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ARTICLE INFO ABSTRACT

Keywords: Plasma gasification of raw and torrefied woody, non-woody, and algal biomass using three different gasifying
Plasma gasification agents (air, steam, and CO,) is conducted through a thermodynamic analysis. The impacts of feedstock and
Torrefied biom'ass ) reaction atmosphere on various performance indices such as syngas yield, pollutant emissions, plasma energy to
Thermodynamic analysis syngas production ratio (PSR), and plasma gasification efficiency (PGE) are studied. Results show that CO,

NOy and SOy precursors
Plasma energy to syngas production ratio (PSR)
Plasma gasification efficiency (PGE)

plasma gasification gives the lowest PSR, thereby leading to the highest PGE among the three reaction atmo-
spheres. Torrefied biomass displays increased syngas yield and PGE, but is more likely to have a negative en-
vironmental impact of N/S pollutants in comparison with raw one, especially for rice straw. However, the
exception is for torrefied grape marc and macroalgae which produce lower amounts of S-species under steam and
CO, atmospheres. Overall, torrefied pine wood has the best performance for producing high quality syngas
containing low impurities among the investigated feedstocks.

1. Introduction 2013), and liquefaction (Xi et al., 2017). Among them, the interest on
plasma gasification has gained increasing attention as an en-

Plasma technology has been recently considered as a promising way vironmentally friendly and efficient approach to convert the carbon-

to be applied to a wide range of biomass conversion processes such as based materials such as municipal solid waste, plastics, tires, and bio-
gasification (Diaz et al., 2015), pyrolysis (Shie et al., 2010; Huang et al., mass into synthesis gas (i.e. H, and CO), which can be further utilized
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for the synthesis of liquid fuels via the Fischer Tropsch (FT) technology
(Kim et al., 2013) or power generation through combustion or fuel cell
technologies (Liu and Aravind, 2014).

In recent years, plasma gasification of biomass has been considered
as an alternative to the traditional biomass gasification technologies
because it is featured by higher operating temperature (up to ~5000 °C)
and heating rate, thereby improving the gasification reaction rates and
gas productivity (Favas et al., 2017; Shie et al., 2010). Another im-
portant merit accompanied by plasma gasification of biomass is that the
extent of tar cracking reaction can be intensified to completely destroy
tars under high temperature plasma, thereby leading to low con-
centration of tars, especially heavy components, in the product gas
(Shie et al., 2010; Favas et al., 2017; Munir et al., 2019). This implies,
therefore, that the production of syngas from a plasma gasifier is pos-
sible to be directly applied for internal combustion engine and solid
oxide fuel cell (SOFC) without additional tar removal processes (Liu
and Aravind, 2014; Rios et al., 2018).

In reviewing past literature, it could be seen that there were few
experimental studies performed by various researchers to evaluate the
performance of biomass plasma gasification. For example, Hlina et al.
(2006) conducted a plasma gasification of wood by using a plasma
torch with DC electric arc to produce plasma. The tar content in syngas
from the plasma gasifier was found to be lower than 10 mg Nm ™3,
Hlina et al. (2014) also studied plasma gasification of wood sawdust
(spruce) and wood pellets under a reaction temperature between 1200
and 1400 °C. It was reported that high-quality syngas (~51 vol% CO
and 42% H,) with negligible content of tars were produced from the
wood sawdust and wood pellets, and the wood sawdust had the highest
plasma gasification efficiency (PGE) (~50%). Diaz et al. (2015) com-
pared the performance of six different types of biomass materials in
two-stage plasma gasification with steam. It was indicated that the
concentration of H, in the syngas exceeding 52 vol% with low content
of hydrocarbons (lower than 0.4%) was obtained and the PGE was
between 24 and 51%. Apart from the experimental works, attempts in
thermodynamic modeling of biomass plasma gasification have also
been investigated. To illustrate, Janajreh et al. (2013) simulated the
plasma gasifier with a DC arc plasma torch under an air-steam en-
vironment in Aspen Plus and evaluated its performance for various
biomass samples. Based on this simulation, the obtained values of PGE
from highest to lowest were: pine needles (47.00%) > treated wood
(46.20%) > untreated  wood  (43.50%) > plywood
(40.51%) > algae (38.27%). Favas et al. (2017) performed the plasma
gasification of three kinds of biomass materials with air and steam,
using Aspen Plus. The results revealed that the higher the equivalence
ratio (ER), the lower the lower heating value (LHV) of the product gas,
and the same trend was also found when the steam plasma gasification
was conducted. More recently, Ismail et al. (2019) numerically devel-
oped a Eulerian model for simulating the plasma gasification of forest
residues with air and steam. It was shown that higher ERs had a ne-
gative impact on the formation of syngas and its LHV, but a positive one
on the carbon conversion efficiency due to a greater extent of the oxi-
dation reaction.

These earlier works show that converting biomass into syngas by
thermal plasma is favorable for high quality syngas production with a
fairly low-level concentration of tars. Nevertheless, some unfavorable
characteristics inherently exist in raw biomass such as high moisture
content, hygroscopic nature, low calorific values, low bulk and energy
density, and poor grindability, etc. (Guo et al., 2017; Chen and Kuo,
2011), thereby making raw biomass impractical for utilization, storage,
and transportation. As a result, torrefied biomass, which is produced by
a torrefaction pretreatment, has recently become an attractive alter-
native to the raw one. Torrefaction is a mild pyrolysis process carried
out at a temperature between 200 and 300 °C under an inert or mini-
mized oxidative atmosphere (Kuo et al., 2014). Many researchers have
investigated the applications of torrefied biomass for gasification
technology (Kuo et al., 2014; Marcello et al., 2017; Pinto et al.,
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2017a,b; Weiland et al., 2014; Xue et al., 2014) and their results ver-
ified that torrefied biomass has benefits for gasification performance.
However, to this end, an examination of the past literature reveals that
no works have been done to evaluate the utilization of torrefied bio-
mass in a plasma gasifier, nor those that compare the performance of
plasma gasification between raw and torrefied biomass. For the fore-
going reasons, the purpose of this study is to first develop the plasma
gasifier in an Aspen Plus simulator and then analyze the plasma gasi-
fication characteristics of various types of raw and torrefied biomass
under three reaction atmospheres, namely air, steam, and CO,.

On the other hand, nitrogenous and sulfur-containing species such
as NH3, HCN, H,S, and COS are poisons for catalysts in the chemical
synthesis reactors or mainly precursors to lead to the formation of NOx
and SOx during the syngas combustion (Ren et al., 2017). An initial
understanding of the release of nitrogenous and sulfur-containing pol-
lutants during gasification is helpful for choosing a suitable fuel to
further syngas combustion applications. Therefore, the formation of
NH;, HCN, H,S, and COS from raw and torrefied biomass during the
plasma gasification is also explored and compared in detail. The impact
of ER, steam to carbon ratio (S/C), and CO,, to carbon ratio (CO,/C) on
the various performance indices of the plasma gasification such as LHV
of the product gas, plasma energy to syngas production ratio (PSR), and
PGE are investigated to find the optimal operating conditions and
feedstocks.

2. Materials and methods
2.1. System description

The simulation model is carried out using Aspen Plus V8.8. The
following assumptions are considered: (1) the process is in state-steady;
(2) the solid and gaseous phases are in a state of thermodynamic
equilibrium (Kuo et al., 2014); (3) the product gas comprises H,, CO,
CO,, H50, CHy4, N5, NH3, HCN, H,S, and COS (Mazzoni and Janajreh,
2017; Kuo et al., 2014); (4) the heat losses of the plasma gasifier are
neglected (Mazzoni and Janajreh, 2017); and (5) char is assumed as
graphitic carbon (Janajreh et al, 2013; Kuo et al., 2014). The Peng-
Robinson equation of state with the Boston-Mathias alpha function (PR-
BM) model is selected as property methods (Kuo et al., 2014). The
feedstock is established as a non-conventional component based on
proximate and elemental analyses. The HCOALGEN model is selected to
estimate the heat of combustion, heat of formation, and heat capacity of
the feedstock, while the DCOALIGT model is used to calculate the
density of the feedstock (Kuo et al., 2014). As shown in the process flow
diagram for the plasma gasifier, the feedstock (S1) enters the system at
ambient conditions (i.e. 25 °C and 1 atm). It is then fed to a RYield
block (B1) where the non-conventional fuel is decomposed to conven-
tional components, including C, H,, N5, O,, S, ash, and moisture (S2) by
using a calculator, which is implemented by the FORTRAN statement.
Both the conventional components and plasma gas (S6) are then sent to
a RGibbs reactor (B3) at a high temperature of 2500 °C (Minutillo et al.,
2009; Janajreh et al, 2013; Mazzoni and Janajreh, 2017), in which the
chemical and multiphase equilibrium calculations are solved by the
Gibbs free energy minimization, which is reported elsewhere in a pre-
vious study (Kuo et al., 2014). Meanwhile, the plasma gas is heated up
to 4000 °C in a heater (H2) in which a DC plasma torch is simulated
(Minutillo et al., 2009; Janajreh et al, 2013; Mazzoni and Janajreh,
2017). A separator (B5) is then used to remove the residual slag from
the product gas. The product gas subsequently flows to another RGibbs
reactor (B6) at a temperature of around 1000 °C to complete the gasi-
fication reaction. The key chemical reactions occurring in the plasma
gasifier are listed in Table 1 (Park et al., 2008; Gai et al., 2014; Kuo
et al., 2014).
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Table 1

Bioresource Technology 314 (2020) 123740

A list of key chemical reactions occurring during the plasma gasification (Park et al., 2008; Gai et al., 2014; Kuo et al., 2014).

Reaction name

Chemical reaction

Reaction number

Devolatilization CHyOyN, S\, — char + volatiles R1
Oxidation C+ 050, > CO, AH® = —268 kJ mol~! R2
C+ 0y CO;,  AH® = —406 kJ mol™! R3
Water gas reaction C+ H,0 - CO + H, AH® = 131.4kJ mol~! R4
Water gas shift reaction CO + H,0 < COy + Hy, AH® = —42 kJ mol™! R5
Boudouard reaction C+ COy—2CO, AH®=172.6 kJ mol™! R6
Methanation reaction C+2H, & CHy, AH® = —75 kJ mol™! R7
Steam methane reforming CHy4 + H,0 < CO + 3H,, AH° = 206 kJ mol™! R8
Nitrogenous species formation N, + 3H, — 2NH3 R9
Char-N E HCN R10
HCN + H,0 — NH; + CO R11
Sulphur species formation H,S + CO, —» COS + H,0 R12
H,S + CO — COS + H R13

2.2. Model validation

The simulation model of the plasma gasifier is validated by com-
paring it with the results obtained from Minutillo et al. (2009) and
Janajreh et al. (2013). In the study of Minutillo et al. (2009), the refuse
derived fuel was used as the feedstock for plasma gasification with air
as the medium, while various feedstocks were gasified under a mixture
of air-steam environment in the study of Janajreh et al. (2013). Table 2
shows a comparison of the product gas composition and plasma torch
power between the present model and the published literature under
the same operating conditions and it is clear that the predicted values
from the developed plasma gasifier at different plasma gas to fuel ratios
are in good agreement with the data available from the literature. The
present model can thus be utilized to predict the performance of the
plasma gasification process for various raw and torrefied biomass ma-
terials.

2.3. Biomass materials

Five raw (R) and torrefied (T) biomasses, i.e. pine wood chips (PW),
rice straw (RS), forest residues (FR), grape marc (GM), and macroalgae
(MA) (Oedogonium intermedium) are selected as the feedstock in this
work. The property data of PW, RS, FR is collected from the studies of
Phanphanich and Mani (2011), Kai et al. (2019), and Li et al. (2015)
respectively, while that of GM and MA is obtained from the work of Guo
et al. (2017). The torrefaction temperature and residence time of 275 °C
and 30 min, respectively, are chosen for plasma gasification of torrefied

Table 2

biomass in this work (Misljenovic et al., 2014; Huang et al., 2019). The
proximate analysis, elemental analysis, and place of origin of raw and
torrefied biomass are presented in Table 3.

2.4. Process parameters and performance indices

Three different operating parameters (i.e. gasifying agents: air,
steam, and CO,), including equivalence ratio (ER), steam-to-carbon
(mass flow rate) ratio (S/C), and CO,-to-carbon (mass flow rate) ratio
(CO,/C) are used for biomass plasma gasification. In this study, op-
erational parameters in the plasma gasifier with respect to the ER, S/C,
and CO,/C are 0.2-0.4 (interval: 0.02), 1-4 (interval: 0.25), and 1-4
(interval: 0.25), respectively. They are defined as follows:

ER = (mair/mbiomass)actual
(mair/mbiomass) stoichiometric (@)
S/C = Msteam
A X mbiomass (2)
1
CO,/C = ——%2
Y X Mpiomass (3)

where Hipiomass, Mair,» Wsteams Hlco, are the mass flow rate of biomass, air,
steam, and carbon dioxide (kg s~ '), respectively, and , is the carbon
content in the feedstock (wt%).

To evaluate and compare the performance of plasma gasification
between raw and torrefied biomass, different performance indices such

The comparison of predicted results with the data from literature for model validation.

Feedstock  Gasifying agents  Plasma gas/fuel ratio ~ Source Gas composition (vol. %) Torch power (MW)
H, co CO, CH; Hy0 N, H,S COS HCl
RDF* Air 0.782 Minutillo et al. (2009) 21.04 33.79 0 597 11.68 2697 022 0.02 0.32 4.26
Present model 21.02 3379 0 599 11.69 2696 0.22 0.02 0.32 4.25
RDF* 0O, (vol 40%) 0.643 Minutillo et al. (2009) 31.49 38.73 0.42 0 1250 16.32 0.22 0.01 0.31 3.44
N (vol 60%) Present model 31.51 3871 044 0 12.47 1631 0.22 0.01 0.31 3.43
RDF* Air 0.505 Minutillo et al. (2009) 28.65 37.37 1.41 0 1491 1712 0.22 0.01 031 275
0O, 0.207 Present model 2885 37.18 1.60 O 1471 1712 022 0.01 031 275
Coal Air 1.31 Janajreh et al. (2013)  50.28 40.89 0.05 0 0.72 7.83 020 001 O 16.65
Steam 0.7 Present model 50.35 40.75 0.07 O 0.79 7.82 020 001 O 16.69
MSW” Air 0.36 Janajreh et al. (2013)  43.50 34.50 0.03 0.01 16.22 5.63 009 0 0 4.06
Steam 0.56 Present model 43.50 34.40 0.05 0.01 16.27 5.69 0.08 0 0 4.07
Wood Air 1.38 Janajreh et al. (2013) 22.68 36.45 0.65 O 5.31 3490 0 0 0 7.84
Present model 22.74 36.43 064 0 5.30 3489 0 0 0 7.85

2 RDF: refused-derived fuel.

> MSW: municipal solid waste.
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Table 3

Chemical properties of raw and torrefied biomass (at 275 °C for 30 min) materials used in the simulation.
Feedstocks RPW TPW RRS TRS RGM TGM RFR TFR RMA TMA
Proximate analysis (wt%, dry basis)
Moisture 6.69 2.46 4.35 1.75 2.87 2.59 6.30 4.20 7.55 3.38
Volatile matter 85.98 76.40 78.26 72.60 66.56 52.83 74.71 64.30 72.50 50.59
Fixed carbon 13.75 23.25 12.09 16.42 27.67 39.32 22.95 32.88 19.08 35.54
Ash 0.27 0.35 9.65 10.98 5.77 7.85 2.35 2.82 8.42 13.87
Elemental analysis (wt%, dry-ash-free)
C 47.31 55.20 42.57 49.02 53.65 64.93 52.10 59.50 49.13 63.86
H 6.65 6.23 5.84 5.16 6.80 6.55 6.10 5.60 7.22 6.24
N 0.17 0.20 213 5.20 2.32 2.85 0.50 0.60 4.61 6.76
) 45.87 38.37 49.33 40.46 37.10 25.55 41.30 34.30 38.88 23.00
S - - 0.13 0.16 0.14 0.12 - - 0.15 0.14
HHV (MJ kgfl) 18.46 21.82 16.60 18.82 21.51 25.47 20.86 23.67 19.59 22.93
LHV (MJ kg™ 1) 16.83 20.39 15.21 17.64 20.02 24.07 19.36 22.33 17.95 21.67
Reference Phanphanich and Mani, (2011) Kai et al. (2019) Guo et al. (2017) Li et al. (2015) Guo et al. (2017)

Place of origin Oglethorpe, Georgia Shenyang, China

Adelaide, Australia - Queensland, Australia

Note: RPW: raw pine wood chips; TPW: torrefied pine wood chips; RRS: raw rice straw; TRS: torrefied rice straw; RGM: raw grape marc;
TGM: torrefied grape marc; RFR: raw forest residues; TFR: torrefied forest residues; RMA: raw macroalgae; TMA: torrefied macroalgae

as syngas yield (Nm® kg-fuel 1), lower heating value (LHV) of the
product gas, plasma energy to syngas production ratio (PSR), plasma
gasification efficiency (PGE) are calculated as follows (Kaewluan and
Pipatmanomai, 2011):

LHVgqs = 10.79Y, + 12.62Y0 + 35.81 Yoy, 4
PSR = E:plasma
Myyngas %)
Epasma = ——orch
Ntorch X Delectric (6)
Gp X LHYV,
PGE (% ): : P product gas % 100%
(mbiomass X LHV;)iomass) + Eplasma (7)

where Yy,, Yeo, Yo, are the volume fractions of Hy, CO, CH,, respec-
tively in the product gas based on a dry basis. Eyqmq is the plasma
energy (MW), Gp is the yield of product gas (Nm® kg-fuel_l), LHViiomass
and LHVy,, are the LHV of biomass (MJ kg’l) and product gas (MJ
Nm %), respectively. W, is the plasma torch power (MW). Dyoren aNd
Noecric TEPTEsent the plasma torch efficiency (90%) (Minutillo et al.,
2009) and electrical efficiency (39%) (Oh et al., 2018), respectively.

3. Results and discussion
3.1. Characterization of product gas from the plasma gasification

A comparison of product gas characteristics from the plasma gasi-
fication under three different atmospheres, namely, air, steam, and COo,
between several types of biomass (RPW, TPW, RRS TRS, RGM, TGM,
RFR, TFR, RMA, and TMA) is first investigated. The syngas composition
from each feedstock is shown in Fig. 1, while the emissions of ni-
trogenous (NH3; and HCN) and sulfur (H,S and COS) impurities are
shown in Figs. 2 and 3, respectively.

3.1.1. Syngas composition

Fig. 1 depicts the dry-basis concentrations of H, and CO from the
plasma gasification as a function of ER, S/C ratio, and CO,/C ratio. For
the air plasma gasification, H, concentration decreases with increasing
ER for all types of raw and torrefied biomass. This is because a higher
ER means more oxygen supplied to the plasma gasifier, causing a
greater extent of the combustion reaction. Similar to the trend of H,
concentration, CO concentration drops along with ER for all types of
raw biomass. These trends of H, and CO for raw biomass are consistent
with the results reported by Favas et al. (2017). Notably, for TGM, TFR,
and TMA, the trend of CO concentration is first insensitive to ER (at

lower ERs) and then declines in a significant way, thereby resulting in a
rise in CO,, concentration. For instance, as the ER increases from 0.2 to
0.28, 0.2-0.24, and 0.2-0.28, the CO concentration only decreases from
33.19 to 33.10% for TGM, 37.73 to 37.35% for TFR, and 32.51 to
31.31% for TMA, respectively.

It is well known that the chemical and physical properties of raw
biomass are changed after torrefaction. The carbon-hydrogen—oxygen
(C-H-0) ternary and the van Krevelen diagrams can be used to un-
derstand how torrefaction affects the elemental compositions of bio-
mass. When the raw biomass undergoes torrefaction at 275 °C for
30 min, the C-H-O ternary diagram shows that torrefaction results in an
increase in the carbon content and a decrease in the hydrogen and
oxygen contents in the feedstock, while the van Krevelen diagram
clearly demonstrates that torrefied biomasses have lower atomic hy-
drogen to carbon (H/C) and the atomic oxygen to carbon (O/C) ratios.
As a result, it can be seen that air plasma gasification from all types of
raw biomass produces higher H, concentration as compared to torrefied
one due to a higher moisture and hydrogen content (Table 3). In con-
trast, using torrefied biomass as the feedstock gives a higher CO con-
centration because of higher carbon content. The exception is for TGM
when ER ranges from 0.2 to 0.24.

In examining the syngas composition of steam plasma gasification
from raw and torrefied biomass, both the concentrations of H, and CO
are very dependent on S/C ratio, no matter what fuels are examined. By
virtue of involving both water gas reaction (R4) and water-gas shift
reaction (R5) in the plasma gasifier, increasing the S/C ratio leads to
higher H, concentration, whereas it results in lower CO concentration
and higher CO, concentration. These results are in accordance with the
phenomenon in steam plasma gasification of three different biomasses
found by Favas et al. (2017). It is worth noting that using torrefied
biomass to replace raw biomass as a fuel in the plasma gasification with
steam could not improve the H, concentration except for TGM, in
which its H, concentration is somewhat improved by factors of
0.08-0.96% when the S/C ratio is larger than 1.25. As a whole, Hy
concentration ranges from 52.30 to 63.25% within the investigated S/C
ratio range. In contrast to the H, concentration, CO concentration of all
torrefied biomass types is considerably enhanced up to 3.10-14.76%
due to the enrichment of carbon through torrefaction.

Once the raw and torrefied biomasses are gasified in the CO, at-
mosphere, the Boudouard reaction (R6) and reverse water—gas shift
reaction (R5) will be dominant in the plasma gasifier. The rise in CO,/C
ratio is found to decrease H, formation as a result of (R5), while CO
concentration first increases substantially until it reaches a maximum
value, and then it decreases with further increases in the CO,/C ratio.
This arises from the fact that R6 is mainly driven in the plasma gasifier
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Fig. 1. Effects of the ER, S/C, and CO,/C ratios on the syngas composition.
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Fig. 2. Effects of the ER, S/C, and CO,/C ratios on the N-containing compounds.
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Fig. 4. Effects of the ER, S/C, and CO,/C ratios on the syngas yield and LHV of the product gas.



P.-C. Kuo, et al.

Table 4
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Comparison of LHV of the product gas of the plasma and conventional gasification at various S/C ratios.

Operating conditions Plasma gasification LHV (MJ Nm ™)

S/C RPW TPW RRS TRS RGM TGM RFR TFR RMA TMA
0.5 11.43 11.66 10.91 11.44 11.54 11.48 11.66 11.64 11.44 11.29
1 10.72 11.17 10.23 10.58 11.01 11.47 10.91 11.28 10.69 11.24
1.5 10.23 10.59 9.76 10.01 10.47 10.77 10.36 10.63 10.21 10.57
2 9.87 10.17 9.41 9.61 10.08 10.32 9.96 10.17 9.85 10.12
2.5 9.60 9.86 9.15 9.31 9.78 9.98 9.65 9.83 9.58 9.79

3 9.38 9.60 8.94 9.08 9.54 9.72 9.41 9.57 9.37 9.53

3.5 9.19 9.40 8.77 8.89 9.35 9.50 9.22 9.36 9.19 9.33

4 9.04 9.23 8.63 8.73 9.19 9.33 9.06 9.18 9.04 9.16

Operating conditions Conventional gasification LHV (MJ Nm ~%)

S/C RPW TPW RRS TRS RGM TGM RFR TFR RMA TMA
0.5 11.05 11.14 10.71 10.60 11.12 11.29 11.04 11.10 11.02 11.06
1 10.79 11.08 10.00 10.65 11.07 11.18 11.00 11.05 10.92 11.02
1.5 9.97 10.54 9.34 9.73 10.39 10.97 10.17 10.62 10.02 10.67
2 9.46 9.87 8.91 9.18 9.76 10.13 9.58 9.88 9.49 9.88

2.5 9.11 9.43 8.62 8.81 9.35 9.62 9.18 9.40 9.14 9.40

3 8.86 9.11 8.40 8.56 9.06 9.27 8.90 9.08 8.88 9.08

3.5 8.67 8.88 8.24 8.36 8.84 9.02 8.70 8.84 8.70 8.84

4 8.52 8.71 8.11 8.22 8.68 8.83 8.53 8.66 8.55 8.67

at lower CO,/C ratios. Nevertheless, the excess CO, fed to the plasma
gasifier not only makes R5 more dominant but also dilutes the product
gas, causing a significant decrease and increase in CO and CO, con-
centrations, respectively. Similar trends have also been found in the
studies of Salaudeen et al. (2018) and Wang et al. (2019). Overall, TGM
produces the highest CO concentration of 72.59% at CO,/C ratio of 2.5,
followed by TFR and TMA which are equally 72.17%, at CO»/C ratios of
2.25 and 2.5, respectively. As mentioned earlier, the maximum values
of CO concentration are found at certain CO,/C ratios where the carbon
is completely reacted with CO, through R6. Apparently, for the torre-
fied biomass materials, to achieve a complete carbon-CO, reaction,
more CO, is required to inject into the plasma gasifier. Moreover, the
comparative results between raw and torrefied biomass indicate that
the H, concentration of the former is higher than that of the latter,
whereas the CO concentration of the latter is amplified by factors of
0.43-20.64%.

3.1.2. NH3 and HCN emissions

Fig. 2 plots the distributions of NH3 and HCN as a function of ER, S/
C ratio, and CO,/C ratio for various raw and torrefied biomass types.
The N-containing compounds released from the plasma gasification are
highly dependent on the nitrogen content in the feedstock due to the
various char-nitrogen reactions (Broer and Brown, 2015). According to
the elemental analysis (Table 3), it can be observed that the nitrogen
content in the feedstock is increased after torrefaction by about
0.03-3.07 wt%. For the air plasma gasification, it is indicated that NH3
concentration of all torrefied biomass types is lower than that of raw
biomass with the rise of ER, whereas HCN concentration exhibits op-
posite trends in which its values are increased after torrefaction, espe-
cially at lower ERs. The formation of NH; and HCN are mainly domi-
nated by R9-R11 during the plasma gasification. These might be due to
low hydrogen and high carbon content in the torrefied biomass. It is
worthy of note that the extent of decrease in concentration of NH; was
relatively lower for TPW (by factors of 2.72-4.19%) among the five
torrefied biomass samples, while the TMA has the highest reduction in
NH; emissions (by factors of 16.78-21.69%). Besides, it is apparent that
the distributions of HCN formation show two reaction stages, especially
for TGM, TFR, and TMA. For example, the concentration of HCN in
TGM almost kept constant (i.e. the first stage) in the ER range of
0.2-0.26. This might be attributed to the unconverted char in the
plasma gasifier. After completing char conversion, as a result, a sharp
decreasing trend of HCN concentration is observed when ER is larger

than 0.26 (i.e. the second stage).

Unlike the plasma gasification with air, under steam environment,
NH; emissions from torrefied biomass are higher than those of raw
biomass. Similar results were also found in the study of Pinto et al.
(2017b) where the release of NH3 and H,S were increased by 54-139%
and 91-130%, respectively, during the steam gasification of eucalyptus
globulus stumps. The influences of torrefaction on the enhancement
factor of NH; emissions are ranked as: TRS (52.03-53.36%) > TMA
(11.42-13.06%) > TPW (5.94-7.30%)~TFR (6.18-7.08%) > TGM
(5.45-6.69%). However, HCN concentration is barely affected by tor-
refaction and it is less than 0.3 ppmv when the S/C ratio is larger than
1.5, regardless of what kind of biomass is examined. As regard to the
NH; emissions under the CO, environment, torrefaction has more in-
fluence on rice straw and macroalgae. It should be underlined that
torrefied biomass has lower NH; emissions at higher CO,/C ratios,
except for TMA. For instance, NH3 emissions from TMA are reduced by
factors of 2.03-22.67% when the CO,/C ratio is operated between 1.5
and 4. As for HCN concentration, torrefied biomass is by far higher than
that of a raw one. The enhancement factor of HCN concentration is
ranked as: TRS > TMA > TPW > TFR > TGM.

3.1.3. H,S and COS emissions

The sulfur content in the biomass results in the formation of gaseous
sulfides and it is mainly released as H,S. Non-woody biomass generally
contains higher amounts of fuel-S than those of woody biomass (Gai
et al., 2014). Similar observations listed in Table 3 shows that only non-
woody biomass (RS, GM, and MA) contains significant amounts of
sulfur. Fig. 3 shows their distributions of H,S and COS before and after
torrefaction. It is observed that most profiles, with the exception of an
opposite trend for COS concentration under CO, plasma gasification,
decline linearly with process parameters. Furthermore, the effect of
three gasifying agents on the sulfur species reveals that for the forma-
tion of H,S during the plasma gasification, using air as a gasifying agent
produces the lowest among the three reaction atmospheres, except for
RGM and RMA. On the contrary, the formation of COS is the lowest
under steam atmosphere, whereas it is the highest under CO, atmo-
sphere, as a consequence of the enhanced intensity of R12-R13, thus
leading to more COS formation in the product gas

For a comparison of the emissions of H,S between raw and torrefied
materials, the values for the latter are much lower than those of the
former. The exception is for TRS, for which torrefaction makes the
formation of H,S and COS increase by factors of 4.87-6.52% and
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Table 5

Plasma energy to syngas production ratio of raw and torrefied biomass materials.

Bioresource Technology 314 (2020) 123740

Operating conditions Plasma energy to syngas production ratio (kWh kg~1)

RPW TPW RRS TRS RGM TGM RFR TFR RMA TMA
ER
0.2 4.43 4.18 4.79 4.32 4.40 5.74 4.25 4.68 5.17 6.07
0.3 7.62 6.61 8.38 7.52 7.53 7.21 7.32 6.66 9.09 8.00
0.4 11.96 10.26 13.47 12.04 11.87 11.41 11.54 10.45 14.71 12.99
S/C
1 5.18 4.59 6.05 5.47 4.57 4.49 5.09 4.72 4.92 4.59
2 12.35 11.02 14.58 13.37 10.89 10.19 12.28 11.48 11.69 10.08
3 21.25 19.05 25.26 23.34 18.76 17.66 21.29 20.02 20.07 17.48
4 31.69 28.52 37.83 35.15 27.99 26.48 31.90 30.12 29.88 26.22
CO,/C
1 1.43 1.67 1.62 1.63 1.67 2.10 1.61 1.86 1.57 2.15
2 2.62 2.33 2.99 2.68 2.33 2.60 2.54 2.41 2.48 2.64
3 3.72 3.33 4.25 3.84 3.31 3.05 3.62 3.37 3.51 3.01
4 4.75 4.28 5.44 4.95 4.24 3.92 4.65 4.34 4.48 3.88

34.81-35.83% in the air atmosphere, 4.69-6.39% and 10.50-19.73% in
the steam atmosphere, and 5.78-17.38% and 35.93-40.59% in the CO,
atmosphere, respectively. These trends were also observed in the study
of Pinto et al. (2017a), where H,S was increased by 100% when tor-
refied rice husk at 250 °C was gasified. For grape marc, lower amounts
of COS are formed after torrefaction, regardless of reaction environ-
ment. However, for macroalgae, the amount of COS formation is almost
similar for both the RMA and TMA under the air environment, less from
TMA in the steam environment, whereas more COS is produced in the
CO, environment.

3.2. Performance indices of plasma gasification

3.2.1. Syngas yield and LHV of the product gas

Fig. 4 plots the distributions of syngas yield and LHV of the product
gas for each biomass along with ER, S/C, and CO,/C ratios. For air
plasma gasification, the values of syngas yield decrease as the ER in-
creases for all types of raw biomass, while those increase and then
decrease for torrefied biomass, mainly as a result of an incomplete char
reaction. The exception is for TRS which has the lowest carbon content
among the five torrefied biomasses. For the steam plasma gasification,
the syngas yield is independent of the S/C ratio for all types of biomass.
For instance, the syngas yield of RPW and RRS is around 1.73 and 1.33
Nm? kg-fuel ™%, respectively, no matter what the S/C ratio is. Similar
trends are also observed for RPW and RRS under the CO, atmosphere
(around 1.73 Nm?® kg-fuel ™! for RPW and 1.33 Nm? kg-fuel ~! for RRS),
whereas an increasing trend initially at lower CO,/C ratios and then
almost constant for other biomass materials. From the above observa-
tions, it is concluded that the syngas yield is marginally promoted by
adding excess steam or CO, into the plasma gasifier. As a whole, plasma
gasification of biomass with air gives the lowest syngas yield, ap-
proximately ranging from 0.71 to 1.71 Nm?® kg-fuel ~ !, while it is from
1.15 to 2.51 Nm® kg-fuel ! in the steam atmosphere and from 0.96 to
2.50 Nm® kg-fuel ~! in the CO, atmosphere. Basically, the syngas yield
of raw biomass can be enhanced by factors of 7.42-28.90% in the air
atmosphere, 17.34-29.47% in the steam atmosphere, and 5.46-29.48%
in the CO, atmosphere, when biomass is torrefied. Notably, TMA has
the highest enhancement factor of syngas yield, regardless of what the
gasifying agent is used.

In examining the LHV of the product gas, it decreases linearly along
with the ER and S/C ratio for all types of biomass, which is consistent
with the observations from the studies of (Favas et al., 2017) and
(Ismail et al., 2019). The values of LHV of the product gas ranges from
3.84 to 7.78 MJ Nm 2 in the air atmosphere and 8.63-11.47 MJ Nm 2
in a steam atmosphere. For the air plasma gasification, the LHV of the
product gas for TPM and TRS is higher than that of RPM and RRS, as a
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result of higher syngas yield, while it happens when the ER is larger
than 0.26 for TGM, 0.22 for TFR, and 0.24 for TMA. For the steam
plasma gasification, the LHV of the product gas for torrefied biomass is
obviously superior to that of raw biomass, no matter which biomass is
examined. Moreover, a comparison of the LHV of the product gas be-
tween plasma and conventional (700 °C) gasification of various types of
biomass is tabulated in Table 4. It is indicated that the values of LHV of
the product gas of raw and torrefied biomass from plasma gasification
are higher than those from conventional gasification due to the up-
graded quality of syngas. These trends are in line with the observations
of Janajreh et al., (2013). As regard to the plasma gasification with CO5,
it is found that the distributions of LHV first increase and then decrease
substantially. This is due to the fact that the LHV of the product gas is
mainly contributed by H, and CO, especially the latter (Eq. (4)).
Meanwhile, the higher the CO,/C ratio, the lower the CO concentration
in the product gas (Fig. 1). When two factors are concerned together,
therefore, the LHV of the product gas goes down after reaching a
maximum value. Overall, the LHV of the product gas ranges from 8.54
to 11.94 MJ Nm ~° in the CO, atmosphere.

3.2.2. PSR and PGE

Fig. 5 shows the plasma gasification efficiency (PGE), and plasma
energy to syngas production ratio (PSR) of each biomass material. As
expected, the profiles of the PGE are similar to those of LHV of the
product gas (Fig. 4). During the plasma gasification, the plasma torch
power is also an important input energy source, which will affect the
PGE. The values of the PSR of all types of biomass are summarized in
Table 5. It can be seen that the values of PSR increase with increasing
the process parameters, and those are the lowest under CO, atmosphere
(1.43-5.44 kWh kg™ 1), followed by air atmosphere (4.18-14.71 kWh
kg™") and steam atmosphere (4.49-37.83 kWh kg~ 1). Notably, the
values of PSR for some cases are decreased after torrefaction. For ex-
ample, for TPW, PSR can be reduced by factors of 5.64-14.21%,
10.00-11.39%, and 9.89-11.07%, corresponding to air, steam, and CO»
atmosphere, respectively. Furthermore, it should be noted that the
lowest value of PSR and the highest value of LHV of the product gas are
obtained in the CO, atmosphere, thereby leading to the highest values
in the PGE among the three reaction atmospheres, irrespective of which
fuel is used. Although the values of the PSR for steam plasma gasifi-
cation is the highest, the higher syngas yield causes higher LHV of the
product gas, which, in turn, results in the higher PGE as compared to
the case of air plasma gasification.

A comparison of PGE between raw and torrefied biomass, for the air
plasma gasification, indicates that the values of PGE are increased by
factors of 2.79-16.88% for TPW and 8.21-8.59% for TRS. However,
TFR and TMA have higher values of PGE when ER is larger than 0.24
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and 0.26, respectively, whereas the value of PGE for TGM is lower as
compared to RGM. For the plasma gasification with steam, using tor-
refied biomass can improve the PGE by factors of 2.31-8.86%. As far as
the plasma gasification with CO, is concerned, the PGE is higher than
that of raw biomass, when CO,/C ratio is larger than 1.75 for TPW, 1.25
for TRS, 2.5 for TGM, 2 for TFR, and 2.25 for TMA. It should also be
noted that a maximum distribution of PGE is found. This is because an
increased syngas yield is observed until it reaches a constant value at
certain CO,/C ratios (Fig. 4), except for RPW and RRS, in which their
syngas yield is kept constant throughout the investigated CO,/C ratio
range.

From the above observations, it can be concluded that plasma ga-
sification of raw and torrefied biomass with air is not recommended
because of low PGE. In contrast, torrefied biomass is an appropriate fuel
for the steam plasma gasification to produce Hs-rich syngas due to its
higher syngas yield, LHV of the product gas, and PGE. However, if the
PGE, nitrogenous, and sulfur impurities are considered together, TRS is
not recommended as a fuel due to higher pollutant emissions. As for the
CO, plasma gasification, although the maximum value of PGE from
torrefied biomass is lower than raw one, TGM and TMA (except for
TPW and TFR) are also a promising alternative fuel to replace RGM and
RMA as a result of significant reduction in the emissions of total sulfur
impurities. It is thus possible to reduce the economic cost of acid gas
removal procedures in order to achieve the desired quality of syngas in
downstream applications.

3.3. Effect of the biomass type on the plasma gasification performance

In order to find proper feedstocks for the plasma gasification,
comparative results in terms of PSR and PGE for five types of raw and
torrefied biomass under three different reaction atmospheres are
plotted in Fig. 6. For the air plasma gasification, although RFR has the
lowest value of PSR, the values of PGE for RPW and RGM are better
than RFR. In contrast to raw biomass, TPW has the lowest value of PSR
and the highest value of PGE among the five torrefied biomass mate-
rials, followed by TFR. For the steam plasma gasification, the values of
PGE from the highest to lowest are ranked as RGM > RPW >

RFR@RMA > RRS for raw biomass, while those for torrefied biomass

it is TGM=TPW > TMA=~TFR > TRS. It is noteworthy that the per-
formance of pine wood chips is close to grape marc after torrefaction.
With regard to the CO, plasma gasification, RPW has the best perfor-
mance in the CO,/C ratio range of 1-1.5. Once the CO,/C ratio is larger
than 1.5, RGM is notably superior to other raw biomass materials. Si-
milarly, TPW is better than other torrefied ones when the CO,/C ratio is
controlled between 1 and 2.25, whereas TGM gives the best PGE when
the CO,/C ratio is larger than 2.25. It is thus concluded that pine wood
chips have the greatest potential as a fuel for the plasma gasification,
whereas rice straw is the least one among the five types of biomass.

In summary, although the combination of biomass torrefaction with
plasma gasification is a promising technology to upgrade syngas
quality, more investigation with respect to the economic and environ-
mental feasibility of this technology is needed due to an energy-in-
tensive system, and this will be carried out in detail during future re-
search.

4. Conclusions

Different types of raw and torrefied biomass are selected for plasma
gasification using three gasifying agents to assess their performances in
terms of syngas yield, LHV of the product gas, and PGE. The steam
plasma gasification of torrefied biomass is recommended to generate
H,-rich syngas, despite relatively higher amounts of nitrogenous species
emitted. Notably, TGM and TMA even have lower sulfur impurities
compared to raw state. Moreover, CO, plasma gasification suggests the
highest value of PGE, whereas using air it is the lowest. From the
viewpoints of energy and environment, TPW has the greatest potential
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for plasma gasification of biomass.
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