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Abstract

We studied the use of low current (hundreds of milliamperes) gliding arc/glow discharges for CO2

dissociation, at atmospheric pressure, in three different configurations. All of these are based on the
gliding arc design with flat diverging electrodes. The discharge is mainly in the normal glow regime with
contracted positive column. The CO2 gas is injected from a nozzle, at the closest separation between
the electrodes. A pair of quartz glasses is placed on both sides of the electrodes, so that the gas flow is
restricted to the active plasma area, between the electrodes. For two of the tested configurations, an
external magnetic field was applied, to create a magnetic force, both in the direction of the gas flow,
and opposite to the gas flow. In the first case, the arc is accelerated, shortening the period between
ignition and extinction, while in the second case, it is stabilized (magnetically-stabilized). We studied
two quantities, namely the CO2 conversion and the energy efficiency of the conversion. Generally, the
CO2 conversion decreases with increasing flow rate and increases with power. The energy efficiency
increases with the flow rate, for all configurations. The magnetically-stabilized configuration is more
stable and efficient at low gas flow rates, but has poor performance at high flow rates, while the non-
stabilized configurations exhibit good conversion for a larger range of flow rates, but they are generally
more unstable and less efficient.
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1 Introduction

The direct conversion of CO2 to CO and O2 is of particular interest to researchers and the industry.
For example, the product of this reaction – CO, can be used for methanol production. Through the
process CO + 2H2 → CH3OH, complete conversion to methanol can be achieved. This is a better
alternative to the direct CO2 hydrogenation approach (CO2 + 3H2 → CH3OH+H2O), as in the latter
case a third of the hydrogen is converted into water.
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The traditional process of direct dissociation of CO2 into O2 and CO, using heat, is very inefficient,
because the CO2 molecule is thermodynamically very stable. Thermal CO2 dissociation involves
heating of the gas to temperatures above 2000 K, and beyond 5000 K it is even possible to have full
conversion [1]. At low temperatures, the reaction of thermal CO2 splitting reaches its equilibrium, and
at that point very little conversion is possible.

There is an ongoing search for a more efficient way to perform CO2 dissociation. Several alterna-
tives to thermal conversion have been investigated. These include solar thermochemical conversion,
electrochemical conversion, biochemical conversion, plasma-assisted conversion and others [1, 2]. Some
of these, like electrochemical and plasma-assisted conversion, target the renewable wind and solar en-
ergy sources, with the idea being to utilize the electrical power, generated during the time of low grid
consumption.

Plasma-assisted conversion makes use of non-thermal or warm plasmas, which can operate at
atmospheric pressure, and at low power. These and other characteristics make plasma conversion
devices appealing, as their cost to construct and operate can be sufficiently small. In terms of efficiency,
some of these, like gliding arc discharges for example, can even rival the efficiency of water electrolysis
[1].

Non-thermal, or warm plasmas, are characterized by a sufficiently high electron density, with typical
electron temperatures of several eV. At these values for the electron temperature, the CO2 conversion
is possible through direct electron impact dissociation (CO2 + e− → CO+O+ e−), through dissocia-
tive electron attachment (CO2 + e− → CO+O−), or stepwise dissociation through the vibrationally
excited CO2 states. The vibrational stepwise dissociation is identified as an efficient channel for con-
version [3, 4, 5], and is of a particular interest to the research of non-thermal conversion methods.
However, the dominant dissociation pathway, at the conditions of a GA discharge at atmospheric pres-
sure, is thermal dissociation. The optimal gas temperature for this process is between 3000− 4000 K
[6].

Several non-thermal plasma types have been utilized for CO2 conversion. These include dielectric
barrier discharges (DBD) [7, 8, 9, 10], microwave (MW) plasmas [11, 12, 13, 14] and gliding arc (GA)
discharges [15, 16, 17, 18, 19, 20]. Plasmas operating at atmospheric pressure are preferable, because
they don’t require an expensive vacuum system. DBDs can operate at atmospheric pressure, but
have low energy efficiencies – below 20 %, which is caused by their inability to efficiently provide for
the stepwise vibrational dissociation. MW discharges can allow for vibrational dissociation and can
reach very high conversion (over 80 % [14]), but are efficient mainly at low pressures. GA discharges,
commonly operate at atmospheric pressure and can reach efficiencies of 40 − 50 %, as shown in [15,
19, 20, 21].

GA discharges are classically in a 2D diverging electrode configuration. The use of such devices
for plasma-based CO2 treatment is studied for instance in [15, 16, 17]. They have a relatively simple
construction, and can operate in a variety of conditions, but also have some disadvantages. These are
mainly related to their impractical shape, and debatably the low residence time, i.e. the gas has less
time to interact with the plasma, and the low percentage of the treated gas [1]. A more sophisticated
type of GA discharge has a 3D configuration, employing a vortex, or tornado flow [19, 20, 21], with
variations including a magnetic field [18].

The aim of this study is to test the performance of three different 2D GA discharges for CO2

dissociation. The first is of the basic GA discharge. In the second configuration, the arc glides with
increased speed, because of the presence of an additional magnetic force, which is oriented in the same
direction as the gas flow. In the third configuration, the arc is magnetically-stabilized by a magnetic
field, which pushes it in a direction, opposite the gas flow. In this type of arrangement, the arc remains
stabilized at a certain position along the electrodes and has a fixed length. The effect of magnetic
arc stabilization was previously examined in [22]. The choice of this ”2D GA” discharge allows for
comparison of the magnetically stabilized and non-stabilized configuration which is hardly possible
with other types of discharge configurations.

It is important to mention, that since our study suggests that the gliding discharge can operate
in both arc and glow modes (see section 4.2), from this point on, we will use the more generic term
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”Gliding Discharge” (GD) instead of ”Gliding Arc” (GA).
The CO2 gas enters the GD reactor from a nozzle, located at the closest distance between the

electrodes. A pair of quartz glasses, placed on top of the electrodes, channel the gas flow, so that the
inlet gas passes through the gap between the electrodes and through the arc.

We have calculated the CO2 conversion, the specific energy input (SEI) and the energy efficiency,
for the three different devices. The conversion is defined as the percentage of converted CO2 gas, after
plasma treatment. The energy efficiency is the ratio between the minimum required energy to achieve
the measured conversion and the total energy provided to the device.

In section 2, we present a detailed overview of the entire experimental setup. This includes a
description of the different types of discharge configurations, the construction of the discharge device,
and the power supply used in our experiments, as well as the measurement process. Section 3 covers
how the main quantities of interest are defined, and how their values and uncertainties are calculated.
Section 4 focuses on the analysis of the experimental results and the behaviour of the discharge de-
vice. We make a comparison between the different discharge configurations, based on their conversion
performance and energy efficiency. In section 5, we present our conclusions.

2 Experimental setup

An overall schematic of the experimental system is presented in figure 1. The central part of the
system is the discharge device – figure 1(2). It is placed inside a sealed glass tube, which remains at
atmospheric pressure at all time, as is the rest of the gas system. Inside the glass tube is where the
actual gas treatment takes place. The flow of gas to the discharge device is controlled using mass-flow
controllers (MFC: Bronkhorst EL-FLOW F-201CM) – figure 1(1). Power is provided from a custom-
built high voltage power supply – figure 1(3). This power supply is described in more detail in section
2.2.

Figure 1: Schematic diagram of the components of the experimental system – Mass Flow Controllers
(1), Discharge device (2), High voltage power supply (3), Current probe (4), High voltage probe (5),
FT-IR Spectrometer (6), Oscilloscope (7), PC for data processing (8).

A single experimental measurement proceeds as follows. First, the gas inlet flow rate is adjusted
from the mass flow controllers. The gas enters the glass tube from the inlet, and passes through the
plasma discharge. The tube has an outlet connected to the outside atmosphere, so some of the treated
gas escapes through this outlet, keeping the pressure inside the tube at 1 atm. It is safe to assume
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that the concentration of CO2 at the inlet is nearly 100 %, because the gas used in our experiments is
rated to be with purity over 99.9 %.

The operating times for the discharge were determined from an additional series of measurements,
and are dependent on the gas flow rate. They are chosen to be sufficiently long, to ensure that the
CO2 concentration has reached a steady state and no longer changes, and that processed gas mixture
fills the entire gas system, including the glass tube and connecting pipes. This is needed since the gas
sampling is not done directly at the discharge outlet, but from the containing glass chamber, which
has a large volume. Once the system is filled with the converted gas, a sample of the gas mixture is
extracted for analysis, after which the discharge is switched off. The processed gas, including the gas
sample no longer interacts with the conversion device. The sample is fed into a Fourier Transform
Infrared (FT-IR) spectrometer – figure 1(6). The FT-IR gas sample cell is a tube with a fixed volume,
with two windows, made of CaF2 glass. Its optical length is 10 cm and its diameter is 6 cm. Using
the FT-IR, we measure the absorbance spectra of the gas sample. This absorbance is relative to a
background (reference) measurement of a sample containing only CO2. To calculate the conversion
of the gas sample, we measure the absorbance value from a single line of the molecular band of the
CO molecule, at 2209 cm−1. The input CO2 gas is of high enough purity (above 99.9 %) and we
assume that it is basically converted to CO and O2 with negligible amount of carbon C and ozone
O3. This is justified by the following: 1) No carbon deposition was observed in the systems and in the
gas filters at the FTIR inlet, during the time it took to complete all experimental measurements (tens
of hours). 2) The measured infrared spectra show no presence of O3 absorption, within the limits of
the apparatus sensitivity. In every experiment, we measure the spectrum in the range from 1000 to
6000 cm−1, which includes infrared ozone absorption bands with significant cross sections. 3) In the
literature, experiments using DBD discharges [7, 23], and gliding arc discharges [24] report negligible
quantities of ozone, which was also supported by the results from numerical modelling [7, 24]. In [24],
at similar conditions to ours, there is a study for both the plasma (arc phase) and the post discharge
(relaxation phase), and it is shown that despite the increase of O3 in the post discharge phase, it’s
concentration remains nearly two orders of magnitude lower than that of the O2.

The conversion measurements are calibrated from a separate series of absorbance measurements of
samples, containing a CO2+CO calibration mixture. The ratio of the gas mixture is known with a
high certainty.

In addition to the absorbance measurement, we record an oscillogram of the voltage drop across
the discharge and of the discharge current, capturing several seconds of the working state of the device.
This oscillogram is used to calculate the average power introduced to the discharge, as described in
section 3.2. The voltage and current measurements are performed using a high voltage differential probe
(Pintek DP-30K) – figure 1(4), and a current probe (Pintek PA-699) – figure 1(5). The oscillogram is
created using a digital oscilloscope (Rohde & Schwarz®RTB2004 Digital Oscilloscope) – figure 1(7).
Finally, all the measurement data is digitally processed using a personal computer – figure 1(8).

2.1 Discharge configurations

Three different GD configurations were tested, namely the Non-Stabilized Gliding Discharge (NSGD),
the Magnetically Stabilized Gliding Discharge (MSGD) and the Magnetically Accelerated Gliding
Discharge (MAGD). These are schematically presented in figure 2. In figure 2(a), the dimensions of
the separate part of the discharge device are given.

The three different configurations are tested using a single device, based on a common GD design
with flat diverging electrodes. Similar devices were used in [15, 16, 18, 25]. The base of the device
consists of two ”knife” shaped metal electrodes, a pair of quartz glasses and several structural elements,
made of various materials including teflon, aluminium and steel. We tested two types of electrodes,
composed of different materials – aluminium and stainless steel (SS, ALSI 34).

For all of the discharge configurations, the plasma is confined to the volume between the electrodes,
by a pair of quartz glass panels. In essence, the metal electrodes are ”sandwiched” between these
glasses. This ensures that a larger portion of the inlet gas interacts with the plasma, and is also crucial
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for the magnetic configurations, where the quartz glasses separate the magnets from the electrodes,
preventing any short circuits.

Figure 2: Dimensions of the discharge device (a), and schematics of the three types of discharge
configurations – Non-stabilized gliding arc (NSGD) (b), Magnetically-Accelerated Gliding Discharge
(MAGD) (c), and Magnetically-Stabilized Gliding Discharge (MSGD) (d).

All tested electrodes are 80 mm high, 35 mm wide and 3 mm thick, with identical curvatures. The
closest distance between the electrodes is 3.5 mm. Each of the quartz glasses is about 2 mm thick.
As illustrated in figure 2, the inlet gas is fed at the bottom side of the device, near the location of
the closest separation between the electrodes. This is done from a rectangular nozzle (opening) with
rounded corners, having a width of 6 mm and height of 3 mm. The 3 mm nozzle width is the same
as the distance between the glasses, i.e. the width of the gas flow channel, which is also equal to the
thickness of the electrodes.

For the MSGD and MAGD configurations, a pair of two permanent NbFeB magnets is placed on
top of the quartz glasses, i.e there is a magnet on the outer side of each of the two quartz glasses. The
two magnets are identical rectangular prisms, with dimensions 50 mm× 10 mm× 1.5 mm. They stay
in place, one on each side of the device, because of their mutual attraction. The two magnets create
a strong magnetic field ≈ 0.5 − 0.6 T, in the space between the electrodes. The orientation of the
magnets, relative to the electrodes, determines the direction of the magnetic force. For MAGD, the
magnetic force is directed upwards (downstream), so that the gliding effect is enhanced. In the MSGD
configuration, the magnetic force is directed downward, opposite the gas flow (upstream), and the
arc gets stabilized at the position where the gas drag equalizes the magnetic force. The magnets are
separated by a distance of 7 mm (two quartz glasses each 2 mm thick and 3 mm thick electrodes). Using
the known values for the strength of the magnetic field inside the magnetic material, we calculated
the magnetic field flux density distribution around the magnets, by means of magnetostatic computer
simulations. The results from these calculations showed that the flux was concentrated in the space
between the magnets, as one would expect. This would mean that in the actual physical device, the
magnetic flux will be the highest in the region between the two electrodes. For the magnetically
accelerated configuration – MAGD, the magnets are oriented vertically, as illustrated on figure 2(c).
This ensures that the arc experiences the action of the magnetic field for a longer time period, during
its gliding. For the stabilized MSGD setup – figure 2(d), the magnets are in a horizontal orientation,
at a certain position away from the inlet nozzle. This creates a sort of a magnetic ”barrier”, which
retards and eventually stops the motion of the arc, creating the so-called stabilized arc.
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2.1.1 NSGD configuration - Non-stabilized gliding discharge

The non-stabilized configuration (NSGD) – figure 2(b), works in the classical GD (GA) regime, where
the combined effect of thermal advection and gas flow drag, pushes the plasma along the electrodes,
making it a gliding discharge. The discharge starts as a contracted channel at the closest separation
between the electrodes and as it travels, it becomes more elongated. After a certain critical length, its
voltage drop becomes too great for the power supply to maintain, so it extinguishes and reignites at
the closest distance. This repetition is periodic, with a frequency determined by a multitude of factors,
including the power supply.

2.1.2 MAGD configuration - Magnetically-accelerated gliding discharge

In the second configuration (MAGD) – figure 2(c), the presence of an external magnetic field produces
an additional magnetic force in the direction of the flow. This increases the speed of gliding, and
shortens the period between ignition and extinction. A similar type of discharge was tested in [17],
where it was shown that at high enough flow rates, the effect of the magnetic force becomes insignificant,
compared to the drag from the gas flow. In [17], it is further argued that this configuration increases
the effective plasma volume, where the gas can be treated, and prevents the formation of cathode spots,
because it pushes the arc along the electrodes faster. We expected that the additional accelerating
action could potentially have a positive effect on conversion, but we were not able to observe any
improvement of this configuration over the simple NSGD setup. This can be seen from the results,
presented in section 4.

2.1.3 MSGD configuration - Magnetically-stabilized gliding discharge

In the third, magnetically-stabilized configuration (MSGD) – figure 2(d), a magnetic field is also
applied. The orientation of the magnetic field is such that the magnetic force opposes the gas flow
drag. In this way, the magnetic field stabilizes the discharge at certain place along the electrodes,
where the drag from the flow becomes equal to the magnetic force. The arc remains stationary at that
location with parameters which remain steady in time. Obviously, this configuration is limited to a
specific maximum flow rate, after which the magnetic force is no longer capable of stabilizing the arc,
because it is much smaller than the force experienced from the gas drag.

2.2 Power supply

Figure 3: Electrical schematic of the high voltage power supply unit.

One of the main characteristics of the low current arc discharges studied here, is the negative dV/dI
relation between the discharge current I and voltage drop V . When the capacitance of the connecting
cables and the electrodes charges up to the breakdown voltage, a breakdown occurs, and the stored
energy is released to form the initial conducting channel. The cable capacitance in our system is
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≈ 100 pF. After the breakdown, the voltage across the discharge drops by several kV, and the current
simultaneously increases, until it reaches its maximum value, determined either by the power supply
internal resistance or an external resistor, connected in series.

For the power supply used in our experiments, the goal was to minimize the ohmic losses. In
our case the maximum discharge current is not limited by a resistor, but instead it is limited by the
step-up transformer itself. A circuit schematic of the power supply is presented in figure 3. We can
set the maximum discharge current by switching between one of several step-up neon transformers –
SIET Metalbox 10 kV (effective AC voltage). Each transformer has a different value of its maximum
secondary winding current, ranging from 25 mA to 110 mA. By connecting two of these transformers
in parallel, we were able to reach currents of 210 mA as well. There is also a large inductor connected
in series to the discharge. The inductor acts as a low pass filter, partially filtering the rectified voltage,
after the bridge rectifier (Graetz circuit).

Figure 4: Typical oscillogram for the MSGD configuration. For this measurement, the maximum
step-up transformer secondary current is 50 mA, and the inlet gas flow rate is 6 Ln/min.

We should point out that the current circuit is not able to supply a well rectified voltage and
current, so there is still a significant AC component at 100 Hz (in our region the grid frequency is
50 Hz). This can be seen in the current and voltage signals, shown in figure 4. This can have an effect
on the discharge, since it can cause periodic arc extinction, resulting from the voltage dropping to a
very low value. In the future, we consider combining several step up transformers in a three-phase
power supply circuit, or the use of a more sophisticated switched-mode power supply.

3 Measured quantities and their uncertainties

For this study, we measure three of the most commonly used quantities in the literature, namely the
CO2 conversion, the specific energy input (SEI), and the energy efficiency of the process. We calculate
these values in an identical way to [1, 17, 18, 25] and others.

3.1 Conversion

The conversion is defined as the fraction (or percent) of converted CO2 gas:

XCO2
,% =

N init
CO2

−Nfinal
CO2

N init
CO2

× 100 % = XCO2
× 100 %, (1)

where N init
CO2

is the initial concentration of CO2 and Nfinal
CO2

is the final concentration, after the treat-
ment process. As already mentioned in section 2, we measure the CO2 conversion from the relative
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absorbance of a sample of the processed gas. The absorbance is measured at a single line of the
CO molecule, at 2209 cm−1, and it is proportional to the concentration of CO gas in the sample,
which gives us the conversion percent. Therefore, we can directly relate the conversion value to the
absorbance through a coefficient α, as:

X0
CO2

= αIabsorb, (2)

where X0
CO2

is in the range [0, 1]. The value of α is found through a separate series of measurements,
using an etalon gas mixture of 20 % CO and 80 % CO2.

3.1.1 Gas expansion correction

In the dissociation process, the CO2 molecule is split into a CO molecule and 1/2 of a O2 molecule,
so the conversion of CO2 leads to an expansion of the volume by a factor of 1.5 (in case of complete
conversion). In order for the measured conversion to satisfy the definition given in equation 1, we need
to correct for the gas expansion. As the conversion process expands the gas, some of it escapes, because
our system remains at atmospheric pressure. To find the correct value for the final CO2 concentration
– Nfinal

CO2
, we need to account for the converted gas that has already left the system.

We correct the value of the conversion in an identical way to [8, 19]. The correct concentration
of CO2 after processing, can be expressed as: NCO2 = N init

CO2
(1 − XCO2). During operation, the gas

volume has expanded according to the law: Vexpand. = V0(1.5XCO2
+ (1−XCO2

)) = V0(1 + 0.5XCO2
),

and because the entire system is remaining at a fixed pressure (1 atm), the measured conversion of
CO2 in the FT-IR sample – X0

CO2
, will have a larger value than the real conversion XCO2

. Both of
these quantities are related as:

X0
CO2

= 1− (1−XCO2)

(Vexpand./V0)
= 1− (1−XCO2

)

(1 + 0.5XCO2
)
. (3)

We can derive equation 3, from the relation of the concentration of CO2 in the gas sample and the
concentration of CO2 of the entire volume of the processed gas (including that which has left the
system after processing):

(1−X0
CO2

)
N cell,init

CO2

V cell
= (1−XCO2

)
N init

CO2

(V0(1 + 0.5XCO2
))

=
p0
T0

, (4)

where V0 is the volume of the initial number of CO2 molecules in the system – N init
CO2

, and V cell is the

volume of the FT-IR gas sample cell, equal to the volume of N cell,init
CO2

molecules, contained in a gas
sample with only CO2. The pressure p0 = 1 atm and T0 is equal to room temperature. Equation 3 is
found, upon substituting in N init

CO2
/V0 in equation 4, using the relation: N cell,init

CO2
/V cell = N init

CO2
/V0 =

p0/T0, for the state of the system, when there is no conversion X0
CO2

= XCO2 = 0.
From equation 3, we can express the correct conversion value XCO2 , from the one measured from

the gas sample – X0
CO2

, as:

XCO2
=

2X0
CO2

(3−X0
CO2

)
, (5)

where it should be noted that the X0
CO2

value is in the range of [0, 1].

3.2 Specific energy input (SEI)

The specific energy input – SEI (J/mol), is the energy delivered per mole of gas. It can be expressed
from the gas flow rate and power as:

SEI (J/mol) =
P (J/s)

Q (Ln/s)× (1/22.4) (mol/Ln)
, (6)
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where Q (Ln/s) is the gas flow rate in normal liters per second. The unit Ln is equal to 1 liter at
normal conditions (0◦ C, 1 atm). The quantity P is the average power delivered to the discharge,
during continuous operation of time T . It is calculated as:

P = 1/T

∫ T

0

U(t)I(t)dt ≈ 1/N

N∑
i=1

UiIi, (7)

using the sample data of N values for the voltage drop Ui and the discharge current Ii, from the
oscilloscope measurements. The SEI values are also commonly expressed in units of eV per molecule
[1].

3.3 Energy efficiency

The energy efficiency η is given as the ratio of the minimal required energy for a conversion of XCO2 ,
to the total energy spent. It can be expressed through the specific energy input SEI as:

η =
XCO2

×∆HR

SEI
× 100 %, (8)

where ∆HR = 279.8× 103 (J/mol) is the reaction enthalpy for the CO2 splitting reaction.

3.4 Uncertainty analysis

As already mentioned in section 3.1, the value of X0
CO2

is proportional to the absorbance Iabsorb., by
the coefficient α. The uncertainty in the absorbance value is calculated as the experimental standard
deviation (defined in [26]) of all available absorbance measurements, for given values of the maximum
discharge current and the input flow rate. For some experimental measurements, 10-12 absorbance
samples were gathered, and for others 3-5. The relative uncertainty of the conversion is expressed as:∣∣∆X0

CO2
/X0

CO2

∣∣ ≈ |∆IAbsorb./IAbsorb.|+ |∆α/α| , (9)

Here X0
CO2

is the value of the conversion, without the expansion correction. One can further calcu-
late the absolute uncertainty for the actual conversion XCO2

, using the expansion correction formula
(equation 5):

(∆XCO2)
2 =

(
dXCO2

dX0
CO2

)2

(∆X0
CO2

)2 =
36

(3−X0
CO2

)4
(∆X0

CO2
)2. (10)

The value for the relative uncertainty of the coefficient α is ∆α/α ≈ 1 %. It is calculated as
the experimental standard deviation of several absorbance measurements, using an etalon gas with a
known ratio of CO to CO2. The relative uncertainty in the SEI (defined in equation 6) is expressed
as:

|∆SEI/SEI| ≈ |∆Q/Q|+ |∆P/P | (11)

The absolute uncertainty in the averaged power P (equation 7) is calculated as the average of the

uncertainties of all momentary power measurements – ∆P = 1/N
∑N

i=1 ∆Pi. The uncertainty of the
sample ∆Pi is computed from the combined standard uncertainty (see section 5.1 of [26]) of the current
and voltage samples:

∆P 2
i =

(
∂P

∂U

)2

∆U2
i +

(
∂P

∂I

)2

∆I2i = (∆U2
probe +∆U2

osc.)I
2
i + (∆I2probe +∆I2osc.)U

2
i . (12)

The uncertainties in the voltage and current samples account for both the probe (∆Uprobe, ∆Iprobe)
and oscilloscope (∆Uosc., ∆Iosc.) uncertainties. The current and voltage probes have an uncertainty of
2− 3 %, and the oscilloscope introduces a further 1.5 %, depending on its screen range.
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Lastly, the relative uncertainty in the energy efficiency is calculated as the sum:

|∆η/η| ≈ |∆XCO2/XCO2 |+ |∆SEI/SEI| (13)

where the uncertainty in ∆HR is taken to be insignificant.
From the data available, we can say that the relative uncertainty in XCO2 is in the range of

10 %− 12 % and the relative uncertainty for the energy efficiency η, is around 15− 17 % of the energy
efficiency value.

4 Results and discussion

We tested the three discharge types, NSGD, MAGD and MSGD for discharge current values ranging
from 25 to 210 mA, at flow rates of 1 to 14 Ln/min. We also tested a modification of the NSGD
discharge without quartz glasses. It is referred as NQNSGD – No Quartz Non-Stabilized Gliding
Discharge.

4.1 Results for the conversion and energy efficiency

In figure 5, we present the measured conversion and energy efficiency of all the performed experiments,
as a function of the power and the SEI. These results show the overall trends and include all variations
of experimental conditions and discharge configurations. Regardless of the discharge type, we can see
that above a SEI value of 4 kJ/Ln, the conversion remain fairly constant. The opposite is true for
the energy efficiency, as it drops with increasing SEI. This is logical, because the energy efficiency is
inversely proportional to the SEI (see equation 8 above). The maximum values for the conversion are
around 8 %, while for the energy efficiency, there are values above 40 %. The SEI range, where both
the efficiency and conversion have high values is between 2− 4 kJ/Ln, yielding a conversion of about
5− 6 %, and an energy efficiency of about 18− 30 %.

The recombination of CO and O back into CO2 could be responsible for the fact that the CO2

conversion does not rise further with rising SEI, and thus for the drop in energy efficiency due to the
increased retention time at lower flow rates (corresponding to higher SEI). In [5, 24], it was suggested
that further enhancement of the conversion performance can be expected by fast cooling (quenching)
of the gas, immediately after it leaves the active plasma volume. This would in theory limit the
recombination of CO and O back to CO2.

From figure 6, we can see that for the NSGD configuration, at low power, the highest conversion
can be achieved at the lowest gas flow rate of 2 Ln/min. The energy efficiency generally increases with
the flow rate and decreases with power.

Figure 7 presents the comparison between the three different discharge types, at 100 mA current.
The tendencies observed here also apply for the other current values. At flow rates above 3 Ln/min,
the NSGD configuration has the highest conversion values, while the MSGD configuration has the best
results for both conversion and energy efficiency below 3 Ln/min. At 100 mA current, a conversion
of 6.5 % is reached, with an energy efficiency of 13 − 15 %. Higher flow rates yield a much better
energy efficiency, but for lower conversion. It was surprising that the MAGD discharge has both lower
conversion and energy efficiencies, compared to the NSGD type, at these conditions. The MAGD
and MSGD configurations have similar conversion values, but the efficiency tends to be higher for the
MSGD setup. This is due to the higher power dissipation in the MAGD configuration, being the result
of the arc elongation and higher average arc voltages.

Additional tests of the non-stabilized configuration were performed, where the side quartz glasses
were removed. These tests are marked as the NQNSGD series. A comparison between the results of
the non-stabilized configuration, with and without glasses is presented in figure 8. For our designs,
the quartz glass plates serve two roles. One is to channel the gas flow, and the other is to separate
any magnets (if present) from the electrodes. For all tested flow rates, there is a consistent relative
difference for both conversion and energy efficiency. At 2 Ln/min, this difference is the largest – about
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Figure 5: Measured conversion (a, b) and energy efficiency (c, d), for the three different configura-
tions, two different electrode materials (SS – stainless steel, Al – aluminium), at different currents (as
indicated in the legend), plotted as a function of the discharge power P (a, c) and SEI (b, d). Marker
styles: ▼ MSGD, ● NSGD, ▲ MAGD, ■ NQNSGD, filled marker- Alluminium electrodes, empty
marker - Stainless steel electrodes. Color denotes maximum discharge current value.

11



200 300 400 500 600 700 800
P [W]

3

4

5

6

7

8

X
C
O

2
%

Conversion

200 300 400 500 600 700 800
P [W]

0

10

20

30

40

50

η
%

(a) (b)

Energy Efficiency

NSGD (2.0 Ln/min) – trend
NSGD (2.0 Ln/min)

NSGD (6.0 Ln/min) – trend
NSGD (6.0 Ln/min)

NSGD (12.0 Ln/min) – trend
NSGD (12.0 Ln/min)

Figure 6: Conversion (a) and energy efficiency (b), given as a function of the delivered discharge power
P , at three different flow rates (see legend), of the NSGD configuration for both types of electrode
materials.
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Figure 7: Comparison of the conversion (a) and energy efficiency (b) as a function of flow rate, between
the three different discharge configurations, at a discharge current of 100 mA, for the stainless steel
electrodes.

25 %. The probable reason for this is the enhanced gas flow expansion, in the case without glasses, at
these low flow rates, which reduces the amount of treated gas. Hence, our results indicate the beneficial
effect of having these side quartz glasses present in our setup.

In figure 9, a comparison is made between the measurements done with aluminium and steel
electrodes, at 100 mA, for the non-stabilized NSGD configuration. The results for aluminium (Al)
electrodes have comparatively higher values for the conversion, but lower for the energy efficiency. In
absolute terms, the conversion is up to 1 % higher for the case of the aluminium electrodes, but only
for the moderate flow rates (4 − 10 Ln/min). The stainless steel electrodes are better in terms of
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Figure 8: Comparison of the conversion (a) and energy efficiency (b) as a function of flow rate, for the
NSGD configuration, with and without side quartz glass panels, at a discharge current of 100 mA.

energy efficiency, having up to 10 % higher efficiency values, for the larger flow rates. This difference
can be partially explained from the fact that the Al material has higher thermal conductivity – for
the Al alloy used kAl ≈ 190 Wm−1K−1, and for the SS material, it is kSS ≈ 14.4 Wm−1K−1 (Steel
Stainless, Type 304). We argue, that the greater heat conductance of the Al material leads to an
improved heat transfer away from the plasma region and the quartz glasses. This in turn could lower
the gas temperature in the plasma region, which is identified to be beneficial for conversion [24].
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Figure 9: Comparison of the conversion (a) and energy efficiency (b), versus the flow rate, of the
two different types of electrode materials used, for the NSGD configuration, at a discharge current of
100 mA.

In figure 10, the values for the conversion and energy efficiency are presented as a function of
the gas flow rate. This is identical to figure 7, but for the aluminium electrodes. The value of the
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discharge current is 100 mA, but the results at other currents are qualitatively the same. Generally,
the conversion decreases with flow rate, for both electrode materials. For the MSGD configuration,
it decreases the fastest, and after a high enough value for the flow rate, the arc can no longer be
stabilized. This is the reason why we lack results for MSGD for flow rates higher than 7 Ln/min. The
energy efficiency increases with flow rate, opposite to the conversion. This can again be explained from
the formula of the energy efficiency (equation 8) – the SEI is inversely proportional to the flow rate
(at constant power), so the energy efficiency will rise with flow rate, because the drop in conversion is
not very prominent.
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Figure 10: Conversion (a) and energy efficiency (b) at 100 mA, comparing the three different discharge
configurations, as a function of flow rate, for the aluminium (Al) electrodes.

The magnetically-stabilized configuration performs similarly, regardless of the electrode material.
Further, the distance between the electrodes seems to affect both the energy efficiency and conversion.

We have also studied the effect of gas heating, and how it affects the conversion as a possible
way of increasing the efficiency by heat recovery from the outlet gas. Using a separate heating source,
separated from the gas, we were able to raise the gas temperature to 140−170◦ C, before it entered the
plasma. The results showed that this didn’t have any significant effect on conversion. This is probably
because these temperatures are too small, compared to the critical temperatures of 2000 − 3000 K
needed for thermal dissociation.

4.2 Discharge behaviour

Here we discuss some more general observations of the discharge behaviour, which could be helpful for
the explanation of the obtained results. Typically, the discharge starts when the voltage across the
electrodes reaches a value above 8− 10 kV. It is ignited at the closest inter-electrode distance. As the
current builds up, the voltage drops rapidly, and we can reach the maximum possible current in the
secondary winding, depending on the transformer connected. In the non-stabilized and accelerated
configurations (NSGD and MAGD), when the arc is formed at the closest distance, it is brighter,
contracted and has a small diameter. At this stage we expect high temperature in the plasma column
core, and strong contraction. Figure 11(a) shows a photo of the arc evolution in time, taken with a
fast camera with exposure time of 1 µs and 2 ms periods between the consecutive photos. The left
and right electrodes are the anode and cathode respectively.

At a later stage of development, the arc expands and transitions to a less contracted positive column
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Figure 11: On subfigure (a): Combined photo (negative) of the arc evolution in time, taken with a fast
I-CCD camera PI-Max with 10 expositions, 1 µs each, separated by 2 ms. The electrodes on the left
and right are the anode and cathode respectively. Discharge current of 100 mA, 4 Ln/min gas flow, in
the NSGD discharge configuration. Points (1) are the cathode regions of the discharge with negative
glow in case of glow mode. Point (2) is a probable arc spot and a sign of transition to an arc mode.
On subfigure (b): Photo (negative) of a stationary, stabilized arc in the MSGD configuration, taken
with ms exposure time. The electrodes on the left and right are the anode and cathode respectively.
Discharge current of 50 mA, 5 Ln/min gas flow, in the MSGD discharge configuration.

with lower light emission, which is an indication of lower gas temperature and highly non-equilibrium
state. As the electrical data shows, the increase of the voltage naturally leads to a slight decrease in
the current since the power source is not a perfect current source. The latter, as shown at similar
conditions but in air in [27], leads to a lower gas temperature and weaker contraction.

Another important observation is the large cathode region during the gliding of the discharge
downstream. This is typical for a glow discharge, sustained by secondary electron emission and the
cathode region light emission is dominated by the negative glow [28]. At low current values, in the order
of hundreds of mA and lower, the discharge could operate either in arc or glow regime [27, 29, 30, 31],
depending on the cathode surface conditions, operating gas and discharge dynamics. The examination
of several photos of the discharge shows that at 100 mA and SS electrodes, the arc is usually sustained
in glow mode during the gliding and eventually transitions to an arc at certain points as in figure 11(a),
point (2), where it is probably attached for longer time or the electrode has protrusions. We expect
that the discharge is mainly in glow mode, and also for the lower current values of 50 and 25 mA.
Note that at these currents, the negative glow region is smaller and one cannot distinguish whether
the discharge is in glow or arc regime but since the glow mode is dominant at 100 mA, there is no
reason to expect something else for lower currents. Similar behaviour was observed in [27, 30], which
points out that at these low currents (200 mA in their study), we are in a normal glow regime, which
might transition to spark and arc discharges, with the formation of filaments, at certain conditions,
i.e. with contracted positive column. Moreover, in the non-stabilized configuration, we were able to
observe the short-circuiting of the arc with its body, when the arc becomes over extended.

With respect to the application of CO2 dissociation, the regime of the cathode region (glow/arc)
probably plays a certain role. We can assume that the gas treatment is mainly in the positive column

15



due to its much larger volume. The effect of the regime is most likely a result of different total power
for given current and discharge length. The glow regime has higher power because of its higher cathode
fall (200− 400 V [28]), versus the 10− 20 V for the arc regime. Assuming that the additional power in
the glow regime does not contribute to the gas treatment, the glow regime is expected to have 5−10 %
lower efficiency compared to the arc, since the cathode fall is around 5 to 10 % of the total discharge
voltage and thus similar percent power will be lost in the cathode region for electrode heating.

For the NSGD configuration, based on synchronous records of the discharge voltage and fast photos
(100 µs), we calculated a rough estimate of the electric field in the positive column. Assuming the
voltage drop at the cathode region to be around 200 − 400 V (assuming a glow regime), the field is
roughly in the range of 800 − 2600 Vcm−1. It has a clear dependence on the arc length – the field
is around 2000 − 2600 Vcm−1 at discharge length of about 10 − 15 mm, around 1000 − 1500 Vcm−1

for lengths of 15 − 40 mm, and below 1000 Vcm−1 for lengths of 40 − 80 mm. The same trend was
observed in a study of a gliding arc/glow discharge at similar low currents in air [27].

In the magnetically-stabilized configuration (MSGD), the arc is clearly more stationary, with steady
parameters in time. However, when the flow becomes too high, the arc gets elongated beyond the region
of the strong magnetic field. Figure 11(b) shows a bright stationary arc, formed just beneath the level
of the permanent magnets. The edge of the magnets is clearly visible on the photograph in figure
11(b).

Based on photographs of the MSGD configuration in operation, we measured the length of the
stabilized arc in our tests to be between 12 − 15 mm, depending on the location of the magnets,
relative to the electrodes. The diameter of the (visual) light emitting part of the arc was measured to
be between 1−2 mm, and to increase with the current. Because at these currents (∼ 100 mA), the arc
diameter is smaller than the gap between the quartz glasses (equal to the electrode width of 3 mm),
the arc is pushed near one of the side walls. This behaviour was predicted in [22].

The main advantage of the MSGD configuration is that it can produce localized stationary dis-
charges, with steady parameters. Because we observed quartz glass melting, we can conclude that the
thermal portion of the stabilized arc has reached temperatures above 1000 K. This suggests a high
gas temperature in the arc region, which has some effect on conversion, but we will note that the
conversion also depends on the electron temperature and density, and on the gas retention time in the
plasma (which can be defined by the relative difference between arc movement speed and the gas flow
velocity). The disadvantages of the MSGD setup also result from the fact, that the arc introduces a
lot of heat. This leads to wear of the quartz glasses, and at certain conditions can even melt them,
forming channels on the glass surface. The arc is localized near the magnets. This can be seen in the
photograph, in figure 11(b). The heat from the arc can also cause a reduction in the magnetization
of the permanent magnets. For this latter reason, we have additionally added a water cooling sys-
tem to the external magnets, so that their temperature remains under the maximum rated operating
temperature (≈ 150◦ C for the magnets used).

From the arc length, at the position where it is magnetically-stabilized, and the calculated values of
the average voltage drops, ranging from 1.8 kV for the 100 mA maximum current, to 2.4 kV for 25 mA
current, we calculated a rough estimate of the electric field in the positive column of the stabilized
arc. Assuming the voltage drop at the cathode region to be below 20 V (arc regime), the electric field
is roughly in the range of 1200 − 1800 Vcm−1, which is in the same order of magnitude as for the
non-stabilized discharges with similar length. The regime of the cathode region (arc/glow) in this case
is not clear, but due to the very high luminosity of the cathode region (spot) at 100 mA, compared to
the positive column, we expect that it is in arc regime. For the lower current cases we are not able to
make any conclusions.

From the typical values of the arc diameter, we can roughly estimate the average current density
in the arc. Using the calculated values for the average currents, we calculated that the average current
density in the light emitting portion of the positive column of the arc to be in the range of 2−4 Acm−2,
depending on the transformer used, i.e. the maximum allowed discharge current.
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5 Conclusions

We evaluated three types of gliding arc discharges for plasma-based CO2 dissociation. A comparison
between the three is made, based on the main performance characteristics – the conversion and the
energy efficiency.

The simplest classical non-stabilized (NSGD) configuration shows the best results, for a wide range
of gas flow rates. The magnetically-accelerated (MAGD) configuration surprisingly didn’t perform bet-
ter than the NSGD one, but overall both configurations have similar performance. The magnetically-
stabilized (MSGD) setup exhibits good conversion and energy efficiency at low gas flow rates, but
these drop quickly as the flow rate is increased, and for flow rates above 7 − 9 Ln/min, the arcs can
no longer be magnetically-stabilized.

We also demonstrated, that the presence of additional quartz glass plates, has a positive effect on
the conversion and energy efficiency. The performance also depends on the type of electrode material.
Aluminium electrodes had better conversions than stainless steel, with a relative difference of about
10 %, but the stainless steel electrodes had higher values for the energy efficiency. We argue that
in the case of the aluminium electrodes, the gas temperature in the region near the plasma, can be
maintained relatively lower, because of the higher thermal conductivity of aluminium, as compared
to the stainless steel alloy. This could possibly explain the higher conversion values in the case of
aluminium electrodes.

In general, despite the differences in the discharge configurations, the results for the CO2 conversion
and the energy efficiency follow a similar trend as a function of the SEI, showing the importance of
this parameter.

The study shows that at the conditions of low current discharges, up to 200 mA, in the non-stabilized
configurations, the discharge is sustained either in a glow, or in an arc regime, with dominant glow.
The operation in glow regime could lead to slightly reduced efficiency compared to the arc regime,
due to the considerable cathode fall and thus additional power losses for gas and cathode heating at
the cathode surface. This points to a possible path for the efficiency improvement by enforcing an arc
mode of the discharge.

The 2D configurations constructed and used here, allow the comparison of various modifications,
including a magnetically stabilized discharge in cross gas flow. The latter was successfully tested and
compared to the classical configurations of the discharge with and without quartz walls, as well as to a
magnetically-accelerated discharge. The magnetically-stabilized configuration shows good performance
for both conversion and energy efficiency, at low gas flow rates.
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