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Abstract: Annually, the olive oil industry generates a significant amount of by-products, such as
olive pomace, olive husks, tree prunings, leaves, pits, and branches. Therefore, the recovery of these
residues has become a major challenge in Mediterranean countries. The utilization of olive industry
residues has received much attention in recent years, especially for energy purposes. Accordingly,
this primary experimental study aims at investigating the potential of olive biomass waste for energy
recovery in terms of synthesis gas (or syngas) production using the thermal arc plasma gasification
method. The olive charcoal made from the exhausted olive solid waste (olive pomace) was chosen
as a reference material for primary experiments with known composition from the performed
proximate and ultimate analysis. The experiments were carried out at various operational parameters:
raw biomass and water vapour flow rates and the plasma generator power. The producer gas
involved principally CO, H2, and CO2 with the highest concentrations of 41.17%, 13.06%, and 13.48%,
respectively. The produced synthesis gas has a lower heating value of 6.09 MJ/nm3 at the H2O/C
ratio of 3.15 and the plasma torch had a power of 52.2 kW.

Keywords: biomass; olive pomace; charcoal; thermal plasma; gasification; synthesis gas

1. Introduction

Currently, significant quantities of raw biomasses are found in waste streams in the European
Union (EU). In 2014, economic activities and households generated approximately 2.6 billion tonnes of
wastes in the EU [1]. Recent developments show that additional improvement on resource efficiency
is possible, which can lead to significant environmental, economic, and social benefits. Therefore,
converting waste into useful products is a key objective to obtain various benefits, including a reduction
of greenhouse gas emissions and job creation [2].

The olive oil industry has been mainly concentrated in the Mediterranean region, where a very
large amount of waste, such as olive pomace, olive husks, tree prunings, leaves, pits, and branches
are being generated annually. Spain, Italy, Greece, Turkey, Tunisia, Portugal, Syria, and Morocco are
the major olive oil producers worldwide [3]. The EU produced 69%, and exported 65%, of the world’s
olive oil in the last five years [4]. Consequently, the estimated quantities of wastes derived from the

Energies 2017, 10, 710; doi:10.3390/en10050710 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://dx.doi.org/10.3390/en10050710
http://www.mdpi.com/journal/energies


Energies 2017, 10, 710 2 of 14

olive oil industry in the EU accounts for 6.8 million tons/year with a promising energy content of
around 18 MJ/kg [5,6].

There are several waste-to-energy conversion pathways into useful products depending on the
waste/biomass characteristics and the requirement of the end product and its applications [7–10].
Regarding physicochemical conversion, such as extraction and esterification of biomass to vegetable
oil or biodiesel production, biochemical conversion and thermochemical conversion methods have
also been extensively applied. Biochemical methods allow the biomass/waste conversion into liquid
or gaseous fuels by anaerobic digestion or fermentation with a final primary product of methane or
ethanol, respectively. Thermochemical conversion methods include pyrolysis, liquefaction, combustion,
and gasification. Although biomass/waste combustion is the main applied process, the overall
efficiency of heat production is low. Among all four methods, gasification has been considered
to be a more attractive process to exploit the energy from renewable and non-renewable solid biomass
with a lower content of moisture when compared to liquefaction at a higher conversion efficiency.
The method can be applied not only for direct generation of heat and electricity but also for generation
of transportation fuels and chemicals by using low-value feedstocks.

The investigation of olive industry waste feedstock utilization into electrical and thermal power,
as well as biogas, biofuels, and synthesis fuels, both by biochemical and thermochemical means,
has been extensively studied in [5,6,11–21]. Recently, thermal plasma has attracted the attention
as a state of the art waste-to-energy method, showing a better environmental performance over
conventional waste treatment technologies in terms of life cycle assessment, as well as process
efficiency [22]. Plasma methods can handle not only biomass, but also harmful/toxic wastes, which
can be completely converted into products having considerable amounts of useful energy content.
In general, plasma, which consists of charged (electrons, ions) and neutral particles, is defined as
the fourth state of matter. Depending on the species temperature, plasma can be classified as a
high-temperature plasma (fusion plasma) or a low-temperature plasma (gas discharges). The latter
group of plasma is the subject of interest of this paper. Low-temperature plasmas, typically related
to the pressure, can be classified into thermal plasma, which is in thermal equilibrium (all of the
species—electrons, ions, neutrals—are at the same temperature, Te = Ti = Tgas), and cold plasma,
which is described by a non-equilibrium state (where the electron temperature is much higher than the
ion and neutral gas species, Te > Ti > Tgas) [23–25].

Thermal plasma gasification process is an allothermal process that requires an external source
of power to heat up and sustain high temperatures. However, conventional autothermal gasification
has some limitations related to energy efficiency, material yield, syngas purity, compactness, dynamic
response and flexibility that might be overcome by plasma utilization [26]. From the chemical
point of view, the thermal plasma can significantly contribute to the gasification by enhancing the
reaction kinetics due to the generation of active radicals within the plasma medium and improving
high-temperature cracking of tars in the generated gas (syngas). From the thermal aspect, enthalpy
provided by the plasma can easily be controlled by adjusting the electrical power of the source
delivered to the system, thus making the process independent, contrary to the autothermal gasification
process. Therefore, numerous investigations have been performed by utilizing thermal plasmas (direct
current (DC), microwave (MW), radio frequency (RF)) for biomass/waste treatment to value-added
secondary products, such as synthesis gas, hydrogen, biofuels, chemicals, etc. [27–33].

The purpose of the present experimental investigation was to evaluate, for the first time,
the potential of olive biomass waste for energy recovery in terms of synthesis gas, or syngas, production
using the thermal arc plasma gasification method. The olive charcoal derived from the exhausted
olive solid waste (EOSW) (olive pomace) was chosen as a reference material for primary experiments.
A DC plasma torch was used as a source for high-temperature, enthalpy, and active radical generation.
Water vapour was used as a main gas to form the plasma. The experiments were carried out at the
various operational parameters: treated material flow rate, water vapour flow rate, and power of the
plasma torch.
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2. Materials and Methods

2.1. Raw Material

The exhausted olive solid waste was used as a feedstock for charcoal production. This residue
was provided by the Zouila factory from the region of Mahdia (Tunisia). The exhausted olive solid
waste was the solid by-product obtained after the extraction of the residual oil using hexane as a
solvent. It includes basically pulp, skin, and stone. The ultimate analyses of olive pomace are shown
in Table 1 and compared with available data from the literature for other lignocellulosic biomass.

Table 1. Ultimate analysis of different biomasses.

Biomass Type C a (wt %) H a (wt %) N a (wt %) S a (wt %)

Olive pomace (this study) 47.04 5.73 0.87 <0.06
Olive tree wood [34] 48.20 5.30 0.70 0.03

Pine Sawdust [35] 51.30 6.40 0.20 0.01
Miscanthus [36] 47.60 6.00 0.30 0.02

Corn cob [37] 46.40 5.40 1.0 0.02
a Weight percentage on dry basis.

2.1.1. Thermogravimetric Study

Thermogravimetric analysis was carried out using a Mettler-Toledo TGA/DSC3+ (Mettler-Toledo
Pte Ltd., Cresent, Singapore). Before each test, 10 mg of olive pomace was put in an alumina crucible.
TGA experiments were performed under nitrogen atmosphere of 100 mL/min flow rate at heating
rates of 5 ◦C/min from room temperature to 800 ◦C. Figure 1 shows the thermogravimetry (TG) and
derivative thermogravimetry (DTG) curves obtained during the pyrolysis of olive pomace pyrolysis.
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Figure 1. TG and DTG curves of olive pomace under inert atmosphere at 5 ◦C min−1.

According to this figure, pyrolysis occurs in two noticeable steps: the first step is attributed
to the devolatilization. This took place between 150 ◦C and 340 ◦C. This step corresponds to the
volatile matter removal and the char formation. In this range, two maximum weight loss rates were
observed at 244 ◦C and 312 ◦C, respectively. These peaks are attributed to hemicellulose and cellulose
degradation. At 190 ◦C, a slight maximum weight loss rate is shown. This can contribute to the earlier
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decomposition of lignin. Several researchers have found similar thermal profiles [38–41]. During the
first step of pyrolysis, the chemical bonds in the three major constituents of olive pomace, namely
cellulose, hemicellulose, and lignin, are thermally cracked. The second pyrolysis step of olive pomace
happens in the range of 340–450 ◦C. During this step, various parallel and serial reactions occur
either homogeneously or heterogeneously. These reactions include dehydration, cracking, reforming,
condensation, polymerization, oxidation, and gasification reactions [39].

Residual mass at 450 ◦C is about 30.33% of the initial mass for the olive pomace. Based on the
thermogravimetric analysis, pyrolysis experiments at a large scale were conducted at 450 ◦C in order
to prepare the olive pomace charcoal for plasma gasification. The impact of heating rates and particle
size were studied by the authors previously in [42].

2.1.2. Olive Charcoal Preparation

The experiments of slow pyrolysis of the olive pomace were carried out at an industrial scale
in a horizontal multi-stage reactor at the Olive Coal factory (Eljem, Tunisia). The reactor shown in
Figure 2 includes four fixed-cylinders. The first cylinder was used essentially for the drying step while
the pyrolysis stage occurs slowly in the other cylinders. Each cylinder was comprised of a conveying
screw to ensure the progress of the EOSW.
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Figure 2. Scheme of the pyrolysis reactor (red colour: hot gases).

The hopper is tightly sealed in order to avoid the access of air into the feedstock section.
The process is firstly launched with a natural gas burner. The pyrolysis reaction results in fine charcoal
as a solid product and combustible pyrolysis gases as a volatile product. The pyrolysis gas was
composed of a complex mixture of non-condensable constituents, such as hydrogen, carbon monoxide,
carbon dioxide, and methane. Moreover, it comprises condensable constituents, such as water vapour,
heavy tars, and other hydrocarbons. Pyrolysis gases, produced by the heated biomass, flowed
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downwards and went through a collector to be burned in the combustion chamber. The combustion
temperature of the gases reached 1200 ◦C and the generated heat was used for the pyrolysis process.

The input olive pomace had a moisture content between 15% and 20%. It was dried with thermal
energy, provided by hot gas, recovered by a heat exchanger from the exhaust gases of the combusted
pyrolysis gases. The water evaporated during the drying of the EOSW in the first cylinder was rejected.

The pyrolysis cylinders were heated to different increased temperatures of 450 ◦C, 550 ◦C, and 650 ◦C,
which is heated by a hot combustion gas. Therefore, the EOSW is heated only by its contact to the wall
of the cylinder. The residence time in each stage was about 20 min. A thermocouple was utilized to
determine the temperature of char inside the reactor. The final temperature was about 450 ◦C. Finally,
the obtained charcoal is discharged from the reactor by a rotary valve.

2.1.3. Olive Pomace Charcoal Characterization

Tables 2 and 3 show the proximate and the ultimate analysis of the prepared olive pomace char.
Hence, moisture content was measured gravimetrically by the oven drying method conforming to the
EN 14774-1 standard. Volatile matter was examined using a thermogravimetric method at 900 ◦C for
7 min according to the NF EN 15148 standard. Ash was determined at 815 ◦C, conforming to the ISO
1171 standard. The higher heating value (HHV) was determined by employing an adiabatic oxygen
calorimeter, according to the NF EN 14918 standard. Ultimate analysis was determined by SOCOR
laboratory (France), as reported by the NF EN 15104 standard.

Table 2. Proximate analysis of olive pomace charcoal.

Biomass Type Moisture
(% Dry Basis)

Volatile Matter
(% Dry Basis)

Fixed Carbon
(% Dry Basis)

Ash
(% Dry Basis)

Olive pomace char coal 22 17.4 77 5.6

Table 3. Energy content and ultimate analysis of different chars.

Parameters This Study Olive
Pomace Char

Olive Mill
Waste Char [43]

Olive Wood
Biochar [44]

Hazelnut Wood
Biochar [44]

Pyrolysis
temperature 450 ◦C 480 ± 10 ◦C 400–800 ◦C 400–800 ◦C

C a (wt % ) 80.4 75.3 90.1 78.1
H a (wt % ) 2.87 3.64 1.58 1.21
N (wt %) 0.42 0.94 0.42 0.64

S a (mg/kg) 271 ND ND ND
HHV a (MJ/kg) 30.89 29.21 31.71 26.62
LHV a (MJ/kg) 30.30 28.35 30.48 25.66

a On dry basis; ND: not determined.

The obtained results are compared with those found in the literature for different biomass chars.
The ultimate analysis revealed that the olive wood char has the highest carbon content, followed by
our charcoal. The content of nitrogen found in olive pomace and olive wood chars are of equal amount.

It can also be observed that chars from the olive tree have closer energy content, if compared to
hazelnut wood char. Hence, the pyrolysis process can increase the heating value by 75–85% from the
initial biomass heating value [44].

2.2. Plasma Gasification Setup

The experimental setup used in this research is shown in Figure 3. Its basic parts consists of a DC
plasma torch (1); a chemical reactor (2); a charcoal feeding system (3); and a producer gas sampling
and analysis system (4).



Energies 2017, 10, 710 6 of 14

Energies 2017, 10, 710 6 of 14 

 

The experimental setup used in this research is shown in Figure 3. Its basic parts consists of a 
DC plasma torch (1); a chemical reactor (2); a charcoal feeding system (3); and a producer gas 
sampling and analysis system (4). 

 
Figure 3. Scheme of the plasma gasification setup. 

The DC arc plasma torch was used as a source for high temperature, enthalpy, and active radical 
generation, which operated at atmospheric pressure. Its power ranged from 45 kW to 52.2 kW at a 
fixed arc current intensity of 180 A and voltage drop of 250–290 V. The plasma torch operated on 
superheated water vapour at a flow rate in the range of G1 = (2.4 − 4.64) × 10−3 kg/s. Therefore, the 
water vapour was superheated to 500 K, serving as the main gas to form the plasma and as a source 
for active particle/radical (O, H, OH) generation inducing and accelerating the thermochemical 
reactions. A hafnium cathode of the plasma torch was protected by a small amount of air (G0 = 0.62 × 
10−3 kg/s) to avoid its erosion. The thermal efficiency (η) of the plasma torch ranged between 0.67 and 
0.75 and the mean generated temperature exceeded 2800 ± 7% K.  

The chemical reactor is 1 m long with a 0.4 m inner diameter. Its inner walls are insulated with 
a refractory material (ceramic coating) to avoid excessive overheating. The EOSW charcoal was fed 
by a screw feeder from a hopper at an average flow rate of 1.3 × 10−3 kg/s. The maximum particle size 
of charcoal was less than 2 mm. Around 10 kg of the EOSW charcoal was used within the seven 
individual experimental runs. At the bottom of the plasma-chemical reactor there is a by-product 
removal section, and in the middle, an outlet chamber for the producer gas sampling and analysis. 
The producer gas was analysed by means of an Agylent 7890 A gas chromatograph (GC) equipped 
with dual-channel thermal conductivity detectors (TDCs) and a MRU AIR SWG 300-1 gas analyser 
(MRU Instruments, Inc., Houston, TX, USA). Each experimental point was measured three times to 
obtain an average concentration of the produced gas. In each case, the relative deviation was below ±5%. 

2.3. Main Chemical Reactions 

The gasification of the EOSW charcoal to syngas encompasses various complex chemical 
reactions. Active radicals produced by the plasma torch in the arc discharge chamber can 
considerably accelerate the reaction kinetics [45,46]. The primary chemical heterogeneous and 
homogeneous reactions of the charcoal gasification are described in Table 4. 
  

Figure 3. Scheme of the plasma gasification setup.

The DC arc plasma torch was used as a source for high temperature, enthalpy, and active radical
generation, which operated at atmospheric pressure. Its power ranged from 45 kW to 52.2 kW at a fixed
arc current intensity of 180 A and voltage drop of 250–290 V. The plasma torch operated on superheated
water vapour at a flow rate in the range of G1 = (2.4 − 4.64) × 10−3 kg/s. Therefore, the water
vapour was superheated to 500 K, serving as the main gas to form the plasma and as a source for
active particle/radical (O, H, OH) generation inducing and accelerating the thermochemical reactions.
A hafnium cathode of the plasma torch was protected by a small amount of air (G0 = 0.62 × 10−3 kg/s)
to avoid its erosion. The thermal efficiency (η) of the plasma torch ranged between 0.67 and 0.75 and
the mean generated temperature exceeded 2800 ± 7% K.

The chemical reactor is 1 m long with a 0.4 m inner diameter. Its inner walls are insulated with a
refractory material (ceramic coating) to avoid excessive overheating. The EOSW charcoal was fed by a
screw feeder from a hopper at an average flow rate of 1.3 × 10−3 kg/s. The maximum particle size of
charcoal was less than 2 mm. Around 10 kg of the EOSW charcoal was used within the seven individual
experimental runs. At the bottom of the plasma-chemical reactor there is a by-product removal section,
and in the middle, an outlet chamber for the producer gas sampling and analysis. The producer gas
was analysed by means of an Agylent 7890 A gas chromatograph (GC) equipped with dual-channel
thermal conductivity detectors (TDCs) and a MRU AIR SWG 300-1 gas analyser (MRU Instruments,
Inc., Houston, TX, USA). Each experimental point was measured three times to obtain an average
concentration of the produced gas. In each case, the relative deviation was below ±5%.

2.3. Main Chemical Reactions

The gasification of the EOSW charcoal to syngas encompasses various complex chemical reactions.
Active radicals produced by the plasma torch in the arc discharge chamber can considerably accelerate
the reaction kinetics [45,46]. The primary chemical heterogeneous and homogeneous reactions of the
charcoal gasification are described in Table 4.
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Table 4. The main thermo-chemical heterogeneous and homogeneous reactions during solid waste
gasification [47].

Oxidation Reactions

1. Carbon partial oxidation C + 1
2 O2 → CO –111 MJ/kmol

2. Carbon monoxide oxidation CO + 1
2 O2 → CO2 –283 MJ/kmol

3. Carbon oxidation C + O2 → CO2 –394 MJ/kmol
4. Hydrogen oxidation H2 +

1
2 O2 → H2O –242 MJ/kmol

Gasification Reactions Involving Steam

5. Water–gas reaction C + H2O↔ CO + H2 +131 MJ/kmol
6. Water–gas shift reaction CO + H2O↔ CO2 + H2 –41 MJ/kmol
7. Steam methane reforming CH4 + H2O↔ CO + 3H2 +206 MJ/kmol

Gasification Reactions Involving Hydrogen

8. Hydrogasification C + 2H2 ↔ CH4 –75 MJ/kmol
9. Methanation CO + 3H2 ↔ CH4 + H2O –227 MJ/kmol

Gasification Reactions Involving Carbon Monoxide

10. Bouduard reaction C + CO2 ↔ 2CO +172 MJ/kmol

3. Results and Discussion

3.1. Relation between the Water Vapour Flow Rate and the Power of the Plasma Torch

Since the experiments were carried out at the various operational parameters, such as treated
material flow rate, water vapour flow rate, and power of the plasma torch, however, there is a direct
relation between the water vapour used as a plasma forming gas and the power of the plasma torch.
The change in water vapour flow rate changes the power of the plasma torch due to the increase of the
voltage drop in the arc at a fixed current intensity. This relation is shown in Figure 4.
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As could be seen from the above figure, as the water vapour flow rate increased from
2.4 × 10−3 kg/s to 4.64 × 10−3 kg/s, the voltage drop in the arc discharge chamber of the plasma
torch also increased from 250 V to 290 V. The increasing water vapour flow rate tangentially supplied
through the ring into the arc discharge chamber intensifies the heat transfer mechanism between
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the arc column and the injected water vapour surrounding the arc and, therefore, the flow changes
from laminar to turbulent along the arc discharge chamber. As a result, the electric field of the arc,
as well as the arc potential, increases significantly leading to the increased voltage drop [48]. Therefore,
this directly influences the plasma torch power, which, during experiments, increased from 44 kW to
52.2 kW, due to the relation P = VI, where P is power (W), V is the voltage of the arc (V), and I is the
current of the arc (A). Consequently, the operational parameters related to the increased water vapour
flow rate at the fixed arc current simultaneously means the increased power of the plasma torch.

3.2. Produced Syngas Composition

In this paragraph, the effects of the water vapour to charcoal (H2O/C) ratio, as well as the plasma
torch power on the gasification of the EOSW charcoal, are discussed.

Firstly, the experiments were performed in order to determine the reaction time required to reach
equilibrium (operating) conditions during charcoal gasification, i.e., an elapsed time to reach the
highest concentrations of the formed gases. This is shown in Figure 5.
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It can be seen from the figure that a reaction time required to reach the optimal operating
gasification conditions, at which the concentrations of H2 and CO were at the highest level,
was approximately 25 min. The same tendency was observed during other experiments at the different
regime parameters, such as the H2O/C ratio and the power of the plasma torch. Additionally, the main
produced gases were H2, CO, and CO2, and only traces of other lighter hydrocarbons were detected.

Afterwards, the influence of the H2O/C ratio on the generated gas concentrations was
investigated. The results are shown in Figure 5. As the H2O/C ratio increased from 1.85 to 3.15,
the concentrations of H2 and CO2 increased from 20.3% and 12.3% to 41.17% and 18.68%, respectively,
and only at 3.15 to 3.57, decreased to 36.19% and 13.48%, respectively. Meanwhile, the concentration of
CO increased all the time, from 8.35% to 14.15%. Since the charcoal steam gasification is an allothermal
process requiring an external heat source for initiation of endothermic reactions, it is possible to
highlight just three independent main gasification reactions: water–gas reaction (WG) (Equation (5)),
water–gas shift (WGS) (Equation (6)), and the Bouduard reaction (Equation (10)). However, it is a
simplified explanation, since other chemical elements (H, N, O, S, etc.) and compounds could be
involved as reactants and/or products [49]. Therefore, H2, CO2, and CO formation mechanisms
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and variations of concentrations could be explained by these gasification reactions. In this research,
the thermal plasma torch was utilized to provide heat for endothermic reaction initiation. The increase
of concentrations of H2 and CO2 at the H2O/C ratio of 3.15 can be explained by the dominance of WG
and WGS reactions, whereas the decrease at the H2O/C ratio from 3.15 to 3.57, due to the dominance
of reversed shift reaction and the Bouduard reaction, as well as less favourable WG reaction.

The figure also indicates the dependence of the H2/CO ratio, which was in the range of 2.43 to
3.15, on the H2O/C ratio. The H2/CO ratio mostly depended on the variation of the concentrations of
H2 to CO. At the beginning, as the H2O/C ratio increased from 1.85 to 3.15, the H2/CO ratio increased
from 2.43 to 3.15. However, between the H2O/C ratios of 3.15 to 3.57 the latter decreased from 3.15
to 2.56 due to the decrease in H2 and CO concentrations. Generally, a desired H2/CO ratio for the
Fischer–Tropsch synthesis (FTS) of syngas to produce diesel and gasoline is around 2.1:1 [9]. Therefore,
the produced syngas required an adjustment to reduce the H2 content or increase the CO content by a
WGS reaction (Equation (6)). Nevertheless, the primary experiments showed a promising result for
syngas production from the EOSW charcoal.

However, the lower heating value (LHV) of the produced syngas was of low quality.
The dependence of the LHV of the syngas on the H2O/C ratio is shown in Figures 6 and 7. It could
be observed that the LHV of the syngas increased from 3.24 MJ/nm3 to 6.09 MJ/nm3 at the H2O/C
ratio in the range of 1.85 to 3.15. However, at the H2O/C ratio of 3.15 to 3.57, the LHV decreased
from 6.09 MJ/nm3 to 5.69 MJ/nm3. This was mostly induced by the decrease of H2 concentration
determined by a reversed water–gas shift reaction.
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Future prospects will be to assess the performance parameters of the thermal plasma gasification
system in terms of cold gas efficiency, carbon conversion efficiency, syngas yield, specific energy
requirements, etc.

3.3. Comparison with Similar Gasification Methods

In this paragraph a comparative study in terms of syngas production with similar gasification
methods, both conventional (commercially available and near commercial) and plasma, is discussed.
The results are summarized in Table 5.

Table 5. Comparison with other similar coal/charcoal gasification methods.

Method Gasifying
Agent Material H2 (vol %) CO (vol %) H2/CO

LHVsyngas
(MJ/nm3)

Ref.

Conventional gasification (Lurgi, HTW, Siemens, Shell, etc.)

Moving Bed Oxygen Coal * 28.1–42.3 15.1–61.2 0.5–2.7

4–11 [47,50]

Steam/air 16.2–23.3 17.1–27.8 0.69–1.35
Fluidized Bed Oxygen Coal * 32.8–40.0 31.0–53.0 0.71–0.85

Steam/air 12.6–28.56 12.54–30.7 0.56–1.0
Entrained flow Oxygen Coal * 28.1–42.3 15.1–61.2 0.51–2.72

Steam/air 15.7–25.5 16.1–31.0 0.82–2.00
Transport flow Oxygen Coal * 36.2–41.9 25.5–39.1 0.92–1.64

Steam/air 11.8–15.7 13.3–23.7 0.5–1.18

Plasma gasification (MW, DC)

MW Steam/air Coal 48 23 2.08 -
[51]O2/air Coal 21.3 51.7 0.41 -

MW Steam Coal 62 20 3.1 10.9
[52]Charcoal 58 17 3.41 10.4

DC thermal arc
plasma Steam/air Coal 58.7 35.5 1.65 - [53]

DC thermal arc
plasma Steam/air Coal 39 34 1.14 - [31]

DC thermal arc
plasma Steam Charcoal 41.17 13.06 3.15 6.09 This work

* Coal—means various types of coals (brown, lignite, bituminous, sub-bit, anthracite).
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There are a number of various gasification technologies. However, according to the configuration
of the gasifier, all of the existing gasifiers can basically be divided into four main configurations:
moving bed, fluidized bed, entrained flow, and transport flow [50]. This division is suitable for plasma
gasification (plasma gasifiers) as well, where torches or arcs are being used as an external heating source.
Nevertheless, despite the fact that the end/final product is usually similar, its syngas, conventional
gasification, and plasma gasification technologies differ significantly. Traditional gasification methods
require high pressures (greater than 30 Bar), long residence times of treated materials (up to several
hours), special catalysts and their recovery, higher investment and maintenance costs, etc. [54]. Here,
where the thermal plasma comes from with its advantages, such as an easy control of the gasification
process, operation at atmospheric pressure, short residence time (up to several minutes), no need
of catalysts and their recovery, flexibility and smaller size of the equipment of the same capacity,
ability to generate reactive species, etc. Nevertheless, the concentrations of the produced H2 and
CO, the H2/CO and the LHV in both cases are at comparable levels. One of the greatest advantages
of the plasma gasification are the low environmental emissions and better environmental impact in
terms of life cycle assessment [10,22]. Therefore, this makes plasma an attractive method to use in
waste-to-energy applications. However, despite the mentioned advantages, plasma gasification has
not been fully commercially proven yet because of the large energy penalty, especially of the DC arc
plasma and, consequently, the techno-economic feasibility of such units. High power consumption
to operate plasma torches, periodic changes of their electrodes, expensive power supply units,
and instability of the plasma flame, especially for MW and RF discharges, makes it challenging
for further commercialization.

If compared just between the plasma means, the simplest among these and the most widely used
is a DC arc plasma. The power capacity of the MW and RF plasmas can reach several kilowatts (3–5 kW,
in some cases up to 10 kW) [51,53], whereas that of the DC arc plasma from hundreds of kilowatts up
to several megawatts. This makes the DC arc plasma closer to industrial scale applications, as well as
its reliability in operation. The greatest disadvantage of the DC arc plasma is a shorter lifetime of the
electrodes due to the electric arc erosion. Moreover, in this particular case, the quality of the produced
syngas was lower if compared to Yoon et al. [52], who used MW discharge for coal gasification.

To sum up, the overall situation for the plasmas being applied for syngas production from coal
or other carbonaceous materials/wastes is promising in terms of its flexibility, environmental issues,
easy process control, generation of active radicals, etc. This primary experiments with the charcoal
made from an exhausted olive solid waste showed a promising result for future experiments with the
thermal water vapour plasma method for syngas production.

4. Conclusions

In the current primary experimental research, the potential of synthesis gas production from the
charcoal derived from the exhausted olive solid waste (olive pomace) by utilizing thermal arc plasma
was investigated. The experiments were carried out at different H2O/C ratios, as well as different
plasma torch powers. A direct relation between the water vapour flow rate and the plasma torch power
at a constant arc current intensity was demonstrated. The main reaction products were hydrogen
(41.17%) and carbon monoxide (13.06%), forming syngas, which comprised approximately 55% in
the produced gas. The highest LHV of the produced syngas was 6.09 MJ/nm3 and the H2/CO ratio
was 3.15. The performed experiments showed great potential for syngas production from the charcoal
derived from olive pomace as a residue/waste from the olive oil industry. Therefore, the future outlook
will rely on a more detailed investigation of the performance parameters of the plasma gasification unit
and its comparison with similar gasification methods in terms of cold gas efficiency, carbon conversion
efficiency, syngas yield, specific energy requirements, etc.
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