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A B S T R A C T   

We present a confined atmospheric pressure glow discharge plasma reactor, with very good performance towards 
dry reforming of methane, i.e., CO2 and CH4 conversion of 64 % and 94 %, respectively, at an energy cost of 
3.5–4 eV/molecule (or 14–16 kJ/L). This excellent performance is among the best reported up to now for all 
types of plasma reactors in literature, and is due to the confinement of the plasma, which maximizes the fraction 
of gas passing through the active plasma region. The main product formed is syngas, with H2O and C2H2 as by- 
products. We developed a quasi-1D chemical kinetics model, showing good agreement with the experimental 
results, which provides a thorough insight in the reaction pathways underlying the conversion of CO2 and CH4 
and the formation of the different products.   

1. Introduction 

CO2 and CH4 are the two main greenhouse gasses, so their conversion 
into valuable products is one of the most important subjects in current 
catalysis, energy and environmental research [1]. By means of dry 
reforming of methane (DRM, (R1)), CO2 and CH4 are converted into 
syngas (CO and H2): 

CO2(g) + CH4(g)⇌2 CO(g) + 2 H2(g) ΔH◦ = 247 kJ/mol = 2.56 eV/molecule
(R1) 

Syngas can be used as building block for several value-added 
chemicals, including methanol and long-chain hydrocarbons through 
the Fischer-Tropsch process [1–4]. DRM is seen as an attractive alter
native for the steam reforming of methane (SRM), as the latter generally 
produces syngas with a H2/CO ratio of 3, which is much higher than 
needed for the synthesis of these value-added chemicals [1–4]. In 
addition, SRM leads to a net CO2 production, while DRM allows for a net 
CO2 conversion. Therefore, a lot of research has been and is being per
formed on DRM, due to its large potential as future process to produce 
syngas in a much more sustainable way. However, reaction (R1) is 
highly endothermic, so it must be carried out at high temperatures. In 
addition, classical DRM suffers from catalyst deactivation, and so far this 
has severely limited its potential. This explains why DRM is not yet being 
applied on a large scale [1–3]. 

Plasma technology provides an alternative route for DRM [5]. A 
plasma is an ionized gas, created by applying a large potential difference 
between two electrodes between which the gas flows. Because electrons 
are selectively heated by the electric field, they can activate the gas 
molecules and a very reactive mixture arises, containing radicals, ions 
and excited species. Hence, the gas should not be heated as a whole to 
induce endothermic chemical reactions, making plasma-chemical con
version potentially more energy-efficient than classical thermal con
version. Furthermore, the process only requires electricity and it can be 
turned on and off fast, so it can easily handle the intermittent character 
of renewable energy sources [5,6]. 

The performance of several types of plasma reactors for DRM has 
been tested in recent decades [5,6]. Despite the promising results, many 
plasma reactors still suffer from limitations. On one hand, the conver
sion is sometimes limited because a large fraction of the feed gas does 
not pass the plasma, like is the case for most gliding arc (GA) plasma 
reactors [5,7,8]. On the other hand, the energy cost is often too high, 
which is a common problem for dielectric barrier discharges (DBD) [5, 
9–11]. Snoeckx and Bogaerts [5] defined a maximum energy cost of 4.27 
eV/molecule as target for plasma technology to be competitive with 
classical DRM and other emerging technologies. They presented a 
comprehensive overview of the performance for all types of plasma re
actors described in literature, and demonstrated that most plasma types 
cannot yet reach this target. According to that overview, only a spark 
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discharge [12] and especially an atmospheric pressure glow discharge 
(APGD) [13] were able to combine energy costs below this target with 
relatively high conversions (see Section 3.3 for further discussion). 

Glow discharges can be distinguished from other plasmas by their 
specific voltage-current characteristics: they typically combine a low 
current (a few to a few tens of mA) with a high voltage (a few to a few 
tens of kV) [14]. Furthermore, they display a different discharge struc
ture compared to other DC plasma sources, i.e. gliding arc. The tendency 
towards field emission in a glow discharge, rather than thermionic 
cathode emission (arc discharge) is most prominent. While APGDs 
appear very promising for DRM, they have not been studied to a large 
extent [5,13,15–17]. In addition, the exceptionally good results for the 
APGD presented by Li et al. [13] raise some questions with respect to the 
low powers that were measured (and which lead to very low energy 
costs). In other words, the performance of APGD reactors towards dry 
reforming of methane is not fully clear, and requires further 
investigation. 

The performance of APGDs towards CO2 splitting, in three different 
designs, was recently investigated by Trenchev et al. [14]. The authors 
showed a clear improvement in terms of CO2 conversion in a so-called 
confined APGD, which ensures encapsulation of the plasma zone by a 
high-temperature resistant ceramic material, maximizing the fraction of 
gas that is activated by the plasma. This new design has not been tested 
yet for DRM. 

Therefore, in this paper, we study the performance of a confined 
APGD towards DRM to investigate its potential, with respect to the 
current state-of-the-art. We performed experiments for a wide range of 
currents, flow rates and CO2/CH4 ratios. In addition, we developed a 
chemical kinetics model, to explain the experimental trends. In this way, 
we do not only obtain more insight in the reactor’s current potential, but 
we are also able to understand the underlying chemistry and highlight 
limitations of our current approach, enabling us to already pinpoint 
further improvements. 

2. Experiments and modelling 

2.1. Description of the experimental set-up 

The APGD plasma reactor under study (Fig. 1) consists of a cathode 
pin and anode plate, both made from stainless steel (Therma 310S). The 
cathode and the discharge region are fully surrounded by a tube made of 
Macor® machinable high temperature ceramic, with an inner radius of 
2.5 mm. The cathode contains a groove of ±1 mm deep, through which 
the gas can enter the discharge zone. This provides a high gas velocity 
close to the cathode, to effectively cool the latter. The anode plate is 
positioned at the end of the ceramic tube, at a distance of 22 mm from 

the cathode tip, and contains an opening in the centre through which the 
gas can exit the reactor. 

The entire experimental set-up is presented in Fig. 2. A high voltage 
Technix DC power supply capable of supplying up to 30 kV and 40 mA is 
used to deliver the power to the plasma. The plasma is sustained in the 
glow regime by means of a 300 kΩ ballast resistor. The initial voltage has 
been pre-set each time to 30 kV, after which it drops once the plasma is 
ignited to a value that can be read directly from the power supply 
(around 10− 15 kV, depending on the applied conditions). The flow rate 
of all feed gasses is regulated by Bronkhorst mass flow controllers. 

The gas mixture flowing out of the reactor first goes through a liquid 
trap to remove any liquid products, and the remaining gas mixture is 
analysed by means of a Thermo Scientific Trace 1310 Gas Chromato
graph (GC). For every condition, a blank measurement is performed next 
to three plasma measurements. N2 is used as internal standard to ac
count for the effects of gas expansion and of condensation of liquid 
products on the measured concentrations, and is added to the gas 
mixture after the reactor. The weighted averages of the CO2, CH4 and 
total conversions are calculated, as well as the product selectivities and 
yields, based on the measured concentrations. The energy costs are 
calculated based on the total conversions and specific energy input 
(SEI), which is defined as the ratio of plasma power over total gas flow 
rate. Finally, the concentration, selectivity and yield of the collected 
liquid fraction is estimated based on a procedure described by Pinhão 
et al. [18]. More details on the experimental analysis is presented in the 
supporting information (SI; Section 1). 

2.2. Description of the chemical kinetics model 

In order to obtain insight in the underlying chemistry, we developed 
a quasi-one dimensional (quasi-1D) chemical kinetics model, to describe 
the plasma chemistry, by means of the Zero-Dimensional Plasma Ki
netics (ZDPlasKin) solver [19]. The latter is a Fortran 90 module which, 
for all species taken into account in the chemistry set, solves the mass 
conservation equation by means of production and loss rates, defined by 
the chemical reactions: 

dns

dt
=

∑

r

[
(
aR

sr − aL
sr

)
kr

∏

l
nL

l

]

(E1) 

In Eq. (E1), ns stands for the density of species s (in m− 3), aR
sr and aL

sr 
are the stoichiometric coefficients of species s at the left and right side of 
reaction r, respectively. nl is the density of species l on the left side of the 
reaction and kr is the reaction rate coefficient of reaction r. The rate 
coefficients for heavy particles are derived from literature [20], as a 
constant or as a function of gas temperature. The rate coefficients for 
electron impact reactions depend on the electron energy distribution 

Fig. 1. Photograph (a) of the confined APGD plasma reactor and schematic representation (b) with important parts and dimensions indicated.  
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function (EEDF), and the latter is derived from the Boltzmann equation, 
solved by the BOLSIG + solver [21], included in the ZDPlasKin code. Eq. 
(E1) is solved each time step with the updated species densities and rate 
coefficients from the previous time step, for all reactions included in the 
chemistry set. In this way a loop is created, and the species densities at 
any specific time step can be determined. More details on the formulas 
and a flow chart of the simulation process, can be found in the SI 
(Section 2.1 and 2.2). In addition, we also present there the calculated 
electron density, reduced electric field and electron temperature as a 
function of position, because these are important plasma parameters, 
which give more information on the parameter range in which our 
reactor is operating. 

123 species are included in the chemistry set, including various 
ground-state molecules, excited species, ions and radicals, as well as the 
electrons (see Table 1). Furthermore, 6849 reactions are included, 
consisting of vibrational-translational (VT) and vibrational-vibrational 
(VV) relaxation reactions, electron impact reactions, neutral-neutral, 
ion-neutral, ion-ion and electron-ion (recombination) reactions. A list 
of the reactions with their corresponding reaction rate constants can be 
found in Heijkers [22]. More information on the vibrational (V) and 
electronic (E) excited states is presented in the SI (Section 2.3). 

ZDPlasKin calculates all plasma properties only as a function of time. 
In other words, processes like diffusion or convection are not included. 
However, we can translate the time-dependence into a spatial depen
dence by assuming a constant velocity in the axial direction. This is 
possible due to the similarity between a batch reactor (where the 
composition is considered uniform, hence 0D, but changes as a function 
of time) and a plug flow reactor (where the composition changes as a 
function of axial position in the same way, and where the residence time, 
defined by the flow rate or velocity, is the same as in the batch reactor). 
Our APGD plasma reactor can indeed be approximated as a plug flow 
reactor. A schematic representation of this concept is given in the SI 
(Section 2.4). Therefore, while we do not take processes like diffusion 
into account directly, information on the species densities as a function 
of position in the plasma can be obtained. Hence, the model can be 
considered to be a quasi-1D model. 

Next to the chemistry set, we also used a velocity and temperature 
profile in the reactor as input for the model. A 3D turbulent flow model 
with the exact geometry of the reactor was designed in COMSOL Mul
tiphysics®, to derive the average axial flow velocity for each simulated 
region. In addition the order of magnitude of the temperature was based 
on fluid dynamics simulations performed for an APGD reactor operating 
in CO2 [14]. Indeed, deriving the temperature profile in the plasma 
reactor is quite a challenge, especially in case of dry reforming of 
methane where we would have to include a rather extensive chemistry 
set. However, since in our experiments the CH4 fraction does not exceed 
35 %, we believe that the resulting temperature range predicted by the 
model from Trenchev et al. [14] is a reasonable explanation for our 
CO2-CH4 mixtures. More details are given in the SI (Section 2.5). 

Additionally, the formulas to calculate the concentrations and gas 
expansion factor based on the simulated species densities, are presented 
in the SI (Section 2.6). 

3. Results and discussion 

First we present the obtained conversions and energy costs as a 
function of electrical current, gas flow rate and CH4 fraction in the 
mixture. Simultaneously, we compare the experimental results with the 
simulated values from the model, for exactly the same conditions. 
Subsequently, we compare our results with the current state-of-the-art 
on plasma-based DRM. Next, we analyse the product output in terms 
of syngas ratio, selectivity and yield for the various conditions, again 
compared with the simulated results to validate our quasi-1D model. 
Finally, we present a reaction pathway analysis, to obtain a better un
derstanding of the underlying chemistry. 

Fig. 2. Schematic overview of the experimental set-up. Electrical connections are represented by full lines, gas connections by dashed lines.  

Table 1 
Overview of all species included in the chemistry set of the quasi-1D model.  

Neutral molecules Charged species Radicals Excited 
molecules  

H+, H3
+, e- H  

CO2 CO2
+ CO2(VA-D), 

CO2(V1-21), 
CO2(E1) 

CO CO+, CO3-, CO4-  CO(V1-10), CO 
(E1-4) 

O2 O-, O2- O O2(V1-4), 
O2(E1,2) 

CH4 CH5
+, CH4

+, 
CH3

+, CH2
+, CH+

CH3, CH2, CH  

H2 H2
+ H2(V1-14) 

C3H8, C3H6, C2H6, 
C2H4, C2H2 

C2H6
+, C2H5

+, 
C2H4

+, C2H3
+, 

C2H2
+, C2H+

C3H7, C3H5, C2H5, 
C2H3, C2H, C  

H2O, H2O2 H2O+, H3O+, OH- 
, OH+

HO2, OH  

CH2O, CH2CO, 
CH3OH, 
CH3CHO, 
CH3OOH  

CHO, CH2OH, 
CH2CHO, CH3O, 
CH3CO, C2HO, 
CH3O2   
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3.1. Conversion 

The conversion of reactant i (either CO2 or CH4) is defined in Eq. 
(E2): 

Xi =
cin

i − α⋅cout
i

cin
i

= 1 −
α⋅cout

i

cin
i

(E2) 

With cin
i and cout

i the concentration of i at the in- and outlet of the 
reactor, respectively. A correction factor α is determined based on the 
signal of the internal standard at a blank and plasma measurement, and 
is used to correct for changes in concentration with a plasma measure
ment, due to gas expansion inherent to DRM (see (R1)), and due to the 
condensation of liquid products, as explained in detail in the SI (Section 
1.2). 

The total conversion is the weighted average of the conversion of 
each reactant over their concentration in the inlet gas mixture: 

Xtot =
∑

i
cin

i ⋅Xi (E3) 

The CO2, CH4 and total conversion are presented in Fig. 3, for 
different currents (a) and flow rates (b), at a CH4 fraction of 25 %, as well 
as for different CH4 fractions, at 35 mA & 1 L/min (c), and at 25 mA & 
0.5 L/min (d). 

It is clear that the CH4 conversion is much higher than the CO2 
conversion, which makes sense, as the bond breaking energy for a C–H 
bond (4.48 eV) is much lower than for a CO bond (5.52 eV) [––5,7]. 
Furthermore, a higher current or lower flow rate yields a higher con
version, due to a higher SEI (= ratio of plasma power over flow rate). 
Higher currents or lower flow rates than shown here unfortunately 
resulted in overheating and damage of some reactor parts, like the 
ceramic tube, cathode and resistor. 

In addition, upon rising the CH4 fraction in the mixture, the CO2 

conversion clearly rises, while the CH4 conversion slightly drops. As a 
result, the total conversion increases significantly from 15 to 25 % CH4, 
but remains more or less constant upon further increasing to 35 % CH4. 
The latter is attributed to two aspects: the drop in CH4 conversion, which 
affects the total conversion the most at 35 % CH4, and because of sig
nificant carbon formation, affecting the plasma stability. Indeed, upon 
increasing the CH4 fraction, the plasma became increasingly unstable, 
leading to a clear negative effect on the conversion and the reactor’s 
performance in general. For this reason, we did not perform experiments 
at CH4 fractions higher than 35 %. The rising trend in CO2 conversion 
and decreasing trend in CH4 conversion are a consequence of changes in 
the plasma chemistry, which will be discussed in Section 3.5. 

The above trends as a function of current (or power), flow rate and 
gas mixing ratio correspond well with other reports in literature [5]. 
More important, however, is the level of conversion that is reached here. 
For instance, at 0.5 L/min, 25 mA and 25 % CH4, the CO2 and CH4 
conversion reach 63.7 ± 0.4 % and 94.28 ± 0.07 %, respectively, leading 
to a total conversion of 71 ± 3 %. These values are higher than what is 
typically reported in literature for plasma-based DRM [5] (see also 
Section 3.3 below), which is obviously due to the large gas fraction 
passing through the plasma, i.e. a direct effect of confining the glow 
discharge by the ceramic tube [14]. Indeed, earlier plasma fluid dy
namics simulations revealed that the glow discharge plasma exhibits a 
width of approximately 4 mm, and does not fill the entire reactor if the 
latter is much wider, which was the case for the basic APGD reactor, 
studied by Trenchev et al. [14] The same issue also occurs in typical GA 
plasmas, where the plasma arc is located in the centre, and a large 
fraction of gas passes through the reactor without being converted, as 
reported in literature multiple times [7,8,23–25]. Hence, by inserting a 
ceramic tube with an inner diameter comparable to the plasma width, 
we ensure that the plasma fills most of the reactor, and the fraction of gas 
passing through the active plasma region is maximized. Whether this is 

Fig. 3. Experimental and simulated CO2 and CH4 conversion, as well as total conversion, for different currents (a), flow rates (b) and CH4 fractions (c, d). The other 
conditions (CH4 fraction, current, flow rate) that are kept constant, are indicated in the figure. Error bars are added for the experimental results, but are often too 
small to be visible. 
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the only effect that leads to these high conversions, is not 100 % certain, 
as the ceramic tube could also facilitate a certain “wall stabilization” 
effect [26]. Due to the direct contact of the plasma with the ceramic 
walls, the temperature gradient of the discharge in the radial direction is 
flattened, i.e. the plasma itself is additionally cooled, while the sur
rounding gas is additionally heated. This leads to lesser contraction of 
the plasma (i.e., the plasma stabilizes or “sticks” to the constricting 
walls), leading to a larger zone where the conditions for CO2 and CH4 
conversion are fulfilled, in contrast to a non-confined set up. The full 
effect of wall-stabilized plasmas in general is still under investigation 
[27], but regardless, as was proven by Trenchev et al. [14], confinement 
of the plasma certainly causes an increase in conversion. 

In general, a good agreement is reached between model and exper
iments, for all conditions, both in absolute values and in trends. Only at 
35 % CH4, there is a larger discrepancy, probably because of the plasma 
instability due to carbon formation, and this instability cannot be 
accounted for in the model. Nevertheless, based on the overall satis
factory agreement, certainly keeping in mind the approximations 
inherent to the quasi-1D model, we can use the model to explain the 
experimental trends from a chemical point of view. Note that the latter is 
not possible in case of a purely experimental study, which lacks detailed 
insight in the underlying chemistry. While a model is always an 
approximation of the reality, we believe our model provides a realistic 
picture because all assumptions are based on logical and plausible 
physics, and it uses a very extensive chemistry set, leading to a satisfying 
agreement between our model and the experiments. This combined 
experimental-modelling approach is one of the novel aspects of our 
paper, next to the novel design of the confined APGD reactor, which is 
used for the first time for DRM. 

3.2. Energy cost 

The energy cost (in kJ/L or eV/molecule) is calculated from the total 
conversion and SEI, as described in Eqs. (E4) and (E5): 

EC
(

kJ
L

)

=

SEI
(

kJ
L

)

Xtot (E4)  

EC
(

eV
molecule

)

=

SEI

(

kJ
L

)

Xtot ∙Vmol

(
L

mol

)

∙ 6.24∙1021eV
kJ

6.02∙1023molecules
mol

(E5) 

With Vmol equal to 24.05 L/mol at normal conditions. Fig. 4 presents 
the measured and simulated energy cost, as a function of current (a), 
flow rate (b), both again for 25 % CH4, and as a function of CH4 fraction, 
for 35 mA & 1 L/min (c) and 25 mA & 0.5 L/min (d). We also plot the SEI 
in Fig. 4 (black curves, right y-axis). Since we used the experimental SEI 
as input in our model, the agreement between experiments and model 
towards energy cost is the same as for the conversion. 

The energy cost is typically in the order of 13− 16 kJ/L, or 3.2− 4 eV/ 
molecule, for all conditions investigated (except at a 15 % CH4 fraction, 
where it is a bit higher). Indeed, it remains overall constant as a function 
of current, and varying the flow rate also has no significant effect 
(certainly not between 1 and 2 L/min), which indicates that the rise in 
conversion (upon higher current and lower flow rate) is proportional to 
the rise in SEI (see Eqs. (E4) or (E5)). Note that in literature often a 
higher energy cost is observed for a higher SEI, because the conversion 
often levels off upon rising SEI [5]. This shows another advantage of the 
confined APGD plasma reactor: because a high level of conversion can 
be reached for DRM, it allows for a proportional rise in conversion with 
respect to the SEI, at least up to a certain level. Indeed, for 0.5 L/min the 
energy cost is slightly higher, probably due to more heat loss towards the 
walls of the ceramic tube. Of course, when confining the plasma, heat 
losses to the walls are unavoidable, but we use a material that is rela
tively non-conductive towards heat, so that most of the energy is still 
kept inside the discharge zone. 

The SEI stays almost constant for different CH4 fractions, so when 
comparing the energy cost for the different CH4 fractions, we observe 

Fig. 4. Experimental and simulated energy cost as a function of current (a), flow rate (b) and CH4 fraction (c, d). The other conditions that are kept constant are 
indicated in the figure. Error bars are added for the experimental results, but are often too small to be visible. The energy cost is calculated from the total conversion 
and SEI, and therefore, the latter is also plotted for all conditions (black curves, right y-axis). 
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the opposite trend as for the total conversion. This is logical, and can be 
deduced from Eq. (E4), because the energy cost is inversely proportional 
to the total conversion. Indeed, the energy cost drops upon increasing 
the CH4 fraction from 15 to 25 %, while it stays more or less constant 
from 25 to 35 %. 

3.3. Comparison with state-of-the-art 

We can conclude that our best results are obtained at 35 % CH4, 25 
mA and 0.5 L/min (highest total conversion, i.e., 74 ± 3 %, with an 
energy cost of 17 ± 1 kJ/L or 4.2 ± 0.2 eV/molecule) and at 25 % CH4, 
35 mA and 1 L/min (lowest energy cost of 13.9 ± 0.4 kJ/L or 3.5 ± 0.1 
eV/molecule, for still a relatively high total conversion of 62 ± 1 %). 
These are among the best results reported up to now for plasma-based 
DRM. Indeed, Snoeckx and Bogaerts [5] provided a very extensive 
literature overview of the state-of-the-art in 2017, illustrating the energy 
cost vs total conversion for DRM in all types of plasma reactors reported 
in literature. We have updated this overview with additional data points, 
based on more recent literature [8,28–37]: see Fig. 5. 

It should be noted that the effects of gas expansion are not described 
in detail in every paper included in this overview, and this can lead to 
largely overestimated values towards conversion if not properly taken 
into account [18]. Nevertheless, we consider that this is always done 
correctly. 

The best results obtained with our confined APGD are added as or
ange stars to this overview (see upper right corner). As we can see, our 
own results reach a fairly high conversion, at an energy cost better than 
the efficiency target determined by Snoeckx and Bogaerts [5] (see 
Introduction). The main reason for these good results is the confinement 
of the plasma by the ceramic tube. It was already demonstrated for 
CO2-splitting that this confinement leads to a significant improvement in 
conversion [14], and our results confirm that the same is true for DRM. 
Results from many GA reactors stay well below our best results in terms 
of the combination of total conversion and energy cost, as confining the 
plasma is less straightforward for such plasma types, due to the high 
temperatures at these lower flow rates [5,7,8,23–25]. 

There are however a few data points, although originating from only 
five papers, with still a higher conversion and a lower energy cost 
combined [12,13,29,33,35]. A spark discharge [12] and especially 
another APGD set-up [13] were already mentioned in the introduction, 

and by updating the overview with more recent literature data, a GA 
set-up [29] and two microwave (MW) plasma reactors [33,35] also 
appear to lead to better results. However, the better results with the 
spark discharge from Chung et al. [12] and the GA from Li et al. [29] 
were obtained in combination with catalysts, which typically leads to a 
higher conversion. Additionally, Li et al. [29] added a small fraction of 
O2 to increase the conversion. The combination with catalysts, as well as 
the addition of other gasses like O2, has not been tested yet with our 
APGD and is planned for future work, but it may be expected to lead to 
better results as well. 

As for the other APGD set-up from Li et al. [13], we have some 
concerns about the correct measurement of power (because the voltage 
drop differs from the expected behaviour), and obviously this power 
determines the SEI, and hence the energy cost. Finally, the MW plasma 
reactors from Sun et al. [33] and Chun et al. [35] also result in a better 
combination of conversion and energy cost, attributed to the reactor 
design and/or plasma characteristics. Nevertheless, it is clear that our 
confined APGD plasma reactor is very promising for DRM, also due to its 
very simple, inexpensive design and easy operation. 

3.4. Product output 

As stated in the Introduction, the goal of DRM is to produce syngas, 
which can be further converted into methanol, or other valuable 
chemicals such as olefins and hydrocarbons in the Fischer-Tropsch 
process [3,5]. Summarized, the ideal H2/CO or syngas ratio is close to 
1 when targeting aldehydes, 2 when targeting alcohols and olefines, and 
a (2n+1/n) ratio when targeting paraffins [2,38]. Currently, syngas is 
mainly provided through SRM, which results in a H2/CO ratio of 3, 
which is higher than required [2,3,29,37]. Therefore, it is important to 
assess the current performance of our APGD reactor towards syngas 
formation in its desired ratio. Fig. 6 presents the H2/CO ratio for 
different currents (a) and flow rates (b) at a CH4 fraction of 25 %, as well 
as for different CH4 fractions at (c) 35 mA & 1 L/min and (d) 25 mA & 
0.5 L/min. 

Because we are limited in increasing the CH4 fraction, we cannot 
reach the ideal ratio of 2, and even a ratio of 1 is not reached. Indeed, the 
highest H2/CO ratio obtained at 35 % CH4 is equal to 0.628 ± 0.009 (a) 
and 0.60 ± 0.01 (b). This indicates that the current set up, despite the 
excellent conversion and energy cost obtained, cannot provide a high- 
value syngas gas stream at this point. Nevertheless, we believe that 
additional adjustments can be made to both the set up and the process to 
increase the H2/CO ratio, and the product output in general. Indeed, it is 
for example shown in literature that the addition of fractions of oxygen 
or water, allow for increased amounts of CH4 in the inlet gas mixture, 
and therefore a higher H2/CO ratio [29,37,39]. This is called oxy- and 
bi-reforming of methane, respectively. Furthermore, it is also shown that 
a catalyst bed and a second inlet downstream to add additional amounts 
of CH4, can increase the H2/CO ratio above 1 [29–31]. Therefore, with 
the excellent performance of our reactor for DRM in terms of conversion 
and energy cost demonstrated already at this point, we expect that such 
adjustments will further improve the reactor’s potential. Thus, 
improving the value of the product output, along these lines, will be the 
subject of our further research. 

In terms of trends, the H2/CO ratio clearly rises upon higher CH4 
fractions, which is logical, since H2 can only be formed out of CH4. For 
different currents and flow rates the differences are smaller, although 
there is a clear increase at lower currents and higher flow rates. This is 
due to the fact that, since CH4 is more easily converted than CO2, a lower 
SEI has a larger negative effect on the CO2 conversion. For example, at 
25 mA & 2 L/min there is almost a factor 2 difference between the CO2 
and CH4 conversion, and therefore more H2 is formed relative to CO. 
Note that the agreement between experiments and model is not so good 
regarding absolute values, which will be discussed below, but the trends 
are correctly captured by the model. 

Next to syngas, other gasses are formed at all conditions, like C2H2, 

Fig. 5. Overview of energy cost vs total conversion, for a large number of 
different plasma reactors, collected from literature by Snoeckx and Bogaerts 
[5], updated by us with additional data points, based on more recent literature 
[8,28–37]. Note that the y-axis is reversed. The efficiency target is defined as 
the energy cost which should be reached in order to be competitive with 
classical DRM and other emerging technologies for producing syngas. Our own 
best results (at 25 % CH4, 35 mA & 1 L/min and 35 % CH4, 25 mA & 0.5 L/min) 
are added as orange stars. 

B. Wanten et al.                                                                                                                                                                                                                                 



Journal of CO2 Utilization 56 (2022) 101869

7

C2H4 and C2H6, but the sum of their concentrations often doesn’t exceed 
1%. Among these C2-components, C2H2 is always the most abundant 
(between 50–90 %), followed by C2H4 (10–35 %) and C2H6 (1− 10 %). In 
addition, some solid carbon is deposited during the experiments, and 
although it destabilises the plasma to some extent at 35 % CH4, its 
overall concentration in the mixture is relatively low, as deduced from 
the obtained carbon balance, which is always very close to 1. Finally, a 
liquid fraction is formed, consisting of water and small amounts of 
oxygenated components. One liquid fraction, collected under the con
ditions of 25 % CH4, 20 mA and 1 L/min, was analysed by means of GC 
and HPLC (see details in SI, Section 1.1). Next to water, the components 
that were identified were formaldehyde, acetic acid and methanol, with 
a concentration of 204 ± 2 ppm, 115 ± 2 ppm and 24 ± 1 ppm, 
respectively. No other components were detected within the ppm range. 
This corresponds with other observations throughout literature [5,18, 
40]. Note that although it was possible to quantify the concentration of 
these components in the collected liquid fraction, the exact amount is 
difficult to determine since a lot of liquid product was lost as well, 
through condensation at the reactor walls or between the reactor and the 
liquid trap. Therefore, this should be considered to be more a qualitative 
analysis, in order to determine which oxygenated components are 
formed and what their relative amounts are. The condition of the liquid 
sample that was analysed was chosen because of the lower SEI, because 
based on literature [40] and our quasi-1D model, the concentration of 
oxygenated components does not rise with higher SEI, nor are any new 
products formed in significant amounts. In terms of CH4 fraction, due to 
the small range investigated, we expect no significant differences in 
concentration between the different fractions. 

A better overview of the quantities of the main products formed can 
be obtained by looking at the (C-, H- and O-based) selectivities and 
yields. The selectivity is defined as the amount of atoms a that end up in 

product j, with respect to the amount of atoms a that are available 
through conversion of the reactant(s) i: 

Sj,a =
μj,a⋅α⋅cout

j
∑

iμi,a⋅(cin
i − α⋅cout

i )
(E6) 

With μi,a and μj,a the amount of atoms a in reactant i and product j, 
respectively. The yield is defined as the actual amount of product j 
formed with respect to the maximum amount that could be formed 
theoretically, based on atom a: 

Yj,a =
μj,a⋅α⋅cout

j
∑

iμi,a⋅cin
i

(E7) 

The selectivities and yields at 25 mA & 0.5 L/min, and 15 % (a), 25 % 
(b) and 35 % (c) CH4, are presented in Fig. 7. The results towards 
selectivity are quite similar for the other currents and flow rates, as 
illustrated in the SI (Section 3.1). 

By definition, the sum of all selectivities (being either C-, H- or O- 
based) should be 100 %, when all reaction products are included. 
Likewise, the sum of all (C-, H- or O-based) yields should be equal to the 
conversion of the reactants that contain that atom, weighted over the 
number of atoms and the initial concentration for each reactant. Both 
are indeed the case in our measurements, as the sum of all selectivities is 
always very close to 100 % and the sum of all yields is always very close 
to the CO2, CH4 or total conversion (in case of O-, H- and C-based yields, 
respectively). As H2O could not be measured with our GC, its selectivity 
and yield was determined following the procedure described by Pinhão 
et al. [18]; see detailed explanation in the SI (Section 1.4). As a conse
quence of this method, the error bars for H2O are larger than for the 
other components, which were measured directly. 

The C-based selectivity towards CO is very high for all conditions, in 
the range of 95–100 % for all CH4 fractions. The C2-components reach a 

Fig. 6. Experimental and simulated syngas ratio as a function of current (a), flow rate (b) and CH4 fraction (c, d). The other conditions that are kept constant are 
indicated in the figure. Error bars are added for the experimental results, but are often too small to be visible. 
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maximum selectivity of 3.75 ± 0.04 % at 35 % CH4, and are not visible in 
Fig. 7 at 15 % CH4 (< 0.02 %). From the H-based selectivities, we see 
that either H2O or H2 has the highest value. Upon increasing the CH4 
fraction, the H2O selectivity drops from 71 ± 6 % to 26 ± 2 %, while the 
H2 selectivity rises from 23.7 ± 0.3 % to 69 ± 1 %. The H-based selec
tivity for the C2-components is similar as observed for the C-based se
lectivities (i.e. < 3 %), with again a small increase towards higher CH4 
fractions. Finally, the O-based selectivity towards CO is always in the 
range of 70–80 %, with the highest value at 35 % CH4, while the 
remaining fraction is mostly H2O (see above). It should be mentioned 
that a very small fraction of O2 was also detected during experiments, 
but due to its too low concentration at all conditions it was not plotted in 
Fig. 7. 

The same relative differences are observed for the yields, as these are 
equal to the product of selectivity and conversion. Note that the highest 
yield for syngas is obtained at 35 % CH4, due to the higher selectivity for 
H2 over H2O at higher CH4 fraction. Fig. 7 also confirms the rising trend 
in H2/CO ratio observed in Fig. 6, as the H2 yield strongly increases for 
higher CH4 fractions, while the CO yield does not rise to the same extent. 
When comparing all different currents and flow rates (see SI; Section 
3.1), the selectivities remain relatively constant, but as a general trend, 

the C2-components become somewhat more important upon lower SEI, 
although their C- and H-based selectivity is never above 5 and 4.5 %, 
respectively. 

The same trends are observed for both the experiments and simula
tions, although the selectivity for H2 seems to be systematically under
estimated by the model. Simultaneously, a systematic overestimation of 
the selectivity for H2O and C2-components is observed as well. Because 
this is observed across all conditions (see SI, Section 3.1), this deviation 
is most likely due to some reactions in the chemistry set of which the rate 
coefficients are under- or overestimated. Indeed, some of these values in 
literature are subject to uncertainties, but we prefer not to tune these 
rate coefficients in order to reach better agreement without physical 
basis. Note that this explains why in Fig. 6, the experimental and 
simulated H2/CO ratios deviate significantly in terms of absolute values 
as well. 

As far as the yields are concerned, because they are related to both 
conversion and selectivity, their deviation between experimental and 
simulated values is overall somewhat larger, especially at 35 % CH4, due 
to the somewhat larger deviation in conversion in this case. In general, 
however, the agreement between experiments and simulations is quite 
reasonable, which indicates that the model provides a realistic picture of 

Fig. 7. Experimental and simulated C-, H- and 
O-based selectivities (left) and yields (right) for 
15 (a), 25 (b) and 35 % (c) CH4 at 25 mA and 
0.5 L/min. C2H2, C2H4 and C2H6 are grouped 
together as “C2 “but C2H2 is the major compo
nent (~54 (a), 79 (b) and 86 % (c) of the total 
C2-fraction). The experimental selectivity and 
yield for H2O is calculated based on the 
approach described by Pinhão et al. [18] (see 
details in SI, Section 1.4). Error bars are added 
for the experimental results, but are often too 
small to be visible.   
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the plasma chemistry, and can be used for analysing the reaction paths, 
as explained in next section. 

3.5. Reaction pathway analysis 

Fig. 8 illustrates the most important reaction paths from CO2 and 
CH4, towards and in between the experimentally detected components, 
obtained from the model based on the calculated rates at the end of the 
plasma reactor. The figure shows the results at 25 % CH4, 30 mA and 1 
L/min, which is in the middle of the range of conditions measured, both 
regarding CH4 fraction and SEI, so it is best suited to discuss the overall 
plasma chemistry taking place during our experiments. In fact, the dif
ferences between the different conditions are very small, so the main 
conclusions are valid for the entire range of conditions. Not all reactions 
are shown in this overview, as a lot of reactions only proceed at a very 
small rate, and including them would not contribute to a better under
standing of the overall chemistry. The densities of the main plasma 
species important to the overall chemistry are plotted as a function of 
position in the plasma in Fig. 9, for the same conditions as in Fig. 8.  

(a) Main CO2 and CH4 conversion pathways 

A steady but clear drop in density for both CO2 and CH4 is observed 
in Fig. 9, being most pronounced for CH4, confirming our experimental 
observations of the higher CH4 conversion. Fig. 8 indicates that the most 
important mechanism for CO2 conversion is the reaction with a H atom, 
after vibrational excitation of CO2, leading to CO and an OH radical: 

CO2(v) + H⇌CO + OH (R2) 

The reverse reaction is the most important formation reaction of 
CO2, either directly from CO in its ground state or after vibrational 
excitation of CO. However, the equilibrium clearly points towards CO, 
because of the high concentration and the favoured conditions for 
vibrationally excited CO2. Indeed, the reduced electric field in the APGD 
is in the order of 50 Td (1 Td = 10− 21 V m2), similar as for other warm 
plasmas (like GA and MW plasmas), where most of the electron energy 
goes into vibrational excitation.5 The vibrational distribution function 
(VDF) of CO2 at the same conditions as Fig. 8 and 9 is plotted in the SI 
(Section 3.2). It follows a Boltzmann distribution, indicating that the 
VDF is rather thermal, in equilibrium with the gas temperature, which is 
also in line with other warm plasmas5–8,14,23, but due to the relatively 
high gas temperature of 2000− 3000 K, the (lowest) vibrational levels 
have a considerable population density, explaining their importance in 
the CO2 conversion. 

The H atoms used for CO2 splitting (in R2) are initially coming from 

the reaction of CH4 with any neutral molecule: 

CH4 + M⇌CH3 + H + M (R3) 

After this initial reaction, H atoms are both formed and consumed in 
a large number of reactions in Fig. 8. Because of reactions (R2) and (R3), 
the CO2 conversion rises upon a higher CH4 fraction, as seen in Fig. 3. 

As soon as CH4 splitting has started (by R3), the produced H atoms 
lead to further conversion of CH4 into H2: 

CH4 + H⇌H2 + CH3 (R4) 

The main formation mechanism of CH4 is the reaction of H2O with 
CH3 radicals: 

H2O + CH3⇌CH4 + OH (R5) 

Note that the dominant direction towards CH4 is due to the relatively 
high density of H2O towards the end of the plasma reactor, as seen in 
Fig. 9. Earlier in the plasma, i.e., in the first few mm’s, reaction (R5) 
proceeds in the direction of H2O, with the second highest rate of all 
reactions involving CH4, and this explains the (initial) formation of H2O 
(see fast rise in density in the first few mm’s in Fig. 9). Fig. 3 illustrated 
that the CH4 conversion drops upon rising CH4 fraction. This is due to a 
drop in OH density in the mixture (produced by (R2), which becomes 
less important at lower CO2 fraction), leading to a shift of reaction (R5) 

Fig. 8. Reaction scheme revealed by the model, 
based on the most important reactions for 25 % 
CH4, 30 mA and 1 L/min. The experimentally 
detected molecules, as well as the vibrationally 
excited states, are framed and coloured. M 
stands for any neutral molecule. Black arrows 
represent the dominant direction of the reac
tion, and species next to the arrows are the re
actants for these reactions. The thickest arrows 
represent a reaction rate in the order of 1021 

cm− 3 s-1, while the thinnest arrows represent a 
reaction rate in the order of 1018 cm− 3 s-1.   

Fig. 9. Calculated densities as a function of position in the plasma, for all 
experimentally detected molecules (solid lines) and important radicals (dashed 
lines), at 25 % CH4, 30 mA and 1 L/min. 
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towards the right, explaining the lower (net) conversion of CH4.  

(b) Pathways to the main reaction products 

The dominance of reactions (R2) and (R4) explains why syngas is the 
main reaction product. The rise in H2/CO ratio for higher CH4/CO2 ra
tios is also very clear through reactions (R2) and (R4). Fig. 9 indicates a 
clear rise in CO density as a function of distance in the plasma, while the 
H2 density exhibits an initial rise, followed by a slight drop till ca. 0.75 
cm, after which it slightly rises towards the end. This drop is attributed 
to the high concentrations of OH and C2H radicals, which convert H2 
into H2O and C2H2, respectively, as illustrated in Fig. 8. The rise towards 
the end is due to a stabilisation of the OH density and a drop in the C2H 
density. 

Fig. 9 also shows that the H2O density continues to rise over the 
entire plasma reactor length. The two main formation mechanisms by 
the end of the plasma reactor are the reactions of an OH radical with H2 
or C2H2 (cf. Fig. 8): 

H2 + OH⇌H2O + H (R6)  

C2H2 + OH⇌H2O + C2H (R7) 

Note that the direct formation of H2O out of C2H4 (through OH 
radicals) is also possible, however the stepwise formation through H2 is 
much more important, hence the direct reaction is not explicitly shown 
in Fig. 8. 

The fact that these reactions are so important is not beneficial, as the 
formation of H2O over H2 is an economic loss. Experimentally, we 
observed that a higher CH4 fraction leads to a higher H2 concentration 
and a lower H2O concentration. Indeed, a higher CH4 concentration and 
a lower CO2 concentration will shift the equilibrium of (R3) to the right 
and of (R2) to the left, respectively, yielding a higher H/OH ratio. This 
shifts the equilibrium of (R6) in the direction of H2, hence promoting its 
formation, while the formation of H2O is suppressed. 

The C2-components are initially formed through CH3 radicals, orig
inating from reactions (R3), (R4) and (R5 – reverse direction), which 
recombine into C2H6 (R8). Upon rising CH4 fraction, the concentration 
of C2 components rises as well, as observed in our experiments. Fig. 8 
illustrates that C2H6 easily reacts further into C2H5 radicals (R9), which 
further react to C2H4 (R10): 

CH3 + CH3 + M⇌C2H6 + M (R8)  

C2H6⇌C2H5 + H (R9)  

C2H5 + M⇌C2H4 + H + M (R10) 

A similar reaction pathway occurs for the formation of C2H2 out of 
C2H4, which explains why C2H2 has the highest density of all C2-com
ponents and C2H6 the lowest (see Fig. 9). This happens almost imme
diately in the beginning of the plasma reactor. Towards the end, C2H2 is 
also easily formed directly out of C2H4 upon reaction with any neutral 
molecule (R11), and from H2 upon reaction with C2H radicals formed 
earlier in the plasma (R12): 

C2H4 + M⇌C2H2 + H2 + M (R11)  

H2 + C2H⇌C2H2 + H (R12) 

Note that the direct formation of C2H2 from CH4 is also possible, 
upon reaction with C2H radicals. However, just as for the direct for
mation of H2O out of C2H4, the overall rate for the stepwise formation of 
C2H2 through H2 is significantly larger than the direct formation, hence 
this reaction is not explicitly shown in Fig. 8. 

The main conversion pathways for C2H2 are through reactions with 
OH radicals to form H2O (R7), but also CO (R13): 

C2H2 + OH⇌CO + CH3 (R13) 

As the carbon atoms in the C2-components primarily originate from 
CH4 through the CH3 radicals (R8), the very high C-based selectivity for 
CO in Fig. 7, even at 35 % CH4, can be explained through reaction (R13), 
which provides a pathway for the carbon atoms originating from CH4 
into CO. Furthermore, it explains why the selectivity of CO drops for a 
lower CO2/CH4 ratio, as there is a lower production rate of OH radicals 
(R2) and higher production rate of CH3 radicals (R3, R4, R5 – reverse 
direction), shifting the equilibrium of (R13) in the direction of C2H2. 

Finally, Fig. 9 indicates that the density for all C2-components 
constantly decreases, after reaching a maximum very early in the plasma 
reactor. Based on Fig. 8, this means that from a certain distance, when 
also the CO2 and CH4 conversion starts to reach some steady-state, the 
equilibrium is shifted away from the C2-components in favour of H2, CO 
and H2O as products. This explains why in our experiments a higher SEI 
(leading to an earlier steady state) gives a slightly lower selectivity and 
yield for these C2-components. 

4. Conclusion 

We investigated the performance of a confined APGD plasma reactor 
for DRM, reaching a total conversion up to 74 %. The energy cost 
generally stays below 4.27 eV/molecule, which is the efficiency target 
defined by Snoeckx and Bogaerts, for plasma-based DRM to be 
competitive with classical DRM and other emerging technologies [5]. 
This performance is among the best compared to the current 
state-of-the-art for plasma-based DRM for all types of plasma reactors 
reported in literature, demonstrating the importance of confining the 
reactor to the size of the plasma width. CO and H2 are the major prod
ucts, followed by H2O and C2H2. 

We also developed a quasi-1D chemical kinetics model, showing 
good agreement with the experiments. A reaction pathway analysis re
veals that the CO2 conversion is largely initiated by vibrational excita
tion of CO2. Furthermore, the H atoms are found to be very important for 
both CO2 and CH4 conversion, while a large concentration of OH radi
cals is detrimental, as it promotes H2O above H2 formation, and the 
recombination with CO, yielding again CO2, hence reducing the net CO2 
conversion. 

Our experiments were limited to a CH4 fraction up to 35 %, because 
higher CH4 fractions gave rise to unstable plasma, due to carbon for
mation. Further research will focus on alternative routes for achieving a 
higher H2/CO ratio, while avoiding carbon formation, to achieve a more 
valuable product output with our confined APGD plasma reactor. 
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