment process. Anaerobic digestion, coagulation/flocculation,
membrane filtration and Fenton oxidation are the four treatment
methods that presented advantages over the rest of the methods
and appeared on Fig. 7, because under some conditions they
were evaluated as the best available method, at bench-scale. For
example, by choosing the weights 0.3 for effectiveness, 0.4 for
the environment and 0.3 for the economic aspect, the optimum
treatment method is anaerobic digestion (dashed lines in Fig. 7).

CONCLUSIONS
In this study, the main treatment processes applied to OMWW
were evaluated. Their effectiveness, CO2 emissions and economic
viability were examined and evaluated. Due to the complexity of
the problem no single solution can be given, instead a method
for choosing the appropriate process, according to which aspect
is considered more important, was developed. The four most
promising methods, based on bibliographic data, were found
to be membrane filtration, coagulation/flocculation, anaerobic
digestion and Fenton oxidation.
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