
Journal of CO2 Utilization 72 (2023) 102510

2212-9820/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

How important is reactor design for CO2 conversion in warm plasmas? 

Rani Vertongen *, Annemie Bogaerts * 

Research group PLASMANT, Department of Chemistry, University of Antwerp, Belgium   

A R T I C L E  I N F O   

Keywords: 
Plasma 
CO2 conversion 
Gliding arc plasmatron 
Reactor design 

A B S T R A C T   

In this work, we evaluated several new electrode configurations for CO2 conversion in a gliding arc plasmatron 
(GAP) reactor. Although the reactor design influences the performance, the best results give only slightly higher 
CO2 conversion than the basic GAP reactor design, which indicates that this reactor may have reached its per-
formance limits. Moreover, we compared our results to those of four completely different plasma reactors, also 
operating at atmospheric pressure and with contact between the plasma and the electrodes. Surprisingly, the 
performance of all these warm plasmas is very similar (CO2 conversion around 10 % for an energy efficiency 
around 30 %). In view of these apparent performance limits regarding the reactor design, we believe further 
improvements should focus on other aspects, such as the post-plasma-region where the implementation of 
nozzles or a carbon bed are promising. We summarize the performance of our GAP reactor by comparing the 
energy efficiency and CO2 conversion for all different plasma reactors reported in literature. We can conclude 
that the GAP is not the best plasma reactor, but its operation at atmospheric pressure makes it appealing for 
industrial application. We believe that future efforts should focus on process design, techno-economic assess-
ments and large-scale demonstrations: these will be crucial to assess the real industrial potential of this warm 
plasma technology.   

1. Introduction 

The current linear carbon economy leads to increasing CO2 emissions 
and we need urgent action for the transition to a more sustainable so-
ciety [1]. The implementation of renewable electricity is the crucial first 
step in reducing the CO2 emissions [2], but industrial electrification 
brings new challenges. Since carbon products will not disappear 
entirely, careful management of the CO2 that is already in the atmo-
sphere and recycling human CO2 emissions will be key to minimizing the 
environmental risks [3]. Carbon capture and storage (CCS) is the most 
promising group of technologies that can effectively decrease the CO2 
emissions before 2050 [4], but large-scale implementation is only just 
starting [5–7]. Therefore, a complementary mitigation pathway is to 
utilize this captured CO2 as a feedstock for cleaner processes (carbon 
capture and utilization, CCU) [8]. In this context, several technologies 
are being developed for CO2 conversion, including plasma technology 
[9]. 

Plasma technology has been demonstrated in various industrial ap-
plications, such as ozone production and arc plasma furnaces for steel-
making [10]. In recent decades, it is gaining increasing attention for the 
conversion of stable molecules, like N2 for fertilizer production 

(nitrogen fixation) [11–14] or CO2 conversion into value-added chem-
icals [15]. Plasma is an ionized gas that activates these stable molecules 
at ambient conditions. Other advantages include the instant control of 
the process (making it ideal to combine with fluctuating renewable 
electricity), the overall flexibility of input gases and the fact that it does 
not require scarce materials. [15]. 

Various types of plasma reactors have already been examined for 
CO2 conversion [15] and the gliding arc plasmatron (GAP) is one of the 
most promising configurations [16,17]. For pure CO2 splitting, the GAP 
reactor achieved energy efficiencies up to 30 %, although the conversion 
remained limited to a maximum of 8.6 % [17]. Other processes, using 
different gas mixtures, such as dry reforming of methane [18,19] and 
nitrogen fixation [20,21] show promising results as well. In order to 
become a competitive technology [15] and address the scale needed for 
climate change mitigation [4], further improvements are needed. 

A lot of research has been performed regarding the improvement of 
plasma reactor design. Many examples in literature show that small 
changes in the geometry can have a significant impact on the results. Lu 
et al. [22] investigated the internal angle in a rotating gliding arc (RGA) 
reactor, which proved to be an important parameter for the stability of 
dry reforming of methane. An angle of 45◦ was clearly more favourable, 
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increasing the energy efficiency by 25 % when compared to angles of 
30◦ and 60◦. Guofeng et al. [23] studied a design very similar to the GAP 
for partial oxidation of methane. When they increased the reactor length 
from 5 to 15 mm, the energy efficiency increased about 10 %. They 
attributed this improvement to the longer residence time of the gas in 
the plasma, although the input power was insufficient to sustain even 
longer plasmas. They also studied the ratio of the outlet diameter to the 
inner diameter and the performance was optimal at a 0.5 ratio, which is 
comparable to the findings of Ramakers et al. [17] for the GAP design. A 
more innovative electrode design was invented by Trenchev et al. [24]: 
the dual vortex plasmatron (DVP). Here, the arc elongates in two di-
rections to increase the residence time of the gas inside the plasma, and 
by strong rotation of the arc, the gas convection actively cools the 
cathode spot. The conversion was again around 9 %, for a higher energy 
efficiency of 41 %, but the limited power supply unit was an obstacle for 
exploiting the design’s full potential. Further performance enhance-
ments might be possible at higher power. Another combined modelling 
and experimental study by Trenchev et al. [25] revealed significant 
optimisations for an atmospheric pressure glow discharge (APGD). The 
best results were obtained with the so-called confined APGD. In this 
set-up, a ceramic tube is inserted closely around the cathode pin, to 
increase the gas fraction passing through the plasma and enable wall 
stabilisation. Thanks to the groove in the cathode pin, the electrode is 
cooled effectively, which allows for higher powers at lower flow rates. 
As a result, the design allows a higher specific energy input and im-
proves the stability of the plasma, which explains the enhanced per-
formance: the conversion increased to 12.5 %, as opposed to 4.5 % in the 
basic pin-to-plate design. A small disadvantage was that more heat and 
plasma species are lost on the walls, which slightly reduced the energy 
efficiency. Similar studies can be found for other improvements of 
plasma reactors, such as the reactor structure of a DBD [26,27], mag-
netic stabilisation in GA reactors [28–30], confining the gas in the 
plasma [31], the implementation of nozzles [32–37] and alternative 
flow patterns [38,39]. 

Smart reactor design seems essential to enhance the performance of 
gas conversion. In case of the GAP reactor, the design was previously 
investigated by Trenchev et al. [40] with a combined modelling 
approach of 3D fluid dynamics and 2D plasma chemistry. Although the 
characteristic reverse vortex flow (RVF) is beneficial to stabilise the 
discharge in the centre of the reactor, it was suggested that not all the 
gas passes through the discharge zone. A significant amount of gas seems 
to leave the reactor without being in touch with the plasma. Their 

findings confirmed the experimental observations of Ramakers et al. 
[17] who found that a smaller outlet diameter of 7.08 mm yielded a 
much higher CO2 conversion of 8.6 % compared to 6 % and 5 % for the 
larger outlet diameters of 14.2 mm and 17.5 mm, respectively. They 
attributed this improved performance to the more pronounced RVF in 
the design with the smallest outlet diameter and argued that this forces a 
higher residence time of the gas in the plasma. This stronger RVF also 
provides thermal insulation of the discharge from the walls, which re-
duces the thermal losses. In addition, the reactor with the smallest outlet 
diameter displayed the longest afterglow. Such a larger active plasma 
volume could also explain the improved performance. Varying the outlet 
diameter yielded promising results, but so far, no further reactor design 
improvements were investigated. 

In this work, we explored several new variations in electrode shapes 
within the existing GAP reactor, to investigate the influence on the CO2 
conversion and energy efficiency. Furthermore, we compare our results 
to the performance of plasma reactors with a completely different 
design, to gain a deeper understanding of possible improvements. 
Finally, we put our experimental results in context of the state-of-the-art 
and propose routes for further optimisation. 

The paper is structured as follows. First, we describe the general 
experimental set-up and reactor designs in Section 2. The experimental 
results of the different electrode designs are described in Section 3. We 
summarise the results of all designs in Section 4 and discuss them in 
Section 5 compared to all recent literature on plasma-based CO2 con-
version. Finally, the overall conclusion is presented in Section 6. 

2. Methods 

2.1. Experimental setup 

The experimental setup is shown in Fig. 1 and is similar to the setup 
described by Ramakers et al. [17]. A mass flow controller (Bronkhorst 
El-Flow Select type F-201AV-50 K) was used to insert CO2 into the 
reactor, with a purity of 99.5 % and without preheating the gas. The flow 
rate was varied between 10 and 20 Ls min-1. The reactor was powered by 
a custom-built DC current source type power supply. The voltage signal 
was measured with a high voltage probe with a 1:1000 ratio (Cal Test 
Electronics CT4028) while the current signal was acquired using a 2 Ω 
shunt resistor. The electric signals were sampled with a two-channel 
digital storage oscilloscope (Keysight DSO-X 1102 A 100 MHz). The 
plasma power was calculated from the product of the measured voltage 

Fig. 1. Experimental setup used for CO2 splitting. The reactor head is explained in more detail in Fig. 2 and previous work [41]. The reactor body has an L-shape in 
order to diminish the vortex flow before arriving at the diagnostics. The Faraday cage is not displayed to show each component more clearly. A 2D scheme is provided 
in the Supporting Information (SI, section S1) with a better view on the connection of all components. 
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and the current. After the reactor, the outlet gas was sampled with a 
mass flow controller (Bronkhorst type F-200DV Low dP) and sent to an 
online NDIR (Non-Dispersive Infrared Spectroscopy, Emerson XEPG) 
and an optical oxygen sensor (Pyroscience). The reactor and power 
supply were placed inside a Faraday cage. 

In this work, we focus on the performance for gas conversion by 
measuring the outlet gas mixture and the plasma power. Since the 
reactor is made from stainless steel, no optical in-situ measurements are 
possible and detailed plasma characterization is beyond the scope of this 
work. For more information, we refer the reader to earlier work in the 
GAP [40–42] and in similar reactor geometries [43]. 

2.2. Reactor design 

The inside of the basic design of the GAP reactor is explained in more 
detail in Fig. 2. 

Fig. 2 illustrates the concept of this GAP, using a reverse vortex flow 
(RVF). The gas flows into the reactor through tangential inlets, and an 
arc forms between both electrodes (purple). First, the cold gas from the 
inlets flows upwards close to the walls (outer spiral) creating an isolating 
and cooling effect. Afterwards, it flows downwards in a reverse vortex 
(inner spiral) where it mixes with the plasma. Ramakers et al. [17] 
demonstrated a large improvement by varying the anode diameter. They 
observed that with larger anode diameters (14–17 mm), a larger fraction 
of the gas flows directly to the outlet in a forward vortex flow (FVF) 
without interacting with the plasma. A smaller anode diameter (7 mm), 
however, leads to a more pronounced RVF, thereby increasing the 
interaction between the gas and the plasma. They proposed to increase 
“the fraction of gas passing through the plasma” as a general criterion for 
an improved performance. 

In this work, we tested more electrode variations of length and 
diameter in both the cathode and anode, to further investigate this hy-
pothesis. In an attempt to quantify the fraction of gas passing through 
the plasma for each of these designs, we define the plasma/reactor 
volume ratio as follows: 

Plasma
reactor

volume ratio =
(0.5⋅arc diameter)2⋅arc length⋅π

reactor volume
(F1) 

The plasma zone is simply considered as a static cylinder in the 
centre of the reactor. An arc diameter of 0.2 mm is estimated from the 
fast camera imaging data of Ramakers et al. [41]. The height is taken as 
sum of the cathode length, anode length and a cathode-anode distance of 
1.75 mm. This plasma volume is then divided by the total reactor vol-
ume. Note that this is only a simple estimation of the plasma volume, 

because the arc is not static, but it constantly reignites. Nevertheless, this 
ratio can give a first estimate of the fraction of gas passing through the 
plasma. 

Table 1 gives an overview of all electrode combinations and their 
plasma/reactor volume ratio. The dimensions are specified in the names, 
and in the Supporting Information (SI) in section S2. A smaller anode 
diameter results in a larger plasma/reactor volume ratio, which is in line 
with the criterion of the fraction of gas passing through the plasma, 
indicating that this ratio is an acceptable definition. We considered more 
variations in electrode length and diameter. In general, we can see that a 
smaller cathode volume leads to a higher plasma/reactor ratio and we 
expect that more gas will interact with the plasma. This is also the case 
for the cone-shaped cathode, where the diameter narrows towards the 
top. For the anode length, we consider one very long design of 90 mm 
compared to 16 mm. For now, we assume that the plasma is elongated 
over the whole length in the plasma/reactor volume ratio, to be 
consistent with the other designs, although this is not necessarily true (as 
will be demonstrated later in the paper). 

We also tested a number of electrode shapes differing more drasti-
cally from the standard case: the inserted anode configurations, as dis-
played in Table 2. They are elongated into the cathode reactor body and 
occupy nearly the entire volume. The gas still flows in as a wider upward 
vortex, but is now forced all the way to the top of the reactor body before 
going into the long outlet channel. If the plasma occupies the entire 
outlet channel, the gas should have a longer residence time in the plasma 
and cannot exit the reactor in a forward vortex flow. This also means 
that the plasma/reactor volume ratio should be even higher, but we used 
the same definition for consistency. 

Besides the plasma/reactor volume ratio, we can also calculate the 
residence time based on the volume of each reactor. It will be interesting 
to compare the two, because they are not exactly the same. For example, 
a smaller cathode volume will have a higher plasma/reactor volume 
ratio, but a shorter residence time. We tested all the combinations at the 
same flow rate of 10 Lsmin-1, but also at a higher flow rate of 20 Lsmin-1 

to investigate the effect of a shorter residence time on the performance. 
All variations were limited within the same outer shape of the elec-

trode (dark grey) to guarantee a good fit in the surrounding reactor 
(light grey); hence, larger dimensions were not feasible. Smaller sizes 
were not possible either, since the gas volume would become too small 
for the flow rates of interest and the pressure would increase above safe 
levels. 

Fig. 2. Schematic 2D representation of the basic GAP 
reactor. Dark grey indicates the cathode and anode elec-
trodes, light grey represents how they fit into the reactor 
body. The white space represents the gas volume. The up- 
and downward vortex of the gas are schematically repre-
sented in grey and black, respectively, and an artistic pre-
sentation of the arc is presented in purple. The gas flows in 
through six tangential inlets from the side, goes inside the 
reactor volume and then flows out through the anode. The 
dimensions are indicated by red arrows (d = diameter and 
L = length) which is included in the name of each electrode 
(indicated on the right of the figure: CL20_d18 and AL16_d7). 
The top of the cathode contains an axial inlet that is closed 
off, but the hole above the main cathode body helps to 
prevent electrode damage since the arc does not attach in a 
single point.   
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Table 1 
Overview of all GAP electrode configurations evaluated in this work and the plasma/reactor volume ratio for each combination. The outer shape of the electrode is 
displayed in dark grey, while the white space represents the gas volume. The length and diameter of the electrode are specified in the electrode name in mm. Unless 
stated otherwise, the dimensions of the electrodes are drawn to scale. The “default” reactor design that was tested by Ramakers et al. [17] is the CL20_d18 and AL16_d7 
combination (indicated in bold underlined and shown in Fig. 2).  

Table 2 
Overview of the inserted anode configurations evaluated in this work and the plasma/reactor volume ratio for each combination. The outer shape of the electrode is 
displayed in dark grey, while the white space represents the gas volume. The length and diameter of the electrode are specified in the electrode name in mm. The 
dimensions of the electrodes are drawn to scale. The picture in the right column illustrates how the inserted anodes fit into the cathode body, with schematic indication 
of the arc.  
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2.3. Gas analysis 

When using the NDIR, we use the following formula to calculate the 
conversion: 

χ =
1 − yout

CO2

1 +
yout

CO2
2

(F2)  

Where yout
CO2 

is the output fraction of CO2. This formula is valid since we 
only use CO2 as an input gas. This formula inherently accounts for the 
gas expansion, and the derivation is given in the Supporting Information 
(SI, section S3). 

The specific energy input (SEI), an important parameter to determine 
the energy efficiency, is defined as follows: 

SEI
[
kJ L− 1] =

Plasma power [kW]

Flow rate
[
Ls min− 1] ⋅60 [s min − 1] (F3) 

With the flow rate expressed in Ls min-1 (litres standard per minute) 
with reference conditions at 20 ◦C and 1 atm. 

The energy efficiency is defined as: 

η [%] =
χCO2

[%]⋅ΔHR
◦[kJ mol− 1]

SEI
[
kJ L− 1]⋅24.1 [L mol− 1]

(F4)  

Where ΔHR
◦ is the reaction enthalpy for CO2 splitting at standard con-

ditions (i.e. 283 kJ/mol) and 24.1 L mol-1 is the molar volume defined at 
the same reference conditions of the flow rate (20 ◦C and 1 atm). 

We performed every experiment three times, in order to apply a 
propagation of uncertainty to the results and calculate the error bars. 

3. The effect of electrode shape on CO2 conversion 

In this section, we explore a variation of electrode configurations in 
the GAP in three series of experiments. All designs are tested for one 
condition (10 Ls min-1 and 0.4 A), measured in triplicates. For the in-
fluence of flow rate and current on the performance, we refer to earlier 
works about the GAP [17–21]. In this section, we present the results 
from least to most different from the “default” reactor design with 
CL20_d18 and AL16_d7 that was tested by Ramakers et al. [17]. 

3.1. Variation in cathode length and anode diameter 

In the first series of experiments, we compare different cathode 
lengths in combination with various anode diameters. The cathode 
diameter and anode length are kept constant. These designs are most in 
line with previous work [17], only the dimensions are different. Fig. 3 
represents the CO2 conversion and energy efficiency as a function of the 
cathode length, for the different anode diameters. The power and SEI are 
also plotted (right y-axes). 

For the middle cathode (CL20_d18) we observe the same trend as 
Ramakers et al. [17] When the outlet diameter in the anode is reduced 
from 14 to 7 mm, the conversion increases from 6.34 ± 0.39 % to 7.99 
± 0.39 %. When the outlet decreases even further to 3.5 mm, the con-
version rises further to 9.32 ± 0.39 %. This same trend holds for the 
shorter cathode (CL10_d18) with a marginally smaller conversion. Yet, the 
power input for this cathode is much higher, resulting in a much lower 
energy efficiency. For the longest cathode (CL30_d18) the conversion is 
slightly higher. Similar to the shorter cathodes, the CO2 conversion in-
creases from 6.81 ± 0.39 % for the 14 mm anode to 9.66 ± 0.39 % for 
the 7 mm anode; however, we do not see a similar rise for the smallest 
anode (9.64 ± 0.39 %). The conversion for both the 3.5 and 7 mm an-
odes is the same for the longest cathode, but the smallest anode still 
performs slightly better in terms of energy efficiency (29.45 ± 1.20 % 
vs. 26.94 ± 1.17 %; see Fig. 3(b)), due to the lower SEI. 

Since we used the same input current of 0.4 A for different electrode 
designs, the resulting plasma power is not constant. This likely in-
fluences the gas temperature and hence, the CO2 conversion. However, 
we cannot directly control the temperature of the plasma, nor the exact 
plasma input power, since this depends on the plasma characteristics. 
But we can influence the plasma characteristics by changing the elec-
trode design, which is exactly the goal of this work. We believe it is a 
suitable approach to optimise the electrodes by comparing the energy 
efficiency, since it accounts for the conversion at a certain specific en-
ergy input. 

A smaller anode diameter and a longer cathode are clearly beneficial 
for the performance in terms of CO2 conversion and energy efficiency. 
The fact that a smaller anode diameter results in a higher conversion 
meets our expectations, since the reverse vortex flow is more pro-
nounced, yielding better insulation from the walls. In addition, a longer 
cathode increases the plasma length, thereby increasing the residence 
time. However, it should be noted that these dimensions are the limit for 
the current reactor. We cannot decrease the anode diameter much 
further; otherwise, the overpressure in the reactor would reach a 
dangerous level. Likewise, we cannot elongate the cathode further. This 
would require much higher powers to sustain the plasma and we 
currently do not have such a power supply. In addition, previous work 
regarding the dual vortex plasmatron [24], has shown that it is not 
simple to elongate a plasma and provide sufficient power. Trenchev 
et al. did not obtain a significantly higher conversion and energy effi-
ciency than in this GAP reactor. We summarise these findings in a crit-
ical comparison in Section 4 below. 

3.2. Variation in anode length, cathode diameter and cathode shape 

In the second series of experiments, we test other variations to the 
default electrode design. The two remaining dimensions that were not 

Fig. 3. (a) CO2 conversion and (b) energy efficiency, presented as bars (left 
axis). The scatter plot represents the (a) plasma power and (b) SEI (right axis). 
The grouped bars represent the different cathode lengths (L10, L20, L30, see x- 
axis, with a fixed cathode diameter d18), while the bar colors represent the 
anode diameters (d3.5, d7, d14, see legend, with a fixed anode length: L16). 
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yet tested in Section 3.1, i.e. the anode length and cathode diameter, will 
be compared to the default results. In addition, we also tested a more 
novel shaped cone cathode where the cathode diameter narrows at the 
top. 

3.2.1. Anode length 
We increased the anode length from 16 mm to 90 mm, to investigate 

whether this could elongate the plasma zone and thus enhance the 
conversion. The results are displayed in Fig. 4, for the three different 
cathode lengths, with an anode diameter of 7 mm. Although we 
demonstrated in the previous section that the smaller diameter of 
3.5 mm is more beneficial for the conversion, we chose to make our new 
designs starting from the standard electrode dimensions. 

We observed that the design with a longer anode needs a longer time 
to reach the steady state. When following the real time concentrations 
on the NDIR, this configuration reaches a stable value after about 7 min, 
while the shorter anode needs only 2 min to reach a stable output con-
centration. Clearly, the longer anode warms up due to the hot gas that 
exits the reactor. This results in a slightly higher conversion for all three 
cathode lengths and the difference is most pronounced in the longest 
cathode. However, the power is generally higher and thus the energy 
efficiency is comparable to or even lower than the basic design (see 
Fig. 4(b)), which can be attributed to heating losses. 

Another reason for the slightly higher conversion can be the more 
elongated plasma in the longer anode. These results are in line with the 
fundamental mechanisms that were investigated by Xu et al. [44] in a 
rotating gliding arc in air. When they added an extension tube to their 
rotating gliding arc reactor, the gliding arc became longer and the 
regeneration frequency lower. A similar effect was observed by Jardali 
et al. [13] for NOx production. When the arc is elongated towards the 

anode outlet in the steady mode, the NOx concentration is much higher 
compared to the shorter arc in the rotating mode. A more elongated 
plasma could explain the slightly higher CO2 conversion in this work, 
however, we observed no electrode damage on the elongated anode, 
compared to clear signs of arc attachment in the shorter anode. This 
indicates that the arc is not significantly elongated in the anode, which 
might explain why the difference in performance is so small. 

3.2.2. Cathode diameter 
For the basic cathode length (20 mm), we reduced the cathode 

diameter from 18 to 10 mm. The plasma zone in the narrower cathode 
occupies a larger fraction of the reactor body. Hence, we might expect 
that the fraction of gas going through the plasma would increase, which 
may yield a better performance, as assumed in previous work [17,40]. 
The results are given in Fig. 5, for the three different anode diameters. 

The CO2 conversion is not higher, but even slightly lower in the 
smaller cathode compared to the wider standard cathode, while it 
consumes a bit more power. As a consequence, the energy efficiency is 
lower as well, indicating that the heating loss to the walls is perhaps 
more significant for the performance than the volume fraction occupied 
by of the plasma in the reactor (affecting the gas fraction treated by the 
plasma). 

This is in contrast to the results of Trenchev et al. [25] for an APGD, 
where reactor confinement gave three times higher CO2 conversion (see 
also Section 1). However, in the APGD, the difference in volume was 
very large. In addition, the confined design also allowed to use three 
times lower CO2 flow rate for similar power (due to the groove in the 
cathode, yielding efficient cooling), and thus three times higher SEI, 
explaining the three times higher CO2 conversion. In the basic GAP 
design, the reactor body (cathode) diameter is already quite small, so 

Fig. 4. (a) CO2 conversion and (b) energy efficiency, presented as bars (left 
axis). The scatter plot represents the (a) plasma power and (b) SEI (right axis). 
The grouped bars represent the different cathode lengths (L10, L20, L30, see x- 
axis, with a fixed cathode diameter d18), while the bar colors represent the 
anode lengths (L16 and L90, see legend, with a fixed anode diameter: d7). 

Fig. 5. (a) CO2 conversion and (b) energy efficiency, presented as bars (left 
axis). The scatter plot represents the (a) plasma power and (b) SEI (right axis). 
The grouped bars represent the different cathode diameters (d18 and d10, see x- 
axis, with a fixed cathode length L20), while the bar colors represent the anode 
diameters (d3.5, d7, d14, see legend, with a fixed anode length: L16). 
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further confinement does not bring any improvement. Anyway, 
comparing design improvements in the GAP and APGD is difficult, 
because of the different plasma characteristics. In the APGD, the plasma 
is characterized by wall stabilization, while this does not happen for the 
arc in the GAP reactor that is stabilized by the flow. Moreover, the heat 
transfer through the walls is different (i.e. ceramic for the APGD, vs steel 
for the GAP). 

3.2.3. Cone-shaped cathode 
Instead of a cylindrical cathode, we also tested the effect of a cone- 

shaped cathode. By reducing the upper radius of the cathode, the 
reactor body narrows down towards the upper end, and might improve 
the contact between the cold gas and the plasma zone. Fig. 6 shows the 
results, for the three different anode diameters, in comparison to the 
basic GAP design. The length of the cone (16 mm) is slightly shorter than 
the basic design, but we demonstrated earlier in Fig. 3 that the con-
version is very similar for the two basic cathodes with a length of 10 and 
20 mm. 

The overall CO2 conversion is somewhat lower in the cone-shaped 
cathode compared to the cylindrical cathode. The energy efficiency is 
comparable for the two smallest anodes (3.5 and 7 mm), but smaller for 
the largest anode (14 mm). These findings are in line with the result 
from the smaller cathode diameter. It appears that the fraction of gas 
passing through the plasma is less suitable as a criterion for improving 
the reactor design, which will be discussed in more detail in 4.1. It seems 
that a larger total reactor volume is more beneficial for the GAP, espe-
cially in combination with smaller anode diameters. This can facilitate a 
more pronounced reverse vortex flow and enhance the interaction be-
tween the hot plasma core and the cool surrounding edge to minimize 
the heat losses. Overall, these results indicate that the original GAP 

reactor design [16] was already quite optimised. 
In the next part, we investigate a more drastic change to the standard 

electrode design, i.e. the so-called inserted anodes. Note that the design 
idea started again from the criterion of increasing “the fraction of gas 
passing through the plasma”. Although we already demonstrated in this 
section that this might not be suitable, the inserted designs can help us to 
understand this criterion better and whether more drastic design 
changes might have a larger effect on the performance. 

3.3. Inserted anodes to increase plasma-gas interaction 

The third series of experiments involves a more novel variation of the 
GAP design, where the anode outlet is elongated and inserted into the 
cathode reactor body (Fig. 7). When the gas is flowing in the wider 
upward vortex, it is forced all the way to the top of the (cathode) reactor 
body and it returns in the narrow downward vortex, inside the long 
(anode) outlet channel. When the plasma arc would be formed between 
the cathode and the furthest anode point at the outlet, it would occupy 
the entire outlet channel (purple) and the gas would have a longer 
residence time in the plasma. The results are displayed in Fig. 8 for the 
three different “inserted” anode designs: a cylindrical shape (diameter 
8 mm), a tapered shape with a wider top (8 mm) and smaller bottom 
(2 mm) and another tapered shape with a smaller top (4 mm) and 
smaller bottom (2 mm). Again, the results are compared to the basic 
GAP design with three different anode diameters. 

Clearly, the overall conversion with the three different inserted an-
odes is lower. The Ainsert_L30_d8 with the wider outlet is significantly 

Fig. 6. (a) CO2 conversion and (b) energy efficiency, presented as bars (left 
axis). The scatter plot represents the (a) plasma power and (b) SEI (right axis). 
The grouped bars represent the different cathode shapes (default and cone, see 
x-axis), while the bar colors represent the anode diameters (d3.5, d7, d14, see 
legend, with a fixed anode length: L16). 

Fig. 7. Schematic 2D representation of the GAP reactor with the inserted anode 
into the cathode reactor body. Dark grey indicates the cathode and anode 
electrodes, light grey represents how they fit into the reactor body. The white 
space represents the gas volume. The up- and downward vortex of the gas is 
schematically represented as the outer and inner vortex (grey and black), 
respectively. The gas flows in through six tangential inlets from the side, goes 
inside the reactor volume and then flows out through the anode. In the ideal 
case, the arc discharge would be formed between the cathode and the furthest 
anode point at the outlet, so that it fills the entire anode outlet, as schematically 
presented in purple. However, the red arrow indicates another plausible case, 
with a small rotating arc at the top of the inserted anode, such that the arc does 
not fill the entire anode outlet. 
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lower than all results of the basic configuration, with a CO2 conversion 
of only 4.86 ± 0.38 %. The two inserted anodes with a smaller outlet 
perform slightly better, but still much worse than for the basic anode 
designs. The difference is even larger for the energy efficiency, with 
significantly lower values, even when compared to the worst basic 
design. In addition, it was more difficult to obtain a stable plasma in 
these inserted anodes and they extinguished easily when using a 
different power supply (e.g. the AC current source power supply from 
AFS used by Girard-Sahun et al. [45]). 

These results are in line with our conclusions from the cathodes with 
the smaller diameter: again the criterion to increase the fraction of gas 
passing through the plasma seems not applicable here. However, it is 
likely that the arc is not elongated in the whole anode outlet at the 
conditions under study. If the arc forms at the shortest point between the 
cathode and the anode (red arrow in Fig. 7) and the plasma does not 
stabilise in the centre, the plasma zone is very small. This could also 
explain the low performance and bad plasma stability in these inserted 
anode configurations. Considering their overall lower performance and 
difficulty to stabilise the plasma, we do not include these electrodes in 
the summary of all electrode variations in Section 4. 

In this section, we focused on the performance in terms of CO2 
conversion and energy efficiency as a function of the various design 
parameters. However, to better understand the performance results, it is 
useful to study the plasma characteristics. Based on our oscilloscope 
measurements, we analyse the voltage measured for each design, in the 
SI section S4. The voltage variations as a function of time demonstrate 
that the arc is continuously attaching and detaching, as expected for a 
gliding arc plasma, and in line with earlier observations by our group 
with fast camera imaging [41]. Furthermore, we analyze the 
time-averaged voltages as an indication of the arc length and cooling 

effects. We can conclude that the arc length (outside the reactor) affects 
the performance. In addition, our analysis reveals that post-plasma 
recombination of the products (and thus post-plasma quenching of the 
gas to remediate this [46–48]), as well as plasma stability, appear more 
important than plasma-gas interaction in the reactor. However, this 
analysis of the average voltage remains only indicative, since more 
detailed in-situ optical diagnostics to validate this analysis was out of 
scope for this work. 

4. Overall performance 

In the previous section, we discussed the performance of each series 
of electrode designs and we reflected on how changes in the plasma can 
explain the different results. In this section, we first make an overall 
comparison based on the plasma/reactor volume ratio, and subse-
quently we discuss the residence time as a more general parameter. 
Finally, we summarise the energy efficiency as a function of the CO2 
conversion to give an overview of all the results in this work. 

4.1. Plasma/reactor volume ratio 

We calculated the plasma/reactor volume ratio as a simple metric for 
the fraction of gas passing through the plasma and we present its relation 
to the CO2 conversion in Fig. 9. Both graphs display the same data, but 
are grouped for each cathode (a) or anode (b). The schematic repre-
sentations of these electrodes are given on each side, indicated by the 
symbol in the graph. As intended, a smaller cathode volume leads to a 
larger plasma/reactor volume ratio. Also the CL20_d10 and CL16_d18_cone 
have higher ratios than the basic cathode, which was exactly the idea 
behind these designs. A longer anode also increases the plasma/reactor 
volume ratio, if we assume that the plasma fills the entire outlet. 

It is clear from Fig. 9 that the CO2 conversion does not only depend 
on the plasma/reactor volume ratio. Instead, we observe different 
trends, that are not always clear. Ttwo of them can be more clearly 
distinguished, as indicated by the black dashed arrows. First, when we 
consider the same cathode, like CL20_d10, the CO2 conversion increases 
for a larger plasma/reactor volume ratio (Fig. 9a: dashed arrow 1), 
which we obtain by decreasing the anode diameter (Fig. 9b). This is in 
line with observations in previous work and the basis for the hypothesis 
that increasing the fraction of gas passing through the plasma will 
improve the performance. We see a different trend, however, when we 
consider a single anode, like AL90_d7, indicated by dashed arrow 2. The 
CO2 conversion decreases for a larger plasma/volume ratio (Fig. 9b), 
which we achieve with a smaller cathode volume (Fig. 9a). This is quite 
interesting, since a larger plasma/reactor volume ratio implies that the 
gas is heated more uniformly in the reactor, yet: the conversion is lower. 
This confirms that the CO2 conversion in this reactor is not solely due to 
the higher temperature, but that the mixing with the cool outer vortex 
also plays a role (see below). 

Since the electrode design will change the plasma characteristics, the 
different power inputs might explain the trends in conversion. However, 
when we plot the power input as a function of the plasma/reactor vol-
ume ratio in Fig. 10, we see no clear relation between both. Most designs 
have a power between 550 and 750 W, and the configurations that fall 
outside of this range do not necessarily result in a higher or lower 
conversion in Fig. 9. The power input of CL10_d18AL16_d3.5 for example is 
very high, above 1 kW, but the CO2 conversion is only about 9 %, just 
like other designs with moderate powers of 750 W. Hence, the power 
input cannot explain the trends in conversion. 

To summarise the performance, we believe it is most suitable to 
compare the energy efficiency of the different designs, because this ac-
counts for the CO2 conversion at a specific energy input. Fig. 11 displays 
the energy efficiency as a function of the plasma/reactor volume ratio. 

There is no general trend between the energy efficiency and the 
plasma/reactor volume ratio. Although this parameter is able to explain 
some patterns in the conversion, it does not capture the different plasma 

Fig. 8. (a) CO2 conversion and (b) energy efficiency, presented as bars (left 
axis). The scatter plot represents the (a) plasma power and (b) SEI (right axis). 
The grouped bars represent the different cathodes (default CL20_d18 and inserted 
CL16_d18_flat, see x-axis), while the bar colors represent the anode specifications 
(see legend). 
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characteristics that will alter the power for each design as seen in 
Fig. 10. 

Possibly, the plasma/reactor volume ratio, as defined in this work, is 
not a good definition for the fraction of gas passing through the plasma. 
As mentioned in Section 2.2, only a very simple formula is used, based 
on a simple static cylinder for the arc, which does not reflect reality, due 
to the turbulent vortex flow pattern and the reignition of the rotating 
arc. Therefore, we conclude that the simple formula defined in Section 
2.2, to estimate the “fraction of gas passing through the plasma”, is not 
suitable to improve the performance. 

Instead, we believe the results in this work should be interpreted 
more in general. It is not necessarily the fraction of gas passing through 
the plasma that plays a crucial role, but it is the interaction between the 
hot plasma core and the cooler outer edge. Indeed, previous work [17, 
40] demonstrated more in general that a smaller anode diameter leads to 
a more pronounced reverse vortex flow. The forward (outer) vortex flow 
of the cooler gas provides an isolation for the reverse (inner) vortex of 
the hot gas passing through the arc and limits heat losses to the walls. 
Both forward and reverse vortex flow have their function in this reactor. 
When we decrease the cathode diameter in this work, the role of both 
separate vortices would disappear because the arc occupies most of the 
reactor volume, and this appears to be detrimental for the performance. 

The presence of a hot core surrounded by the cooler gas has two 
advantages. Firstly, the cool flow reduces the heat losses to the walls by 
improving the convective cooling of the hot plasma core, which is the 
main incentive for studying the reverse vortex flows in plasma [49]. 
Secondly, the chemistry is enhanced as well, which was recently 

investigated by van den Bekerom et al. [50] and van de Steeg et al. [51] 
in microwave (MW) plasmas. They concluded that the temperature 
gradients drive fast core-periphery transport and mixing, which mini-
mizes CO losses and optimises the use of O radicals in the O + CO2 re-
action, further enhancing the CO2 conversion. In case of the basic GAP 
reactor, where the arc is also located in the centre, we can expect that 
this interaction between the hot core and surrounding cooler edge is 
important as well. 

One disadvantage is that we cannot quantify this interaction in the 
same manner as we did for the plasma/reactor volume ratio. Further-
more, the energy efficiency shows no clear correlation as a function of 
the design parameters, indicating that the performance might be limited 
independent of the electrode design. We investigate this in more detail, 
by comparing our results to different plasma reactors in Section 5.1. 

Finally, we did not include the unstable inserted anodes from Section 
3.3, even though these designs were made for the optimal plasma-gas 
interaction. Their low conversion indicates that plasma stability is 
more important than the plasma-gas interaction. 

4.2. Residence time 

The residence time is a more general parameter to summarize the 
variety in electrode dimensions and shape. We expect from traditional 
reaction engineering that a longer residence time increases the CO2 
conversion and therefore we plot the results in Fig. 12. Some results with 
a higher flow rate of 20 Ls min-1 are also included, because they have a 
shorter residence time; these are discussed in more detail in the SI 

Fig. 9. CO2 conversion as a function of the 
plasma/reactor volume ratio for all electrode 
combinations (except the inserted anodes): (a) 
grouped for each cathode and (b) grouped for 
each anode. The schematic representations are 
displayed on the right, with a red double arrow 
to indicate the most important characteristic 
dimension, also written next to the scheme. The 
red dotted circle in the graph indicates the basic 
combination, CL20_d18AL16_d7. The black dashed 
arrows in the graphs highlight two different 
trends when considering (1) a single cathode, e. 
g. CL20_d10, or (2) a single anode, e.g. AL90_d7.   
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(section S5). 
For each anode in Fig. 12b, the residence time increases when it is 

combined with a larger cathode of Fig. 12a and as a result, the CO2 
conversion increases accordingly, as indicated for the AL90_d7 anode. 
Furthermore, the combination CL30_d18AL90_d7 has the longest residence 
time and also the highest CO2 conversion. However, both graphs clearly 
demonstrate that the residence time is also not the only parameter that 
plays a role. A smaller anode diameter will result in a higher CO2 con-
version at the same residence time as wider anodes. Indeed, the 
CL30_d18AL16_d14 combination (indicated by the black dotted square in 
Fig. 12) has the second highest residence time, but the CO2 conversion is 
significantly lower than most results with smaller anode diameters. 

When considering the energy efficiency in Fig. 13, we again observe 
no general trend between the residence time and the energy efficiency. 
Just like for the definition of plasma/reactor volume ratio, the residence 
time does not capture the effect of the different plasma characteristics. 

Indeed, while the conversion generally increases for a longer resi-
dence time, the specific energy input increases simultaneously. As a 
result, the energy efficiency reaches the same maximum of 30 % for a 
wide range of residence times. At a constant flow rate, like in these 
experiments, a larger reactor can lead to a higher power input and a 
larger plasma volume, but the balance between conversion and power 
input remains the same. Even for a higher flow rate, the energy effi-
ciency reaches the same maximum, despite the low conversion. 

Clearly, the residence time is not a suitable criterion to optimise the 
performance either. This was also addressed in our previous work in an 
atmospheric pressure glow discharge [52]. Simply elongating the 
discharge is not sufficient to improve the performance, especially when 
chemical equilibrium is reached quickly, but placing reactors in series 
can help to improve the conversion. Such alternative solutions, beyond 
the internal reactor design, are discussed with a literature review in 

Section 5. 
We conclude that there is not one simple parameter that defines the 

optimal design, due to the complex interaction between the gas flow and 
the plasma behavior. These underlying mechanisms could be further 
elucidated with a fluid dynamics model, as was done previously for the 
anode diameter by Ramakers et al. [17]. However, since we observe 
more subtle variations in the experimental conversion in this work, we 
have to improve the previous models developed in our group, by a fully 
coupled description of the gas flow dynamics and plasma behaviour. 
This is quite challenging, and out of scope for this work, but it will be 
subject of future work. 

4.3. Overview of all results in this work 

All combinations of Section 3 are summarised in Fig. 14. The energy 
efficiency is plotted as a function of CO2 conversion to give an overview 
of the two most important performance parameters. Again, both graphs 
display the same data, but are grouped for each cathode (a) or anode (b). 

Clearly, changing the electrode design has a large influence on the 
performance. The design with highest energy efficiency (i.e. 30 %, for a 
conversion of 9.5 %) is the combination of the longest cathode (CL30_d18) 
with the smallest anode diameter (AL16_d3.5). On the other hand, the CO2 
conversion is slightly higher (i.e., 10.5 %) if we combine the same 
(longest) cathode (CL30_d18) with the longest anode (AL90_d7), but the 
energy efficiency here is lower (i.e., 21 %), attributed to the heat losses 
to the walls of the anode outlet. 

Equally important are the results that are not shown here, i.e. the 
electrode shapes that resulted in an unstable plasma. Indeed, the elec-
trode design has a fundamental effect on the stability of the plasma. 
Some shapes did not result in a stable plasma, either due to quick 
electrode damage or due to the poor coupling with the power supply, 

Fig. 10. Power as a function of the plasma/reactor volume 
ratio for all electrode combinations (except the inserted 
anodes): (a) grouped for each cathode and (b) grouped for 
each anode. The schematic representations are displayed 
on the right, with a red double arrow to indicate the most 
important characteristic dimension, also written next to the 
scheme. The red dotted circle in the graph indicates the 
basic combination, CL20_d18AL16_d7. The black dashed lines 
indicate the most common power range for most designs.   
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resulting in too much electromagnetic interference (more details in SI, 
section S6) [53]. We know that the optimisation of the electrode design 
and the characteristics of the power supply are inherently intertwined, 
yet it is not straightforward to improve this coupling. 

Some criticism is justified here: in spite of the large variations in 
performance for the different designs, there is no large improvement 
compared to the basic GAP design, even for the best designs shown 
above. Many electrodes perform worse than the basic design, which 
indicates that the original GAP reactor design [16] was already quite 
optimised, and only varying the electrode dimensions does not lead to 
significant improvements. Furthermore, the heat loss to the walls is an 
important factor that could explain the bad performance of the designs 
with a smaller reactor volume, i.e., smaller cathode diameter or 
cone-shaped cathode (CL20_d10 and CL16_d18_cone). This heat insulation 
effect was an important incentive to study the reverse vortex flow in the 
basic GAP design in the first place, and here we only confirm that this 
effect is more pronounced in the wider cathodes. In addition, the wider 
cathodes allow the arc to be more concentrated in the centre, i.e., a hot 
plasma core surrounded by a cooler region. This enables fast 
core-periphery transport and mixing, minimizing CO losses upon 
recombination, and optimising the use of O radicals to further react with 
unconverted CO2, as demonstrated in MW plasmas by van den Bekerom 
et al. [50] and van de Steeg et al. [51]. 

Further optimisation of the performance might be possible by 

tweaking the power supply, although one might wonder whether the 
results will be different when the resulting plasma has similar discharge 
characteristics. In summary, our results are not significantly better than 
previous work on CO2 conversion in the basic GAP reactor [17]. Would 
it then be better to investigate a completely new design? We discuss the 
answer to this question in the next section. 

5. Comparison to the state-of-the-art 

5.1. Comparison to other warm plasmas 

We first compare different warm plasma reactors from our lab in  
Table 3, while we discuss a broader comparison in Section 5.2 below. All 
these plasmas in Table 3 operate at relatively high temperature 
(2500–3500 K inside the plasma), higher than a DBD plasma 
(300–400 K) [54]. In addition, there is physical contact between the 
plasma and the electrodes, which is not the case for MW and inductively 
coupled radio-frequency (ICP-RF) reactors. Most importantly, they all 
operate at atmospheric pressure for pure CO2 conversion. 

Despite the completely different reactor designs and operating con-
ditions (power and flow rate), the performance of these warm plasmas is 
very similar, yielding a maximum CO2 conversion around 10 % for a 
maximum energy efficiency around 30 %. They all seem to bump into 
the same limits as the GAP studied in the present work, where the 

Fig. 11. Energy efficiency as a function of the plasma/reactor volume ratio for all electrode combinations (except the inserted anodes): (a) grouped for each cathode 
and (b) grouped for each anode. The schematic representations are displayed on the right, with a red double arrow to indicate the most important characteristic 
dimension, also written next to the scheme. The red dotted circle in the graph indicates the basic combination, CL20_d18AL16_d7. 
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conversion is at maximum 10 % for the “best” designs. Some conditions 
with higher energy efficiency are possible, e.g. at higher flow rates, but 
this results in such low CO2 conversion that it is not interesting from an 
industrial point of view, as investigated by van Rooij et al. [56]. From 
these comparisons, it appears that these “warm plasmas” (high tem-
perature, contact between electrode and plasma, and for pure CO2) have 
a certain limit in performance, independent of the reactor design. Even 
without contact between electrodes and the warm plasma (e.g. MW 
reactors), the performance is comparable at atmospheric pressure, as 
discussed in more detail below. 

The high atmospheric pressure seems to play a key role. A higher 
power density (i.e. SEI) leads to a higher conversion, but then the 
discharge will contract due to the higher pressure, which reduces the 
amount of gas that is passing through the plasma. Wall stabilisation is 
one way to increase the plasma volume, such as in the confined APGD 
[25], but heat losses to the walls decrease the energy efficiency. Flow 
turbulence and flow rate also increase the plasma volume, but only in 
certain configurations, such as the RVF in the GAP reactor of this work. 
The longer afterglow we observe at higher flow rates, opposite to the 
classical 2D gliding arc discharge where the plasma contracts faster, 
confirms the role of turbulence. Finally, in low-pressure plasmas, the 
contraction of the discharge is not as strong and the plasma can occupy a 
larger volume at higher SEI. The latter, together with the possibility of 
vibrational-induced dissociation, may explain why they often show good 
performance. Note that we do not consider DBD plasmas here, since they 
operate in a much different regime as discussed below in 5.2.1. 

Overall, there is not one explanation for the limit in performance. We 

know that the total energy that goes into the reactor is divided over (i) 
the workload needed to sustain the plasma in the presence of a strong 
gas flow (i.e., contraction of the plasma), (ii) work in emitted radiation, 
(iii) dissipated heat, (iv) heating of the electrodes and finally (v) 
chemical reactions (including effects of quenching after the reactor, but 
also reactions due to mixing of the hot plasma core and the cold outer 
vortex). It is clear that plasma-based CO2 conversion is complicated, and 
thus, there is not one simple parameter or experimental condition that 
defines the optimal plasma reactor design. Therefore, we discuss other 
strategies to enhance the performance in the next section. 

5.2. Comparison to all CO2 plasma reactors 

Fortunately, there are other plasma conditions and strategies to 
improve the performance of plasma reactors for CO2 conversion. 
Numerous examples in literature go beyond the results of this work, 
which can be found in an extensive literature review by Snoeckx and 
Bogaerts in 2017 [15]. They summarised the energy efficiency as a 
function of CO2 conversion for all types of plasma reactors. We updated 
this figure with more recent literature (published since 2016–2017) in  
Fig. 15, for MW reactors [37,46,50,57–79], gliding arc plasma reactors 
[24,28,31,80–86], DBD plasmas [87–132], plasmas with a post-plasma 
carbon bed [45,133–137] and other plasma types (i.e. spark discharge 
[138], glow discharge [139–145], atmospheric pressure glow discharge 
[25,52,146,147], thermal torches [148,149] and nanosecond pulsed 
discharges [150,151]). It is important to note that we only included 
papers on pure CO2 splitting that report both the conversion and energy 

Fig. 12. CO2 conversion as a function of resi-
dence time for all electrode combinations 
(except the inserted anodes): (a) grouped for 
each cathode and (b) grouped for each anode. 
The schematic representations are displayed on 
the right, with a red double arrow to indicate 
the most important characteristic dimension, 
also written next to the scheme. The red dotted 
circle in the graph indicates the basic combi-
nation, CL20_d18AL16_d7. The black dashed arrow 
in the graph highlights the trend when consid-
ering a single anode, e.g. AL90_d7 and the black 
dotted square highlights the CL30_d18AL90_d7 
configuration that has the second highest resi-
dence time.   
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efficiency, as well as the experimental conditions (i.e. power and flow 
rate), which are needed to double-check the calculation of the energy 
efficiency. In addition, some of the literature data in this figure was 
recalculated to represent coherent values for the conversion and energy 
efficiency, according to the formulas in the original paper [15]. Indeed, 
the gas expansion was not always considered for the calculation of the 
conversion, resulting in overestimated conversions and efficiencies. 
Secondly, dilution effects should be taken into account when the mixture 
is diluted with He, Ar or N2: only the effective conversion is compared in 
Fig. 15. 

In this figure, it is interesting to see that the updated version looks 
very similar to the original one [15]. Microwave (MW) plasma reactors 
still achieve the highest energy efficiency, although recent works only 
obtain these high values when sampling inside or right after the plasma 
(typically with optical emission spectrometry measurements). Such 
values are not representative for plasma reactors as part of a process, 
since the gas will exit the reactor and be subject to recombination re-
actions, which will lead to a final, lower conversion, well before the gas 
reaches separation steps. Gliding arc (GA) plasma reactors also perform 
in the same range as before, with conversions typically below 20 %, in 
line with our own results. For dielectric barrier discharge (DBD) re-
actors, some improvements have been demonstrated to reach either 
higher conversions (exceptionally up to 75 %) or energy efficiencies 

(above 20 %), but not the combination of both. Since the publication of 
the original figure [15], other types of plasma sources have also been 
investigated more, like atmospheric pressure glow discharges (APGDs) 
and nanosecond pulsed discharges (NPDs). They display relatively high 
energy efficiencies (up to 37 %) and achieve higher conversions than e.g. 
gliding arc reactors (typically up to 30 %). In addition, various experi-
ments have been performed with a carbon bed placed after the plasma 
reactor, for thermal arc [134,135], GA [45,133,137], and MW [136]. 
This combination achieves promising conversions (up to 47 %) at 
reasonable energy efficiencies (up to 56 %). Furthermore, we can 
consider that the target for efficiency should be lower in these examples, 
since the separation costs are reduced significantly when all oxygen is 
removed in such a bed [45]. 

Despite these recent advances, Fig. 15 looks generally the same as the 
original figure [15]. No novel plasma research has been able to obtain 
higher conversions and higher energy efficiencies simultaneously in 
pure CO2. This also puts the GAP reactor of our work in perspective: with 
all the different electrode configurations, it still yields a maximum CO2 
conversion of 10 % at a maximum energy efficiency of 30 %, indicating 
that this reactor is not the best plasma reactor available in literature. 
However, its operation at atmospheric pressure still makes it appealing 
for industrial application. In addition, we believe that further perfor-
mance improvements are possible, by focusing on the post-plasma zone, 

Fig. 13. Energy efficiency as a function of residence time for all electrode combinations (except the inserted anodes): (a) grouped for each cathode and (b) grouped 
for each anode. The schematic representations are displayed on the right, with a red double arrow to indicate the most important characteristic dimension, also 
written next to the scheme. The red dotted circle in the graph indicates the basic combination, CL20_d18AL16_d7. 
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e.g., by nozzles or post-plasma carbon bed or catalysis. 
This brief discussion on the results of other plasma reactors (in 

Fig. 15) is not a comprehensive review, and we refer to other works on 
the topic [15,54,152]. In the next section, we will discuss how to obtain 
better performance than in the warm plasma type studied in this work 
(see Section 5.1 where the conversion is limited to 10 % and the energy 
efficiency to 30 %). We will elaborate on different plasma types in 
Section 5.2.1, before we discuss more general improvement strategies in 
Section 5.2.2. 

5.2.1. Different plasmas 
DBD reactors apply cold plasma for CO2 conversion. They have a 

higher reduced electric field (i.e., ratio of electric field over gas number 
density), such that electron impact dissociation contributes more [15], 
which results in a very different plasma chemistry compared to warmer 
plasmas where thermal chemistry plays a significant role, due to 
vibrational excitation and subsequent vibrational-translational relax-
ation [51]. DBD reactors have a simple design and are already applied 
on large scales for ozone production [10]. High CO2 conversions are 
possible, up to 60 % in a DBD operating at 45 W with an inter-electrode 
distance of 455 µm [114], but the SEI is much higher, i.e., in the range 
of 36–900 kJ/L. As a result, the energy efficiency in a DBD reactor is 
typically very low (below 15 %) [15]. Ozkan et al. [107] gave a 
comprehensive overview of improved CO2 splitting in a DBD reactor. 

Decreasing the operating frequency (from 28.6 kHz to 16.2 kHz) or 
increasing the barrier thickness (from 2 to 2.8 mm) gives a higher 
conversion and energy efficiency. The best results were obtained by 
decreasing the duty cycle from 100 % to 50 % (from pure AC to the 
burst regime), resulting in a conversion of 26 % for an energy efficiency 
of 23 %. 

Low-pressure plasma reactors achieve better CO2 conversion and/or 
energy efficiency, especially in MW plasmas. Record values of 80 % 
energy efficiency and 25 % CO2 conversion were obtained in early 
studies in a MW reactor under subsonic flow conditions [153] and 90 % 
energy efficiency with supersonic flow [154]. However, these values 
have not been reproduced since then. A maximum energy efficiency of 
47 % was reported by Bongers et al. [58] for a CO2 conversion of 10 % at 
200 mbar. Their maximum CO2 conversion was 83 %, albeit for a lower 
energy efficiency of 24 %. These results are very promising, but oper-
ating at reduced pressure is challenging even on lab scale, while the cost 
of the vacuum pump is often not included in the energy efficiency cal-
culations. Efforts to study MW reactors at atmospheric pressure give 
consistently lower conversions [57,70,76]. Belov et al. [57] reported a 
drop in CO2 conversion from 40 % at 0.2 bar to 10 % at 1 bar, which is 
comparable to the values displayed in Table 3 for other warm plasmas. 
Similar results were found by Wiegers et al. [76] who reached 8 % as the 
highest conversion for an energy efficiency of about 18 %. The highest 
energy efficiency of 50 % was obtained by Mitsingas et al. [70], although 

Fig. 14. Performance of all electrode combinations (except the inserted anodes), shown by energy efficiency as a function of CO2 conversion: (a) grouped for each 
cathode and (b) grouped for each anode. The schematic representations are displayed on the right, with a red double arrow to indicate the most important char-
acteristic dimension, also written next to the scheme. The red dotted circle in the graph indicates the basic combination, CL20_d18AL16_d7. 
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their conversion was again limited to 9 %. Indeed, atmospheric pressure 
MW plasmas seem to exhibit no better performance than other warm 
plasmas, such as GA or APGD. Clearly, a lower pressure is beneficial for a 
high CO2 conversion, but the costly combination of a MW source with 
low-pressure system makes it more complex for upscaling than a simpler 
gliding arc discharge operating at atmospheric pressure [155]. 

Warm plasmas seem to have reached some limit in conversion and 
energy efficiency, as we demonstrated in our own experiments in the 
GAP, which is in line with other warm plasmas from Section 5.1. 
Moreover, also in MW plasmas, the performance seems to reach the 
same limits at atmospheric pressure. We believe future efforts should 
focus on other aspects than the pure reactor design and parameter 
variation, as discussed with some general strategies next. 

5.2.2. Other improvement strategies 
First, a co-reactant can be introduced to facilitate the conversion of 

CO2. Indeed, the reaction enthalpy of pure CO2 splitting is high (ΔH◦ =

+283 kJ/mol), but the conversion becomes thermodynamically easier 
when combined with another compound, such as CH4 (i.e. dry reforming 
of methane; ΔH◦ = +247 kJ/mol) [156]. In addition, reactions with 
hydrogen carriers can yield liquid products of higher value, such as 
methanol, which circumvents the energy-intensive processing of syngas 
and relaxes to some extent the required target for energy efficiency [15]. 
The CO2 conversion in the GAP increases from 7.5 % to 24 % upon 
addition of CH4 for a much higher energy efficiency of 67 % [18]. Many 
other co-reactants have been tested, such as O2, H2, H2O, N2, … among 
others [19,20,157–160]. The main disadvantage is the challenge to 
separate the interesting products from the complex output stream, since 

Fig. 15. Comparison of all the data for CO2 splitting in the various plasma types, showing the energy efficiency as a function of the conversion. Collected from 
literature by Snoeckx and Bogaerts [15], and updated with additional data points based on more recent literature published since 2016–2017. The efficiency target is 
defined as the efficiency which should be reached in order to be competitive with other emerging technologies for producing syngas. 

Table 3 
Overview of previous work from our lab in warm plasma reactors for CO2 conversion.   

Basic GAP Alternative GAP designs Confined APGD DVP RGA 

Flow rate (Ls min-1) 10–20 10 1–3 5–15 2–8 
Power (W) 450–650 500–1100 100–160 450 150–250 
SEI (kJ L-1) 1–4 1–7 1–6 2–3 1–5 
CO2 conversion (%) 8 4–11 12.5 10 4–8 
Energy efficiency (%) 26–31 13–30 24–31 36 36 
Reference [17] this work [25] [24] [55]  
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plasma is a highly reactive, but non-selective reaction environment. 
Alternatively, CO2 is often diluted with a noble gas like argon or helium 
to obtain a higher conversion, but in this case some energy is inevitably 
lost to the ionization and excitation of these additional gases [161]. 

Next, the design of the post-plasma zone could play a more important 
role than reactor design, especially by introducing a nozzle after a warm 
plasma. Mercer et al. [37] investigated the effect of a nozzle behind a 
MW plasma, both experimentally and with CFD simulations, and 
demonstrated a significant change in the flow geometry, which facili-
tates fast transport of the produced CO to the exit of the reactor (instead 
of participating in recombination reactions). Hecimovic et al. [46] 
managed to increase the CO2 conversion from 5 % to 35 % in a MW 
plasma (at 900 mbar) by adding a nozzle in the outlet. They attributed 
this improved performance to the mixing of the hot plasma gas and the 
surrounding colder gas, which aligns with other recent insights in MW 
plasmas [50,51]. Indeed, the conversion is the highest right after the 
plasma, but drops quickly because CO can recombine with O or O2 at the 
high temperatures in the exhaust [48,76]. A nozzle can have a double 
effect thanks to supersonic expansion: lower pressure in the effluent and 
reduced temperature, i.e., two effects that can help to reduce recombi-
nation losses. More than the reactor design itself, these nozzles seem to 
hold potential for further improvement for the warm plasmas discussed 
above, although proper nozzle design is rarely investigated [34]. 

Besides introducing a nozzle, the addition of (bio)char as a solid 
reactant after a plasma reactor is perhaps the most successful strategy 
for improved performance in pure CO2 conversion [133,134]. 
Girard-Sahun et al. [45] recently combined such carbon bed with the 
GAP reactor and obtained almost double the CO2 conversion. At the 
same time almost twice the energy efficiency was achieved compared to 
the same GAP without carbon bed, while removing virtually all O2 and 
thus greatly reducing the separation costs. The output CO concentration 
even increased with a factor three, thanks to the carbon gasification 
process, resulting in an enhanced CO production. Since the separation 
costs are the dominant cost factor for plasma-based CO2 splitting, as 
demonstrated by van Rooij et al. [56], a carbon bed is a particularly 
interesting technique to reduce the costs. 

The combination of plasma with a catalyst can also help to enhance 
both conversion and energy efficiency, while tuning the selectivity of the 
products [54,162]. In fact, simply packing a support material (SiO2 
beads with size of 100–200 µm) without a metal catalyst can increase 
the CO2 conversion from 54 % to 74 % in a DBD reactor at 30 W, 
although the energy efficiency remains low [114]. For the GAP reactor 
investigated in the current work, the combination with a catalyst is less 
straightforward. Preliminary tests showed that the catalyst particles are 
destroyed when placed directly behind the plasma, while placing them 
further away gives no significant difference. Catalytic materials for ox-
ygen scavenging could also play an important role (in line with the 
improvements observed for the carbon bed). Delikonstantis et al. [163] 
recently showed promising results for CO2 conversion with 
plasma-assisted chemical looping. The CO2 conversion was maximum 
12 % in their plasma system, but this increased to ca. 29 % by putting an 
oxygen scavenger in the post-plasma zone. More specifically, they 
applied the nanostructured CeO2/Fe2O3 material, pre-reduced by H2 
plasma, which could capture the produced oxygen species and suppress 
CO/O recombination. Their bulk gas temperature was only 773 K, while 
chemical equilibrium calculations indicate that such high conversion 
values can only be achieved at temperatures above 2775 K. Their results 
demonstrate that plasma with post-plasma scavenging materials could 
significantly overcome chemical equilibrium limits. Plasma catalysis is a 
growing field on its own, but much more research is needed to under-
stand the underlying mechanisms and improve the performance. 

Instead of focusing only on the plasma reactor (and its combination 
with nozzles, carbon or catalyst bed), one can investigate the overall 
process design as well, which is often neglected in plasma research. 
Indeed, our previous work [52] demonstrated a threefold increase in 
CO2 conversion when placing plasma reactors in series, from 8 % in the 

single reactor to 30 % in stage ten. When removing O2 in between the 
stages, the conversion improved even more. These results highlight the 
potential gain from proper process design. A more detailed example of 
process design is the recent work by Delikonstantis et al. [164] They 
investigated the process for plasma-assisted ethylene production from 
methane in a nanosecond pulsed discharge (NPD). They concluded that 
the plasma process could become economically viable if the electricity 
prices drop below 50 USD/MWh. Furthermore, the plasma reactor was 
the dominant cost driver in their process since it consumes ~75 % of the 
total electric power. However, as mentioned above, Van Rooij et al. [56] 
found the opposite for CO2 splitting in a MW reactor: the separation cost 
was more important. This indicates that both the chemical reaction (CO2 
splitting or methane reforming) and plasma reactor (MW reactor or 
NPD) play an important role for process design and detailed case studies 
are needed. 

Finally, we briefly mention a few more improvement strategies of 
sources that are also included in Fig. 15. Pulsing the plasma power is 
gaining increasing interest for improving the energy efficiency [74,151, 
165]. Cooling of the electrodes is routinely applied for thermal torches, 
but can also lead to an improved performance for CO2 conversion in 
other plasma types, although the extra energy for cooling is not always 
taken into account [101]. Even the Sun can be exploited for improve-
ment, although the overall performance is lower than the results dis-
cussed in this work [166]. 

We can conclude that each plasma type and improvement strategy 
has advantages and disadvantages. On the road to industrial application, 
pilot-scale demonstrations will have to point out the challenges for 
upscaling and which technologies might be fit for specific markets. This 
helps any emerging technology to gain confidence and improve to reach 
a commercial scale [167], although high-risk investments in develop-
ment and innovation are crucial to enable these large-scale tests [168]. 
Considering the urgent need for climate change mitigation, it is time for 
further development beyond the lab. Only then can we obtain detailed 
insights in pilot-scale processes and assess possible industrial imple-
mentation. Some companies [169–173] are starting to apply plasma 
technology for sustainable chemistry applications, such as CO2 conver-
sion and N2 fixation, but many more initiatives will be needed to address 
the scale of climate change. From our experiments in this work, we 
cannot yet draw conclusions on the feasibility of this electrified process 
at industrial scale, nor on the environmental benefit. For the former, a 
techno-economic assessment could give a more accurate estimation of 
the costs. For the latter, a life cycle assessment would be interesting, to 
investigate the real carbon footprint of the process. This will be the 
subject of future work. 

6. Conclusion 

In this work, we evaluated several new electrode configurations in a 
gliding arc plasmatron (GAP) reactor for CO2 conversion. The reactor 
design significantly influences the performance: we obtained the best 
results with the longest cathode (CL30_d18) and the smallest anode 
diameter (AL16_d3.5). However, the maximum achieved CO2 conversion 
of 10 % is only slightly higher than the 8.6 % obtained in previous work 
with the basic GAP design [17], while the energy efficiency is compa-
rable, i.e. 30 %. Furthermore, many electrode designs were even detri-
mental for the performance. A smaller cathode diameter or inserted 
anodes reduce the conversion, indicating that they suffer from heat 
losses to the walls, and also that the interaction between the warm 
plasma core and the surrounding cool edge plays an important role for 
good performance. A longer anode needs time to warm up and results in 
a higher conversion, but the energy efficiency is lower, again due to 
heating losses. 

Overall, we observed that the effect of electrode design on the per-
formance is very complex, due to the complicated and strongly coupled 
gas flow dynamics and plasma behavior (e.g., arc reignition and plasma 
stability). For this reason, there is not one simple parameter that defines 
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the optimal design. The anode diameter seems to be the only design 
parameter with a large effect, confirming previous work and indicating 
that we probably have reached the limits within the current plasma 
reactor. The mechanisms underlying our results can be further eluci-
dated with a fluid dynamics model, which will be subject of future work. 

Moreover, we compared the performance of our different GAP 
reactor designs with three other reactors operating in a similar plasma 
type, i.e. warm plasma reactors at atmospheric pressure and with con-
tact between the plasma and the electrodes. Despite the significant dif-
ference in reactor designs, the performance of these warm plasmas is 
surprisingly similar: they all yield a conversion around 10 % for an 
energy efficiency around 30 %. These results seem to indicate that the 
performance limit we encountered in our work is not only present for the 
GAP reactor, but also for other reactors operating at similar warm 
plasma conditions, independent of the design. Other plasmas can reach a 
higher conversion, such as low-pressure MW plasmas and cold DBD 
reactors, but they have their own challenges, such as vacuum operation 
and low energy efficiency, respectively. Various improvement strategies 
are possible, including design of the post-plasma zone with nozzles (to 
avoid recombination after the plasma) and the combination with a post- 
plasma carbon bed (again to avoid recombination by removing the O2 
from the mixture and to enhance CO production). 

In conclusion, our results indicate that reactor design should not be 
the only aspect to focus on, and may even have reached its limits once 
the CO2 conversion reaches a certain value, i.e., about 10 % in this work. 
We believe that detailed process design optimisation and pilot-scale 
demonstrations are a crucial next step to indicate which plasma tech-
nologies are fit for specific markets. In future work, we will perform a 
techno-economic assessment and life cycle analysis to bridge the gap 
between our lab scale experiments and industrial investments. We 
believe plasma technology could be a part in the CCU landscape, but it 
will certainly not be the only one. We will need every initiative today, 
for the transition to a more sustainable tomorrow. 
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S1. Experimental setup: 2D scheme 

We present the experimental details in section 2.1 in the main paper. Here, we provide a 2D schematic 

of the setup to present a clear view on the connection of all components. 

 

Figure SI -  1 Schematic of the experimental setup, indicating the gas circuit (dashed lines) controlled by the mass flow 
controller (MFC) and the electrical circuit (full lines). The reactor head is explained in more detail in Figure 2 in the main paper 
and previous work [1]. The reactor body has an L-shape in order to diminish the vortex flow before arriving at the diagnostics. 
The Faraday cage is not displayed to show each component more clearly. 
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S2. Overview of all electrodes and their dimensions 

Table SI - 1a Overview of all GAP electrode configurations evaluated in this work. The outer shape of the electrode is displayed in dark grey, while the white space represents the gas volume. 
The length and diameter of the electrode are specified for each configuration, and are included in the electrode name. Unless stated otherwise, the dimensions of the electrodes are drawn to 
scale. The “default” reactor design that was tested by Ramakers et al. [2] is the CL20_d18 and AL16_d7 combination (indicated by the thick frame and shown in the bottom right corner). 

Cathodes 

     
Name CL10_d18 CL20_d18 CL30_d18 CL20_d10 CL16_d18_cone 

Length (mm) 10 20 30 20 16 

Diameter (mm) 18 18 18 10 18 

Anodes 

   

 

 

Name AL16_d3.5 AL16_d7 AL16_d14 AL90_d7 (not on scale) 

Length (mm) 16 16 16 90 

Diameter (mm) 3.5 7 14 7 
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Table SI – 1b Overview of the GAP inserted electrode configurations evaluated in this work. The picture in the right column illustrates how the inserted anodes fit into the cathode body, with 
schematic indication of the arc. 

Inserted anodes 

   

 
Name Ainsert_L30_d8 Atapered_insert_L30_d8 Atapered_insert_L30_d4 Inserted anode into cathode 

Length (mm) 30 30 30  

Diameter (mm) 8 8 4  
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S3. Calculation of the conversion 

The conversion χ can be deduced from the stoichiometry of the reaction for pure CO2 splitting, as 

indicated in Table 1.  

Table 1 Reaction equation for pure CO2 conversion, expressed in flow rates relative to the total inlet flow rate.  

Reaction CO2 →  CO O2  

in 1 0 0 

out 1-χ χ χ/2 

 

After the reaction, we can express the measured concentration of CO2 as the CO2 output fraction 𝑦𝐶𝑂2
𝑜𝑢𝑡: 

 yCO2

out =
ṅCO2

out

ṅtot
out =

ṅCO2

out /ṅtot
in

ṅtot
out/ṅtot

in
=

1 − χ

(1 − χ) + χ +
χ
2

=
1 − χ

1 +
χ
2

 (1) 

 

With ṅCO2

out  and ṅtot
out the CO2 and total molar flow rate at the reactor outlet, respectively, and ṅtot

in  the 

total molar flow rate at the reactor inlet (which in the case of pure CO2 splitting is equal to the molar 

flow rate at the reactor inlet ṅCO2

in ). For the other components, we obtain: 

 yCO
out =

χ

1 +
χ
2

 (2) 

 

 yO2

out =

χ
2

1 +
χ
2

 
(3) 

 

The conversion is calculated from any of these measured fractions by simply rearranging the equations. 

When the output fraction of CO2 is measured, we calculate the conversion as follows: 

 χ =
1 − yCO2

out

1 +
yCO2

out

2

 (4) 

 

This formula inherently accounts for the gas expansion, but is only valid in pure CO2 splitting.  
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S4. Effect of electrode dimensions on the measured voltage 

In this section, we provide more insight in the discharge characteristics, to better understand the 

performance results of the various electrode designs, by studying the voltage as a function of the 

various design parameters. The voltage can provide insights in the length of the plasma arc, but also 

on the temperature of the plasma. The electrode designs change the flow pattern, which might enable 

better cooling of the plasma, and then the resistance of the plasma increases. At the same current, the 

voltage will increase according to Ohm’s law. However, these trends are difficult to validate without 

detailed in-situ optical diagnostics, which was out of scope for this work. Therefore, the explanations 

in this section are meant to be indicative rather than absolute. 

S4.1 Oscillographs 
At a constant input current in the power supply, the voltage oscillates as a function of time, as 

displayed in Figure SI -  2 for three different electrode designs (i.e., the three different anode diameters). 

The large peaks, followed by a smaller oscillating zone, demonstrate that the arc is continuously 

attaching and detaching. This is in line with the properties of a gliding arc plasma and observations in 

previous work by our group with fast camera imaging [1]. 

 

Figure SI -  2 Oscillograph, displaying the voltage as a function of time for the default cathode CL20_d18 and three different 
anodes (legend). 

The smallest anode has the largest voltage peaks and seems therefore more unstable. For larger 

anodes, the peaks become smaller. In the next section, we will discuss this in more detail by studying 

the time-averaged voltage for each electrode combination. 
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S4.2 Effect of cathode length and anode diameter 

The time-averaged voltage is plotted in Figure SI -  3 as a function of the anode diameter, for three 

different cathode lengths. 

 

Figure SI -  3 Time-averaged voltage as a function of the anode diameter (x-axis) for three different cathode lengths (legend). 

It is clear that the trend of the two shorter cathodes (CL10_d18 and CL20_d18) are in line. The voltage 

remains roughly the same when decreasing the anode diameter from 14 to 7 mm, but then suddenly 

increases when the anode diameter drops to 3.5 mm. Probably, the arc extends more out of the reactor 

for a smaller anode diameter, as indeed also observed in previous work by our group for the same 

reactor [1]. This could explain the higher voltage, because a longer arc should correspond to a higher 

voltage. For the longest cathode CL30_d18 the trend is different: the voltage drops slightly when the 

anode diameter is decreased to 3.5 mm. This indicates that the plasma is contained more inside the 

larger cathode and thus extends less outside of the outlet when further decreasing the anode 

diameter.  

Despite these differences in the voltage, the resulting conversion is very similar for all three cathodes, 

as displayed in Figure SI -  4, and the smallest outlet has the highest conversion. Indeed, independent 

of the cathode length, a smaller anode diameter has the most pronounced reverse vortex flow (RVF) 

effect, as demonstrated in previous work from our group [2, 3], which helps to improve the conversion. 

In addition, a smaller anode diameter also translates to a higher gas velocity at the outlet, which 

increases the convective cooling. This can enhance quenching once the gas leaves the reactor, similar 

to the effect of a nozzle after a thermal plasma, as observed by Li et al. [4]. These results indicate that 

for the total conversion, the anode outlet diameter, and thus the RVF effect and possible quenching 

effects, are more important than the time-averaged voltage.  
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Figure SI -  4 CO2 conversion as a function of the anode diameter (x-axis) for three different cathode lengths (legend). 

S4.3 Effect of cathode and anode length 

In Figure SI -  5, the time-averaged voltage is displayed as a function of the cathode length, for both 

the short (AL16_d7) and long (AL90_d7) anode. 

 

Figure SI -  5 Time-averaged voltage as a function of the cathode length (x-axis) for two different anode lengths (legend). 

For both anodes, the voltage drops when decreasing the cathode length from 30 to 20 mm. Probably, 

the shorter cathode leads to a shorter plasma, which can explain the lower voltage. When further 

decreasing the cathode length to 10 mm however, the voltage increases again. Possibly, the arc 

extends more outside of the reactor because the smaller cathode volume cannot contain the plasma 

and lead to a longer afterglow. 

The voltage of the longest anode is not significantly higher than for the shorter anode. There are two 

possible explanations for this. First, it might indicate that the plasma is not elongated significantly 

within the longer anode. Secondly, it is possible that the plasma is elongated in the outlet, which would 

increase the voltage, but that there is less cooling, which decreases the voltage again. Indeed, we 

observed that the configurations with the longer anode need more time to heat up before they reach 

a stable conversion (e.g. 7 min instead of 2 min for the shorter anodes), as discussed in the main paper. 

We cannot verify this just from the time-averaged voltage, but we can observe the damage from the 
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arc attachment on the anode: the shorter anodes show clear damage on the outlet, but this is not the 

case for the elongated anode. This supports our first explanation: probably, the arc is not elongated 

significantly in the longer anode.  

Similar effects are observed for the conversion in Figure SI -  6. It is not significantly higher for the 

extended anode; hence, there is no improvement in the performance compared to the default design. 

Based on the time-averaged voltage, we thus hypothesize that the extended anode does not yield a 

longer arc, which is in line with our observation of no clear damage for this extended anode. 

 

Figure SI -  6 CO2 conversion as a function of the cathode length (x-axis) for two different anode lengths (legend). 

S4.4 Effect of cathode and anode diameter 

Figure SI -  7 displays the time-averaged voltage as a function of anode diameter for both the default 

cathode (CL20_d18) and the smaller cathode diameter (AL20_d10). 

 

Figure SI -  7 Time-averaged voltage as a function of the anode diameter (x-axis) for two different cathode diameters (legend). 

For the smaller anodes (diameter of 3.5 and 7 mm), the voltage is lower for the smaller cathode 

diameter. This might indicate that there is less cooling, which can indeed be expected if the distance 

between the hot plasma core and the walls is smaller. Then suddenly, the voltage increases for the 

largest anode, which might indicate that a larger anode improves the cooling. This is not the case for 
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the wider cathode diameter, suggesting that the properties of the discharge are indeed different 

depending on the cathode diameter.  

If we assume that both configurations have a similar plasma length, because the cathode lengths are 

the same and they are combined with the same anodes, then the different voltages are a consequence 

only of the different cooling rates inside the cathode. Yet, the conversion is very similar for both 

cathodes in Figure SI -  8. This may indicate that the effects inside the cathode volume are less 

important than the effects at the outlet. Possibly, the conversion is largely determined by the amount 

of quenching at the outlet, as described in S4.2. Indeed, it has been demonstrated both experimentally 

[5] and my modelling [6, 7], that post-plasma quenching largely affects the overall conversion. 

 

Figure SI -  8 CO2 conversion as a function of the anode diameter (x-axis) for two different cathode diameters (legend). 

 

S4.5 Effect of cathode shape 

The time-averaged voltage is displayed in Figure SI -  9 as a function of the anode diameter for both 

the default cylindrical cathode (CL20_d18) and for the cone-shaped cathode (CL16_d18_cone). 

 

Figure SI -  9 Time-averaged voltage as a function of the anode diameter (x-axis) for two different cathode shapes (legend). 
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The voltage of the cone-shaped cathode is lower than that of the cylindrical cathode. Since the cone-

shaped cathode is slightly shorter too, this might simply be explained by the difference in cathode 

length. However, the trend is very similar as for cathode with a smaller diameter (CL20_d10): there is a 

sudden increase for the largest anode diameter, while the voltage of the cylindrical cathode remains 

constant. This might indicate that the cooling effects play a role again, i.e. that the cone-shaped 

cathode has less cooling than the cylindrical cathode. 

The conversion of the cone-shaped cathode is slightly lower than that of the cylindrical cathode, as 

shown in Figure SI -  10. Possibly, the combined effect of the shorter cathode length and reduced 

cooling plays a role, explaining why the conversion is even lower than of the cathode with the smaller 

diameter (CL20_d10) where only the cooling effects might play a role. 

 

Figure SI -  10 CO2 conversion as a function of the anode diameter (x-axis) for two different cathode shapes (legend). 
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S4.6 Inserted anodes 

Since there is no common design parameter for the inserted anodes, we plot the time-averaged 

voltage as a function of the reactor volume in Figure SI -  11 for the default electrodes (CL20_d18) and 

inserted electrodes (CL16_d18_flat).   

 

 

Figure SI -  11 Time-averaged voltage as a function of the reactor volume (x-axis) for the default electrode designs 
(CL20_d18AL16_d3.5, CL20_d18AL16_d7, CL20_d18AL16_d14) and the inserted electrode designs (CL16_d18_flat). The increase in reactor volume 
for the different inserted anodes is displayed under the graph. 

The voltage of the inserted anodes is lower than that of the default electrodes, which indicates that 

the plasma is shorter, there is less cooling or a combination of both. If the plasma does not fill the 

entire outlet channel, as explained in the main paper, it could form instead on the shortest distance 

between the cathode and the anode, as drawn in the main paper in Figure 7. In addition, the metal 

wall of the inserted anode inside the cathode inhibits mixing of the cold outer vortex with the warmer 

core, which creates a warmer plasma. 

In any case, the overall stability of these electrode designs was very poor, which probably explains 

their low conversion, as shown in Figure SI -  12. This indicates that plasma stability is more important 

than plasma-gas interaction. 

 
Figure SI -  12 CO2 conversion as a function of the reactor volume (x-axis) for the default electrode designs (CL20_d18AL16_d3.5, 
CL20_d18AL16_d7, CL20_d18AL16_d14) and the inserted electrode designs (CL16_d18_flat).”  
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S5. Effect of electrode shape on CO2 conversion: higher flow rate 

Figure SI - 13 summarises the performance, in terms of CO2 conversion (a) and energy efficiency (b), at 

two different flow rates, i.e., 10 and 20 Ls/min, and for different cathode designs (i.e., different length, 

diameter or cone-shape), and the basic anode design. The power and specific energy input (SEI) are 

also plotted (see right y-axes). As expected, a higher flow rate of 20 Ls/min results in a lower conversion 

than at 10 Ls/min, for all cathode designs. In addition, the high flow rate yielded an unstable plasma 

for the smallest anode diameter (AL16_d3.5, not included here) and two of the cathodes (CL10_d18 and 

CL30_d18). The inserted anodes were not included since higher flow rates led to a pressure build-up in 

the reactor. 

 

Figure SI - 13 (a) CO2 conversion and (b) energy efficiency, presented as bars (left axis). The scatter plot represents the (a) 
plasma power and (b) SEI (right axis). The grouped bars represent the different cathode shapes (see x-axis), while the bar 
colors represent the different flow rates (see legend), all for a fixed anode AL16_d7 . 

The higher flow rate is no guarantee for a higher energy efficiency either. For the basic cathode 

(CL20_d18), the higher flow rate leads to a lower efficiency: the SEI is not low enough to compensate for 

the lower conversion. For the smaller cathode diameter (CL20_d10), the higher flow rate leads to a higher 

energy efficiency, due to the lower SEI (indeed, similar power input but flow rate twice as high). For 

the cone cathode (CL16_d18_cone), there is no significant difference in energy efficiency between the two 

flow rates. These results for the higher flow rate are included in the summarizing overview of section 

4 (figure 9) in the main paper.
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S6. Electrodes leading to unstable plasma and/or electromagnetic 

interference (EMI) issues 

It is important to mention that we evaluated many more electrode shapes that were made to fit inside 

the same GAP reactor, with a wide range of variations in length and diameter. For a clear message in 

the main paper, we tried to probe the more extreme variations (e.g. the longest anode, or the cathode 

with the smallest possible diameter). Some electrodes were ruled out due to insights from previous 

work (e.g. anodes with wider diameters) [2]. In addition, some electrodes were excluded after 

preliminary tests that revealed unstable plasma or severe electrode damage. For the sake of 

transparency, and because it is useful for the reader to also learn about our “negative results”, we give 

two examples in this section, and we explain how we  dealt with the resulting electromagnetic 

interference (EMI) in these cases of unstable plasma. 

Figure SI - 14 gives an example of two cathode configurations that gave rise to unstable plasma, i.e. 

the “donut” cathode and the “pin” cathode. Keep in mind that these are 2D presentations of a 3D 

cathode, as demonstrated on the right. 

 

 

Figure SI - 14 Schematic representation in 2D (left) and 3D (right) of the donut (top) and pin (bottom) cathodes. 

In both cathodes, the design idea was to play around with the location of the arc attachment. In the 

donut cathode, the goal was to let it rotate more in a wider volume of the cathode and thus increase 

the fraction of gas that is treated by the plasma. However, there was no significant difference between 

this cathode and the basic design. In addition, we observed significant damage in the centre of the 

“donut”, indicating that the arc does not attach on the donut itself. Such electrode damage was even 

worse in the pin design. The idea here was to force an arc attachment into one point. This goal was 

certainly obtained, since we observed severe damage to the point. When we ran a test in the open 

mode (i.e. not attached to the reactor body to measure the exhaust, but open to the air to observe the 

plasma), the plasma was much brighter compared to the basic design, indicating that the cathode spot 
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is indeed much more intense. In both designs, the damage was too severe to continue the experiments, 

since we could not guarantee reproducibility.  

These two examples, but also the inserted anodes and some operating conditions (e.g. too low power) 

in the other electrodes also yielded an unstable plasma. As a consequence, a lot of electromagnetic 

interference (EMI) was observed, with issues in nearby communication cables (e.g. USB connectors to 

the PC or cables from the mass flow controllers) and even an occasional shutdown of the computers 

in the lab. This was not an issue in the basic electrode designs, since the power supply was tailored to 

this type of plasma. In order to find good parameters for the flow rate and power in different electrode 

designs, we had to adapt the lab to account for possible EMI. Specifically, we applied the following 

practices for limiting EMI: 

 Larger distance between the setup (power supply and reactor) and the sensitive equipment or 

cable. 

 Routing the cables away from each other. 

 Shielding the emitting device in a metal box or a Faraday cage. 

 Ensuring a separate earth-ground to dissipate the EMI. 

 Installing ferrite chokes as passive filters to reduce the EMI from signal or power cables. 

 Reducing operating frequencies (if possible). 

 Installing optocouplers in between the sensitive connections. 

All of these measures are general good practices to limit the effects of interference in e.g. welding 

workshops, but they are also valid for plasma reactors. However, this information is usually not 

included in scientific literature, which makes it sometimes difficult to set up experiments for 

researchers who are new in the field. We hope that this short list can help plasma researchers to try 

and understand these issues and implement these good practices. For more information, we 

recommend sources on welding equipment [8] or specific literature [9]. 
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