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Abstract
Recycling of organic waste is an increasingly hot topic in recent years. This issue becomes 
even more interesting if such processing leads to a source of hydrogen or syngas for fuel 
production. A process of high-temperature decomposition of lignite was studied on the 
plasma gasification reactor PLASGAS, where water-stabilized plasma torch was used as a 
source of high-enthalpy plasma. The plasma torch power was 120 kW and allowed heating 
of the reactor to more than 1000 °C. The material feeding rate in the gasification reactor 
was 30 or 60 kg per hour that is comparable to a small industrial production process. The 
efficiency evaluation of the thermal decomposition process was performed. Energy balance 
of the process was carried out as well as an influence of the lignite particle size and the 
addition of methane (CH4) on the synthesis gas composition. The ratio H2/CO was in the 
range of 1.5–2.5 depending on the experimental conditions.

Keywords  Lignite · Plasma treatment · Water-stabilized plasma torch · Synthesis gas 
production · Atmospheric pressure

Introduction

Since its discovery in the beginning of the last century, gasification of biomass has gained 
widespread popularity as one of the main competitor of the renewable energy sources. 
Thermal decomposition of many solid, liquid or gaseous organic materials allows produc-
ing a mixture of H2 and CO called synthesis gas (syngas). The obtained gas mixture can 
be used as a raw material for the synthesis of more complex organic fuels/lubricants or as 
a gas fuel directly. Also it can serve as a source of pure hydrogen. Many gasification sys-
tems and methods have been studied for the obtaining of syngas from different biomaterials 
[1–11].

The growing interest in this field led to search of new modern methods because of low 
syngas yield/quality using previous classical techniques.

At the present time, a gasification method list was replenished with new concepts as a 
unique gasifier, which was patented in 2008 [12]. This reactor has a compact design that 
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combines gasification, gas cleaning and conditioning processes in one device and hence 
lower financial expenditure is needed. However, presence of tar in syngas also takes place.

Such processes as a multi-stage gasification combining pyrolysis and gasification [13], 
combination of pyrolysis and gasification at different locations [14] or combination of gasi-
fication with a partial oxidation stage [15] promise high process efficiency, sufficiently pure 
syngas with low tar concentration or even tar reduction by partial oxidation.

Combined gasification where produced syngas was immediately transformed into heat, 
power or pure hydrogen was also studied [16–19]. Advantage of this method is that the 
electrical energy and collected hydrogen can be transported somewhere in contrast to heat 
that must be used right away close to the gasification system.

Even gasification in a supercritical water was investigated [20]. The main disadvantage 
is a very high energy and financial expenditure. However, this technique offers a solution 
for processing wet biomass without pre-drying as well as the plasma gasification methods.

Gasification of various organic substances in plasma has also been actively studied in 
recent years [21–29]. A review of thermal plasma gasification is presented in [21–23], 
gasification of several organic materials is described in [24–27], coal gasification in arc 
plasma was studied in [28, 29] and in microwave plasma with power 75 kW [30]. Modeling 
of coal gasification in plasma reactor is presented in [31].

In this work, we studied gasification of lignite, low quality brown coal, with high humid-
ity. Removal of water and drying of the material is difficult and thus direct usage of lignite 
as a fuel is limited, as well as gasification of this material by partial oxidation. Gasifica-
tion of lignite was made in steam plasma, which was produced in a special plasma torch, 
where steam plasma was produced in a direct contact of water with electric arc discharge. 
Main characteristics of this torch are very high plasma enthalpy and temperature and thus 
low plasma flow rate needed for transport of sufficient energy into the gasification reac-
tor. Comparing to the other published plasma gasification experiments [23–30], the results 
presented in this paper were obtained in the reactor with pretty high torch power and the 
material throughputs in conditions closer to small industrial manufacture.

Materials and Methods

Plasma Torch and Gasifier

Plasma torch with stabilization of the arc by a mixture of an inert gas and water vapor 
generated thermal plasma. A detailed description of an operation principle can be found 
elsewhere [32, 33]. Gas (in our case—argon) is supplied along an inner thin tungsten cath-
ode and then arc stabilized in water vortex. Thus the plasma has no impurities which could 
contaminate the synthesis gas. A rotating copper disc with water cooling serves as outer 
anode [34].

The scheme of plasma gasifier PLASGAS is presented in Fig. 1 [22, 35]. Plasma torch 
is placed at the top of the reactor. Temperature of inner surface is measured in several 
positions as showed in Fig. 1. Treated solid material is transported into the reactor by a 
feeder placed on the upper side of the reactor. Therefore, the material enters directly into 
the plasma jet.

The flow rates of input gases were measured using mass flow controller AALBORG 
GFC-57. The syngas flow rate was determined from measured Ar concentration. The argon 
was added at known input flow rate. The argon flow rate was measured with accuracy 
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better than 10%, the argon concentration in syngas was measured with an accuracy better 
than 1%. A quadrupole mass spectrometer Pfeiffer Vacuum Omnistar GSD 301 was used as 
a main gas analyzer.

Materials and Conditions

Natural lignite is a fossilized biomass, which still keeps its natural structure. A series of 
the experiments were performed with crushed lignite (a humid non-hydrolysable complex 
organic powder).

The complete chemical composition of the tested material can be found in Table 1.
The chemical composition calculations were made according technological param-

eters given by a customer, because elemental analysis of the volatile matter was done 
with respect to the total lignite weight. Unfortunately, a chemical composition of the 
ash was not presented in the above mentioned data. This material usually contains high 

Fig. 1   The scheme of the plasma gasification reactor

Table 1   Chemical composition of the lignite

Moisture Ash Volatile matter Composition (% of the volatile matter weight)

(% of the total weight) Carbon Oxygen Hydrogen Sulfur Nitrogen

47.3 7.2 45.5 66.4 25.6 5.7 1.5 0.8



398	 Plasma Chemistry and Plasma Processing (2019) 39:395–406

1 3

amount of water and hence it is not suitable for usual combustion process. The lignite 
humidity was measured in our laboratory before the experiment once again. Lignite was 
heated to 105 °C until its mass ceased to change. Resulted moisture differed from the 
initial by a few percent that was also took into account at chemical composition calcula-
tions. Material drying is quite difficult, because the water is bound in the inner structure 
of lignite. However, high humidity of the material is beneficial in thermal plasma treat-
ment, where material is decomposed into its constituent atoms at high plasma tempera-
tures, and dissociated water is a source of oxygen for complete lignite gasification and 
contributes to an increase of hydrogen content in produced syngas.

The experiments were performed in the plasma reactor PLASGAS [22] under the 
experimental conditions specified in the Table 2.

Two sets of experiments were made with lignite powder with two average particle 
sizes—less than 100 µm (50–100 µm) and more than 100 µm (100–500 µm). The pow-
der was injected into plasma jet separately and also in a mixture with additional gas 
(methane) at various feed and flow rates. Methane was added into the reactor in order 
to study possibility of control of H2/CO ratio in produced syngas. Argon was used as a 
calibration gas for mass spectrometry analysis and for determination of syngas flow rate. 
Steam evaporated from a water vortex inside the plasma torch system was also taken 
into account in the chemical composition calculations (the details of the steam flow rate 
measurements can be found elsewhere [36]).

Nine experiments were performed with feeding rates of reactants specified in Fig. 2. 
Chemical composition of the input materials including lignite, water and methane is 
shown in Table 3. Only the components (H2, C, O,) are presented here, because of their 
presence were detected by mass spectrometer at the reactor outlet and nothing more. 
The ash and non-gasified part of lignite were collected at the bottom of the reactor in 
the form of lava. First four experiments were done using small lignite particles (less 
than 100 µm in diameter), large particles (above 100 µm in diameter) were used in the 
other five experiments.

The temperature of the reactor inner walls fluctuated in the range between 1300 and 
1150 °C at the top of the reactor and between 1100 and 950 °C at the bottom.

Ratio of the full consumption of electrical net energy to the mass of treated lignite in 
the experimental series is shown in Fig. 3. The net energy available directly for decom-
position process was evaluated taking into account the measured energy losses to the 
reactor walls and losses in plasma torch. The ratio of this energy to mass of treated 
material (process enthalpy) is also presented in Fig. 3.

Table 2   Experimental conditions
Arc current 400 A
Arc power 114–131 kW
Lignite feed rate 30 or 60 kg/h
Lignite particle size < 100 µm and > 100 µm
Calibration gas Ar (argon)
Additional gas CH4 (methane)
Additional gas flow rate 75 and 150 slm
Water vapor from the plasma torch 1.08 kg/h
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Results and Discussion

Composition of gas reaction products was monitored by using mass spectroscopy. Exam-
ples of time evolution of gas composition are shown in Fig. 4. Flow rates of added gases, 
lignite feed rate and the electric parameters are indicated at the bottom of the picture. It is 
clearly seen gas composition had fast response to changing the input parameters (methane 
and argon flow rates in this case). Some time was needed after any changes in order to sta-
bilize the system state.

Composition of syngas for nine experimental runs characterized in Figs. 2 and 3 is 
shown in Fig. 5. Besides H2 and CO also some amount of CO2 and CH4 was detected. 
Argon was added for measurement of syngas flow rate. Content of CO2 was between 5 
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Fig. 2   Feed rates of lignite and methane

Table 3   Feed materials elemental 
composition (mol%)

Experiment H2 (%) C (%) O (%)

1 40.5 24.5 35
2 42.8 25.3 31.9
3 42.7 25.7 31.6
4 40.3 25 34.7
5 40.3 25 34.7
6 42.6 25.8 31.6
7 42.5 26.2 31.3
8 44.5 26.8 28.7
9 40.1 25.5 34.4
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and 13%, depending on feeding rates of input reactants. Content of methane was from 1 
to 5% for experiments with methane input, and below 1% in the other experiments. Pres-
ence of CO2 can be explained by high content of oxygen in the chemical composition of 
the raw material.

After changes of conditions in the reactor, the stable situation was reached after long 
time. This was caused especially by a high thermal inertia of the reactor body, espe-
cially of the thick ceramic wall insulation. Therefore we used the data obtained in a time 
interval after the state with slow changes of measured parameters was reached. The rela-
tions between characteristics that were measured in the same time moment were used in 
evaluation of the results.

Methane addition into the reactor volume allowed partially compensating a stoichio-
metric surplus of oxygen and increasing of hydrogen yield. At the same time, the highest 
methane flow rate (150 slm) was already redundant. Thus, methane surplus leaved the 
reactor without reacting. It can be seen in results of the experiments 7 and 8 (see Fig. 5), 
where the H2/CO ratio was the same at increase of the methane volume percentage.

Resulted percentage of hydrogen in some cases reached more than 60% of the total 
gas volume. Hereby, this method of high temperature plasma treatment can be used for 
hydrogen production.

The hydrogen and carbon yield of the gasification process is illustrated in Fig. 6. The 
hydrogen losses could be due to formation of new water molecules, but water was not 
measured by mass spectroscopy. Some carbon molecules accumulated on the inner reac-
tor walls in the form of soot. Both elements also remained part of an unreacted material, 
which was collected at the bottom of the reactor.
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Fig. 4   Time evolution of the gas composition
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Methane addition played a considerable role in increasing the carbon yield. The parti-
cle size as well as material feed rate did not have a significant influence on hydrogen and 
carbon yields. Nevertheless we can suppose further possibility of the material feed rate 
increase without dramatic influence on the yield. Resource expenditure for deep material 
grinding presumably was not necessary as well.

Ratio of the Low Heating Value (LHV) of produced syngas (Esg) to full torch power 
(Etp—the electrical energy supplied to the plasma torch), to the net energy (Enet—the 
energy balance taking into account a coefficient of plasma torch efficiency (keff) and ther-
mal losses during cooling of the reactor walls (Ecooling)), which was involved in the decom-
position process and to the sum of full torch power and the chemical energy (Ech) contained 
into the feed material is showed in Fig. 7, where:

In our case the feed material chemical energy (Ech) was 12.57 MJ/kg.
Thus direct energy consumption in the form of network electricity helped to convert 

hard-to-reach lignite energy to come-at-able energy of the syngas during the plasma gasifi-
cation process and in several experiments the amount of syngas energy was more than the 
electrical energy consumption and much more than the pure energy available directly for 
gasification process.

The difference between those ratios (see Fig.  7) allows to better estimate the amount 
of the total energy loss due to the thermal losses and the magnitude of the plasma torch 
efficiency coefficient. It means an analysis of different plasma gasification reactor construc-
tions and plasma torch types can help to find an optimal way to reduce losses.

Etp = U(V) ⋅ I(A); Enet = Etp ⋅ keff−Ecooling;

Etp + Ech−full input energy, Esg−output energy.
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Figure 8 presents heating value of produced syngas. The low heating value of the syngas 
in all cases was in the range from 8 to 11 MJ/m3.

Conclusions

Plasma gasification leading to the production of syngas is an alternative to non-plasma 
methods of organic substances treatment. Plasma is a medium with the highest content of 
energy, and therefore substantially lower plasma flow rates are needed to supply sufficient 
amount of energy needed for gasification. The result is minimum contamination and dilu-
tion of the produced syngas by plasma gas and an easy control of syngas composition. 
In comparison with non-plasma methods the volume percentage of CO2 did not exceed 
13% of the total amount [37]. The methane was under 5% threshold when it was observed. 
Nitrogen compounds were not detected due to lack of atmospheric air in the gasifier. The 
process also acts as energy storage—electrical energy is transferred into plasma enthalpy 
and then stored in the produced syngas.

Plasma treatment offers a better control over the temperature of the process, fast pro-
cess response to changing experimental conditions, lower reaction volume and especially a 
suitable composition of produced syngas for Fisher–Tropsch process. The plasma gasifica-
tion exploits the thermochemical properties of plasma. Decomposition of the material is 
achieved by the action of the kinetic energy of plasma particles, which is extremely high 
due to high temperatures of the plasma, and also the influence of radiation and chemically 
active species.

The specific features of plasma treatment were illustrated in this paper. Steam plasma 
was generated in a special plasma torch which is characterized by substantially higher 
enthalpy and temperature than commonly used thermal plasma generators. Thus, main 
advantages of plasma treatment were: the extremally high energy concentration that pro-
vided by the hybrid plasma torch and hence a possibility of direct treatment of moisture 
materials, a smaller amount of foreign components in a syngas composition.

Syngas with concentration of hydrogen and carbon monoxide more than 80% and the 
ratio of the respective components (H2/CO) between 1.7 and 2.7 was produced by gasifica-
tion of high humidity lignite in steam plasma. Hydrogen yield was up to 80%, maximum 
carbon gas yield was close to 90%. Maximum ratio of the syngas calorific value to full 
plasma torch power reached 2.5, and the ratio of calorific value to energy spent for gasifi-
cation process was up to 6.3. The total output/input energy ratio was in the range between 
0.34 and 0.94.

In spite of minor differences in feed material chemical composition for all nine experi-
ments (see Table 3) next conclusions can be done:

•	 Gasification of the small lignite particles gives some advantage in H2/CO ratio at 
30 kg/h feed rate and in total H2 and CO percentage content at 60 kg/h feed rate accord-
ingly;

•	 Small particles treatment with methane addition (75 slm) also showed better results in 
total H2 and CO percentage content at both feed rates.

Thus, the highest total H2 and CO percentage content with high H2/CO ratio in resulted 
syngas was reached using finely crushed lignite particles (50–100 µm) at both material feed 
rates (30 and 60 kg/h) with methane addition (75 slm). Methane addition at 75 slm of the 
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gas flow rate allowed to rich the syngas by H2 and CO components. Moreover, the H2/CO 
ratio was also increased.

Usage of thermal plasma offers the possibility of treatment of materials with high con-
tent of water, which cannot be used for combustion or for non-plasma gasification without 
drying. In case of humid lignite, drying process is complicated and expensive. In plasma 
gasification, water contents in the material served as source of oxygen for more complete 
lignite gasification and for the increase of hydrogen contents.

Obtained synthesis gas can be a source of pure hydrogen. It also can be used directly as 
a gas fuel or as a raw material for a following liquid fuel production. No high molar mass 
compounds were detected by mass spectrometer in the produced gas composition at the 
reactor outlet. However, the solid products collected inside the reactor were not chemically 
analyzed.
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