Sustainability 2014, 6, 7866-7882; doi:10.3390/su6117866

sustainability

ISSN 2071-1050
www.mdpi.com/journal/sustainability

Article

Sustainable Production of Bio-Combustibles from Pyrolysis of
Agro-Industrial Wastes

Maurizio Volpe !, Carmelo D’Anna !, Simona Messineo 2, Roberto Volpe ! and Antonio Messineo *

1

Facolta di Ingegneria e Architettura, Universita degli Studi di Enna “Kore”, Cittadella Universitaria,
Enna 94100, Italy; E-Mails: maurizio.volpe@unikore.it (M.V.); carmelo5S@alice.it (C.D.);
roberto.volpe@unikore.it (R.V.)

Siciliacque S.p.A., Via Gioacchino di Marzo, Palermo 90144, Italy;

E-Mail: messineo@siciliacquespa.it

Author to whom correspondence should be addressed; E-Mail: antonio.messineo@unikore.it;
Tel.: +39-0935-536-448; Fax: +39-0935-536-951.

External Editor: Marc A. Rosen

Received: 26 September 2014, in revised form: 27 October 2014 / Accepted: 3 November 2014 /
Published: 6 November 2014

Abstract: Evaluation of the sustainability of biomass pyrolysis requires a thorough
assessment of the product yields and energy densities. With this purpose, a laboratory scale
fixed bed reactor (FBR) was adapted from the standard Gray-King (GK) assay test on coal
to conduct fixed bed pyrolysis experiments on agricultural and agro-industrial by-products.
The present study provides results on the pyrolysis of two types of biomass: chipped olive
tree trimmings (OT) and olive pomace (OP). Solid (char) and liquid (tar) product yields are
reported. Mass yields are determined and compared with values obtained in similar works.
Results indicate that char yield decreases from 49% (OT-db) and 50% (OP-db) at 325 °C to
26% (OT db) and 30% (OP-db) at 650 °C. Tar yield is almost constant (42%) at different
reaction temperatures for OT, while it decreases slightly from 42% to 35% for OP. Energy
density of the products at different peak temperatures is almost constant for OT (1.2), but
slightly increases for OP (from a value of 1.3 to a value of 1.4).
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1. Introduction

Nowadays fossil fuels are still the world’s main energy sources; however, their environmental
impact [1] and their increasing cost has lead scientists to investigate more environmentally friendly
technologies to foster sustainability of their use at larger scales. In addition, due to political unrest in
the world, diversification of energy sources is needed [2-5].

It is well accepted that agriculture can contribute to the increase of renewable energy production [6-9]
and thus reduce fossil fuel dependency and production of pollutants [10].

The European Community Biomass Action Plan of 2005 [11] describes biomass as a possible
source to ensure the security of energy supply; however, its use must not result in an additional form of
environmental degradation. The Convention on Climate Change of the EU of 2005 defines biomass as
a non-fossilised and biodegradable material that originated from animals, plants and microorganisms.

Biomass could originate from energy crops or from residues of agricultural and agro-industrial
activities. Biomasses originating from energy crops are often criticised as non-sustainable, since they
are deemed responsible for the depletion of the soil of principal nutrients and competing with food
crops [12—14]. The use of agro-industrial residues as a fuel does not imply such a “side-effect”, as
agro-industrial firms produce wastes that could be used as low-cost low impact fuel [15]. Sicilian olive
oil industry wastes are a good example of biomass that could be used for energy production [16].
A potentially low cost biomass, that, when used in virtual cycles, could help to find solutions to the
final disposal of products that currently constitute a hazardous waste [17,18].

However, the use of olive waste as a biofuel is not free from drawbacks which should be taken into
due consideration, e.g., the elevated perishability, the seasonality, the inhomogeneity, the relatively
low energy content [16] and the high distribution of the feedstock throughout the territories [19]. Thus,
much effort should be dedicated to investigate the prospected technology for energy conversion.

In a recently published study, Jahirul et al. [20] pointed out some of the principal aspects of
pyrolysis and gasification of biomass, highlighting the strengths of the technology, with particular
regards to the higher prospected electrical energy efficiency (when compared to the classical
combustion technology), hence the lower consumption of feedstock and the potential application of the
technology in micro-cogeneration units, more adapted to the scattered distribution of feedstock
throughout the territories.

Pyrolysis is a thermochemical process through which feedstock is exposed to high temperatures (up
to 800 °C) in total absence of an oxydating agent. The technology is useful to convert the “low-quality”
fuel into a higher quality one. During pyrolysis, the feedstock volatise leaving a solid combustible
highly carbonised residue known as “char” and a series of low weight and higher weight volatiles,
which can in part be condensed into a sticky dark coloured liquid made of heavy hydrocarbons known
as “bio-oil”.

Char, bio-oil and gas yields depend mainly on the heating rate, peak temperature and residence time
of feedstock in the reaction [11]. Though the technology has been described in literature since the
80’s [21] and has been used since pre-industrial era to produce charcoal [12], many of the details of
the process still need to be investigated, especially concerning the biomass bio-oil and char yields
and characterization.
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These issues have become predominant in current research, as bio-oil and char are more stable,
more homogeneous, higher energy content fuels [21], which can be used as feedstock for energy
production purposes; yet not enough data are available on olive waste, and aspects of the phenomenon
are still to be analysed. Whilst agro-industry is seeking ways to make a viable use of its residues,
simple methods for predicting the behaviour of the residues when subjected to thermal processes are
not yet available.

For this reason, a horizontal fixed-bed reactor was developed at the laboratory of Environmental
and Energy of the University “Kore” of Enna. This system allows researchers to determine the
influence of pyrolysis parameters on the product yields, and consequently to determine the variation on
energy yields of products. The reactor design was derived from the standard Gray-King (GK) assay
test on coal [22]; some other developments are also reported in literature [1,23].

Tar recovery procedure described in literature [24—27] has been specifically adapted for the newly
developed system and is described here in detail.

2. Experimental Section
2.1. System Set-up

A horizontal fixed-bed type reactor, derived from the standard Gray-King assay test on coal, was
purposely modified to allow the flow of an inert gas carrier to sweep out the pyrolysis products during
reaction. Figures 1 and 2 show respectively a schematic representation of the apparatus and a picture of
the assembled system.

Figure 1. Schematic lay-out of the pyrolysis system used in the Laboratory of Energy and
Environment (L.E.A.).
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Figure 2. Picture of the assembled system as it appears in the laboratory.

The system consists of a quartz cylindrical reactor 340 mm long and 20 mm internal diameter
closed at one end and provided with a 29/32 mm open end. The reactor body is provided with an § mm
diameter side-connection to sweep the pyrolysis products away.

A special quartz cap equipped with an 8 mm internal diameter inner tube allows the inert gas flow
into the feedstock. The special cap is provided with a RotulexTM fitting for gas inlet and a screw cap
to insert a K-type thermocouple. The thermocouple is connected to a data logger to monitor and record
the temperature. Reactor design posed several challenges both during design and set up.

Condensation of the bio-oil in the reactor tubes outside the furnace was an issue which could
significantly hamper the results. Tars are formed along the reactor through the biomass bed and remain
in vapour phase until they leave the hot area and pass through a colder section. This could influence
the results in two ways: (1) the repeatability of tar yield could be diminished by the increased
complexity in tar recovery; and (2) tar chemical characteristics could change as a repeatable cooling
path could not be assured. For this reason, the reactor system (1) is held by a purposely shaped
aluminium heating jacket (2) which keeps a constant temperature (approximately 180 °C) in order to
prevent premature condensation of bio-oil and ensure that all vapours are condensed in the cooling
traps located downstream.

Vapours and gases formed during the reaction exit the reactor through the side arm connected via a
RotulexTM joint to a gas pipe line directly connected to two traps.

The first trap is a U-shaped tube (4) immersed in a water/ethylene glycol and dry ice bath which
allows it to reach a temperature of —27 °C; the second trap is a glass finger (5) kept at =30 °C by a
refrigerating system (6) (Isocal 2140B, Isotech, Colchester, VT, USA).

A glass fiber filter (7) is located downstream of the second trap to avoid the loss of bio-oil which
has not condensed in the traps. A water bubbler (8), placed at the end of the system, is used to monitor
the correct gas flow into the system. The uncondensed gases are then discharged into an exhaust hood (9).
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The reactor (see Figure 3) is heated up by an external furnace (Carbolite MTF 12/38/250) (10), that
allows it to reach a maximum temperature of 1200 °C. The temperature, the ramp rate, and the
residence time are easily set by the control panel of the furnace (11). The furnace is mounted on rails (12)
which easily allow it to be slid back and forward, while the reactor is held in place by the heating
aluminium jacket.

Figure 3. Quartz reactor body details (dimensions expressed in mm).
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Another significant challenge was related to the manual operations necessary to conduct the
pyrolysis runs. The aim of the design was to set up an “easy to use” system capable of providing
industrial operators with quick results with the lowest possible effort.

Hence, another important challenge was to design a system that would allow one operator to load
the reactor, keep the biomass feedstock at the same position in the reactor (thus minimising
temperature gradient along the sample) and at the same time allow the inert gas carrier to sweep out the
fumes of pyrolysis, minimizing preferential pathways of the vapours that would lead to non-repeatable
data. The challenge was overcome by placing a “sample holder” into the reactor: a cylindrical stainless
steel (AISI 316) tube (Figure 4), open at both ends, is located in the reactor in order to easily load the
biomass into the reactor, and make the inert gas evenly sweep through it.

The stainless steel feedstock holder is equipped with a purposely made collar which allows the
sample to be placed exactly at the same position in the reactor, to avoid differences in temperature
profiles during the different tests. This collar is 19 mm diameter and placed at a distance of 40 mm
from the end. The collar is also provided with a stainless steel wire mesh to avoid loss of smaller
biomass particles.

Figure 4. Stainless steel biomass holder (dimensions expressed in mm).
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Figure 5 shows a gas carrier quartz inner tube placed inside the main reactor in order to allow the
sweep gases to correctly flow throughout the sample. The inner tube is provided with two holes at one
end: one is used to connect the gas inlet, while the other is used to place a thermocouple to monitor the
temperature of the feedstock during the reaction.

Figure 5. Reactor cap/gas inlet system (dimensions expressed in mm).
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The inner glass tube is purposely shaped to fit in the reactor, while a Teflon gasket ensures the
necessary sealing. The two components are held together by means of a metal clip. The assembled
reactor is shown in Figure 6.

Figure 6. (a) Schematic view; (b) picture of the assembled reactor.

(b)

The system significantly simplifies the loading operations into the reactor and allows the inert gas to
correctly flow through the sample to sweep any oxidating agent away prior to reaction and all the
pyrolysis vapours as they are formed during reaction.

2.2. Test Run

A series of pyrolysis runs have been carried out using different feedstocks in order to test
repeatability of results and reliability of the reactor. Olive trimming (OT), Olive pomace (OP).
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Helium was used as inert gas carrier flowing at a rate of 1.5 L/min, peak temperatures ranged
between 325 °C and 650 °C, heating rate 50 °C/min, gas residence time approximately 3.3 s and
reaction holding time at the peak temperature of 30 min (Table 1).

Table 1. Pyrolysis conditions applied to the biomass in the present study. Residence time:
30 min, atmosphere: He.

Sample Pyrolysis peak temperature (°C) Heating rate 50 °C/min
325
400
500
650

OT/OP

2.2.1. Sample Preparation and Characterization

Olive tree trimmings were collected fresh from 50+ years old trees of the “Moresca” variety in the
Enna province during the pruning season, between January and February, while olive pomace, still
from the Moresca variety olives, was collected from mill farms of the “two phase decanter” type. After
collection, biomass was milled using a knife mill, to a particle size lower than 1 mm, then sieved to
select particle size range 425—-850 um portion.

Due to the intrinsic inhomogeneity of the feedstock, particle size range will have an important
influence on outcomes of pyrolysis. The milled biomasses are then oven dried for one hour at 105 °C
and then left to stabilize at room condition or stored in a desiccator. After the milling and drying
procedure both OT and OP show, when left equilibrating at room condition, a stable moisture content
between 6% and 8%. Proximate analyses were carried out by a LECO Thermogravimetric Analyser
Leco TGA 701; 200-300 mg of solid samples were used to evaluate composition in terms of moisture
content (MC), volatile fraction (VF), fixed carbon (FC) and ashes (Ash), using the following methodology:

e A 20 °C/min ramp to 105 °C in air and hold until weight constancy (<+0.05%) for MC calculation;
e A 50 °C/min ramp from 105-900 °C, hold time 7 min, in N2 to determine the VF;
¢ An isothermal time at 800 °C in reactive environment (air) to determine Ash content.

Ultimate analyses were carried out by an Elementar Macro Vario Cube analyzer for simultaneous
CHNS determination. Gross (GVC) and net (NCV) calorific values of raw and treated feedstock were
evaluated according to the CEN/TS 14918 standard by means of a LECO AC500 calorimeter (LECO
Corporation, St. Joseph, MI, USA).

2.2.2. Experimental Procedure

Approximately 10 g of feedstock was weighted to nearest of 0.0001 g and loaded into the reactor,
which was then closed hermetically.

The loaded reactor, fixed to the heating jacket, was connected to the two cold traps and filter, which
is connected by rubber tubing to a water bubbler connected to the discharge hose. Helium gas was left
to flow at a rate of 1.5 L/min (approximately 3.3 s of gas residence time) into the reactor to purge the
system of any air and to sweep out the volatile products during pyrolysis. Pyrolysis temperature, ramp
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rate (50 °C/min), and residence time (30 min) were set through the controller before each test. The
furnace was slid on the rails, and once the reactor was inserted, the programmed experiment started.

At the end of the reaction, the furnace was slid out and the reactor left cooling to room temperature.
Char was collected, then the tubes and all other parts washed using a solution of chloroform and
methanol in the ratio of 1:4 [22-24]. The organic solution was then filtered in pre-weighted
Whatman™ n° 4 filter to filter out any remaining char particles. The filtered solution was then
evaporated by means of a rotovap to recover the condensed liquid fraction.

Tar is a complex mixture of oxygenated and non-oxygenated hydrocarbons with a high variety of
molecular weights and boiling points, hence, during the evaporation phase, some of these compounds
may volatilise or recombine to form different compounds, so that the very same definition of what is
tar may be ambiguous.

Moreover, tar is recovered from the tubes with the use of an organic solvent mixture, and this may
also influence the results. It is therefore necessary to define the rationale behind the recovery
methodology and the subsequent procedure, as repeatability of tar yields and tar characterisation may
prove difficult to achieve otherwise.

Some authors agree with the definition of tar as a “mixture of hydrocarbons with molecular weight
higher than that of benzene” [11]. Based on this assumption, and considering that benzene has a
boiling point of 40 °C at 347 mbar of pressure, evaporation was performed at these operating
conditions. Moreover, in order to minimise differences due to different reactions with the organic
solvent in the different runs, and get consistent data for each run, the volume of organic solution of tar,
after recovery and before evaporation, was diluted to a constant total volume of 170 mL.

The evaporation time was also kept constant and equal to one hour for all the tests. The tar yield is
then determined by the difference between the gross weight of the evaporation vessel and the
pre-weighted vessel.

2.2.3. Energy Analysis

Mass yields and energy properties of the pyrolysis products were determined and compared to the
values of the raw materials. GCV was determined through a Calorimeter model “Leco AC 500”. Mass
Yields (MY), Energy Yield (EY) and Energy Densities (ED) [8] were calculated as follow:

MY =~ (1)

where Wrand Wy are respectively the weight of the obtained product, and the weight of the initial biomass.

EY =MY GV, )
where GCV: and GCVy are the gross calorific values of the treated and un-treated biomass.
EY
ED=——" 3)

MY
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2.2.4. Analytical Determinations

Ultimate analyses were done using an Elementar Macro Vario Cube analyzer for simultaneous
CHNS determination. Proximate analyses were carried out by a LECO Thermogravimetric Analyser
TGA 701. Typically, 200-300 mg of solid samples was used to evaluate composition in terms of
moisture content (MC), volatile fraction (VF), fixed carbon (FC) and ashes (Ash). The thermal
program was as follows:

e 20 °C/min ramp to 105 °C in air; hold until weight constant (<+0.05%) for MC calculation.
e 50 °C/min ramp from 105-900 °C, hold time 7 min, in N2 to determine the VF.
e [sothermal hold at 800 °C in a reactive environment (air) to determine the “Ash” content.

FT-IR absorption spectra were recorded on a Shimadtzu 8400 FTIR spectrometer using pure tar
compounds on KBr windows.

3. Results and Discussion

All the pyrolysis experiments were carried out in triplicates, OT and OP mass yields showed a
percentage error lower than 3% whilst tar yields results showed a consistently higher error, anyhow
controlled below 6%.

Values for GCV both for char and tar samples showed errors lower than 4%. The proximate and
ultimate analyses on dry basis (d.b.) of the untreated biomasses are reported in Tables 2 and 3, respectively.

Table 2. Proximate analysis of the untreated OT (olive trimmings) and OP (olive pomace).

Proximate analysis% d.b. (dry basis) oT oP
Moisture 6.2 7.4

Volatile Matter 75.1 69.7

Fixed Carbon 14.6 19.8

Ash 4.1 3.1

Table 3. Ultimate analysis of the untreated biomasses: OT and OP.

Ultimate analysis% d.b. OT OP

C 493 52.7
H 6.1 59
N 21 27
S 02 0.2

3.1. Mass Yields

Figure 7 shows the char, tar and the unrecovered material mass yields trends (the unrecovered
residue mass yield is calculated by difference) of OT. Char yield decreases with increasing peak
temperature to a minimum value of about 26.4 w9% d.b. at 650 °C. On the other hand tar yields remain
almost constant (approx. 42-43 w% d.b.) at different temperatures and the unrecovered material mass
yield grows with temperature reaching a value of about 29.7 w% d.b. at 650 °C.
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Figure 8 shows the char, tar and the uncondensed mass yields (calculated by difference) of OP at
different peak temperatures. Again char yield shows a decreasing trend to a minimum value of about
30.3 w9% d.b. with increasing peak temperature to 650 °C.

Tar yield slightly decreases with temperature to a minimum value of 35.1 w9% d.b.at 650 °C and the
unrecovered material mass yield reaches a value of about 34.6 w% d.b.at 650 °C.

Figure 7. Olive tree trimmings: Char, Tar and Uncondensed mass yields at different
reaction peak temperature.
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Figure 8. Olive Pomace: Char, Tar and Uncondensed mass yields at different reaction peak temperature.
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In Table 4, mass yield values of OT and OP pyrolysis residues are reported.
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Table 4. Mass yields w% d.b. of OT and OP pyrolysis residues. (* determined by difference).

Pyrolysis peak temperature [°C] 325 400 500 650
oT 489 385 28.7 264
OP 50.1 37.7 324 303
oT 43.1 424 41.1 439
OP 42.1 392 38.7 351
oT 8 19.1 302 297
OP 7.8 23.1 289 346

Char

Tar

Unrecovered *

OT and OP show similar mass (liquid plus solid) yield trends during pyrolysis but OP tar yield
appears to lower as pyrolysis peak temperature increases.

We observe that OT tar yield remains constant (42% d.b.) at the different peak temperatures
(325650 °C) while OP tar decreases with temperature from a value of 42% d.b. at 325 °C to a value
of 35% d.b. at 650 °C. This is one significant difference between OT and OP and could be due to
several reasons which would need further investigation.

Looking at these results, we may speculate that OT char is more reactive at the higher temperatures
and/or that some secondary charring reactions may occur in greater proportion in OP samples. This
could be due to the relatively higher boiling point of the oils contained in OP compared to the elements
contained in OT.

Oils still present in the OP particles at higher temperatures may provide “more favourable”
conditions to secondary charring of tars formed upstream of the sample and hitting the hot
particles downstream.

Naturally, if this were the case, the bed height would have an important influence on results. This
issue is currently being more deeply investigated by the authors and results will be published in a
future work.

Cordella et al. [22] recently carried out similar pyrolysis experiments on sorghum, switchgrass and
corn stalks which showed similar char yields. In that case, though, tar mass yields showed different
behaviour. In fact, it is shown to increase between 300 and 400 °C and then remain constant between
400 and 650 °C.

3.2. Proximate and Ultimate Analysis of OT and OP Pyrolysis Solid Residues

Table 5 shows the results of proximate and ultimate analysis of the pyrolysed OT and OT samples
at different peak temperatures.

Proximate analysis data show that, by increasing the severity of the treatment, the solid residue
show a lower moisture content at equilibrium and that volatile mass decreases fast, together with an
increase of fixed carbon content to a value of approximately 60% for OT and 68% for OP.

OT and OP chars recovered at 650 °C pyrolysis peak temperature show a residual VM of 21% and
ash content of 14.4% and 10.7%, respectively.

Ultimate analysis shows that already at 325 °C most of the oxygenated compounds are lost, (OT
0% = 13.2, OP O% = 16.9). Moreover, carbon content for the OT and OP residues quickly reaches a
value around 70%, while hydrogen content progressively decreases with severity of treatment.
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Table 5. Proximate and ultimate analysis of OT and OP pyrolysis solid residues, (w.b.:wet basis).

Sample Proximate Analysis Ultimate Analysis
M (w.b.) VM (d.b.) FC(d.b.) Ash(d.b.) C% H% N% S% 0%
OT untreated  6.2% 75.1% 14.6% 4.1% 493% 6.1% 2.1% 02% 38.4%
OT 325 °C 3.6% 56.0% 32.6% 7.9% 712% 55% 22% 0.1% 13.2%
OT 400 °C 1.4% 39.1% 48.7% 10.8% 68.0% 4.1% 18% 02% 152%
OT 500 °C 2.2% 28.1% 56.3% 13.4% 704% 2.5% 1.6% 02% 11.8%
OT 650 °C 4.5% 20.9% 60.2% 14.4% 73.1% 14% 1.6% 02% 9.4%
OP untreated  7.4% 69.7% 19.8% 3.1% 52.7% 59% 2.7% 0.2% 35.5%
OP 325 °C 1.4% 48.9% 43.1% 6.7% 71.2% 55% 1.6% 0.1% 16.9%
OP 400 °C 1.0% 33.4% 56.9% 8.8% 70.9% 3.8% 2.3% 0.1% 14.2%
OP 500 °C 0.3% 23.4% 65.1% 11.2% 753% 2.7% 21% 0.1% 87%
OP 650 °C 0.5% 20.9% 67.9% 10.7% 79.6% 1.5% 2.1% 0.1% 6.0%

3.3. FTIR Analysis of OT and OP Tars

Figure 9 shows FT-IR OT and OP spectra of tars obtained at 500 °C pyrolysis peak temperature.

Figure 9. FT-IR, of pure OT and OP tar sample obtained at 500 °C pyrolysis peak
temperature (KBr windows).
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OT and OP tars show a very similar IR absorption spectra, indicating similar compounds (and thus
identical functional groups) are present in both tars.

In Table 6 we report a possible assignment for the absorption bands [28]. The IR spectra clearly
show the presence of large quantities of phenolic species, together with organic oxygenated species

like ketones and ethers.

Table 6. Assignments and modes of FT-IR bands for OT and OP tars, pyrolysis peak
temperature 500 °C (n.d. = not detected).

Wavenumber (cm™)

Assignment OT oP
v, C-H (aromatic outside the plane) 665 n.d.
v, C-H (aromatic outside the plane) 756 756
v, C-H (aromatic outside the plane) 1028 1028
v, C-O-C (Aril-Ether) and C-CO-C 1114 115
v v v, C-O-C (Aril-Ether) and C-CHj3 1217 1217
v, O-H (bending) 1337 1337
v, O-H (bending) 1371 1371
v, C=C (stretching aromatic) 1416 1417
v, C=C (stretching aromatic) 1454 1454
v, C-H (bending) 1462 1462
v, C=C (stretching aromatic) 1514 1515
v, C=C (stretching aromatic) 1556 1557
v, C=C (stretching aromatic) 1607 1607
v, C=0 (stretching ketonic) and v, O-H (phenolic) 1634 1633
v, C=0 (stretching ketonic) and v, O-H (phenolic) 1651 1651
v, C=0 (stretching ketonic) and v, O-H (phenolic) 1666 1667
v, C=0 (stretching ketonic) 1713 1713
v, C-H (stretching) 2851 2852
v, C-H (stretching) 2872 2879
v, C-H (stretching) 2928 n.d.
v, C-H (stretching) 3011 3014
v, O-H (phenolic with hydrogen bond) 3356 3354

3.4. Energy Yield and Energy Density.

GCV of untreated material, char and tar are reported in Table 7. Figures 10 and 11 show the
correlation between peak temperature and energy density for OT and OP.

It can be noted that the energy density of OT char decreases with increasing temperature, while char
derived from the OP shows an almost constant value in energy density with increasing temperature.

This is due to the fact that the GCV of the OP is constant with increasing temperature, while its
mass loss increases. OT’s decrease in energy density is due to the fact that GCV decrease with
increasing temperature.

These results may also suggest more prominent secondary charring in OP than in OT since GCV of
OP chars remain largely constant whilst GCV of tar diminishes, when compared to OT, for which
GCV of chars diminishes for peak temperatures above 325 °C.
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Both OT and OP tars show their maximum energy densities at 500 °C peak temperature,
(E.Y.OT =1.24 and E.Y.OP = 1.33).

Table 7. Gross calorific values of untreated OT, OP and of their char and tar.

GCV d.b. (J/g)

Peak temperature (°C) oT oP
char tar char tar
Untreated 19,998 - 19,706 -
325 20,708 20,438 30,073 21,811
400 27,529 23,440 30,007 25,667
500 26,631 24,121 29,981 26,956
650 24,234 23,368 30,005 26,830

Figure 10. Energy yield and energy density of OT char and tar.
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In more macroscopic terms, we may summarise that at a 500 °C peak temperature, both OT and OP
solid and liquid residues show excellent energetic properties for potential applications as higher quality
bio-fuels; hence, this may be considered as the optimum peak temperature for a pyrolysis process at
farm level.

4. Conclusions

In this study, a horizontal fixed-bed pyrolysis reactor (FBR) was developed by adapting the system
for the standard Gray-King (GK) assay test on coal. The system built proved an easy to use and
reliable means for slow pyrolysis experiments on agro-industrial residues. The FBR allows researchers
to determine the influence of pyrolysis parameters on the product yields, and consequently to
determine the variation on mass and energy yields of products. The preliminary pyrolysis experiments
conducted with olive agro-industrial residues, olive tree trimming and olive pomace returned good
reproducibility data, showing a percentage error in mass yields less than 4% for char recovery and not
higher than 6% for tar.

Proximate analysis data demonstrate that the moisture content at equilibrium generally lowers with
the severity of the pyrolysis treatment. Volatile mass decreases fast, together with an increase of
fixed carbon content, (at 650 °C pyrolysis peak temperature OT and OP — VM = 21%; OT — FC = 60%
and OP — FC = 68%). Ultimate analysis shows that already at 325 °C most of the oxygenated
compounds are lost, (OT — 0% = 13.2, OP — 0% = 16.9). Moreover, carbon content for the OT and
OP residues quickly reaches a value around 70%, while hydrogen content decreases progressively with
severity of treatment.

FT-IR analyses show that in OT and OP tars consist of similar chemical compounds. IR spectra
clearly show the presence of significant quantities of phenolic species together with organic
oxygenated species like ketones and ethers. The energetic analyses conducted show a clear increase in
energy density during pyrolysis. At 500 °C peak temperature, OT and OP chars show energy densities
of 1.37 and 1.48 respectively, while their corresponding tars show energy densities of 1.24 and 1.33.
Thus, both OT and OP chars and tars are excellent candidates as higher quality more sustainable
bio-fuels. The system designed and tested is foreseeable as a powerful, easy to use, yet accurate tool to
help farms enhance their sustainable practices by quickly characterising their residues with respect to
the potential improvement of their characteristics as a biofuel.
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