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In this study, an experimental plasma-chemical reactor equipped with an arc discharge
water steam plasma torch was used for biomass conversion to hydrogen-rich synthesis
fuels. Glycerol and crushed wood were used as biomass sources. The effects of different
conversion parameters including the water steam flow rate, treated material flow rate, and
plasma torch power were studied. The experimentally obtained results were compared
with the model based on the thermodynamic equilibrium. Additionally, the quantification
of the plasma conversion system in terms of energy efficiency and specific energy
requirement was performed. It has been found that the synthesis gas can be effectively
produced from the biomass using water steam plasma.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Global energy consumption continuously grows due to
the increasing population and industrial development. In
the context of fossil fuel abatement, environmental issues
and rising waste volumes, sustainable strategies for waste
management and diversifying energy production are
required. The production of biodiesel from biomass is ex-
pected to increase in the European Union in order to meet
the goal of replacing 20% and 30% of petroleum-based fuels
with biofuels by 2020 and 2030, respectively [1, 2]. In the
past few years, biomass and waste have become attractive
as renewable sources that could play a major role in
renewable energy [3]. Waste treatment aims to reduce
landfill disposal and to minimize the environmental
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impact, whereas biomass seeks to diminish the depen-
dence on fossil fuels. Various thermal processes, such as
incineration [4, 5], pyrolysis [6, 7] or gasification [8, 9], have
been developed for biomass/waste treatment to recover
energy from the organic fraction. The thermochemical
conversion of biomass/waste to energy allows generation
of a combustible gas, called synthesis gas, which is mainly
composed of hydrogen (H,) and carbon monoxide (CO).
This synthesis gas can be used as a feedstock for liquid fuel
production via the Fisher—Tropsch synthesis [10, 11], gas
turbine or fuel cell for energy production [12, 13| or
chemical products as ammonia, methanol and hydrogen
[14]. However, the conventional methods have some limi-
tations, such as a low energy balance, pollution, catalyst
requirement and its deactivation, process control, flexi-
bility, the compactness and size of equipment, etc., which
might be overcome using plasma [15].

Thermal plasma seems to be one of the most attractive
and environmentally friendly technologies for the biomass/
waste treatment. High gas temperatures in plasma,
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reaching up to 15000 K [16], offer a possibility to advan-
tageously contribute to the pyrolysis/gasification of organic
materials by accelerating the reaction kinetics. The easiest
enthalpy control by adjusting the electric power and flow
rate of the plasma-forming gas allows controlling the pa-
rameters of the conversion process in situ. The production
of reactive species by the plasma, such as atomic oxygen,
hydrogen and hydroxyl radicals, is an additional advantage
of using plasma [17]. However, the maturity of thermal
plasma in terms of economic feasibility has not been
proved yet because of the use of expensive electrical energy
to run plasma torches.

The oxidation environment in the waste treatment
process is also an important feature. Knoef [18] shows the
differences obtained between two different oxidation
agents used (pure oxygen and air). Pure oxygen provides a
gas with a calorific value of 10.1 MJ/m?, while the use of air
gives only 4.2 MJ/m> due to the dilution of the synthesis gas
with nitrogen introduced with the airflow. Water steam is
generally preferred, because it produces the desired re-
actions including the steam reforming reaction and in-
creases the Hj ratio in the synthesis gas. However, the
steam reforming reaction is highly endothermic and needs
a high temperature (1100—1700 K) [19].

Numerous investigations have been carried out
employing thermal plasma (DC — direct current, AC —
alternating current, RF — radio frequency, and MW — mi-
crowave) with a different type of plasma-forming gas for
biomass/waste conversion to energy. References [20, 21]
investigated the pyrolysis/gasification of biomass and
waste for synthetic fuel production using a hybrid
argon—water stabilized DC plasma torch. It was found that
the synthesis gas with a high caloric value, a high content of
hydrogen and CO, and a low concentration of CO, was
produced. An AC plasma torch stabilized with an air stream
was used for wood gasification in [22]. The authors claim
that 1 kg of wood with a moisture content of ~20% can
generate ~13.5 M]/kg of chemical energy with an energy
consumption of ~2.16 MJ/kg. The MW plasma gasification of
glycerol was performed in [23]. It was found that, at a zero
0y/fuel ratio, it is possible to produce the syngas with a
high H, and CO content of 57% and 35%, respectively.
Additionally, when the steam/fuel ratio increased, the H,
content in the syngas increased, whereas the syngas
heating value and gasification efficiency decreased. The
pyrolysis of waste tire powder in a capacitively coupled RF
plasma reactor under reduced pressure was studied in [24].
The results suggested that the pyrolysis of polymeric waste
may be a feasible technique for recycling polymer waste.
The gaseous product contains a large amount of Hy and CO
and a small amount of methane and other light hydrocar-
bons. The gasification of municipal solid waste using the
pilot-scale Plasma Gasification Melting (PGM) process is
reported in [25]. The syngas lower heating value (LHV)
varied from 6 to 7 MJ/Nm?>. The production of a high-purity
H, (>99.99%) from the thermal plasma gasification of paper
mill waste is shown in [26].

In this study, a thermal DC arc discharge water steam
plasma was used to pyrolyze/gasify organic materials to
synthesis gas. Glycerol and crushed wood were used as a
source of biomass. The effects of different conversion

parameters including the water steam flow rate, the treated
material flow rate and the plasma torch power were
studied. The modeling of chemical processes, based on a
classical thermodynamic equilibrium reactor model (TER),
was also proposed. Furthermore, the quantification of the
plasma conversion system in terms of energy efficiency and
a specific energy requirement was performed. It was found
that the synthesis gas with a high content of Hy and CO
could be effectively produced from glycerol and wood by
the thermal water steam plasma pyrolysis/gasification
process.

2. Experimental setup and methods
2.1. Design of the biomass conversion system

In this study, the conversion of glycerol and wood to
synthesis gas was carried out using an entrained bed
plasma-chemical reactor (PCHR). The experimental system
is shown in Fig. 1.

It consists of an atmospheric pressure DC arc plasma
torch, a power supply system, a steam generator, a super-
heater, a gas supply system, a chemical reactor, an
organic material supply, a condenser with silica gel (to
remove moisture from the gas produced), and a gas chro-
matograph. The entrained bed plasma-chemical reactor
used in this study was 1 m long with 0.4 m inner diameter.
At the bottom of the reactor, there is a section for the
removal of char and condensed water, and in the middle an
outlet chamber for the produced gaseous products is
installed. The residence time varied from 0.5 to 1 s, which
depended on the flow rates of steam and the treated
organic material, and the size of the PCHR.

Pure glycerol (99.5%) was used as a substitute for crude
glycerol, which is considered a by-product of biodiesel
production after the transesterification process. Glycerol
was supplied to the chemical reactor at a constant rate of
2 g/s through the special spray nozzles. The optimal oper-
ating pressure of a spray nozzle is 10 bar. Therefore, the
pressure in the glycerol feeding line was kept at 10 bar and
regulated by nitrogen gas from a cylinder. To improve the
fluidity and spray stability of glycerol, it was preheated to
343 K with a heater before supplying to the reactor.

Wood was chosen as a solid organic material because of
the known chemical composition: C — 50.25%, H — 6.09%, O
—43.35%, N —0.2%,and S — 0.1% [22]. It was supplied to the
reactor by a special feeder at the flow rate of 1.2 g/s.

An atmospheric pressure DC arc plasma torch was used
to generate active plasma radicals (O, H, and OH) from the
water steam. The power of the plasma torch depends on
the current intensity, voltage, and the flow rate of the
plasma-forming gas. Argon was used as a shielding gas in
order to protect the tungsten cathode of the plasma torch
from erosion. During the experiments, the plasma torch
power was changed from 48 kW to 56 kW (current 200 A,
voltage 240—280V, steam flow rate (at 500 K) 2.63—4.48 g/
s). The mean temperature in the plasma-chemical reactor
was simply calculated from the heat balance equation
corresponding to the plasma enthalpy. The methodology is
concisely defined in [27]. During the experiments, the
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Fig. 1. Scheme of the biomass conversion system.

mean jet temperature was 2800 K, with the maximal ab-
solute error in the range of +6—8%.

The gas produced after the conversion was analyzed by
means of an Agylent 7890A gas chromatograph equipped
with dual-channel thermal conductivity detectors (TCDs)
and a valve system. The flow rates of the formed products
were calculated from the mass balance equation using the
known flow rates of the reactants and the product con-
centrations measured with a gas chromatograph. Addi-
tionally, a flow meter was used after the condenser to
measure the flow rate of the outlet gas. Thus, it was easier
to check whether the mass balance equation was valid for
all the products after the flow rate calculation.

2.2. Main chemical reactions

Generally, the biomass/waste conversion to synthesis
gas involves complex chemical reactions. The main chem-
ical heterogeneous and homogenous reactions of pyrolysis
and the gasification taking place in the reactor are
described in detail in [17]. Arena [8] states that the final
composition of the synthesis gas will be determined by the
reaction rates and also by the effect of catalysts, which is
important for tar decomposition in the reactor, rather than
by the thermodynamic equilibrium. Nevertheless, the
initiation of the chemical reactions in the reactor starts not
only due to the high temperatures but may also be affected
by the arc discharge being used. Therefore, firstly, active
radicals such as O, H and OH are produced in the discharge
chamber of the plasma torch under the impact of energetic
electrons or the thermochemical pyrolysis of steam (where
M refers to charge transfer) [28, 29]:

H,0 + M — OH + H* + M, (1)
H,0 + Ox — OH* + OH, (2)
H, + Ox — OH + H', (3)
H, + OHx — H,0 + H". (4)

The produced active radicals can considerably accel-
erate the pyrolysis/gasification process in the plasma-
chemical reactor where the heterogeneous and homoge-
neous reactions mentioned in [17] take place.

2.3. Evaluation of conversion performance

In order to compare different processes and to evaluate
the performance of the conversion system, it was quanti-
fied in terms of carbon conversion, Hy and CO yield, H»/CO
ratio, energy efficiency and specific energy requirement.
The criteria mentioned above are described in detail in [17,
23, 30, 31].

Carbon conversion writes:

[Xco + Xco2 + XCH4 + XCZ Hz} OouT

XC (00) = XM N

x 100%, (5)

where X.(%) is the carbon conversion degree (%),
Xc0.c0,.CH,.Go M 0uT 1S the mass flow rate of the carbon in the
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gas produced (kg/s), and Xy is the mass flow rate of the
injected organic material (kg/s).
The hydrogen yield is:

H,(Yield) = Koty syngas 100%, (6)
XM,IN
where Hy(Yield) is a hydrogen yield (%), Xu, syngas i the mass
flow rate of hydrogen produced in the syngas (kg/s), and
Xm,N is the mass flow rate of the injected organic material
(kg/s).
The carbon monoxide yield is:

CO(Yield) = Xco.sngas 100%, (7)
XM.IN
where CO(Yield) is a carbon monoxide yield (%), Xco,syngas 1S
the mass flow rate of CO produced in the syngas (kg/s), and
XM N is the mass flow rate of the injected organic material
(kg/s).
The energy conversion efficiency is:

(Hz -+ CO) X LHV(H2+CO)
= x 100%, 8
Teft Ppiasma + Xmun x LHVy N ®

where 7. is the energy conversion efficiency (%), (H,+CO)
is the mass flow rate of syngas (kg/s), LHVu N is the lower
heating value of the injected organic material (kJ/kg), and
Pplasma is the power of the plasma torch (W).

The specific energy requirement (SER) is:

o P plasma
SER = 5, c0) (9)

syngas

where Ppasma is the plasma torch power (kJ) and
(H2+CO)syngas is the molar flow rate of syngas (mol).

2.4. Thermodynamic equilibrium calculations

The plasma-chemical processes occurring in the
plasma-chemical reactor were simulated by means of the
Chemical Workbench (CWB) code [32] using a PT-type
(constant pressure and known temperature) thermody-
namic equilibrium reactor (TER) model. The TER is
designed for calculating the chemical equilibrium of a
multi-component heterogeneous system. A more detailed
explanation of the model is provided in [30].

3. Results and discussion

The effects of the steam/treated material ratio and the
plasma torch power on the biomass conversion are dis-
cussed below. It should be noted that at a constant arc
current intensity of 200 A, the increase of the steam (H,0)
flow rate from 2.63 to 4.48 g/s increases the power of the
plasma torch from 48 to 56 kW due to the raise in the
voltage-drop in the arc discharge channel. The concentra-
tions of gas produced in each experimental case were
measured three times, giving a relative deviation below
+5%.

3.1. Glycerol conversion

Glycerol (C3HgO3) conversion in the ambient of water
steam plasma was performed under the following experi-
mental conditions: glycerol flow rate 2 g/s, steam flow rate
2.63—4.48 g/s, and the plasma torch power 48—56 kW. The
H,0/C3HgO3 ratio changed from 1.3 to 2.2, Tr = 2800 K.

The concentrations of gas produced after the conversion
of glycerol are shown in Fig. 2. As the H,0/C3HgO3 ratio
increased from 1.3 to 2.2, the Hy and CO, concentrations
slightly increased, whereas that of CO slightly decreased,
and the concentration of intermediates (CH4 and CoHy) was
below 5%. The experimentally obtained H, and CO con-
centrations differed from those calculated at the thermo-
dynamic equilibrium by 6% and 17%, respectively.

No traces of glycerol after the conversion were detected.
It was fully decomposed into gas, liquid and a little amount
of char as indicated in Figs. 3 and 4. The highest carbon
conversion efficiency exceeded 88.9% at a water steam flow
rate of 4.48 g/s and a plasma torch power of 56 kW. As the
H,0/C3HgO3 ratio and the plasma torch power increased,
the yield of gas produced in the total reaction product mass
balance increased, while the yield of char decreased
significantly. The yield of liquid products, mostly
condensed water, increased due to the excess steam,
methanation, and hydrogenolysis of glycerol. Nevertheless,
the H; yield was over 90% and increased as the flow rate of
steam increased (Fig. 5). However, the CO yield was lower
and increased only up to 55%, indicating that there was a
potential to make the process of glycerol conversion to
synthesis gas more selective in terms of the CO yield. This
could be done by trying to minimize the content of in-
termediates such as CH4 and C;H; by using special catalysts
and/or by using the water—gas-shift reaction. The H,/CO
ratio was close to stable (around 1.9), showing the ability of
the produced synthesis gas to be directly used for energy/
heat or chemical production.

50

40

30

20

Concentration (vol %)

HZO/C3HSO3 ratio

Fig. 2. Effect of the H,0/C5HgOs5 ratio on the produced gas composition. The
full line represents the experimental results and the dashed red line rep-
resents the calculated results.
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The best conversion process efficiency was obtained at
an nefr of 51% and SER of 59 kJ/mol (equal to 0.54 kWh/kg)
when the flow rates of glycerol and steam were 2 g/s and
448 gfs, respectively, and the plasma torch power was
56 kW (Fig. 6).

The results suggest that there is a potential for the
further increase of the flow rate of glycerol in order to
achieve a better reaction performance as well as the pro-
cess efficiency. However, the char formation could be
minimized by improving the reactor design, i.e. installing
the glycerol spray nozzles closer to the plasma jet or by
increasing the reaction temperature. Hence, glycerol could
be converted even much faster by a high-temperature
steam plasma with a higher active radical concentration
inside.

3.2. Wood conversion

Wood conversion in the ambient of the water steam
plasma was carried out under the following experimental
conditions: wood flow rate 1.2 g/s, steam flow rate
2.63—4.48 g/s, and the plasma torch power 49 kW—56 kW.
The H,0/wood ratio was in the range of 2—3.4, Tr = 2800 K.

The concentrations of the gas produced after wood
conversion are shown in Fig. 7. As the H,O/wood ratio
increased from 2 to 3.4, the H, and CO concentrations
slightly decreased, whereas the CH,4 content increased. The
CO, concentration decreased as the H;O/wood ratio
increased to 2.7 and began to increase above the H,O/wood
ratio of 2.7. This could be affected by the dominance of the
exothermic water—gas-shift reaction. The experimentally
obtained H, and CO concentrations differ from those
calculated at a thermodynamic equilibrium by more than
40—-50% and 25—50%, respectively. In this case, the CWB
code was not suitable for the modeling of the wood con-
version process as it does not include the condensed solid
phase formation. Wood pyrolysis/gasification in the
ambient of water steam plasma is complicated and mostly
based on the water—gas, Boudouard hydrogasification,
water—gas-shift, and methanation reactions [8, 17].
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Fig. 6. Effect of the H,0/C3HgO5 ratio on the energy expenditure.
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The wood was completely converted to gas, liquid and
char, as it is shown in Figs. 8 and 9. At the plasma torch of
56 kW and the H,O/wood ratio of 3.4, the residence time
was sufficient for the wood conversion to gas, liquid, and
char. The yield of char in the total reaction product mass
balance decreased to 0.5%, while that of gas increased to
55%, giving a carbon conversion efficiency of up to 97.5%. As
wood consists of moisture (H,0) and Hy, the yield of lig-
uids, mostly condensed water, slightly increased due to the
excess steam used in the process and the wood methana-
tion reaction [8]. The H; yield increased from 60% to 87%,
while that of CO increased only from 35% to 54%, as indi-
cated in Fig. 10. If compared with the glycerol conversion,
wood consists of only ~5—7% of H; in the total mass, while
the quantity of hydrogen in glycerol is much higher. For this
reason, the H; yield is lower in the wood conversion case.
The formation of intermediates such as CHg, CoH, and the
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Fig. 10. Effect of the H,O/wood ratio on the H, and CO gas yield and the H,/
CO ratio.

combustion product CO, determines the lower CO yield.
This might be improved in the same way as described in the
glycerol conversion case. The H,/CO ratio slightly increased
at a HyO/wood ratio of 3.4. It could be explained by the
dominance of the water—gas-shift, CO oxidation and
methanation reactions [17]. The H,/CO ratio indicates that
the produced synthesis gas was of high quality and could be
used for energy/heat or chemical production [10—14, 34].

The highest process efficiency of the wood conversion
was obtained at a 7efr of 45.6% and SER of 69 kJ/mol (equal
to 0.64 kWh/kg) when the flow rates of wood and steam
were 1.2 g/s and 4.48 g/s, respectively, and the plasma torch
power was 56 kW (Fig. 11).

3.3. Comparison of the conversion process

The comparison of glycerol and wood conversion to
synthesis gas by means of the thermal steam plasma is
described in this section. The results of the conversion
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process under the best experimental conditions are shown
in Table 1.

Due to the physical properties and size of wood, the
process efficiency was lower and the specific energy re-
quirements were higher as compared with the glycerol
conversion case. Therefore, an additional energy was
required to heat, boil up, evaporate and convert wood to gas.
Hence, wood required a higher energy to be converted to
gaseous compounds if compared with liquid glycerol. Ac-
cording to the results in Table 1, the SER for converting wood
to synthesis gas was 10 kJ/mol higher than that in the case of
glycerol, thus leading to a 5.4% lower process efficiency. In
the future, the process efficiency depending on the size of
treated wood is planned to be examined. It could be stated
from the above table that in both cases the decisive
parameter for the effective material treatment was the
steam flow rate which also influenced the power of the
plasma torch at a constant arc current. As the flow rate of
steam increased from 2.63 to 4.48 g/s, the best conversion
process efficiency was obtained. Moreover, the presence of
active radicals in the plasma stream and high plasma tem-
peratures (reaching up to 2800 K) enabled to treat materials
with a high conversion efficiency at a short residence time
(varying from 0.5 to 1 s). Therefore, the main components
after the conversion of glycerol and wood are H, and CO,
together representing around 55% in the total product mass
balance. The concentrations of intermediate gaseous prod-
ucts, such as CHs and C3H,, even with a small content
exceeding 5—7% in the total mass balance should also be
taken into account. This might help to increase the process
efficiency converting them to H, and CO through the com-
plex heterogeneous and homogeneous reactions involving
methanation, hydrogasification, water—gas, Boudouard and
water—gas-shift chemical reactions [17]. During this

Table 1
Comparison of the conversion processes.

Material H; (Yield%) CO (Yield%) H/CO nefr (%) SER (kJ/mol)

C3HgO3 93 55 1.9 51 59
Wood 87 54 2.2 45.6 69

experimental research, the concentrations of CH4 and CoH,
slightly increased as the steam/fuel ratio increased. In the
case of glycerol reforming, the content of CHy and C;H,
increased from 4.5% to 5.3% and from 1% to 1.65%, respec-
tively, whereas in the case of wood conversion, only CHy4
with concentrations in the range of 1%—4% was observed.
This suggests that there is potential to minimize the for-
mation of these compounds by improving the technological
process.

Another constituent in the mass balance is condensed
incompletely reacted water which was used as a plasma-
forming gas, the heat carrier and the main reactant. Due
to its physical properties, condensation is inevitable.
Moreover, the flow rate of steam used to run the plasma
torch stably is optimal, and thus, there is no possibility to
achieve it completely reacted. Nevertheless, the increase of
the flow rate of treated materials might help to increase the
amount of reacted steam and to minimize its quantity in
the final reaction product mass balance. Therefore, the
optimal conversion process establishment is required.

The amount of char in the reaction products’ mass bal-
ance varies from 1 to 4%, showing the great potential of the
thermal plasma technology to be applied for the effective
treatment of organic materials. On the other hand, the low
carbon monoxide yield requires making the conversion
process more selective. Therefore, special catalysts sup-
ported by Cu, CuO, Cr;0Os3, Ni, NiO, ZrO,, Al,0s3, and
magnesium-containing materials might be used to reduce
the content of intermediates as reported in [35, 36].
Furthermore, the increase of the plasma temperature up to
4000 K would lead to a full steam decomposition into
elemental substances such as H, O, OH, O, and H,. It will
also help to increase the yields of H, and CO, because at a
mean plasma temperature of 2800 K, reached during the
experiments in the reaction zone, only 25% of steam was
dissociated according to the CWB calculations and [37].
However, the achievement of such a temperature is a
challenging technological issue.

The H;/CO ratio was close to 2 in both cases. It implies
that the produced synthesis gas is suitable for the direct
energy/heat or chemical production via the Fisher—Tropsh
synthesis. It is worth stating that no dangerous compounds
after the glycerol/wood conversion have been detected.
Only condensed water, valuable synthesis gas (H,+CO) and
small amounts of solid carbon were found. This implies that
the thermochemical arc plasma technology, where the
overheated steam is used as a plasma-forming gas, the heat
carrier and the reactant, can be an effective and environ-
mentally friendly biomass treatment method. Moreover,
the method used in this study is not limited to any kind of
organic material (gaseous, liquid or solid) to be effectively
treated to valuable products. However, more detailed
experimental investigations are required in order to prove
the economic feasibility of the technology used.

4. Conclusions

In this experimental research, a thermal DC arc
discharge water steam plasma was used to convert glycerol
and wood to a synthesis gas. Additionally, chemical process
modeling was used to investigate the concentrations of



440 A. Tamositnas et al. / C. R. Chimie 19 (2016) 433—440

products at the thermodynamic equilibrium. The TER
model showed quite a good agreement between the
experimental and simulated data only for Hy in the case of
glycerol conversion, but it was unsuitable in the case of
wood conversion.

After glycerol conversion, the mainly formed products
were H, and CO with concentrations of 47% and 25%,
respectively. The water steam flow rate and the plasma
torch power were the crucial parameters for the effective
glycerol conversion. As the H;O/C3HgOs3 ratio and the
plasma torch power increased, the yield of gas and char
produced in the total reaction product mass balance
increased to 55% and 3%, respectively, giving the highest
carbon conversion efficiency of 88.9%. The highest yields of
H, and CO were 93% and 55%, respectively. The best con-
version process efficiency was obtained at an negof 51% and
a SER of 59 kJ/mol.

After wood conversion, the mainly formed products
were Hy and CO with the concentrations of 45.2% and 21%,
respectively. As in the case of glycerol, the increasing water
steam flow rate and the plasma torch power were the
decisive parameters for the effective wood pyrolysis/gasi-
fication. The yield of char in the total reaction product mass
balance decreased to 0.5%, while the gas yield increased to
55%, giving the highest carbon conversion efficiency of
97.5%. The highest yields of H, and CO were 87% and 54%,
respectively. The wood conversion process required a
higher SER of 69 kJ/mol compared to the case of glycerol
conversion. Therefore, it determined a lower conversion
process efficiency of 45.6%.

The H;/CO ratio indicates that the produced synthesis
gas is of high quality and, therefore, may be further used for
energy/heat or chemical production.

The thermochemical DC arc discharge water steam
plasma technology could be an effective and competitive
technology for biomass conversion to synthesis gas
because of the high plasma enthalpy (temperature), active
radicals, easy process control, and relatively high energy
efficiency. The future studies will focus on the process
optimization. Furthermore, a detailed comparison with
different plasma technologies will be proposed.

References

[1] B.H. Diyauddeen, A.R. Abdul Aziz, W.M.A.W. Daud, M.H. Chakrabarti,
Process. Saf. Environ. Prot. 90 (2012) 164.

[2] Off. J. Eur. Union L140 (5 June 2009) 16—62.

[3] A. Nzihou, Waste Biomass Valor. 1 (2010) 3.

[4] L. Zhang, C. Xu, P. Champagne, Energy Convers. Manag. 51 (2010)
969.

[5] F. Di Gregorio, L. Zaccariello, Energy 42 (2012) 331.

[6] H.Yang, R. Yan, H. Chen, D.H. Lee, D.T. Liang, C. Zheng, Fuel Process.
Technol. 87 (2006) 935.

[7] M.J. Castaldi, N.J. Themelis, Waste Biomass Valoriz. 1 (2010) 91.

[8] U. Arena, Waste Manage. 32 (2012) 625.

[9] U. Arena, L. Zaccariello, M.L. Mastellone, Waste Manag. 30 (2010)
1212.

[10] R.B. Anderson, The Fisher—Tropsch Synthesis, Academic Press, New
York, 1984.

[11] 12th ed,, in: ]J.A. Kent (Ed.), Handbook of Industrial Chemistry and
Biotechnology, Vol. 2, Springer Science + Business Media, New York,
2012.

[12] M. Ladwig, K. Lindvall, R. Conzelman, VGB Powertech 87 (2007) 30.

[13] M. Ishikawa, M. Terauchi, T. Komori, J. Yasuraoka, Mitsubishi Heavy
Ind. Ltd. Tec. Rev. 45 (2008) 15.

[14] D.W. Oxtoby, H.P. Gillis, N.H. Nachtrieb, Principles of Modern
Chemistry, 5th ed., Thomson/Brooks/Cole, Pacific Grove, CA, 2002.

[15] M.L Boulos, Pure Appl. Chem. 68 (1996) 1007.

[16] H. Huang, L. Tang, Energy Convers. Manag. 48 (2007) 1331.

[17] F. Fabry, Ch. Rehmet, V. Rohani, L. Fulcheri, Waste Biomass Valor. 4
(2013) 421.

[18] H.A.M. Knoef (Ed.), Handbook Biomass Gasification, 2nd ed., Biomas
Technology Group Publisher, the Netherlands, 2005.

[19] F. Ouni, A. Khacef, ].M. Cormier, Plasma Chem. Plasma P 29 (2009)
119.

[20] G. Van Oost, M. Hrabovsky, V. Kopecky, M. Konrad, M. Hlina,
T. Kavka, Vacuum 83 (2009) 209.

[21] G. Van Oost, M. Hrabovsky, V. Kopecky, M. Konrad, M. Hlina,
T. Kavka, A. Chumak, E. Beeckman, J. Verstraten, Vacuum 80 (2006)
1132.

[22] Ph.G. Rutberg, AN. Bratsev, V.A. Kuznetsov, V.E. Popov,
A.A. Ufimtsev, S.V. Shtengel, Biomass Bioenergy 35 (2011) 495.

[23] SJ. Yoon, Y.M. Yun, M.W. Seo, Y.K. Kim, HW. Ra, ].G. Lee, Int. J.
Hydrogen Energ. 38 (2013) 14559.

[24] H. Huang, L. Tang, Energy Convers. Manage 50 (2009) 611.

[25] Q. Zhang, L. Dor, D. Fenigshtein, W. Yang, W. Blasiak, Appl. Energ. 90
(2012) 106.

[26] Y. Byun, M. Cho, JW. Chung, W. Namkung, H.D. Lee, S.D. Jang,
Y.S. Kim, J.H. Lee, C.R. Lee, S.M. Hwang, J. Hazard. Mater. 190 (2011)
317.

[27] MIF. Zhukov, LM. Zasypkin, Thermal Plasma Torches: Design,
Characteristics, Applications, Cambridge International Science Pub-
lisher Ltd, Cambridge, 2007.

[28] Y. Kim, V.W. Ferreri, LA. Rosocha, G.K. Anderson, A. Abbate,
K.T. Kim, [EEE Trans. Plasma Sci. 34 (2006) 2532.

[29] Q. Yu, M. Kong, T. Liu, J. Fei, X. Zheng, Catal. Commun. 12 (2011) 318.

[30] A. Tamositinas, P. Valatkevicius, V. Valincius, V. Grigaitiené, Int. J.
Hydrogen Energ. 39 (2014) 2078.

[31] G. Petitpas, J.D. Rollier, A. Darmon, A.J. Gonzalez, R. Metkemeijer,
L. Fulcheri, Int. J. Hydrogen Energ. 32 (2007) 2848.

[32] Chemical Workbench 4, Kintech Lab Ltd, [interactive]: http://www.
kintech.com.

[34] G. Chen, X. Zhang, C.Y. Guo, G. Yuan, C. R. Chim. 13 (2010) 1384.

[35] V. Grigaitiené, N. Striugas, V. Snapkauskiené, K. Zakarauskas, Catal.
Today 196 (2012) 44.

[36] J. Barrault, S. Bancquart, Y. Pouilloux, C. R. Chim. 7 (2004) 593.

[37] N.V. Vargaftik, Manual of Thermophysical Properties of Gas and
Liquids, Moscow, 1972 (in Russian).


http://refhub.elsevier.com/S1631-0748(15)00337-9/sref1
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref1
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref2
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref2
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref3
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref4
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref4
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref5
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref6
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref6
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref7
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref8
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref9
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref9
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref10
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref10
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref10
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref11
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref11
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref11
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref11
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref12
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref13
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref13
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref14
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref14
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref15
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref16
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref17
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref17
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref18
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref18
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref18
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref19
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref19
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref20
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref20
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref21
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref21
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref21
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref22
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref22
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref22
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref23
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref23
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref24
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref25
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref25
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref26
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref26
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref26
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref27
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref27
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref27
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref28
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref28
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref29
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref30
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref30
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref30
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref30
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref30
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref30
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref30
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref31
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref31
http://www.kintech.com
http://www.kintech.com
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref34
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref35
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref35
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref35
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref35
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref35
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref36
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref37
http://refhub.elsevier.com/S1631-0748(15)00337-9/sref37

	Biomass conversion to hydrogen-rich synthesis fuels using water steam plasma
	1. Introduction
	2. Experimental setup and methods
	2.1. Design of the biomass conversion system
	2.2. Main chemical reactions
	2.3. Evaluation of conversion performance
	2.4. Thermodynamic equilibrium calculations

	3. Results and discussion
	3.1. Glycerol conversion
	3.2. Wood conversion
	3.3. Comparison of the conversion process

	4. Conclusions
	References


