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Abstract: The demand for new sources of energy is one of the main quests for humans. At the same
time, there is a growing need to eliminate or recover a set of industrial or agroforestry waste sources.
In this context, several options may be of interest, especially given the amounts produced and
environmental impacts caused. Olive pomace can be considered one of these options. Portugal,
as one of the most prominent producers of olive oil, therefore, also faces the problem of dealing
with the waste of the olive oil industry. Olive pomace energy recovery is a subject referenced in
many different studies and reports since long ago. However, traditional forms of recovery, such
as direct combustion, did not prove to be the best solution, mainly due to its fuel properties and
other characteristics, which cause difficulties in its storage and transportation as well. Torrefaction
and pyrolysis can contribute to a volume reduction, optimizing storage and transportation. In
this preliminary study, were carried out torrefaction and pyrolysis tests on olive pomace samples,
processed at 300 ◦C, 400 ◦C, and 500 ◦C, followed by laboratory characterization of the materials.
It was verified an improvement in the energy content of the materials, demonstrating that there is
potential for the use of these thermochemical conversion technologies for the energy recovery of
olive pomace.

Keywords: olive pomace; thermochemical conversion; energy recovery; circular economy;
biomass waste

1. Introduction

Olive oil production is an activity of vital economic importance in Mediterranean countries [1].
Portugal is a reference in modern olive growing, and is expected during next decade to be the third
largest producer of olive oil in the world and the seventh largest in terms of occupied area [2]. This
growth is sustained by the evolution in the country and, in particular, in Alentejo, Southern Portugal,
with the contribution of Alqueva dam that provided the irrigation for intensive crops [3]. For example,
in 2018, which saw adverse weather conditions, the results presented in SIAZ—Olive Oil and Table
Olives Information System-https://www.gpp.pt—indicated a 30% drop in oil production compared
to the previous campaign. Despite this, production was 4% higher than the average production in
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the last four campaigns. Currently, as the ninth producer in the world, Portugal has 361 thousand
hectares of olive groves, and 135 thousand tons of oil extracted.

Olive oil production is associated with the generation of residues, olive pomace, and red
waters, which present potentially toxic compositions and are harmful to ecosystems when improperly
discharged into the environment [4]. Due to the high levels of oils and fats, the chemical deficiency of
oxygen, total solids, polyphenols, and red waters, in order to be able to be sent either to emissaries or
directly to the receiving environment, need extremely efficient treatments, with significant investment
and operating costs that can make the mills unfeasible. Within these residues, olive pomace has viable
forms of recovery already known and in use [5–7]. This olive pomace, resulting from the recently
introduced two-stage centrifugation system, is a semi-solid, moderately acidic residue formed by
pieces of olive stone, olive pulp, and water [8]. Its composition varies according to the variety of olives,
fruit ripeness, climatic conditions, and cultivation practices [9]. In general, it consists of high amounts
of water (60–70%), residual oil retained in the pulp (2.5–3%), inorganic compounds, and appreciable
amounts of lignin, cellulose, and hemicellulose, as well as other organic matter including proteins,
polyalcohols, fatty acids, sugars, polyphenols, and pigments [9,10]. This organic load is responsible for
its phytotoxic and antimicrobial characteristics, as well as its high moisture content, making it difficult
to handle, store, and transport [11,12].

In recent years, many efforts have been made to find a way to efficiently recover olive pomace
in order to add commercial value to this waste [13,14]. Within the forms of recovery already studied
and mentioned in the literature, bioconversion of these residues into fertilizers can be highlighted,
including application in the production of animal feed, the use as a substrate for the production of
bioethanol/biomethane and biohydrogen, and bioconversion in some biopolymers or enzymes for
other industries [15].

Despite all the advantages that are described in the literature for these conversion technologies,
as capable of processing residual biomass mainly due to its ability to homogenize different types of
raw materials with different qualities, these technologies still present restrictions, namely with regard
to its scalability, and the fact that large production units must operate continuously. Many recent
developments have been achieved, mainly with regard to process control and stability. However, it
cannot yet be considered a mature technology, so a large investment in R&D is still needed.

Torrefaction and pyrolysis are thermochemical conversion technologies that present as main
difference the temperature range where occur, being, respectively, 220 ◦C to 320 ◦C for torrefaction,
and 320 ◦C to 600 ◦C for pyrolysis [16]. Both processes take place at atmospheric pressure, in an
oxygen-poor environment, where residence times vary according to the purpose for which the process
is intended, and in the case of roasting, the final yield tends towards the solid fraction, whereas
in pyrolysis, this yield tends normally to the liquid fraction [17]. The use of these technologies for
the processing of agroforestry residues is already widely documented in the bibliography, with some
previous work already dedicated specifically to the thermo-conversion of olive pomace, mainly because
these processes allow a very significant volume reduction, at the same time that confer properties such
as hydrophobicity, thus allowing a more efficient storage without the risk of reaction with water or
withstanding biological activity [18–21].

This work aims to evaluate the potential of using olive pomace as a renewable energy source in
the perspective of circular economy, where waste is reused and incorporated into a new production
cycle. For this, the research was divided into different stages, starting with the characterization of
olive pomace, namely with regard to its original properties that will serve as a standard, followed by
torrefaction and pyrolysis in a muffle at different temperatures, respectively, 300 ◦C, 400 ◦C, and 500 ◦C,
followed by the determination of a set of characteristics, which allow the evaluation of the potential
to improved energy recovery processes, optimizing circular economy in olive oil industrial sector,
assuming definitively the potential that these materials present, provided that the initial disadvantages
as a fuel are overcome, for example, with the use of technologies such as torrefaction or pyrolysis.
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2. Materials and Methods

2.1. Samples Collection and Preparation

In this study, several analyses were carried out to characterize the evolution of the olive pomace
properties resulting from the torrefaction and pyrolysis processes. Thus, different techniques were
used, such as thermogravimetric analysis, elemental analysis, and heating value. The olive pomace
samples analyzed, were collected in an olive oil extraction plant that operates in a two stages process,
in the region of Vila Real (Northern Portugal), in the 2019 campaign.

Olive pomace samples were dried at a temperature of 90 ◦C for 6 h. Samples were weighed to be
approximately 500 g and wrapped in aluminum foil to ensure an atmosphere with low oxygen content,
as presented in Figure 1. Tests were carried out in duplicate, placing two samples at the same time in
each batch, to guarantee their reproducibility.

Figure 1. Assemblage of the samples in aluminum foil for torrefaction and pyrolysis tests.

For torrefaction and pyrolysis, the experimental protocol described by Ribeiro et al. (2018) [22]
was applied, which proposed using a high-temperature oven for thermochemical processes used
already in other previous studies, such as that one presented by Sá et al. (2020) [23]. The samples were
torrefied and pyrolyzed in the muffle, which was programmed according to temperature (◦C) and
residence time (minutes) as presented in Table 1. The selection of parameters was done in a sequential
manner, taking into account the results obtained for each one of the tests carried out. Initial and
processed materials are presented in Figure 2.

Table 1. First series of conversion tests.

Residence Time (Minutes) Test at 300 ◦C Test at 400 ◦C Test at 500 ◦C

30 Room Temperature
to 180 ◦C

Room Temperature
to 180 ◦C

Room Temperature
to 180 ◦C

60 180 ◦C to 300 ◦C 180 ◦C to 400 ◦C 180 ◦C to 500 ◦C

90 300 ◦C 400 ◦C 500 ◦C

Time enough to safely open
the muffle and collect the material

300 ◦C to Room
Temperature

400 ◦C to Room
Temperature

500 ◦C to Room
Temperature
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Figure 2. (a) Dried sample; (b) 300 ◦C; (c) 400 ◦C; and (d) 500 ◦C.

2.2. Determination of Elemental Composition

To determine the elemental composition was used a CHN analyzer in accordance with
the procedure described in the standard EN 15104: 2011—Solid Biofuels—Determination of Total
Content of Carbon, Hydrogen and Nitrogen—Instrumental Methods. After obtaining the results for
carbon, hydrogen and nitrogen content, the following equation was used to calculate the oxygen
content:

w(O) = 100 −w(C) −w(H) −w(N) (1)

where w(O) is the oxygen content (%), w(C) is the carbon content (%), w(H) is the hydrogen content
(%), and w(N) is the nitrogen content (%).

2.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was conducted in accordance with the procedures described in
the standards EN 14775: 2009—Solid Biofuels—Determination of Ash Content, EN 15148: 2009—Solid
Biofuels—Determination of Volatiles Content and EN 14774-3: 2009—Solid Biofuels—Determination
of Moisture Content. The entire procedure requires ground materials before being introduced into
the melting pots, which were loaded with approximately 1 g of material.

2.4. Determination of Heating Value

To determine HHV, the equation deduced by Parikh et al. (2005) was used as follows [24]:

HHV(db) = 0.3536FC + 0.1559V − 0.0078A (2)

where HHV(db) is the High Heating Value (MJ.kg−1) on a dry basis, FC is the Fixed Carbon (%) content,
V is the Volatile content (%), and A is the Ash content (%).

3. Results and Discussion

3.1. Elemental Analysis

The results obtained in the analysis of the elemental composition are shown in Table 2. As already
mentioned, all analyses were performed in duplicate, so the value presented is the average, and
the same applies to all the following results.
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Table 2. Ultimate analysis for the different process temperatures.

Elements Original Dry Sample T300 ◦C T400 ◦C T500 ◦C

C (%) 56.2 63.9 77.3 86.7
H (%) 6.8 7.2 3.8 3.4
N (%) 1.2 1.6 2.5 1.2
O (%) 35.8 27.3 16.4 8.7
S (%) <0.01 <0.01 <0.01 <0.01

The determined sulfur (S) content proved to be lower than the lower detection limit of
the equipment used in the analysis, so it was considered, for the purposes of calculating other
parameters, to be equal to the referred limit value, which was 0.01% on a dry basis. However, in
relation to the S content present in olive pomace, a more rigorous determination of the levels that can
be found in these residues will be necessary, since there are very different opinions among other works
on the subject [25–30].

In the elemental analysis, there is a decrease in the levels of hydrogen and oxygen, which is
understood as normal, due to the fact that with the increase in temperature there is a devolatilization of
hydrogenated and oxygenated compounds, mainly related to the depolymerization of hemicellulose,
when the process takes place at 300 ◦C, and lignin and cellulose, when the temperature is increased to
400 ◦C and 500 ◦C.

The nitrogen content remains practically unchanged during the different tests at different
temperatures, with a small concentration at 400 ◦C. Nitrogen is eliminated from the solid yield
when 500 ◦C is reached, most likely due to the formation of some compounds, such as light nitriles
(acetonitrile, propanenitrile), long chain nitriles and amides, pyrrolic and pyrrolidinic compounds, and
diketopiperazines (DKPs), as stated in several previous research works [31–33], and that are emitted at
this stage.

3.2. Thermogravimetric Analysis

The results obtained in the analysis of the proximate composition are shown in Table 3.

Table 3. Proximate composition for the different process temperatures.

Original Dry Sample Test at 300 ◦C Test at 400 ◦C Test at 500 ◦C

Fixed Carbon (%) 18.84 26.12 75.49 82.14
Volatiles (%) 79.85 75.59 21.08 14.36

Ashes (%) 1.31 1.30 3.45 3.51
Moisture (%) 3.51 1.52 0.91 0.57

The TGA results highlight the evolution of fixed carbon, which increases significantly from 18.84%
to 82.14%. This fact indicates, first, a directly proportional increase in heating value, but it also opens
the door to the creation of products with more added value, which may even justify other studies.
Concerning the ashes, there is also an increase in the content, from the initial 1.31%, to 3.51% at 500 ◦C,
which is due to the fact that the loss of mass leads to this concentration of the mineral fraction, which
is not lost through the volatilization of oxygenated compounds. Volatile content also presents an
expected behavior, since it decreases throughout the process, being minimal in the material produced
at 500 ◦C, with a value of 14.36%.

3.3. Heating Value

The results obtained for the calculation of High Heating Value (HHV) are shown in Table 4.
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Table 4. High Heating Value (HHV) calculated for the different process temperatures.

Original Dry Sample Test at 300 ◦C Test at 400 ◦C Test at 500 ◦C

HHV (MJ.kg−1) 19.10 21.01 29.95 31.26
Mass loss - 37% 76% 78%

The determination of HHV by the method described by Parikh et al. (2005) [24] allows
the evaluation of the energy content of a fuel by knowing other properties, such as fixed carbon, volatile
and ash content. Thus, the initial heating value of the thermally untreated sample, of 19.20 MJ.kg−1,
increases up to 31.26 MJ.kg−1. These values are in accordance to those presented in previous studies,
such as the presented by Guizani et al. (2016), where a two-step process based on torrefaction and
combustion is proposed for olive pomace recovery and where is concluded that torrefaction improves
strongly the combustion properties [20].

The mass loss verified during the tests was, respectively, 37%, 76%, and 78%. This result can
be interesting if associated with the energy recovery is also the environmental issue of reducing
the volume of waste generated. Previous studies such as those from Bridgeman et al. (2008) found
yields for torrefaction of Phalaris arundinacea, processed in a range of temperatures comprised from
230 to 290 ◦C, with mass losses of 7% to 32% [34]. Bergman and Kiel (2005) report typical values
of 20% for mass loss [35]. Felfli et al. (2005) found mass losses from 6% to 46%, respectively for
temperatures from 220 ◦C to 270 ◦C, for wooden briquettes processed for a period of 60 min [36].
Concerning higher temperature tests can be found several in the literature available [37–39]. However,
once in these studies the technology used was fast high temperature pyrolysis, the main objective
was to obtain a gaseous yield the highest possible, being in the majority of the cases reached 95% [37].
When comparing the results obtained in the tests conducted in the present study with those found in
the referred literature, mass loss results for torrefaction temperature range can be considered similar.
For the pyrolysis temperature range, above 300 ◦C, it was not possible to find comparable results, once
the procedures used to the obtention of the samples were considerably different from the one used here.

4. Conclusions

Torrefaction and pyrolysis are thermochemical conversion processes that can be the starting point
for the development of other conversion technologies. That is, can act as pre-processing technologies
before the use of other processes for the production of energy and for a more efficient methodology
to reduce waste volumes. It is already possible to find many cases in the literature in reference to
the use of these materials in biomass gasification and liquefaction processes, where olive pomace can
be included.

The results obtained in this preliminary study showed a significant increase of 11.5%, 57%, and
63% for the heating value, respectively, for the tests performed at 300 ◦C, 400 ◦C, and 500 ◦C, with mass
losses of 37%, 76%, and 78%. In this way, the options defined by the tests at 400 ◦C and 500 ◦C are
potentially interesting, since mass loss, although significant, may allow the process to become viable.
However, it is necessary to carry out further tests, namely, using a torrefaction unit on a pilot-industrial
scale, in order to confirm the feasibility of the processes.

It is possible to see that there is a strong probability that these technologies can contribute to
the resolution of a set of problems, namely, through the elimination and recovery of a set of waste, such
as those resulting from the olive oil industry, which are responsible for great environmental concerns,
but also because can be an alternative to the production of renewable fuels that allow, for example,
the replacement of others with fossil origin, guaranteeing the continuity of its operation, and thus
the existence of backup units that ensure the stability of the energy supply, when other renewable
sources, more intermittent, are unable to assure it.
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