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Abstract: Compared to conventional allothermal gasification of solid fuels (e.g. biomass, charcoal, 14 
lignite etc.), plasma-assisted gasification offers an efficient method to apply energy into the 15 
gasification process to increase the flexibility of operation conditions and to increase the reaction 16 
kinetics. In particular, non-thermal plasmas (NTP) are promising, in which thermal equilibrium is 17 
not reached and electrons have substantially higher mean energy than gas molecules. Thus it is 18 
generally assumed that in NTP the supplied energy is utilized more efficiently for generating free 19 
radicals initiating gasification reactions than thermal plasma processes. In order to investigate this 20 
hypothesis, we compared purely thermal to non-thermal plasma assisted gasification of biomass in 21 
steam in a drop tube reactor at atmospheric pressure. The NTP was provided by means of gliding 22 
arcs between two electrodes aligned in the inlet steam flow. Electric power of about 1 kW was 23 
supplied using a high voltage generator operating at frequencies between 70 and 150 kHz and 24 
voltage amplitudes up to 10 kV. A laser-assisted optical method (Raman spectroscopy) was applied 25 
for measuring the gas temperature both in the conventionally heated steam and flow-down of the 26 
visible plasma filaments of the gliding arcs. Reaction yields and rates were evaluated using these 27 
measured gas temperatures. The first experimental results have shown that the non-thermal plasma 28 
not only promotes the carbon conversion of the fuel particles, but also accelerates the reaction 29 
kinetics. The carbon conversion is increased by nearly 10% using wood powder as the fuel. With 30 
charcoal powder more than 3% are converted into syngas. 31 

Keywords: non-thermal plasma; wood gasification; charcoal gasification; water steam gasification; 32 
plasma stability; optical temperature measurement; carbon conversion; reaction kinetics; Arrhenius 33 
diagram 34 

 35 

1. Introduction 36 
During the “Energiewende” providing a stable and CO2-neutral energy structure by implementation 37 
of renewable energy sources (e.g. photovoltaics, wind turbines, biomass and hydropower) has 38 
attracted increasing attention. Due to fluctuations in solar radiation and wind distribution there will 39 
be a temporal and regional mismatch between electricity production and consumption. Therefore, a 40 
flexible storage concept for renewable energy is desirable. Chemical energy storage targeting on 41 
formation of energetic base chemicals or fuels is viable option for long term energy storage (see e.g. 42 
[1]). Direct coupling between electricity and chemical processes can efficiently be achieved both by 43 
means of electrolysis and of electrical gas discharge plasmas. Recently plasma application for 44 
gasification of biomass, municipal wastes, and other carbon rich materials has been considered 45 
because application of electrical energy allows generation of hydrogen-rich synthesis gas and 46 
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depending on the reaction conditions of methane and C2-hydrocarbons (ethane, ethylene, and 47 
acetylene). Further the possibility for highly dynamic operation of electrical gas discharge plasmas 48 
offers the potential for preferred utilization of electricity in case of negative residual load.   49 

Compared to conventional thermal gasification, plasma-assisted gasification of biomass can be 50 
performed at higher temperature which in turn drastically increases rates of gasification reactions by 51 
increasing heat transfer rates, chemical rate coefficients, and concentrations of free radicals and 52 
charge carriers [2]. Recently there has been growing interest in non-thermal plasma (NTP) application 53 
[3]: In NTPs electric energy is efficiently supplied to the electrons by means of the electric field which 54 
to a large fraction is transformed into ionization, dissociation and excitation of the feed gas molecules. 55 
Since gas heating due to the electron current is marginal, establishment of thermal equilibrium can 56 
be impeded e.g. by pulsed power supply of the electrical gas discharge or by introducing gradients 57 
operating the plasma in fast fluid flow. As a consequence, mean electron energy and species 58 
concentrations of ions and radicals can be orders of magnitude higher than expected from the increase 59 
of gas temperature being in the range of typically 10 to 1000 K. Strictly speaking, for an NTP a 60 
temperature can no longer be defined. Nevertheless, giving a gas temperature based on the rotational 61 
energy distribution of the feed gas molecules being closely coupled to the translational energy 62 
distribution normally is meaningful. The free radicals generated efficiently through energy-rich 63 
electrons allow the chemical reactions to be initiated at lower gas temperatures as compared to 64 
thermal equilibrium chemistry. 65 

Even though many authors have discussed and investigated the plasma gasification on an 66 
experimental basis and/or by simulation, no references were found to give a direct comparison 67 
between thermal and plasma biomass gasification under identical experimental conditions which is 68 
the main objective of this work. Furthermore, the furnace temperature often found in literature is 69 
used for results evaluation, which may not represent the actual gas temperature during the 70 
gasification. In this work, the results are analyzed using optically measured temperature. This allows 71 
not only an accurate evaluation but also a better understanding of the gasification reaction 72 
mechanism. The description of optical temperature measurement will be published shortly in a 73 
following paper. In order to investigate the plasma influence on pyrolysis and charcoal gasification, 74 
wood and charcoal powders are used. 75 

2. State of the Technologies 76 

2.1 Utilization of Plasma Technologies 77 
Plasma refers to the fourth state of matters after solid, liquid and gaseous phases. It is a mixture of 78 
electrically charged particles (e.g. ions, electrons) and neutral particles (radicals, gas molecules). 79 
Plasma properties depend on the generation method, pressure, specific input energy, reactor design 80 
and dimensions. They can be adapted according to the application, e.g. thermal treatment of solids, 81 
liquids or gases, plasma chemistry, in particular plasma reforming, plasma etching, plasma-assisted 82 
deposition, and electrostatic precipitation. 83 

The plasma technologies with both non-thermal and thermal plasma find application in different 84 
areas of energy process technology. In [4], non-thermal plasma has accelerated the conversion of 85 
methane into synthetic fuels. High-energy electron impact initiates methane partial oxidation, 86 
enabling a single step CH4 conversion with oxygen into various oxygenates such as methanol, 87 
formaldehyde and formic acid. The coal gasification has been conducted with steam microwave 88 
plasma in [5]. The hydrocarbon fuel has been reformed at atmospheric pressure under the high 89 
temperature steam torch. Ni et al. [6] investigated the decomposition mechanism of phenol treated 90 
with steam plasma jet. In [7], a downstream thermal plasma torch has cracked the tar products from 91 
the syngas out of a stationary fluidized-bed gasifier. The results showed that almost all kinds of tar 92 
groups (primary, secondary and tertiary) have been completely reformed to carbon monoxide and 93 
carbon dioxide [7]. The most active species to decompose tar are the oxygen function groups (O, OH, 94 
CO) [7]. Kempe et al. [8] utilized a non-thermal plasma source for biomass gasification in order to 95 
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generate high concentrations of combustible gases. In [9] a water plasma reformed methane and 96 
carbon dioxide at atmospheric pressure.  97 

Besides of the research activities at research institutes, several companies over the world have 98 
already brought commercial products into the markets. The Longyuan campany in China developed 99 
a plasma-assisted ignition device for coal power stations [10]. By replacing the original oil ignition 100 
device, the air pollution caused by sulfate compounds can be avoided [10]. Two German companies, 101 
PlasmaAir AG [11] and Rafflenbeul Anlagenbau GmbH [12] use non-thermal plasma technology 102 
mainly in the field of decontamination of exhaust gas. In Canada, the company PyroGenesis 103 
developed a steam plasma torch for hydrocracking, biomass gasification and cleaning of effluent 104 
streams [13] [14]. The Plasma Arc Technologies Inc. [15] and Westinghouse Electric Corporation [16] 105 
from USA concentrate on waste-to-fuel process using the plasma technology. 106 

2.2 Biomass Gasification 107 
The gasification process is a thermo-chemical conversion of solid fuels into gaseous energy carriers. 108 
It is the technology to promote the undergoing “Energiewende” in Germany and in the world. Its 109 
practical areas of application are generation of electrical energy in integrated gasification combined 110 
cycle (IGCC) power plants, coal fired power plants having reduced CO2-emission, and the generation 111 
of hydrogen-rich synthesis gas to produce secondary synthetic energy carriers. 112 

Depending on the fuel particle size, the processes during gasification can be categorized into 113 
three major steps with the physical and chemical procedures being similar in different types of 114 
gasifiers. The first step is known as the drying process in which the added heat evaporates the water 115 
content in the fuel particles which is followed by the pyrolysis process. Depending on the heating 116 
rate (from several K/min in slow pyrolysis up to 500 K/min in fast/flash pyrolysis), the fuel particles 117 
decompose to gaseous products (CO, CO2, CH4, H2 etc.), tar products and solid residues (coke 118 
particles and ash). Introducing the gasification medium (air, pure oxygen, water steam, carbon 119 
dioxide etc.) to the reactor, the major gasification reactions take place. Among them, there are 120 
homogenous gas-gas reactions, e.g. water-shift reaction and heterogeneous reactions, e.g. coke-121 
steam/oxygen reactions. In the presence of oxygen in an air-blown gasifier, an additional partly 122 
combustion provides the needed heat for the reactions mentioned above. 123 

The oldest gasification type is the air-blown fixed-bed reactor, which operates with a large fuel 124 
diameter. In the stoichiometric region (i.e. at relative air-fuel-ratio = 1) the reaction temperature is 125 
between 1500 – 2500 °C [17]. Due to the relative low outlet temperature of 400 – 650 °C (downdraft) 126 
and approximately 100 °C (updraft), the syngas contains about 10% methane. The updraft-gasifier is 127 
characterized by high tar-content in the produced syngas. 128 

Fluidized-bed gasifiers operate at average temperatures between 800 and 900 °C [18]. Despite 129 
different stationary or circulated reactor structures, the bed material (e.g. sand) guarantees a uniform 130 
temperature profile in the reactor which makes this technology attractive for the application in large-131 
scale plants [17]. Depending on how the bed temperature is maintained either autothermal or 132 
allothermal methods can be applied. For example, the allothermal biomass gasification plant in 133 
Güssing is based on two corresponding fluidized beds. One combustion chamber is used to heat the 134 
bed material. Afterwards, this sensible heat is used in the gasification chamber for an allothermal 135 
gasification process [19]. Karl [20] implemented a similar gasification process with indirect heat 136 
transfer through heat pipes between two bubbling fluidized beds. In both cases, the combustion 137 
process is separated from the gasification chamber. Both concepts allow a production of nitrogen-free 138 
syngas from steam gasification with high heating values. However, the tar problem still remains and 139 
in [7] [21] different plasma technologies have been applied to address it.  140 

The entrained-flow gasifier operates at much higher temperatures of 1300 – 1400 °C with a fuel 141 
diameter of around 10 – 20 µm. The entrained-flow gasification is usually based on oxygen as the 142 
working medium for the autothermal reaction. The extremely high reaction temperature leads to a 143 
carbon conversion to almost 95 – 99% within a short residence time [18]. The pure oxygen is obtained 144 
from an air separation unit (ASU). The major advantages of using oxygen as the working medium 145 
are the high caloric value of the syngas and the produced syngas being free of tar products. In case 146 
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of entrained-flow biomass gasification, air or oxygen-enriched air is normally applied as gasification 147 
medium. The fuel particles need to be ground to a micrometer scale. Additionally, it has to be noted, 148 
that a high chlorine content in the fuel can cause corrosion problems to the reactor [17] [22] [23]. 149 

3. Materials and Methods 150 

3.1 Experimental Methods 151 

The influence of plasma on the chemical reactions is based on various factors, the two most important 152 
being thermal activation caused by gas heating and the generation of reactive species (neutral radicals 153 
and ions) caused by electron collision processes (in the following called electronic activation). In this 154 
paper, a direct comparison between the plasma and thermal gasification has been conducted in order 155 
to distinguish between thermal activation and electronic activation. 156 

Figure 1 presents the experimental method for the plasma-assisted gasification. In case 1, the 157 
conditioned main water steam is the working medium of the non-thermal plasma (NTP) generator. 158 
From the main water steam flow rate, feed temperature and electrical plasma input power, gas 159 
temperature of the water steam flow-down of the plasma generator can be calculated based on the 160 
assumption of thermal equilibrium. Later on, the gas temperature is measured by using optical 161 
measurement technique. The biomass particles are introduced into the plasma generator in a way 162 
that they fall through the region in which gliding arc plasma filaments occur to guarantee a close          163 
interaction between the plasma and the biomass particles. The gasification process including drying, 164 
pyrolysis and charcoal gasification takes place in the drop tube reactor in which the side water steam 165 
is added to adjust the steam-to-carbon (S/C) ratio. Finally, the product gas is sampled for gas analysis. 166 

 167 

 168 
Figure 1. Case 1 – experimental method of plasma gasification 169 

Figure 2 shows the experimental method of thermal gasification as a reference case. The major 170 
difference compared to plasma-assisted gasification lies in the steam superheater which brings the 171 
main water steam to the same temperature as calculated for the plasma case (Tsteam,1 = Tsteam,2). 172 

From the comparison between the plasma and the thermal case, the influence of the electronic 173 
activation on the gasification reactions can be experimentally determined. 174 

 175 

Figure 2. Case 2 – experimental method of thermal gasification (reference)  176 
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3.2 Experimental setup 177 

Figure 3 shows the schematic experimental setup. The screw conveyor feeds the solid fuel 178 
particle with nitrogen purge into the reactor. Because the volume flow rates of nitrogen are known, 179 
nitrogen purge can further be used as a tracer for the calculation of the syngas production rates. The 180 
screw conveyor operates on the volumetric principle with twin screw compact feeder and allows a 181 
very precise feeding of the fuel particles. Table 1 presents the characteristics of the solid fuel particles. 182 
 183 

 184 
Figure 3. Test-rig for experimental investigation of plasma-assisted gasification 185 

Table 1. Proximate and ultimate analysis of wood [22] and charcoal powder 186 
Fuel type Wood powder [22] Charcoal powder*own analysis 
Water content 6.9% 2.8% 
Proximate analysis (wt.%, dry) 
Volatile matter 85.0 21.2 
Solid carbon 14.5 76.5 
Ash content 0.5 2.3 
Ultimate analysis (wt.%, dry) 
Carbon 50.9 84.5 
Hydrogen 6.2 3.1 
Oxygen 42.9 9.2 

The steam generator provides both the main water steam as the working medium and the side 187 
water steam for S/C adjustments (see Figure 1 and Figure 2 ). Each steam mass flow is measured and 188 
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controlled by Coriolis and orifice plate flow meters, respectively. In the reference case, the steam 189 
superheater adjusts the temperature of the main water steam to the experimental condition. 190 

3.2.1 Drop Tube Reactor 191 
Major component of the test rig is the drop tube reactor with an electrical heater, s. Figure 4. The 192 
electrical furnace can heat the reactor up to 1000 °C which is necessary for the gasification 193 
experiments. The reactor consists of a preheating zone, a window zone, a reaction zone and a quench 194 
zone. In the preheating zone, the furnace conditions the temperature of the side water steam for the 195 
experiment. After the preheating zone, both water steam flows are combined in the window zone, 196 
where fuel particles are added and the gliding arc plasma is operated such that the fuel particles fall 197 
through the non-thermal plasma region. The window zone allowing optical access of the reactor for 198 
temperature measurements is equipped with two rectangular quartz glasses (length 500 mm, width 199 
50 mm) mounted in the front and in the rear part of the reactor. In order to compensate the heat loss 200 
due to the glasses, the furnace heats the window zone to the same temperature as the preheating and 201 
the reaction zone. In the following reaction zone gas samples are drawn at different heights by means 202 
of a vertically adjustable gas probe and transferred to gas analysis. This allows to variate the residence 203 
time of fuel particles. The gas sample after suction in the probe is immediately cooled down to avoid 204 
further reactions. After a passive cooling in the quench zone, the synthesis gas containing carbon 205 
monoxide and hydrogen enters the flare. The sampled gas probe, however, is investigated with gas 206 
analyzer. 207 
 208 

 209 

Figure 4. Drop tube reactor with plasma ignition and the surrounding electrical heater 210 

3.2.2 Non-thermal Plasma Generator 211 
The key component of the test-rig is the gliding arc plasma generator mounted from the top of the 212 
drop tube reactor. It consists of two diverging electrodes (schematically shown in Figure 5) being 213 
supplied by a medium frequency high voltage power supply (Redline G2000, maximum voltage 214 
amplitude 10 kV, typical operation frequency 90 to 100 kHz). A 1 m long feed structure is utilized in 215 
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order to enable plasma operation in the window zone. Under optimum operation conditions an 216 
average power of 1000 W could be supplied to the gliding arc plasma. The electrodes provide an 217 
electrode gap increasing in flow direction from 2 mm to about 20 mm. Arc ignition takes place at the 218 
smallest distance, where voltage amplitudes of less than 1.5 kV are required to maintain the plasma 219 
(see Figure 6). Due to the interaction of arc and gas flow the arc moves along the diverging electrodes. 220 
Thus the gliding arc is characterized by rapidly increasing length of the arc filament causing 221 
increasing voltage. When the gliding arc reaches the electrode tips, it further expands into the volume 222 
until the voltage amplitude reaches about 8 kV. Then the arc extinguishes and re-ignition occurs at 223 
the smallest distance. Thus the arc voltage and current amplitudes vary on the time scale of 224 
milliseconds from 1.5 kV to 8 kV and 700 to 400 mA, respectively. By visual inspection the maximum 225 
length of arc filaments was found to be 10 to 15 cm. Voltage and current clearly indicate that the 226 
gliding arc plasma is non-thermal. 227 
 228 

 229 

Figure 5. Schematic geometry of the non-thermal plasma generator 230 

 231 

Figure 6. Voltage (blue) and current (orange) traces of the gliding arc generator operated in nitrogen 232 
(N2) 233 

Inside of the rapidly changing arc volume water molecules are ionized and dissociated. Due to 234 
diffusion and rapid movement of the arc ionization and dissociation products leave the arc filament 235 
and recombine. Thus heat transfer from the arc filament to the surrounding water steam is enhanced. 236 
Because of the non-thermal character of the gliding arc filament ion and radical concentrations are 237 
strongly enhanced as compared to thermal plasma having the same specific input enthalpy. Thus an 238 
increase of reaction rates compared to thermal processes is to be expected [24].  239 
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3.2.3 Gas Temperature Measurement 240 
In order to compare both gasification processes (thermal and plasma-assisted) appropriately, a 241 
comprehensive knowledge and control of the gas temperature is essential. Heat and mass transfer 242 
calculations help to estimate those temperatures at different locations and with varying process 243 
parameters. Nevertheless, integrating all influences completely was not possible due to too many 244 
unknown parameters of the complex system. Hence, temperature measurements were necessary, 245 
which were mostly achieved by standard thermocouples. Inside the drop tube reactor, especially in 246 
the areas close to the plasma, thermocouples cannot be utilized since this would lead to flashovers 247 

Therefore, we conducted local temperature measurements of the water gas phase by laser-based 248 
optical method by Raman spectroscopy. This optical measurement method is non-invasive, as this 249 
method does not interact with the reaction nor with the plasma. More details on temperature 250 
determination with Raman spectroscopy can be found in [25] and [26]. Additionally, a 251 
comprehensive description of the applied setup and analysis routine will be published in a 252 
forthcoming paper. 253 

The gas temperature measurements took place without the addition of biomass particles, but at 254 
reactor conditions identical to those used for the gasification experiments. Because the emission 255 
spectrum of the plasma does not influence the measurement technique, the influence of the plasma 256 
on the gas stream temperatures could be determined. The gas temperature is optically measured in 257 
the window zone (see Figure 3 and Figure 4), 15 cm below the tip of the ignited non-thermal plasma 258 
filament. In the thermal case, the same measurement point is chosen. In Figure 7, a schematic 259 
overview of the measurement setup with application to the drop tube reactor is shown. This paper 260 
wants to emphasize the spatial measurement section with Raman spectroscopy permitting a spatially 261 
resolved temperature determination. 262 

 263 

Figure 7. Optical temperature measurement setup (Raman Spectroscopy) at the reactor 264 

Raman spectroscopy 265 

Under the given high temperature conditions at atmospheric pressure, Raman signal intensities 266 
are extremely low due to the generally low scattering Raman cross sections and, furthermore, the low 267 
molecule density in the gas stream. In addition, the reactor walls begin to emit black body radiation 268 
at elevated temperatures which can superimpose the Raman signal in particular at temperatures 269 
above 700 °C. To counter these constrains, a high power Nd: YAG continuous-emission (Pmax = 8 W) 270 
laser with an excitation wavelength of 532 nm was used for signal excitation and a measurement head 271 
(for signal excitation and collection) was designed in a way to achieve a very high degree of 272 
confocality. Latter was also required to be very robust to temperature, vibration and other disturbing 273 
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influences applied to it. This was accomplished by a fiber-connected fully integrated design, which 274 
also allows horizontal and vertical movement to measure temperatures in different heights and radial 275 
positions without realignment. A Shamrock i303 Spectrograph with 2400 lines/mm grating and a 276 
Newton EMCCD camera were used for signal acquisition. The integration time of a spectrum was 10 277 
s, with 30 spectra recorded for each measurement point. 278 

The Raman signal of the symmetrical stretching vibration v1 in the range of 3580 to 3670 cm-1 279 
was analyzed to retrieve information of the gas temperature based on the changing shape of the data 280 
curve which is temperature dependent. Due to varying external light influences (sunlight, lamps, 281 
reactor radiation), all spectra had to be background corrected prior to further analyzing steps. The 282 
exact procedure will be explained in detail in a forthcoming publication. 283 

3.3 Experimental Conditions 284 
Table 2 summarizes experimental conditions. The furnace maintains the drop tube reactor between 285 
600 and 950 °C. The steam superheater conditions the temperature of the main water steam to 270 °C 286 
in the plasma case and to 650 – 730 °C in the thermal reference case. A mill grinds the solid particles 287 
to 700 – 1400 µm and to 90 – 1400 µm receiving wood and charcoal powder, respectively. The mass 288 
flows of the main and side water steam are set to 6 and 2 kg/h. This is due to the stability of plasma 289 
generator, which is explained in chapter 3.4. The mass flow of fuel is controlled by the rotational 290 
speed of the feeding screw. The selection of the mass flow is based on the consideration that due to 291 
endothermal steam gasification no significant temperature change should occur. An electrical power 292 
around 900 W is applied and introduced into the reactor by the plasma generation. 293 

Table 2. Experimental conditions: thermal and plasma-assisted gasification with wood powder and 294 
char powder 295 

 Wood powder Charcoal powder 
Furnace temperature [°C] 600 - 950 600 - 900 
Pressure atm. atm. 
Main water steam [kg/h] 6 6 
Side water steam [kg/h] 2 2 
Inlet temperature of main water 
steam [°C] 

270 (plasma case) 
650 – 730 (thermal case) 

270 (plasma case) 
650 (thermal case) 

Mean fuel particle diameter [µm] 700 – 1400 90 – 1400 
Mass flow of fuel [kg/h] 0.11 0.16 
Electrical plasma power [W] 900 (plasma case) 900 (plasma case) 

The estimation of the particle residence time is based on the force equilibrium of gravitational 296 
force, drag force and buoyancy force. The results of the range of particle diameters used in our 297 
experiments are given in Table 3. 298 

Table 3. Calculated residence time of fuel particles 299 

 Residence time by sampling at … [sec] 
Diameter [µm] End of window zone End of reaction zone 
90 1.1 1.7 
300 0.9 1.5 
700 0.4 0.7 
1000 0.3 0.5 
1400 0.2 0.3 

Both thermal and non-thermal plasma-assisted gasification are complex processes. Their micro-300 
kinetic description would require a large number of volume and surface reactions which in the case 301 
of non-thermal plasma-assisted gasification had to be amended by electron- and ion kinetics. In order 302 
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to simplify the evaluation of the results only the following overall gasification reaction has been taken 303 
into consideration: 304 

CHxOy + H2O  H2 + CO + CH4 + CO2 + tar 305 
The concentrations of the gas components such as O2, H2, CO, CH4 and CO2 have been measured with 306 
a gas analyzer (ABB AO2000 System). The nitrogen concentration is calculated from the total gas 307 
composition as the remaining gas. Each individual gas volume flow rate can be determined by the 308 
known nitrogen flow rate which is controlled by mass flow controllers. 309 

3.4 Plasma Stability 310 
The stability of the generated plasma plays an essential role in the gasification process. It can be 311 
influenced by the working medium, working temperature, electrode geometry, process parameters 312 
etc. The experiments were operated using a non-thermal plasma generator with preheated air and 313 
water steam. Figure 8 shows that the expansion of the plasma filaments is almost constant under 314 
parameter variations of gas volume flow rate between 4 and 10 kg/h and furnace temperature 315 
between 25 and 780 °C. The output of the power supply to the plasma generator power remains stable 316 
within a range of +/- 10% around the mean. 317 
 318 

 319 
Figure 8. Air plasma filaments under parameter variation of flow rates and furnace temperatures 320 

However, in cases of water steam plasma, the plasma stability becomes an issue depending on 321 
the gas volume rate and furnace temperature. From commissioning tests with water steam, NTP turns 322 
out to be less stable when the furnace temperature is above 800 °C. Reduced visible plasma expansion 323 
of filaments has been observed. At temperatures above 800 °C, the average power output drops by 324 
15%. After the experiments, significant erosion on the top of the electrodes was found. 325 

According to [6] [27]–[29], the following geometric and process optimization possibilities are 326 
suggested as stabilization mechanism: 327 
 Increasing the gas velocity to reach larger Reynolds number for stabilization or introducing 328 

further turbulence structures 329 
 Optimization of operation parameters of the plasma generator (voltage, frequency etc.) 330 
 Increasing the gap distance at ignition position (see Figure 5) 331 
 Increasing the nitrogen content in the gas mixture 332 
 Optimization of electrode geometry for better electrical field distribution 333 

After a review of all possible solutions, the first three options have been chosen as the primary 334 
methods. The mass flow rate of the main water steam is set to be 6 kg/h to guarantee sufficient gas 335 
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velocity and the Reynolds number which on the other hand results in the large S/C ratio (see Table 336 
2). The smallest gap distance is increased by 10% to 2.2 mm. The ignition voltage and working 337 
frequency was adjusted by 10%. 338 

After applying the optimization, stable plasma filaments were established between electrodes at 339 
the reactor temperature up to 950 °C, see Figure 9. The plasma input power fluctuates less than 1% 340 
around the mean. 341 

 342 
Figure 9. Stabilized water steam plasma at reactor temperature of 950 °C 343 

4. Results 344 

4.1 Syngas Production 345 
The following diagrams show the experimental results of the product gas concentrations as a function 346 
of the optically measured temperatures in plasma-assisted and in thermal gasification.  347 

Figure 10 shows the results of wood powder used as fuel. The hydrogen concentration increases 348 
with rising temperature. As is the case in NTP-assisted gasification, the hydrogen production is 349 
enhanced compared to thermal gasification which can be explained by NTP-induced dissociation of 350 
H2O. The concentration of carbon monoxide stays relatively constant. With rising temperature, the 351 
concentrations of methane and carbon dioxide decrease.  352 
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 353 
Figure 10. Gas composition in case of plasma (orange) and thermal (blue) gasification with dotted 354 
trend lines – wood powder d = 700 – 1400 µm; dry-basis 355 

 356 
Figure 11. Produced syngas flow rate in case of plasma (orange) and thermal (blue) gasification with 357 
dotted trend lines - wood powder d = 700 – 1400 µm; dry-basis 358 

Figure 11 presents the differences of the flow rates in plasma and thermal gasification. The 359 
production of each syngas component (H2, CO, CO2 and CH4) is promoted by non-thermal plasma. 360 
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The hydrogen production in the plasma case is about 15% higher than the production in thermal 361 
gasification. This can be explained by increased conversion of hydrocarbons and in particular of 362 
water dissociation. The increase of methane and carbon monoxide production is at 35% and 25%, 363 
respectively. The flow rate of carbon dioxide is enhanced by 20% with plasma which may be 364 
explained by the influence of the water-gas shift reaction.  365 

The experiments have been conducted with large nitrogen flow rate. Thus, the measured syngas 366 
concentration is highly diluted. Considering the confidence range of gas analysis to be 1% (see section 367 
4.4), the actual syngas concentration without N2 at lower temperature range can have a measurement 368 
error up to 150%. These errors lead to a relatively high uncertainty as shown in Figure 14 - Figure 17. 369 

Figure 12 shows the results of the gas composition of the charcoal powder in both the plasma 370 
and the thermal case. The tendency of the individual gas concentration (except for the carbon 371 
monoxide) with rising temperature is similar as is shown in Figure 10. The concentration of CO 372 
decreases as the temperature increases. 373 

 374 
Figure 12. Gas composition in case of plasma (orange) and thermal (blue) gasification with dotted 375 
trend lines - charcoal powder d = 90 – 1400 µm; dry-basis 376 

The change in the syngas flow rate can be found in Figure 13. In general, the plasma promotes 377 
formation of each species in the syngas by at least 15%. The hydrogen production at lower 378 
temperature is strongly promoted through water dissociation. The difference decreases with 379 
increasing temperature, which indicates that H2 is produced by steam gasification. With rising 380 
temperature, the difference in CO2 flow rate increases by more than 60%, while the difference of 381 
carbon monoxide decreases to 15%. The methane production is increased in plasma gasification by 382 
nearly 30%. 383 
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 384 
Figure 13. Produced syngas flow rate in case of plasma (orange) and thermal (blue) gasification with 385 
dotted trend lines - charcoal powder d = 90 – 1400 µm; dry-basis 386 

4.2 Carbon Conversion 387 
To determine the reaction progress, the total carbon conversion Xc is often used as the parameter, 388 
which is generally defined as: 389 

푋 = 1 −
퐶
퐶  Equation 1 

 

where Cresidue presents the carbon content in the solid residue and Cfuel the carbon content in the fuel. 390 
On the other hand, the total carbon conversion can be calculated from the product side. Carbon can 391 
be converted from fuel to syngas Xsyngas, to tar products Xtar and to solid carbon Xsc. 392 
 393 

푋 = 푋 + 푋 + 푋  Equation 2 

푋 =
퐶 + 퐶 + 퐶

퐶  Equation 3 

푋 =
퐶
퐶  Equation 4 

 

푋 =
퐶
퐶  Equation 5 

where CCH4, CCO and CCO2 present the carbon content in individual gas species, and Ctar and Csc presents 394 
the carbon content in the tar and in the solid carbon, respectively. 395 

In this work, the carbon conversion Xsyngas only considering syngas components is used as the 396 
parameter to determine the fuel conversion degree. When the wood powder is used as fuel, the 397 
obtained carbon conversion Xsyngas is smaller than the total carbon conversion Xc. 398 
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The carbon conversion, calculated from measured syngas concentration, is shown in Figure 14 399 
and Figure 15. The length of the fuel path is 0.7 m with the syngas sampled at the end of window 400 
zone. In the case of sampling at the end of reaction zone, the length of the fuel path is 1.8 m (see 401 
Figure 4). 402 

 403 
Figure 14. Carbon conversion depending on the optically measured temperature (orange: plasma; 404 
blue: thermal; wood powder d = 700 – 1400 µm) 405 

In the plasma case using wood powder, 10% more carbon contents in the fuel particles were 406 
converted into syngas. With the decreasing residence time by sampling at the end of the window 407 
zone, the carbon conversion decreases dramatically. A maximum carbon conversion of 48% at 770 °C 408 
in the plasma case and 40% at 870 °C in the thermal case can be achieved. 409 

 410 
Figure 15. Carbon conversion depending on the optically measured temperature (orange: plasma 411 
case; blue: thermal case; charcoal powder d = 90 – 1400 µm) 412 
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Using charcoal powder, the carbon conversion was enhanced by 3 – 8% by means of NTP 413 
application. The low carbon conversion is caused by the slow reaction kinetic of charcoal gasification 414 
and short residence time of charcoal powder in the reactor (see Table 3).  415 

4.3 Reaction Kinetics 416 
The reaction kinetics of the total gasification process has been studied in this chapter. The reaction 417 
rate 푟 is generally defined as the change of concentration 휉 or mass 푚 with time 푡. 418 

푟 =
푑휉∗

푑푡 =
1
푚 ∙

푑푚
푑푡  Equation 6 

This can furthermore be described with the rate coefficient k and the reaction order 푛: 419 

푑푚
푑푡 = −푘 ⋅ (푚(푡))  Equation 7 

with the assumption of a first order reaction (n = 1), the relation between reaction rate and rate 420 
coefficient 푘 can be expressed with the following linear differential equation. 421 

푑푚
푑푡 = −푘 ⋅ 푚(푡) Equation 8 

If further the overall reaction is governed by a rate limiting step, its rate coefficient as a function 422 
of temperature may be expressed using the Arrhenius equation:  423 

푘 = 퐴 ⋅ 푒  Equation 9 

or in logarithmic form 424 

ln 푘 = −
퐸
푅 ⋅

1
푇 + ln 퐴 Equation 10 

where 퐸  normally represents the activation energy, A is the pre-exponential factor, T is the absolute 425 
temperature in Kelvin and R is the universal gas content. Fitting rates obtained experimentally using 426 
equations Equation 8 and Equation 9 results in activation energies and pre-exponential factors both 427 
for thermal and plasma-assisted gasification. However, it should be clear that due to the complexity 428 
of the gasification process 퐸  values neither in case of thermal nor in the case of plasma-assisted 429 
gasification can be considered as activation energy in the usual sense. Nevertheless, this approach is 430 
widely applied in the literature for describing gasification processes. Thus it also will be used here.  431 

Table 4 presents kinetic data from the experiments. Figure 16 and Figure 17 show the trend of 432 
reaction kinetics with regard to the optically measured temperatures. 433 

Table 4. Experimental results of reaction kinetics 434 
Type of 
reaction 

Fuel with diameter T [°C] EA  
[kJ/mol K] 

A  
[s-1] 

Thermal 
gasification 

Wood powder 
700 – 1400 µm 

530 - 880 46.1 147.6 

Plasma-assisted 
gasification 

Wood powder 
700 – 1400 µm 

600 - 800 49.1 153.3 

Thermal 
gasification 

Charcoal powder 
90 – 1400 µm 

530 - 730 38.2 5.0 

Plasma-assisted 
gasification 

Charcoal powder 
90 – 1400 µm 

530 - 680 34.2 5.7 

In the following Figure 16, the calculated reaction rate coefficients of wood gasification are 435 
compared for both cases. In the NTP case, the rate constant k is 30% higher than that in the thermal 436 
case. Figure 17 presents the results of charcoal gasification. The calculated rate constant 푘 in the 437 
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plasma case is 50% higher than that in the thermal case. A constant slope can be obtained from each 438 
cases to determine the activation energy and pre-exponential factor. As mentioned above, the 439 
calculated values from plasma and thermal gasification don’t represent an activation energy in the 440 
usual sense. Furthermore, the difference in between is substantially smaller than the statistical error. 441 

 442 

Figure 16. Comparison of reaction kinetics between thermal and plasma cases in Arrhenius diagram 443 
(wood powder d = 700 – 1400 µm) 444 

 445 

 446 

Figure 17. Comparison of reaction kinetics between thermal and plasma cases in Arrhenius diagram 447 
(charcoal powder d = 90 – 1400 µm) 448 
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The experimental results are compared to the literature results listed in Table 5. The chosen 449 
literature results use a comparable range of particle diameter for the pyrolysis and gasification 450 
investigation. Figure 18 shows a graphic comparison between own and literature results. 451 

Table 5. Reaction kinetics of biomass pyrolysis and coke gasification from literature 452 
Type of 
reaction 

Fuel with 
diameter 

T [°C] Reactor 
type 

EA  
[kJ/mol K] 

A  
[s-1] 

Sources 

Pyrolysis Palm kernel shell 
62 – 105 µm 

600 - 1400 DTR 42.5 602 [30] 

Pyrolysis Wood dust 
45 – 88 µm 

300 - 1100 TGA 69 3.39 x 
104 

[31]  

Pyrolysis Almond shells 
300 – 500 µm 

460 - 605 FB 108 1.86 x 
106 

[32] 

Coke 
gasification 

Wood 
1000 – 1400 µm 

730 - 930 TGA 177 5.55 x 
105 

[33] 

Coke 
gasification 

Wood dust 
1000 – 2000 µm 

800 - 1000 TGA 156 6570 [34] 

Coke 
gasification 

Birch and beech 
45 - 63 µm 

750 - 900 TGA 237 2.62 x 
108 

[35] 

 453 

 454 
Figure 18. Comparison of own experimental results to literature 455 

The literature results shown in Figure 18 were obtained in various reactors (FB: Fluidized-bed; 456 
TGA: Thermogravimetric analysis; DTR: Drop tube reactor). Taking into consideration the influence 457 
of reactor on the reaction kinetics, we can find the own experimental results of wood powder meet 458 
quiet well with the literature values of pyrolysis. This indicates that the fed fuel particles have merely 459 
been pyrolysed in a short residence time (see Table 3) in the reactor. The own results of charcoal 460 
gasification lie far away from the literature. This can be explained by the remaining volatile content 461 
in charcoal particles, see Table 1. Another reason is the influence of reactor on test results. In TGA, 462 
the heat transfer is slower than in DTR.  463 
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4.4 Error Analysis 464 

The measurement errors have been calculated according to Gaussian error propagation from [36]. A 465 
general calculation formula can be found as follows: 466 

퐺 = 푓(푥, 푦, 푧,… ) Equation 11 

∆퐺 =
휕퐺
휕푥 ⋅ Δ푥 +

휕퐺
휕푦 ⋅ Δ푦 +

휕퐺
휕푧 ⋅ Δ푧 +⋯ 

Equation 12 

where ∆퐺  represents the standard deviation of the function 퐺 = 푓(푥, 푦, 푧, 푒푡푐. ) , 휕퐺 휕푥⁄ , 휕퐺 휕푦⁄ , 467 
휕퐺 휕푧⁄  represent the partial derivatives, Δ푥, Δ푦, Δ푧 represent the confidence range of the measured 468 
variables. 469 

The error parameters are considered to be the nitrogen flow rate, mass flow rate of fuel and gas 470 
concentration of methane, carbon monoxide, carbon dioxide and hydrogen. The reference equation 471 
for the calculation of reaction kinetics is as follows:  472 

푘 = −
ln 1 −

푉̇ ⋅ (휌 ⋅ 휈 ⋅ 퐶 , + 휌 ⋅ 휈 ⋅ 퐶 , + 휌 ⋅ 휈 ⋅ 퐶 , )
퐶 , ⋅ 푚̇ ⋅ (1 − 휈 − 휈 − 휈 − 휈 )

푡  

Equation 13 

 473 
with 474 
 475 
푚̇  Mass flow rate of fuel [kg/h] 
퐶 ,  Carbon content in fuel [%] 
푉̇  Nitrogen flow rate [m³/s] 
휌  Density of carbon monoxide [kg/m³] 
휈  Volumetric concentration of carbon monoxide in syngas [%] 
퐶 ,  Carbon content in CO [%] 
휌  Density of carbon monoxide [kg/m³] 
휈  Volumetric concentration of carbon dioxide in syngas [%] 
퐶 ,  Carbon content in CO2 [%] 
휌  Density of carbon monoxide [kg/m³] 
휈  Volumetric concentration of methane in syngas [%] 
퐶 ,  Carbon content in CH4 [%] 
휈  Volumetric concentration of hydrogen in syngas [%] 
푡 Residence time of fuel particles [sec] 

 476 
C1 to C4 are depending on material properties and are therefore considered as constants without error. 477 
The systematic error of reaction kinetics can be calculated as following: 478 
 479 

훥푘 =

⎷
⃓⃓
⃓⃓
⃓⃓
⃓⃓
⃓⃓
⃓⃓
⃓⃓
⃓ 휕푘

휕푉̇
⋅ Δ푉̇ +

휕푘
휕푚̇ ⋅ Δ푚̇ +

휕푘
휕휈 ⋅ (Δ휈 ) +

휕푘
휕휈 ⋅ (Δ휈 ) +

휕푘
휕휈 ⋅ (Δ휈 ) +

휕푘
휕휈 ⋅ (Δ휈 )

 

Equation 14 

The confidence range of error parameters have been estimated, see Table 6.  480 
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Table 6. Estimated confidence ranges of error parameters 481 
Error parameters Confidence range 

Δ푚̇  5 % 
Δ푉̇  5 % 

Δ휈 , Δ휈 , Δ휈 , Δ휈  1 % 

The calculated results have been shown in the Figure 16 and Figure 17. A sensitivity analysis of 482 
error parameters on the results has been conducted, in order to identify the parameters with larger 483 
influence, see Figure 19. The result shows that the concentrations of carbon monoxide, carbon dioxide 484 
and methane have the most influence on the systematic error followed by mass flow rate of fuel. The 485 
concentration of hydrogen has little influence. For the future work, the flow rate of nitrogen should 486 
be reduced and mass flow rate of fuel should be increased, in order to increase of syngas 487 
concentration in the gas mixture. 488 

 489 

Figure 19. Sensitivity analysis of systematic error parameters  490 
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5. Summary 491 

Non-thermal plasma (NTP) assisted gasification of solid fuels has been investigated in a 492 
thermostatically controlled drop tube reactor with residence times between 0.2 and 1.7 s. The test-rig 493 
including the drop tube reactor and periphery systems has been designed, built and commissioned. 494 
The reactor offers an optical access for temperature measurement inside the reactor. The preheated 495 
water steam flows are used as gasification agent and plasma medium. The non-thermal gliding arc 496 
plasma is generated between a pair of diverging electrodes being supplied with electric power of 497 
around 1 kW by means of a medium frequency high voltage generator. The stability of NTP operation 498 
in water steam at elevated reactor temperature has been optimized by slightly adapting the electrode 499 
geometry and flow rates. For comparison thermal gasification has been studied applying the same 500 
flow rates of water steam and biomass. Gas temperatures inside of the drop tube reactor being 501 
essential for characterization both of the thermal and of the NTP-assisted gasification experiments 502 
and evaluation of the results were measured optically by means of Raman spectroscopy. 503 

In the case of NTP-assisted gasification hydrogen production is strongly enhanced by water 504 
dissociation. With the increasing temperature, hydrogen production rate is increased by thermal 505 
biomass pyrolysis and/or charcoal gasification. Thus, the difference between thermal and NTP-506 
assisted gasification decreases. The production of other gas components such as CO, CO2 and CH4 507 
has also been increased by NTP application. This leads to a higher carbon conversion rate: For wood 508 
powder the increase is nearly 10% and for charcoal powder it is more than 3%. The temperature 509 
dependency of reaction rates was investigated using Arrhenius diagrams assuming first order 510 
kinetics. From this analysis for NTP-assisted gasification rate coefficients being 30% higher than for 511 
thermal gasification were achieved for wood powder. For charcoal powder the difference was as large 512 
as 50%. 513 

An error analysis according to Gaussian error propagation has been conducted to optimize 514 
future experimental work. The concentration of syngas components (CO, CO2, CH4) and the mass 515 
flow rate of fuel are determined to be the major influence factors of the measurement uncertainty, 516 
which could be addressed by increasing the mass flow rate of fuel and reducing the nitrogen flow 517 
rate as trace gas.  518 
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