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ABSTRACT 
The solid waste residues from olive oil mills constitute an environmental threat if disposed of in the natural environment, as it is common 
practice in many areas. This review summarizes the efforts of the scientific and technical community to develop appropriate technologies 
for the valorization of these wastes. The majority of the research towards this purpose focuses on the recovery of high-added value 
compounds, the production of adsorbents, the production of compost or soil amendment products, and applications related to energy 
generation either through biotechnological processes or through advanced thermal processes. 
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INTRODUCTION 
 
Olive oil production is an important agricultural sector in 
Europe, mainly located in countries and areas bordering the 
Mediterranean Sea. Long known to many generations in the 
Mediterranean world as essential to their health and diet, it 
is now widely appreciated in Europe and around the world 
for its nutritional properties. The European Union is the 
leading world producer, accounting for 80% and consuming 
70% of the world's olive oil. In 2000, the area under olive 
groves in the EU was approximately 5,163,000 ha, roughly 
4% of the utilizable agricultural area, of which 48% were in 
Spain and 22.5% were in Italy (European Union-Directorate 
General for Agriculture and Rural Development 2003). 
Approximately 2.5 million producers – roughly one third of 
all EU farmers – are involved, with 1,160,000 in Italy, 840 
000 in Greece, 380,000 in Spain, and 130,000 in Portugal. 
France, the fifth producing country in the EU, has 50,000 
growers. Olive oil production in 2007 is estimated to have 
reached 2.14 million tones, 85% of which was produced in 
Spain, Italy and Greece (European Union-Directorate Gene-
ral for Agriculture and Rural Development 2007). Table 1 

shows the main olive oil-producing and -consuming coun-
tries. Olive cultivation is important for the rural economy, 
local heritage and the environment. Additionally, it is the 

® 

Table 1 The main olive oil producing and consuming countries in the 
world (United Nations (UNCTAD), Market Information in the Com-
modities Area – Olive oil, 2005). 
 World 

production (%)
World 
consumption (%) 

Annual per capita 
consumption (kg)

Spain 36 20 13.6 
Italy 25 30 12.4 
Greece 18 9 23.7 
Tunisia 8 2 11.1 
Turkey 5 2 1.2 
Syria 4 3 6 
Morocco 3 2 1.8 
Portugal 1 2 7.1 
United States 1 8 0.6 
France 1 4 1.3 
Lebanon <1 3 1.2 
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main source of employment and economic activity in many 
producing regions, and it has shaped the landscape in these 
areas over many centuries. 
 
OLIVE OIL EXTRACTION PROCESS AND WASTE 
STREAMS 
 
Olive oil extraction is the process of separating and col-
lecting the oil from the olives. Olive oil quality is equally 
dependent on the quality of the olives themselves, on the 
time of harvest as well as the extraction method itself. 
Today, three different extraction processes are commonly 
used: 
� The traditional process 
� The 2-phase decanter process 
� The 3-phase decanter process 

 
The traditional and 3-phase decanter processes generate 

one stream of olive oil and two streams of waste, a waste-
water and a wet solid, called olive cake or olive pomace, 
which consists of the seed and the spent olive mass (skin). 
The 2-phase decanter process generates a stream of olive oil 
and a mixed stream of wastewater and olive cake. The olive 
oil yield of these processes is essentially the same, however 
the amount and composition of the waste streams differs 
significantly. A brief diagram of the steps involved in each 

of these processes is presented in Fig. 1. The advantages 
and disadvantages of each method, as well as other details 
can be found elsewhere (Borja et al. 2006; Boskou 2006; 
Niaounakis and Halvadakis 2006). 

The composition of the waste streams is not constant 
qualitatively or quantitatively and it varies according to soil 
cultivation, harvesting time, degree of ripening, olive vari-
ety, climatic conditions, use of pesticides and fertilizers and 
duration of aging (Niaounakis and Halvadakis 2006). Table 
2 shows the typical values for the main properties of the 
solid and liquid waste streams. 

The olive mill waste streams, especially the wastewater 
(OMW), are a significant source of environmental pollution 
in the olive oil-producing countries. The uncontrolled dis-
posal of the waste streams is a serious environmental prob-
lem, due to their high organic content and the high level of 
microbial growth-inhibiting compounds, such as phenolic 
compounds and tannins. The solid fraction has little econo-
mic value and only occasionally may be utilized in pomace 
treatment plants for recovery of pomace oil (a lower grade 
oil). Most commonly the solid fraction is burned for heating 
purposes, thus contributing negatively to atmospheric pol-
lution by releasing gaseous and particle emissions to the 
atmosphere, or disposed of in sanitary and unsanitary land-
fills. 

Due to the current lack of complete management stra-

Olive
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Milling Crushing/Grinding Crushing/grinding
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(with water addition)
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Water
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Fig. 1 Flow diagram of the three olive oil extraction processes. (A) Traditional method, (B) three-phase extraction process, (C) two-phase extraction 
process 

A B C 
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tegies, the olive mill wastes pose a potential threat to sur-
face and groundwater resources. Both the liquid and the 
solid fraction can degrade the soil physical and chemical 
properties, such as porosity, acidity, salinity and heavy 
metal content. Additionally, they may have a detrimental 
effect on the growth of plants and crops, through the phyto-
toxic properties of some organic compounds present (Nia-
ounakis and Halvadakis 2006; Kapellakis et al. 2008). 

The main effects of olive mill wastes on natural water 
bodies are related to their concentration, composition and 
seasonal production. The most visible effect of OMW pol-
lution is the discoloring of the body water. This change in 
color is due to the oxidation and subsequent polymerization 
of tannins giving darkly colored polyphenols, which are 
difficult to remove from the effluent (Niaounakis and Hal-
vadakis 2006 and references therein). The lipids in OMW 
form an impenetrable film on the surface of water, which 
blocks out sunlight and oxygen to microorganisms in the 
receiving water, leading to a reduction in plant growth and 
increasing erosion (Kapellakis et al. 2008). Other deteriora-
ting effects include eutrophication due to the high phos-
phorus content and toxicity to aquatic species. Solid mill 
wastes with high moisture are also a source of odor nui-
sance, especially during warm and dry weather. These odors 
are attributed to volatile fatty acids, particularly butyric, 
caproic, valeric and isobutyric acid (Niaounakis and Halva-
dakis 2006). Various treatment methods have been applied 
to olive mill wastewater. Most notably, aerobic and an-
aerobic processes, electrochemical and Fenton oxidation 
methods, ozonation, flocculation, adsorption of the waste 
pollutants on to activated carbon and membrane processes 
such as reverse osmosis and ultrafiltration (Mantzavinos 
and Kalogerakis 2005; Sarika et al. 2005; Paraskeva and 
Diamadopoulos 2006; Kapellakis et al. 2008). 
 
OLIVE MILL SOLID WASTE VALORIZATION 
OPTIONS 
 
The targets set out in the Biomass Action Plan (European 
Union 2005) and Commission Green Paper for ‘‘A Euro-
pean strategy for sustainable, competitive and secure 
energy” (European Union 2006), call for exploitation of the 
agricultural wastes and the development of integrated waste 
management schemes. Article 5 of the Landfill Directive 
states that, by 2016 only 35% of the biodegradable waste 
produced in 1995 will be allowed to be landfilled (European 
Union 1999). This practically means that alternative 
management options are required for olive cake in order to 
reduce the quantities disposed of in landfills and at the same 
time protect the environment. 

Many solutions have been suggested for the valorization 
of olive mill wastes but several factors should be considered 

when selecting the optimum valorization method, for ins-
tance, total amount of waste, investment required to per-
form the treatment, available land, industrial or agronomic 
environment, legal framework and last but not least, the 
local needs. Of all the valorization options examined so far, 
the following technological solutions appear to be the most 
promising: isolation and recovery of added value com-
pounds, production of high quality adsorbents, conversion 
to biofuels for energy production and use in compost mix-
tures for subsequent land applications. These solutions are 
examined below. 
 
Recovery of high-added value compounds 
 
Olive fruits contain a wide variety of phenolic compounds 
that play an important role in the chemical and nutritional 
properties of olive oil and table olives. These compounds 
prevent the deterioration of food by inhibition of lipid oxi-
dation and improve the health-promoting properties when 
they are added. After the mechanical processing of olives 
for olive oil extraction, less than 1% of the phenolic com-
pounds are found in the olive oil with over 98% being loc-
ated in the olive-mill wastes (Rodriguez et al. 2009) There-
fore, the solid residue could be considered a promising 
source for these compounds. Rodriguez et al. (2008) has 
thoroughly reviewed the characterization and the current, 
past or potential uses of the whole olive stone. Additionally, 
the antioxidant, antimicrobial and molluscicidal properties 
of the total phenolic extract have been well established 
(Obied et al. 2005a, 2005b, 2007, 2008). 

An insight into the phenolic composition of the solid 
residue was brought by Mulinacci et al. (2005). The authors 
tested several extraction methods to determine the optimum 
process for phenols recovery. The results showed that Soxh-
let extraction with ethanol was the optimum method for the 
recovery of verbascoside, tyrosol and caffeic acid, both in 
terms of yield and scale-up potential. However, the long 
extraction times (15 h) of this method was a disadvantage. 
Suarez et al. (2009) studied several methods for preparing 
antioxidant phenolic extracts from the olive mill solid resi-
dues. Through accelerated solvent extraction (ASE), the 
authors recovered many phenolic compounds, including the 
known antioxidants tyrosol, hydroxytyrosol, oleuropein and 
ligstroside in 10 min. After establishing the antioxidant acti-
vity of the extracts, the authors claimed that ASE is a fea-
sible process for industrial scale production of antioxidant 
fractions from olive mill residues. 

Using a hydrothermal process, researchers managed to 
obtain mixtures of monosaccharides and oligosaccharides 
from wet olive cake (Fernández-Bolaños et al. 2004). 
Through a simple purification process, they were successful 
in obtaining mannitol, a low-calorie sweetener in the food 

Table 2 Typical values of the main properties of the olive processing cake and wastewater. 
 Wastewater Olive cake Reference 
pH 4 - 6.7 4.8 - 5.6 Borja et al. 2003b, 2006 
Redox potential (mV) -80 to -330 - Borja et al. 2006 
Moisture (%) - 52 Borja et al. 2003b 
Total volatile fatty acids TVFA (g acetic acid/l) - 0.7 - 2.20 Borja et al. 2003b 
Alkalinity (g CaCO3/l) - 0.73 - 0.35 Borja et al. 2003b 
Conductivity (mS) 8 - 16 - Borja et al. 2006 
Density (g/l) 1 - 1.1 - Borja et al. 2006 
Turbidity (NTU) 42000 - 62000 - Borja et al. 2006 
Suspended solids (g/l) 1 - 9 35 - 106 Borja et al. 2003b, 2006 
Biochemical oxygen demand,BOD5 (g/l) 35 - 110 - Borja et al. 2006 
Chemical oxygen demand COD (g/l) 45 - 170 34 - 113 Borja et al. 2003b, 2006 
Total bacteria (106 col/ml) 5 - Borja et al. 2006 
Total phenolic compounds (g caffeic acid/l) - 0.6 - 1.8 Borja et al. 2003b 
Lignin (g/kg) - 426.3 Alburquerque et al. 2004 
Hemicellulose (g/kg) - 350.8 Alburquerque et al. 2004 
Cellulose (g/kg) - 193.6 Alburquerque et al. 2004 
Fats (g/kg) - 121.0 Alburquerque et al. 2004 
Protein (g/kg) - 71.5 Alburquerque et al. 2004 
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industry, in highly pure form. The treated solids were rich in 
cellulose and residual oil, which allowed for the application 
of further valorization methods. Under the same metho-
dology, Ghoreishi et al. (2009) recovered mannitol from the 
olive leaves at a yield of 76.7% (w/w). 

Instead of the total phenolic fraction, many authors have 
focused their work in recovering specific substances. Anti-
oxidant compounds that have been successfully isolated and 
obtained in pure form, include hydroxytyrosol (Fernández-
Bolaños et al. 2002), 3,4 dihydroxyphenylglycol (Rodrí-
guez et al. 2009), hydroxytyrosyl acyclodihydroelenolate 
and p-coumaroyl-6�-secologanoside (Obied et al. 2007). 
 
Production of adsorbents 
 
Activated carbon (AC) is a well known material used in 

ever increasing numbers of environmental applications, in 
environment protection, in water and wastewater treatment, 
in gas filters, etc. AC can be produced theoretically from 
any carbonaceous material rich in elemental carbon. Typical 
precursors for AC production were coal, peat and lignite. In 
the recent years, there is growing interest in the production 
of ACs from agricultural by-products and residual wastes, 
including those from olive oil processing. 

Depending on the impregnation agent, type and tem-
perature of activation, residence time and reactor design, 
many ACs have been prepared for a wide range of applica-
tions. The preparation of ACs from olive mill residues in-
volved either physical activation using steam, CO2, N2 or a 
mixture of these, or chemical activation using a dehydrating 
agent such as ZnCl2, H3PO4, KOH, CaCl2 or K2CO3 (Al-
jundi et al. 2008; Zabaniotou et al. 2008; Silvestre-Albero 

Table 3A Carbon preparation and adsorption test parameters. 
Impregnating agent Pyrolysis 

temperature/oC 
Pyrolysis time/min Activation 

temperature/ oC 
Activation time/min Reference 

none 500 60 850 30 Demiral et al. 2008 
none 600 - 950 - Rogério-Pereira et al. 2006 
none 850 120 850 60 El-Sheikh et al. 2004a 
none - - 800 90 Al-Khalid et al. 1998 
none 600 - 800 - Plaza et al. 2009 
none 850 - 800 - Pala et al. 2006 
none 850 120 800 40 Galiatsatou et al. 2001 
none 600 60 800  Schröder et al. 2007 
none 850 120 850 60 El-Sheikh et al. 2004b 
none 600 60 850 60 Román et al. 2008 
none 850 60 825 - Alvim-Ferraz et al. 2003, 2005 
none - - 300 - El Bakouri et al. 2009 
none - - 600-800 120 Girgis et al. 2002 
none - - - - Gharaibeh et al. 1998 
none 600 60 850 30 González et al. 2009 
none 800 - - - Gañán et al. 2006 
none 800 120 900 240 Mameri et al. 2000 
none 1000 60 840 960 Haydar et al. 2003 
none 750 15 750 240 Moreno-Castilla et al. 2003 
none 850 90 850 90 Galiatsatou et al. 2002 
none 850 15 850 240 Pérez-Cadenas et al. 2003 
none 510 - 800 - Rodríguez-Valero et al. 2001 
none 1000 30 850 - Salas-Peregrín et al. 1994 
none - - 850 1020 Rivera-Utrilla et al. 1986 
none 850 120 825 - González et al. 1995 
none 600 - 800 - Guiza et al. 2004 
none 850 120 585-655 (SCW), 

800 (steam) 
60-660 (SCW) Molina-Sabio et al. 2006 

none - - 750-850 30-80 Baçaoui et al. 2002 
none - - - - Lòpez et al. 2003 
none -  700 60 Cimino et al. 2005 
none - - 500 30 El-Hamouz et al. 2007 
none - - 700 30 Nebili et al. 2008 
KOH 800 60 900 240 Stavropoulos et al. 2005 
KOH - - 800 60 Spahis et al. 2008 
KOH 600 60 900 60 Martinez et al. 2006 
KOH 350 60 800 120 Moreno-Castilla et al. 2001 
KOH 840 60 800 120 Ubago-Pérez et al. 2006 
KOH 800 60 800 180 Skodras et al. 2007 
KOH 800 60 900 180 Michailof et al. 2008 
ZnCl2 500 180 850 120 Silvestre-Albero et al. 2009b 
ZnCl2 500 - 725 - Almansa et al. 2004 
ZnCl2 - - 650 120 Kula et al. 2008 
ZnCl2 - - 650 120 U�urlu et al. 2008 
H3PO4 800 60 800 - Lafi et al. 2001 
H3PO4 450 - 450 120 Baccar et al. 2009 
�3PO4 - - 500 120 Daifullah et al. 2003 
H3PO4 - - 500 - Khalil et al. 2001 
H3PO4 - - 500 120 Rodríguez-Reinoso et al. 2008 
H3PO4 - - 450 120 Nakagawa et al. 2007 
K2CO3 800 60 950 60 Petrov et al. 2008 
K2CO3 - - 950 10 Budinova et al. 2006 
CaCl2 - - 800 360 Juárez-Galán et al. 2009 

-: data not performed or not reported 
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Table 3B Carbon preparation and adsorption test parameters. 
Activating agent BET Surface area (g/m2) Substance(s) adsorbed Loading (mg/g) Reference 
Steam 718 Cr 136.6 Demiral et al. 2008 
Steam 855 Cr 7.8 Rogério-Pereira et al. 2006 
Steam/N2 750 - - El-Sheikh et al. 2004a 
CO2 - - - Al-Khalid et al. 1998 
CO2 1079 CO2 107 Plaza et al. 2009 
Steam/N2 800 Remazol GelB 3RS, Remazol RB133, 

Remazol Schwarz, textile wastewater
- Pala et al. 2006 

Steam/N2 940 - - Galiatsatou et al. 2001 
Steam 850 - - Schröder et al. 2007 
CO2 677 - - El-Sheikh et al. 2004b 
CO2/steam 1187 - - Román et al. 2008 
CO2 1190 - - Alvim-Ferraz et al. 2003, 2005
- 479 Aldrin 

Dieldrin 
Endrin 

19.5 
23.7 
43.7 

El Bakouri et al. 2009 

Steam 515 - - Girgis et al. 2002 
- - NH3; tetrachloroethene; benzothiazole; 

1,2-dihydro-2,2,4-trimethylquinoline
N-dimorpholinyl-ketone; methyl-
sulphyl- benzothiazole; methyl-2-
benzothiazole sulphone 

- Gharaibeh et al. 1998 

Steam 813 - - González et al. 2009 
- 489 - - Gañán et al. 2006 
Steam 1813 Phenol 11.2 Mameri et al. 2000 
CO2 1696 p-nitrophenol 500 Haydar et al. 2003 
CO2 789 - - Moreno-Castilla et al. 2003 
Steam/N2 914 Zn 31.3 Galiatsatou et al. 2002 
CO2 691 - - Pérez-Cadenas et al. 2003 
CO2 - - - Rodríguez-Valero et al. 2001 
Steam 1475 CO2 14.2 (cm3/g) Salas-Peregrín et al. 1994 
CO2 1156 Pb 17.5 (�g/g) Rivera-Utrilla et al. 1986 
CO2 1426 - - González et al. 1995 
Steam 920 O3 1800 (decomposition) Guiza et al. 2004 
Supercritical water, Steam - - - Molina-Sabio et al. 2006 
Steam 1145 2,4-dichlorophenocyacetic acid 

MCPA 
532.6 
469.4 

Baçaoui et al. 2002 

- 915 Vinegar colour - Lòpez et al. 2003 
- - Phenol 

Methylene blue 
DBSNa 
Ag+ 

19.8 
19.2 
20.9 
31 

Cimino et al. 2005 

N2 - Chromate ions 1.2 El-Hamouz et al. 2007 
Water vapour 290 Benzene 

I2 
Methylene blue 

0.29 (cm3/g) 
686.9 
145.1 

Nebili et al. 2008 

- 3049 Methylene blue 262 Stavropoulos et al. 2005 
N2 1541 - - Spahis et al. 2008 
N2 - - - Martinez et al. 2006 
N2 1768 - - Moreno-Castilla et al. 2001 
N2/steam 1484 Toluene 720 Ubago-Pérez et al. 2006 
N2 1690 Hg 0.87 Skodras et al. 2007 
N2 1880 Caffeic acid 

Vanillin 
Vanillic acid 
�-hydroxybenzoic acid 
Gallic acid 

259.7 
182.3 
94.7 
57.1 
70.7 

Michailof et al. 2008 

N2 2127 Ethanol 47.8 Silvestre-Albero et al. 2009b 
CO2 - CH4 180 (cm3/g) Almansa et al.2004 
N2 790 Cd 1.85 Kula et al. 2008 
N2 790 Remazol Red B 8.5 U�urlu et al. 2008 
- - Methylene blue 115 Lafi et al. 2001 
N2 1062 I2 

Methylene blue 
583 
312.5 

Baccar et al. 2009 

- 848 BTEX 27.9 (total) Daifullah et al. 2003 
- 750 - - Khalil et al. 2001 
N2 >2000 CH4 170 Rodríguez-Reinoso et al. 2008
N2 ~1900 - - Nakagawa et al. 2007 
N2 1850  I2 

Methylene blue 
1720 
420 

Petrov et al. 2008 

N2 1850  As 1.39 Budinova et al. 2006 
CO2 670 - - Juárez-Galán et al. 2009 

:- data not performed or not reported 
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et al. 2009a). ACs from the olive mill solid residues have 
been tested on the adsorption of heavy metals and metal 
ions, volatile and other organic compounds, for the removal 
of dyes, pesticides and gaseous by-products. The details of 
carbon preparation and adsorption tests are summarized in 
Table 3. It can be seen that in the case of physical activa-
tion, the minimum activation temperature is 750°C, whereas 
most authors selected 800°C for the activation step. On the 
other hand, temperatures in the range of 450–600°C are not 
uncommon in the case of chemical activation. Large dif-
ferences are noted in the activation times, these ranging 
from 10 min to as high as 6400 min. However, statistically 
it appears that the optimum residence period is 60-120 min. 

Instead of AC, Bouzid et al. (2008) incinerated olive 
cake at 600°C for 2 h to produce ash and then tested the 
removal characteristics of copper from aqueous solution. 
The ash produced had a surface area of 146.4 m2/g and 
showed a copper loading of 6.98 mg/g at an optimum pH of 
7.2. 

The olive cake has also been utilized as a sorbent for 
metals without prior carbonization and activation. In these 
cases, after olive-oil extraction, the spent residue is further 
extracted with an organic solvent, usually hexane, to 
remove all residual oil. It is then dried and sieved to the 
desired particle sizes. This sorbent has shown positive ad-
sorption behavior towards dyes and metals. 

El Sha’r et al. (1999) tested the adsorption of methylene 
blue and methyl orange on untreated solid olive mill resi-
dues and activated carbon prepared from oil shale. Their 
results showed that although methylene blue adsorption on 
the mill residues compared well to that on the activated 
carbon, methyl orange (anionic dye) adsorption on the olive 
cake was not equally successful. The authors were among 
the first to prove that it is possible to prepare a low-cost, 
efficient sorbent from olive mill solid residues. The results 
of El Sha’r et al. agree well with those reported by Banat et 
al. (2007), who studied the bench-scale and packed bed 
sorption of methylene blue on hexane-extracted olive cake. 
A loading of 42.3 mg/g was achieved after 7 h equilibrium 
time. 

The biosorption of copper on raw olive cake was stu-
died by Pagnanelli et al. (2002, 2005) and Gondar et al. 
(2009). All authors concluded that the biosorption occurred 
by a general ion exchange mechanism combined with a spe-
cific complexation reaction for copper ions. The copper 
loadings reported reached values up to 15.8 mg/g. Konstan-
tinou et al. (2009) studied the chemical affinity of solid 
natural organic matter (from olive cake) for Cu2+ and Eu3+ 
ions. Their results showed that the chemical affinity of the 
hydrophilic extracts of the olive cake for the Cu2+ ion is 
identical to the affinity of humic acids for the respective 
metal ion. This indicates that the same type of active sites 
(e.g. carboxylic groups) is responsible for the metal binding 
by various types of natural organic matter. These conclu-
sions were supported by Kolokassidou et al. (2009) who 
studied Cu2+ complexation by the hydrophilic olive cake ex-
tracts. Potentiometric studies showed that hydrophilic olive 
cake extract and commercial humic acid possess similar 
“complexation capacity” and show identical chemical af-
finity for Cu2+. 

Martín-Lara et al. (2009) evaluated the surface chemis-
try of olive stone, olive cake and olive tree prunings for the 
removal of lead from aqueous solutions. These wastes are 
able to fix lead ions efficiently, however, the release of 
harmful organic substances from the matrix is a potential 
threat to the environment. Blazquez et al. (2009) studied the 
effect of pH on the biosorption of Cr3+ and Cr6+ on olive 
stones. The authors concluded that the removal of the ions 
is highly pH sensitive. The percentage of Cr3+ removed 
reached a maximum at a pH range of 4-6, reaching values 
of 90%. For Cr6+, the maximum removal of 80% was 
achieved at a pH value of 2 or lower. 

Even without removal of the residual oil, the olive cake 
has shown considerable adsorption capacity. Akar et al. 
(2009) used dried olive cake without any other pre-treat-

ment for the adsorption of RR198, a reactive dye used in 
the textile industry. The highest dye biosorption capacity 
was found at pH 2, at an equilibrium time of 40 minutes and 
a biosorbent concentration of 3.0 g/l. 
 
USE OF OLIVE CAKE AS SOIL AMENDMENT FOR 
LAND APPLICATION 
 
Characteristics of olive cake composting process 
 
Land application of olive cake could be a promising solu-
tion that would prevent environmental pollution through 
integration of organic waste with soil constituents. Due to 
its high organic content, olive mills solid waste can improve 
soil properties and productivity. The percentage of organic 
matter in the solid residues is about 93% by mass making it 
an excellent candidate as a soil amendment that would in-
crease soil organic matter. However, solid residue, need to 
be mixed with ligno-cellulosic materials, due to its sticky 
texture, to obtain adequate physical conditions of the star-
ting mixtures (Garcia-Gomez et al. 2003). Since the physi-
cal and chemical properties of the olive cake are rather un-
suitable for direct biodegradation, in Mediterranean areas 
many complementary residues such as animal manures, 
olive leaves, cereal straw, pruning wastes or horticultural 
residues are usually utilized in composting processes (Canet 
et al. 2008; Montemurro et al. 2009). Additionally, the use 
of olive-mill solid waste, natural or previously biostabilized, 
as an organic amendment for environmental remediation is 
still largely unexplored. 

Several researchers have studied the biological charac-
teristics and biodegradability of the olive cake in various 
composting compositions and designs (Vlyssides et al. 
1999; Paredes et al. 2002; García-Gómez et al. 2003; Albu-
querque et al. 2004; Baeta-Hall et al. 2005; Aqeel and 
Hameed 2007a). Details of these studies can be found in a 
thorough review on the current and potential uses of com-
posted olive oil waste by Arvanitoyannis and Kassaveti 
(2007). The maturity of composted solid olive-mill wastes 
was assessed by Sellami et al. (2008b), using UV spectra 
and humification parameters. The results showed that the 
time required to reach maturity was dependant on the che-
mical properties of the initial raw materials used. One of the 
key parameters was the lignocellulosic content. As this 
content increased, more time was required for the compost 
to reach maturity. Using the same spectroscopic method, 
Droussi et al. (2009) studied in depth the transformation of 
the olive cake during composting. The authors examined 
the elemental and spectroscopic characterization of humic-
acid-like compounds during composting of olive mill by-
products. As composting proceeded, the main transforma-
tions concerned a relative increase of proteinaceous mate-
rials, an extended degradation of carbohydrates likely due 
to microbial activity, a decrease in molecular heterogeneity, 
an increase in unsaturated structures, molecular size, level 
of conjugated chromophores, aromatic polycondensation, 
and humification degree. 

Cegarra et al. (2006) and Alburquerque et al. (2009) 
investigated the composting of olive cake in terms of the 
bulking agent added and the number of mechanical turnings 
for aeration. The combination of cow manure as a bulking 
agent, the highest possible number of mechanical turnings 
(14) and forced ventilation, resulted in a clear reduction in 
the composting time, higher mineralization of the substrate 
and better humification indices. As composting advanced, 
the germination index increased and the concentration of 
both fat and water-soluble phenols decreased, indicating a 
progressive detoxification (Alburquerque et al. 2006a). In 
order to reduce operating costs, the use of mechanical tur-
ning without forced ventilation was recommended due to its 
effectiveness and simplicity of implementation for future 
industrial scale development of olive cake composting. 
These results come in good agreement with the results 
reported by Cayula et al. (2006), who evaluated forced 
aeration and mechanical windrow turning for composting of 
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olive mill solid wastes. The study revealed that during 
forced aeration preferential pathways can be formed, there-
fore frequent mechanical turnings are necessary to over-
come this problem. The results of Alfano et al. (2008) also 
indicate that mechanical turning of the compost is the 
optimum solution for adequate aeration. The authors went a 
step further, by performing an economic evaluation of the 
composting process. The cost of the complete composting 
process in the first year amounted to 4200 €, finalizing the 
cost of the mature compost to 0.63 €/kg. Continuous ope-
rations in the subsequent years would reduce the cost to 
0.12 €/kg, retail price. 

Another important parameter of the composting process 
is the pH value of the final product. As seen in Table 4, the 
pH range is 7.75–9.67, which means the composts are 
moderately alkaline. It would be therefore beneficial to 
develop a mechanism for pH control during the composting 
process. Roig et al. (2004) studied the use of elemental sul-
phur as an alternative to control pH during composting of 
olive mill wastes. A concentration of 0.5% in sulphur (dry 
weight basis) and moisture of 40% were determined as the 
optimum conditions to decrease the compost pH by 1.1 
units without increasing in electrical conductivity to levels 
that may impose a limitation for its agricultural use. Re-
cently, Sánchez-Arias et al. (2008) examined the effect of 
incorporating an acidic ferrous sulphate waste (SF) over a 
co-composting process of sewage sludge and olive mill 
solid wastes. The optimum – in agronomic terms – product, 
was obtained when a 20% of SF was added, under thermo-
philic conditions, to a mixture 1: 2 of domestic sewage 
sludge and olive mill solid waste. The addition of SF resul-
ted in a lower pH value of the compost and higher Fe and S 
availability to the soil. 

Montemurro et al. (2009) studied the evolution of the 
most important parameters (temperature, pH, electrical con-
ductivity, total organic carbon, total nitrogen, and C/N ratio) 
describing the composting process of olive oil husk with 
other organic wastes. Of all the composts produced, that 

with tree prunings and urea exhibited the best agronomic 
value. The suitability of the olive cake as a compost ingre-
dient was also confirmed by Vlyssides et al. (2008), who 
investigated the porosity, water content, air pressure drop 
during the composting process. 
 
Applications of olive-cake amended composts 
 
1. Effects on soil properties and crops 
 
The effects of the direct application of solid olive mill waste 
to several soil properties have been thoroughly investigated. 
Abu-Zreig et al. (2002) reported that land application of 
raw olive cake increased water retention and saturated hyd-
raulic conductivity in the soil, which may lead to improved 
water availability for crops. Tejada and Gonzalez (2007) 
added that the bulk density, aggregate instability and soil 
loss under simulated rain were also reduced. Finally, Kavdir 
and Killi (2008) also noticed an increase in soil aggregate 
stability and organic nitrogen and carbon content after one 
month of application. 

Composts from the solid olive mill residues have been 
tested on a variety of crops. Hachicha et al. (2008, 2009) 
assessed the properties and application of composts pre-
pared from olive cake, olive mill wastewater and poultry 
manure to potato plants. In terms of agronomic value, com-
posting olive cake with poultry manure and watered with 
OMW lead to a stable and mature product that supplied 
nutrients to plants. It is important to point out, that compost 
containing OMW is efficient and free from any phytotoxic 
elements since no acute effect on the development of potato 
plants were observed. Furthermore, using compost watered 
with OMW as soil amendment did not have any short-term 
negative impact on soil properties after harvesting, notably 
the pH, electrical conductivity (EC) and soluble phenol con-
tent of the soil down to a 0.60 m depth. The same team 
developed a composting process for olive cake, poultry 
manure and sesame shells (Sellami et al. 2008a). The final 

Table 4A Properties of composts prepared from olive cake. 
pH Moisture (%) EC(dS/m) TOC (g/kg) C/N Reference 
8.06 16.9 1.50 421 23.5 Montemurro et al. 2009 
8.67 - 4.81 434.8 16.6 Cegarra et al. 2009 
8.88 14 3.07 491.5 22.7 Alburquerque et al. 2006b 
8.90 - 3.09 489 22.3 Alburquerque et al. 2007 
8.78 - 3.71 102.2 19.5 Alburquerque et al. 2009 
7.75 - - 468.4 15.5 García-Gómez et al. 2003 
8.08 44.8 - - 20.3 Sellami et al. 2008a 
8.34 - 5.48 22.3 (%) 13.6 Hachicha et al. 2008 
8.9-9.3 - 5.4 20.3(%) 11.9 Hachicha et al. 2009 
8.4 - 2.4 233 16 Romero et al. 2005 
9.67 42 15.4 41.2(%) 15.8 Canet et al. 2008 (Pile 1) 
8.6 - 6.66 - 26.2 Alfano et al. 2008 (Pile 4) 
8.4 - - 329 16 Moreno et al. 2008 

:- data not performed or not reported 
 

Table 4B Properties of composts prepared from olive cake. 
g/kg 

N  K Na Fe P  Zn  Cu  Ni Pb  
Reference 

17.9 - - - 6.7 0.2 0.16 0.05 0.1 Montemurro et al. 2009 
150 42.5 4.1 1.5 1.9 0.14 0.04 - - Cegarra et al. 2009 
21.7 24.9 2.6 0.7 1.5 0.04 0.02 0.008 0.004 Alburquerque et al. 2006b
194 27.5 - 0.9 1.4 0.04 0.02 - - Alburquerque et al. 2007 
24.1 37.2 2.6 0.9 1.7 0.08 0.03 0.007 0.011 Alburquerque et al. 2009 
30.2 - - - - - - - - García-Gómez et al. 2003
- 21.5 - - 8.1 - - - - Sellami et al. 2008a 
1.6(%) 2.6(%) 1.2(%) - 0.9(%) - - - - Hachicha et al. 2008 
1.7(%) 31.2 - 16.3 7.1 - - - - Hachicha et al. 2009 
15 - -  2.1 0.044 - - 0.006 Romero et al. 2005 
2.6(%) 4.5(%) as 

in K2O 
0.5(%) 2.6 2(%) as in 

P2O5 
0.19 0.09 0.015 0.004 Canet et al. 2008 (Pile 1) 

1.3(%) 1.3 (%)  -  0.65(%)  - - - - Alfano et al. 2008 (Pile 4)
20 12 -  2.9 - - - - Moreno et al. 2008 
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product was characterized by its relatively high organic 
matter content, and low C/N ratio of 14–17. The application 
of the obtained compost to soil appeared to significantly 
improve both soil fertility and crop (potato) yield. Similarly, 
Alburquerque et al. (2006b, 2007) evaluated the application 
of compost prepared from the olive cake on pepper and 
ryegrass cultivation. The compost obtained was free of toxi-
city, rich in organic matter (mainly composed of lignin), 
and had a considerable potassium and organic nitrogen con-
tent but was low in phosphorus and micronutrients. It also 
demonstrated a considerably greater resistance to soil bio-
degradation in the harsh thermal conditions of the green-
house. Brunetti et al. (2005) investigated the application of 
exhausted olive cake on durum wheat fields. This soil 
amendment affected positively durum wheat yields in 
Mediterranean conditions by increasing the spike density 
and especially the kernel number per unit area and kernel 
weight. The enhanced amount of organic matter in olive 
pomace-amended soils appeared to play a major role in 
improving wheat performance. The positive effect of this 
type of compost was also shown on the growth and pro-
ductivity of the faba bean (Aqeel et al. 2007b). Chemical 
analyses revealed that after the compost application, the 
levels of zinc, nitrogen, potassium and iron in the beans had 
increased. In an effort to minimize the cost of olive-oil 
production, Altieri et al. (2008) applied the solid residues 
mixed with wheat straw and saw dust to olive tree farms. 
The results showed significant increases in total organic 
carbon and humic substances in soil of approximately 40% 
and 58%, respectively, without negative effects on tree 
growth and yield. Therefore, the use of olive cake-based 
composts could be an environmentally-friendly, economic 
alternative to the use of expensive chemical fertilizers. 

Nogales et al. (1999) and Benítez et al. (2002) have 
thoroughly investigated the vermicomposting of olive cake, 
mainly using the earthworm Eisenia andrei. This species 
grew and reproduced favourably in the dry olive cake, espe-
cially when the by-product was mixed with municipal bio-
solids and cattle manure. The vermicompost displayed a 
high degree of stability, as demonstrated by the complete 
absence of phytotoxicity. More importantly, this vermicom-
post was applied to a trichloroethylene-contaminated soil 
(Moreno et al. 2008). Trichloroethylene-inhibited soil en-
zyme activities are involved in the biochemical cycles of 
carbon, phosphorus, nitrogen and sulphur. The organic mat-
ter released by the vermicomposted olive waste tended to 
avoid the toxic effect of the contaminant. 

Table 4 shows some basic properties of selected com-
posts prepared from olive mill solid waste. It is interesting 
to note, that regardless of the bulking material used, the 
aeration process, the time to reach maturity and other para-
meters, all authors produce composts with very similar phy-
sical and chemical properties. 

 
2. Interaction with soil contaminants 
 
Addition of raw or composted olive cake to agricultural 
soils is becoming a common practice as a disposal strategy 
and to improve the physical and chemical soil properties. 
However, in order to optimize the use of organic wastes as 
soil amendments, their effect on the behaviour of other 
compounds that are also used in agriculture, such as pesti-
cides, needs to be assessed. Albarran et al. (2003, 2004) 
investigated the behaviour (sorption, degradation, leaching) 
of simazine in soil amended with olive cake. Using a sandy 
loam soil as the basis for the experiments, the extent and 
strength of sorption of simazine was increased, biodegrada-
tion was reduced and leaching was retarded compared to the 
untreated soil. Therefore, amendment with the solid resi-
dues may be useful to prolong the residence time of the 
herbicide in the topsoil and to reduce the risk of ground 
water contamination as a result of simazine leaching losses. 
Cabrera et al. (2007, 2008a, 2008b, 2009) studied the 
effects of addition of solid olive mill wastes, either raw or 
composted, to the fate of herbicides, diuron, terbuthylazine 

and atrazine in soil. Their results showed an increase in soil 
sorption of all herbicides in laboratory studies, as compared 
to untreated soils. Field studies revealed that the addition of 
these organic amendments increased the amounts of the 
herbicides present in the soil. Delgado-Moreno et al. (2007, 
2009) performed sorption and degradation studies in sterile 
and microbially active soil to evaluate the effect of the che-
mical and biological degradation of simazine, terbuthyla-
zine, cyanazine and prometryn. The results of the sorption 
studies agree well with those obtained by Cabrera et al. The 
hydrophobic herbicides terbuthylazine and prometryn 
increased their retention on amended soil whereas the more 
polar herbicides simazine and cyanazine were less affected. 
Soil application of raw olive cake, resulted in the highest 
herbicide retention. The addition of compost and vermicom-
post enhanced the biological degradation rate of the herbi-
cides during the first week of incubation, whilst negligible 
degradation occurred in non-amended soil during this 
period. In contrast, olive cake did not significantly modify 
the degradation of the herbicides. Redondo-Gómez et al. 
(2007) studied the behavior of diuron and simazine in soils 
from a different point of view. The authors investigated the 
effect of these herbicides on the photochemistry of the tree 
Olea europaea L., and whether the amendment of soil with 
the solid residues from the olive oil production industry 
modified this effect. Soil application of these herbicides 
reduced the efficiency of Photosystem II photochemistry of 
olive trees due to chronic photoinhibition, and this effect is 
counterbalanced by the addition of olive cake to the soil. 
The olive cake reduces herbicide uptake by the plant due to 
an increase in herbicide adsorption by the soil. This conclu-
sion comes in good agreement with the results reported 
earlier by Albarran et al. and Cabrera et al. 

Quite different results were obtained by Undabeytia et 
al. (2004), who studied the effects of olive mill solid wastes 
on the retention and mobility of the herbicide imazaquin in 
four different soils. The addition of fresh solid amendments 
on the soil decreased the adsorption of the herbicide because 
much of the mineral and organic soil surfaces become 
blocked, with the exception of the sandy soil, which had 
originally very few adsorptive surfaces. Based on the results 
from imazaquin, the authors suggested that the application 
of the solid olive mill residues to soil cannot be accepted as 
a general practice to reduce herbicide losses due to leaching 
processes. 

Romero et al. (2005) studied the suitability of compos-
ted olive-mill solid waste for initial reclamation of a mine 
tailing with high concentrations of Pb and Zn. Their results 
showed that the solubility and extractability of the Pb and 
Zn contained in the mine tailings, was increased. These in-
creases represented an advantage where Pb/Zn-mine tail-
ings are reclaimed by phytoextraction, effectively reducing 
the metal pollution in these mining wastes. 
 
DIRECT COMBUSTION FOR ENERGY 
 
Traditionally, olive cake is combusted without any control 
in conventional systems in rural areas of many Mediter-
ranean regions. During this uncontrolled combustion pro-
cess, CO and hydrocarbons are formed at considerable 
amounts in the flue gas, which pose a significant environ-
mental threat. Co-combustion of coal and biomass is an 
attractive alternative for disposing of waste products. 
Besides, replacing part of coal with biomass such as olive 
cake reduces the overall cost of energy and heat production. 

Fluidized bed technology is a good means for 
converting a wide range of agricultural residues into energy 
due to its inherent advantages such as fuel flexibility and 
low operating temperature (Natarajan et al. 1998). Thus, 
several research efforts have used as-received olive cake in 
fluidized bed combustors (Cliffe and Patumsawad 2001; 
Armesto et al. 2003; Topal et al. 2003; Gayan et al. 2004; 
Al-Widyan 2006; Miranda et al. 2007; McIlveen-Wright et 
al. 2007; Varol and Atimtay 2007; Atimtay and Varol 2009). 
Although in all cases the efficiency of the combustion pro-
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cess was slightly reduced, so were the HCl, SOx, CO2 and 
hydrocarbons emissions. 
 
BIOFUEL PRODUCTION 
 
According to the technology utilized in olive oil processing, 
the amount of energy consumption, with reference to one 
ton of treated olives, is 48,000–65,000 kJ (Caputo et al. 
2003) However, olive mill wastes are characterized by a 
significant energy content: in fact, the biogas obtained by 
treating one cubic meter of OMW through anaerobic diges-
tion contains 60–80 kWh of energy (Schmidt and Knobloch 
2000), while exhausted olive cake is characterized by a 
fairly high heating value (18,000 kJ/kg) and by low nitro-
gen and sulphur content. Therefore, waste treatment tech-
nologies aiming at energy recovery represent an interesting 
alternative for a sustainable disposal of residues from olive 
oil production able to reduce the environmental impact and 
to generate electric energy for sale or satisfy the energy 
needs of oil mills. The efficient operation of thermochemi-
cal conversion systems requires a thorough understanding 
of the influence of the composition and thermal properties 
of these byproducts on their behaviour during the conver-
sion process. García-Ibañez et al. (2006) studied the ther-
mal behaviour of two olive-oil residue samples (non-
leached and water-leached olive-oil residue) at three heating 
rates (10, 20, and 50°C min-1) in air atmosphere using the 
technique of thermogravimetric analysis. Their results con-
cluded that the water-leached olive-oil residue sample is 
more degradable through thermochemical conversion pro-
cesses in comparison with non-leached olive-oil residue 
sample. Additionally, the higher the cellulosic content of the 
sample, the higher is its thermal degradation rate. Resear-
chers have achieved in obtaining various bio-oil and biogas 
compositions from the dry solid residues mainly through 
the methods of anaerobic digestion, pyrolysis and gasifica-
tion. The results obtained with these processes are presented 
below. 
 
Anaerobic digestion 
 
Biogas production by anaerobic digestion of biomass, in 
combination with other technologies, can help in partially 
replacing fossil fuel-derived energy and thereby in reducing 
environmental impact by providing a clean fuel from ren-
ewable feedstock. Anaerobic co-digestion of energy crops 
and a variety of residual biomasses may be a good integ-
rated solution, particularly with wastes that are unsuitable 
for direct disposal on land, such as olive mill wastes. 

Various anaerobic digesters have been used for the 
investigation of the biofuel components from the olive cake. 
Borja et al. (2003a) used a stirred tank reactor at mesophilic 
temperature to study the methane production of olive 
pomace. The results obtained demonstrated that the rates of 
substrate uptake and methane production were correlated 
with the concentration of biodegradable total chemical oxy-
gen demand (COD). The methane yield coefficient was cal-
culated at 0.25 m3/kg COD removed. Gavala et al. (2005) 
also studied the potential of olive cake for biohydrogen and 
methane production using a CSTR (continuous stirred tank 
reactor) anaerobic digester. It was proved that the olive cake 
is an ideal substrate for methane production with approxi-
mately 0.28 m3 CH4 produced/kg COD removed. This value 
is comparable to that obtained by Borja et al. It has been 
also shown that bio-hydrogen production can be very effici-
ently coupled with a subsequent step of methane production. 

Schievano et al. (2009) substituted energy crops with 
organic wastes and agro-industrial residues for biogas pro-
duction in anaerobic digesters. When energy crops were 
partially substituted with agro-industrial residues other than 
olive mill wastes, the initial cost of 0.28 € N/m3 dropped to 
0.18 € N/m3. Furthermore, when the organic fraction of 
municipal solid waste and olive cake were used as co-
substrates (at the same percentage), the cost was reduced to 
-0.20 and 0.11 € N/m3, respectively. The negative value 

means that operators earn money by treating the waste. The 
value of 0.11 € N/m3 represents a 60% reduction compared 
to the initial price, therefore the incorporation of olive cake 
in energy crops is a cost-effective way to provide electric 
and thermal power. 
 
Pyrolysis 
 
Pyrolysis is the thermal decomposition of materials in the 
absence of oxygen or when significantly less oxygen is 
present than required for complete combustion. Mohan et al. 
(2006) provides a critical review on the pyrolysis of nearly 
100 types of biomass, including olive cake. The authors 
present detailed information on conventional and fast pyro-
lysis reactors, on the mechanisms of cellulose, hemicel-
luloses and lignin transformation and put emphasis on the 
bio-oil yield and composition, rather than the char or biogas. 

The chemistry and product distribution during pyrolysis 
of olive cake have been extensively studied (Zabaniotou et 
al. 2000; Demirbas 2001a, 2001b; Blanco-López et al. 
2002; Ça�lar and Demirbas 2002; Demirbas 2002; Taralas 
and Kontominas 2005; Mehmeti et al. 2008). A series of 
studies have been performed to examine the effects of 
various physical characteristics of olive cake. Encinar et al. 
(1996, 1998) and Chouchene et al. (2010) investigated the 
influence of temperature, particle size and oxygen concen-
tration during pyrolysis of the olive cake. The first reported 
that pyrolysis of olive cake lead to three phases (solid, 
liquid and gaseous) whose yields are strongly dependent on 
temperature and practically independent of particle size 
under the conditions of their studies. The experiments of the 
latter were performed under one inert and two oxidative at-
mospheres. They found that the loss of humidity and vola-
tiles were independent of the oxygen concentration. How-
ever, the initial temperature of char oxidation was de-
creasing with the increase of oxygen concentration. Weight 
loss profiles, as well as CO and CO2 emission rates during 
the oxidative pyrolysis depended on the particle size of the 
residues. The temperature range of volatilization and char 
oxidation as well as the amount of remaining ash also 
depended on the particle size. Samples having size lower 
than 0.5 mm, are the most reactive and lead to lower char 
yields. In contrast to Encinar et al., Chouchene et al. sug-
gested that olive solid waste with diameter between 2-2.8 
mm had the lowest remaining ash and higher char yield 
during oxidative pyrolysis under 10% of O2. This conclu-
sion was also supported by Demirbas et al. (2004) who 
noticed that the bio-char yield increased with increasing 
particle size of the sample, while the pyrolysis temperature 
increased, the bio-char yield decreased. 

Using a fixed bed tubular reactor, Uzun et al. (2007) 
examined the rapid pyrolysis of the olive mill residue for 
the production of bio-oil. The authors reported that placing 
the material into a basket (instead of placing it in direct 
contact with the reactor), improved the oil yield. The maxi-
mum oil yield obtained was 41.4% at a temperature of 
500°C. The product had a heating value of 22.6 MJ/kg, 
which is higher compared to typical bio-oils. 

The objective of Encinar et al. (2008, 2009) was to cha-
racterize the solid, liquid and gaseous phases of the olive 
cake pyrolysis in terms of their energy content, in the tem-
perature range of 400-900°C. It was determined that the in-
crease in temperature resulted in a decrease in the solid and 
liquid yields and to an increase in the gas yield. It appears 
that this is a common conclusion drawn from most resear-
chers that deal with pyrolysis of olive cake. The authors 
suggested that the appropriate working temperatures would 
probably lie between 600 and 700°C, where charcoals with 
the highest heating value are obtained with satisfactory con-
tents of fixed carbon and volatile matter, and the heating 
values of the gases is acceptable. Miranda et al. (2007) 
evaluated the combustion behavior of liquid and solid olive 
mill wastes in a prototype rectangular combustion chamber. 
They concluded that both the olive kernel and the residual 
olive cake present a good behavior in the prototype furnace, 
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with suitable efficiency and a reduced presence of unburned 
mass. The heating value of the olive cake was determined 
as 22.4 MJ/kg. 

Jauhiainen et al. (2004, 2005) dealt with the human and 
environmental risk involved with the pyrolysis of the resi-
dues. They studied the kinetics and evaluated the potential 
for hazardous gaseous emissions from the pyrolysis and 
combustion of olive mill solid waste. Their work involved 
the identification and quantification of the combustion pol-
lutants produced in a laboratory horizontal furnace. The 
thermal treatment was found to produce low amounts of 
pollutants, and in fact a small quantity of oxygen was 
enough to diminish the yields to extremely low levels, 
showing this way that the combustion efficiency was high. 
The ashes contained a significant quantity of potassium, 
however, no toxic or dangerous inorganic compounds were 
detected. 
 
Gasification 
 
Gasification is a process that converts carbonaceous mate-
rials, such as coal, petroleum, biofuel, or biomass, into car-
bon monoxide and hydrogen (syngas) by reacting the raw 
material at high temperatures with a controlled amount of 
oxygen and/or steam. The advantage of gasification is that 
the use of the syngas is potentially more efficient than direct 
combustion of the original fuel because it can be combusted 
at higher temperatures or even in fuel cells, so that the ther-
modynamic upper limit to the efficiency is higher. Gómez-
Barea et al. (2005) and Skoulou et al. (2008a) used bub-
bling-fluidized-bed reactors to study the gasification perfor-
mance of olive cake. The pilot-plant gasification tests were 
carried out at atmospheric pressure and temperatures within 
the range of 700-850°C in order to assess the technical 
viability of gasifying untreated olive stone. Both studies 
revealed that the gasification process at higher temperatures 
is better as far as the carbon conversion and gas yield are 
concerned. The well-known ash-related problems of olive 
stone, such as sintering and agglomeration deposition, were 
overcome by using ofite and olivine as an inert bed material, 
respectively. Both authors reported an optimum air-to-
biomass equivalence ratio in the range of 0.2-0.26. Using 
the same type of gasifier, Fryda et al. (2008) studied the 
agglomeration tendency during the gasification of two 
energy crops (giant reed and sweet borghum bagasse) and 
olive cake. Olivine and quartz were used as bedding mate-
rials. The defluidisation temperatures of the energy crops 
were 790 and 810°C respectively, in both bed materials, 
while the olive cake caused defluidisation of the quartz bed 
at 830°C and olivine bed at >850°C. Gasification of olive 

cake resisted defluidisation up to higher temperatures 
because of its lower potassium and higher calcium content, 
especially in the case of olivine bed. 

Using a downdraft fixed-bed gasifier, Skoulou et al. 
(2008b) reported that gasification with an equivalence ratio 
of 0.42 at high temperatures (950°C), favored gas yields 
and heating values. Syngas production increased with 
reactor temperature, while CO2, CH4, light hydrocarbons 
and tar followed the opposite trend. These findings agree 
with those reported by García-Ibañez et al. (2004) who stu-
died the gasification of olive cake in a circulating fluidized 
bed reactor. High temperature steam gasification is another 
effective technology for production of hydrogen-rich gas 
from olive kernels (Skoulou et al. 2009). Athanasiou et al. 
(2009) proposed a different scheme for the gasification of 
olive cake. The integration of solid oxide fuel cells (SOFCs) 
in biomass gasification–turbine processes was studied for 
the estimation of the overall electrical efficiency. An equi-
valence ratio of 0.21 was determined as the optimum. The 
results showed that the overall electrical efficiency of the 
integrated process for olive kernel can, ideally, reach 62% 
of the heating value of the biomass feed, whereas conven-
tional technologies, like turbines, can only randomly reach 
40% of the heat supplied to their inlet. 

Considerable work has been performed on the co-
gasification of biomasses with coal. Co-gasification of poor 
quality coals mixed with wastes has the advantage of diver-
sifying energy resources and decreasing the dependency on 
fossil fuels. This practice has the potential to reduce both 
NOx and SOx levels from existing pulverized coal fired 
power plants. A comprehensive introduction in the co-firing 
of biomass with coal, the parameters involved and the eco-
nomics of the process is provided by Demirbas 2003. Rui 
Neto et al. (2005, 2009) studied the effect of experimental 
conditions on the co-gasification process at a pilot scale 
fluidized bed reactor, to enhance gas production and im-
prove its composition and energetic content. They pointed 
out that the olive cake content should not exceed 40% 
(w/w) to guarantee gasification stabilization and to prevent 
the formation of high amounts of tars and heavier hydro-
carbons. The presence of dolomite in the fluidized bed had 
the benefit of decreasing tars content and rising gas yield, 
the gas being richer in hydrogen content. The optimum tem-
perature was determined in the range of 850-900°C. 

The economical feasibility of biomass utilization for 
direct production of electric energy by means of combustion 
and gasification-conversion processes, has been investi-
gated and evaluated over a capacity range from 5 to 50 MW, 
taking into account total capital investments, revenues from 
energy sale and total operating costs, also including a 

Table 5 Comparison of char, tar and biogas characteristics. 
 Temperature (oC) Char yield 

(%) 
Char heating 
value (MJ/kg)

Tar yield (%) Tar heating 
value (MJ/kg) 

Biogas yield 
(%) 

Biogas heating 
value (MJ/Nm3)

Uzun et al. 2007 550 - - 38.1 22.6 - - 
Encinar et al. 1996 900 - 9.5 - - - 1.8 
Encinar et al. 1998 600 32.1 - 46.3 - 21.6 25 
Encinar et al. 2009 700 22.3  28.8 31.2  3.1 46.5 15.3 
Encinar et al. 2008 700 24  29.6 34.2 3.6 41.7 5.2 
Skoulou et al. 2008a 750 - - - - - 6.5 
Skoulou et al. 2008b 950 - - - - - 8.6 
Skoulou et al. 2009 1050 20 25.5 - 25.2 - 13.6 
Gómez-Barea et al. 2005 700 - - - - 1.56 (kg/kg) 5.2 
Zabaniotou et al. 2000 600 33 - 29 - 33 - 
Demirbas 2001a 877 32.8 32.8 13.4 - 54.4 - 
Demirbas 2001b, 2002 750 22.8 - 32.6 - 44.6 - 
Ça�lar and Demirbas 2002 700 (6.7 wt.% ZnCl2 

used as catalyst) 
29.8 - 39.6 - 30.6 - 

Demirbas 2004 800 32 - - - - - 
Blanco-López et al. 2002 600 35 12.2 58 7.3 7 1.9 
Taralas et al. 2009 700 10 - 15 - 75 5.9 
García-Ibañez et al. 2004 780 - - - - - 3.8 
Athanasiou et al. 2009 950 - - - - 35 10.5 

- : data not performed or not reported 
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detailed evaluation of logistic costs (Caputo et al. 2005). 
The authors evaluated two different experimental cycles: 
fluid bed combustor and steam turbine cycle (C/ST) and 
fluid bed gasifier and combined gas–steam cycle (G/CC). It 
was found that profitability of both C/ST and G/CC plant 
configurations strongly improved with scale-up of plant size. 
At the same time logistic constraints on economic perfor-
mances become less restrictive with increasing sizes. Under 
current technological and market conditions, the combus-
tion-based solution shows better profitability. The waste-to-
energy possibilities of the industrial olive and wine-grape 
by-products were investigated by Celma et al. (2007). The 
watery husk sludge from two-phase olive mills was found 
to be the waste product with the greatest specific cost of use 
8.09 € G/J. Its integration into the energy conversion 
schemes that were studied would, however, eliminate the 
costs of treatment in external plants or the environmental 
problems involved in drying it onsite in open ponds. 

Table 5 summarizes the yields and heating values of 
chars, tars and oils obtained by the authors. 
 
OTHER VALORIZATION OPTIONS 
 
Natural fibers, used to fill and reinforce both thermoplastics 
and thermosets, represent one of the fastest-growing types 
of polymer additives. Wood is the main natural fiber used, 
followed by other fibers such as kenaf, jute, hemp, flax, and 
sisal. Siracusa et al. (2001) optimized the technology for the 
production of new plastic composites containing olive cake. 
They showed that the thermal behavior of olive cake is the 
fundamental parameter that affects the whole process. Due 
to the production of volatiles at temperatures above 200°C, 
the final composite contains voids which affect the mecha-
nical properties of the product. Finally, the authors conclu-
ded that the incorporation of the olive cake to composites is 
possible only if the biomass is fully dehydrated and the 
temperature is maintained between 180-200°C. 
 
CONCLUSIONS 
 
The solid waste residues from olive oil mills constitute an 
environmental threat if disposed of in the natural environ-
ment, as it is common practice in many areas. This review 
summarizes the efforts of the scientific and technical com-
munity to develop appropriate technologies for the valori-
zation of these wastes. The majority of the research towards 
this purpose focuses on the recovery of high-added value 
compounds, the production of adsorbents, the production of 
compost or soil amendment products, and applications 
related to energy generation either through biotechnological 
processes or through advanced thermal processes. Among 
the substances which were recovered, phenolic compounds 
are of interest due to their antioxidant and antimicrobial 
potential. Energy utilization of olive cake is currently lim-
ited as combustion material (mainly after extraction of the 
pomace oil) in boilers for heating of small installations, 
such as greenhouses, brick production, etc. More recent 
efforts have concentrated on either combustion in advanced 
combustion reactors or in co-combustion with coal. Acti-
vated carbons with surface areas equivalent to commerci-
ally available ones have been prepared (typical surface 
areas ranged from 500 to 1500 m2/g). The adsorptive capa-
city of these for the removal of heavy metals and organic 
substances has also been demonstrated. Other thermal pro-
cesses investigated include pyrolysis (for liquid products) 
and gasification (for gaseous products). Biogas can also be 
produced during anaerobic co-digestion of both the solid 
and liquid wastes of olive mills. Finally, the olive cake can 
be utilized as soil amendment for land application after ap-
propriate biological treatment (composting). Despite exten-
sive research in these areas, further evaluation is necessary 
with regards to process scale-up and economic feasibility. 
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