Journal of CO₂ Utilization 24 (2018) 386–397

Contents lists available at ScienceDirect

Journal of CO2 Utilization
journal homepage: www.elsevier.com/locate/jcou

Carbon dioxide dissociation in a microwave plasma reactor operating in a
wide pressure range and diﬀerent gas inlet conﬁgurations

T

⁎

Igor Belova,b, Vincent Vermeirenb, Sabine Paulussena, Annemie Bogaertsb,
a
b

Sustainable Materials Management, VITO, Boeretang 200, 2400 Mol, Belgium
PLASMANT, Department of Chemistry, University of Antwerp, B-2610, Wilrijk, Antwerp, Belgium

A R T I C L E I N F O

A B S T R A C T

Keywords:
Conversion
Plasma
Microwave
Discharge

Microwave (MW) plasmas represent a promising solution for eﬃcient CO2 dissociation. MW discharges are also
very versatile and can be sustained at various pressure and gas ﬂow regimes. To identify the most favorable
conditions for the further scale-up of the CO2 decomposition reaction, a MW plasma reactor operating in pure
CO2 in a wide pressure range (200 mbar–1 bar) is studied. Three diﬀerent gas ﬂow conﬁgurations are explored: a
direct, reverse and a vortex regime. The CO2 conversion and energy eﬃciency drop almost linearly with increasing pressure, regardless of the gas ﬂow regime. The results obtained in the direct ﬂow conﬁguration underline the importance of post-discharge cooling, as the exhaust of the MW plasma reactor in this regime expanded into the vacuum chamber without additional quenching. As a result, this system yields exhaust
temperatures of up to 1000 K, which explains the lowest conversion (∼3.5% at 200 mbar and 2% at 1 bar). A
post-discharge cooling step is introduced for the reverse gas inlet regime and allows the highest conversion to be
achieved (∼38% at 200 mbar and 6.2% at 1 bar, with energy eﬃciencies of 23% and 3.7%). Finally, a tangential
gas inlet is utilized in the vortex conﬁguration to generate a swirl ﬂow pattern. This results in the generation of a
stable discharge in a broader range of CO2 ﬂows (15–30 SLM) and the highest energy eﬃciencies obtained in this
study (∼25% at 300 mbar and ∼13% at 1 bar, at conversions of 21% and 12%). The experimental results are
complemented with computational ﬂuid dynamics simulations and with the analysis of the latest literature to
identify the further research directions.

1. Introduction
The global need for eﬃcient CO2 utilization technologies recently
highlighted new ideas for re-use and conversion of CO2 waste streams
into added-value products [1–5]. Multiple papers demonstrated the
potential of diﬀerent plasma systems for activation and dissociation of
this highly inert gas [6–16]. In general, microwave (MW) discharges are
considered to be one of the most promising plasma systems for CO2
decomposition due to their capability to utilize the highly eﬃcient vibrational excitation kinetics of the non-equilibrium discharge
[10,17–19]. In this way, it is possible to realize CO2 dissociation with a
higher energy eﬃciency than in the conventional thermal process
[5,20]. From a technological point of view, MW plasma systems represent an electrodeless solution with a high electric energy utilization
eﬃciency and a fast switching on time [21]. Another advantage of CO2
decomposition in a MW discharge reactor relates to the possibility to
utilize electricity produced from renewable sources, thus balancing the
power grid [3].

Historically the most successful experiments on CO2 conversion in a
MW discharge were performed in the 1980s in the USSR [20,22]. Energy eﬃciencies up to 90% were achieved when a supersonic ﬂow regime was utilized at reduced pressure of about 200 mbar. The topic was
brought up again more recently in response to the spread of intermittent renewable electricity sources and the general acceptance of the
need to ﬁght global warming. Attempts to reproduce the conditions and
results reported in the work of Fridman et al. have been made, but
energy eﬃciencies only up to 51% were demonstrated so far in this case
[23]. Besides that, a lot of novel approaches to improve the performance of CO2 decomposition in MW plasma systems were recently
presented. Chen et al. reported a twofold increase of the conversion and
energy eﬃciency when a NiO catalyst on a TiO2 support was installed
downstream of a surface-wave MW CO2 discharge [24–26], reaching a
conversion and energy eﬃciency of both 42%. Uhm et al. reported a
high CO2 conversion (45%, but with an energy eﬃciency of only 8%)
for an atmospheric pressure MW plasma torch with a post-discharge
coal powder gasiﬁcation system [27]. Mitsingas et al. presented a highly

⁎

Corresponding author.
E-mail addresses: igor.belov@vito.be (I. Belov), Vincent.Vermeiren@uantwerpen.be (V. Vermeiren), sabine.paulussen@vito.be (S. Paulussen),
annemie.bogaerts@uantwerpen.be (A. Bogaerts).
https://doi.org/10.1016/j.jcou.2017.12.009
Received 16 August 2017; Received in revised form 22 November 2017; Accepted 12 December 2017
Available online 15 March 2018
2212-9820/ © 2018 Elsevier Ltd. All rights reserved.

Journal of CO₂ Utilization 24 (2018) 386–397

I. Belov et al.

eﬃcient CO2 dissociation process in a compact atmospheric pressure
MW plasma reactor [28], achieving 50–80% energy eﬃciency, but at
low conversion (9–3%). The introduction of gas admixtures to a CO2
MW discharge could be used to achieve some degree of control over the
plasma parameters and to utilize more eﬃcient pathways for CO2 decomposition. The inﬂuence of Ar [29,30], N2 [31], H2 [32,33] and H2O
[24–26,34] gas admixtures on CO2 dissociation in a MW plasma was
demonstrated experimentally and by modeling. Such research is also
important for the future up-scaling of the process, as gas impurities are
inevitable on an industrial scale.
Another ongoing research direction related to eﬃcient CO2 decomposition in a MW plasma is targeting in-situ diagnostics to allow a
better understanding of the discharge mechanisms and process control
[23,29,30,35,36]. Likewise, modeling has also proven to give valuable
insight in the underlying mechanisms of CO2 dissociation in a MW
plasma, including the role of vibrational kinetics, and identifying the
limitations in the conversion and energy eﬃciency in a wide range of
conditions [17–19,31].
Despite all the recent attention to this technology, studies of the MW
plasma operating in CO2 in a broad range of process parameters and gas
ﬂow conﬁgurations are still rare. Usually only a very limited parameter
range is presented. Moreover, given the development stage of the
technology, it is still unclear which discharge conditions are the most
beneﬁcial for scale-up. In this paper, we utilize the opportunity to
generate a stable MW discharge in pure CO2 over a wide pressure range
and with diﬀerent gas inlet regimes to study the CO2 conversion reaction in this broad range of conditions. Thus, the aim of this paper is to
demonstrate the inﬂuence of pressure, gas ﬂow conﬁguration and postdischarge cooling on the CO2 decomposition process in a MW discharge
reactor. This work will be useful for further up-scaling of MW plasma
systems, which will be necessary to bring plasma-based CO2 conversion
into real application.

Fig. 2. Gas supply and vacuum scheme of the MW set-up used.

2.1. Microwave system
The 2.45 GHz magnetron supply with a maximum output of 6 kW
microwave ﬁeld is connected through a circulator and an E–H tuner to
the resonator cavity. The plasma is formed in a cylindrical quartz tube
with a diameter of 140 mm and a height of 140 mm, which corresponds
to a volume of 2.1 l. The discharge tube is connected via a DN350 ﬂange
to a chamber with a height of 235 mm and overall volume of 22 liters.
The reﬂected power is measured via the microwave detector installed in
the circulator and minimized by the E–H tuner, which is used as an
impedance matching device. The circulator, magnetron and the plasmaexposed parts of the discharge cell are all water-cooled, while the resonator and the outer surface of the quartz tube are air-cooled.
2.2. Gas supply and vacuum scheme
The gas supply and vacuum systems are shown in Fig. 2. Prior to
operation, the vacuum chamber is pumped down to 20 mbar via a rotary and Roots pump installed in series. The pressure is set via a control
valve and a pressure gauge, while CO2 ﬂow is supplied through a mass
ﬂow controller (MFC). With 2–6 kW MW power input the discharge can
be ignited without an additional inert gas admixture or electric ﬁeld
concentrator at a maximum pressure of about 100 mbar when 5–30
SLM CO2 is supplied to the system. After the breakdown, the pressure in
the chamber can be further increased up to 1 bar, while the plasma
remains to be sustained.
CO2 dissociation is taking place in the plasma according to Reaction
(1):

2. Experimental
The experiments are performed in a MW plasma system composed
of the commercial IPLAS CYRANNUS plasma source mounted on top of
a stainless steel vacuum chamber (cf. Fig. 1). The principle of this MW
plasma source is based on a resonator with annular slot antennas [37].
This special set-up allows to sustain a MW discharge in a very wide
pressure range, from low (10−2 mbar) to atmospheric pressure (1 bar).

CO2 → CO + 0.5 O2 ,

Δ H= 2.9 eV/molecule

(1)

To evaluate the CO2 conversion and corresponding energy eﬃciency
in the MW discharge, the gas mixture is sampled from the exhaust pipe
to the gas chromatograph (GC) through a diaphragm pump. The formulas below are used to calculate the CO2 conversion (Eq. (2)), speciﬁc
energy input (SEI, Eq. (3)) and energy eﬃciency of the process [38]
(Eq. (4)):

CO2 Conversion(%) = [1 −

SEI(eV/molec.) =

moles CO2, Plasma ON
] × 100%
moles CO2, Plasma OFF

(2)

PInput (W )⋅60(sec/min)
Flow rate (ml/min)⋅3.92(eV⋅ml/J⋅molec. )

Energy efficiency(%) = CO2 Conversion(%)⋅

ΔH (eV/molec.)
SEI (eV/molec.)

(3)

(4)

We use the input power in Eq. (3), and not the plasma power as is
often done in the literature [23,26,32,35]. In some systems, like DBDs,
the plasma power can be only half of the input power, but in the MW
system, the diﬀerence is usually quite small (can be estimated to be
around 10% [21]). Still, there are some losses due to the reﬂectance of

Fig. 1. Drawing and picture of the MW discharge system. The MW discharge tube is
indicated with pale blue colour in the schematic drawing.
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would be ca. 5–10% higher. In our case the power provided by the
power supply was used as input power, however to estimate the plasma
power, the reﬂected power should be subtracted. It can be done by
measuring the reﬂected power, for instance by the calibrated MW
power detector connected to the isolator or by means of calorimetry.
It is known that the gas expansion due to the chemical reaction of
CO2 decomposition (Reaction (1)) can lead to a faulty CO2 conversion
estimation [31,39]. In our system, however, the pressure regulation and
exhaust sampling to the GC by the diaphragm pump (that provides
constant pressure and ﬂow rate at the point of injection to the GC),
allow us to consider this eﬀect to be negligible.
2.3. Design of the gas inlet conﬁgurations
The way the gas is supplied to the reactor has a signiﬁcant inﬂuence
on the MW discharge operation [21]. In this paper three conﬁgurations
of the gas inlet system are presented (Fig. 3).
In the ﬁrst conﬁguration, the CO2 ﬂow is introduced from the top of
the discharge zone through a gas shower Fig. 3(a)). This conﬁguration
will be further referred to as “direct ﬂow conﬁguration”. The temperature
of the afterglow is monitored via a thermocouple installed downstream
of the reactor.
In the second case, the gas ﬂow direction is opposite: CO2 is ﬁlling
the vacuum chamber ﬁrst and then entering the discharge tube from the
bottom (Fig. 3(b) “reverse conﬁguration”). After passing the plasma zone,
the hot gas is directed through a water-cooled gas shower at the top.
The gas inlet device depicted in Figs. 1 and 3(b) has an adjustable
position, i.e. it can be ﬁxed along the vertical axis. For the reverse
conﬁguration, the gas inlet device is placed in the proximity of the
plasma zone to stabilize the discharge, but it is not connected to the gas
feed.
In the third case (Fig. 3(c), “vortex conﬁguration”), CO2 is supplied to
the discharge zone through a tangential gas inlet at the bottom (also
depicted in Fig. 1). This stainless steel swirl gas inlet has four 3 mm
holes in the tangential direction in order to create a vortex ﬂow pattern.
The processed gas is also directed through the water-cooled gas shower
at the top. The afterglow temperature was measured with a thermocouple installed after the gas shower, similar to the case of the “reverse”
set-up.
2.4. Computational ﬂuid dynamics (CFD) simulations
CFD simulations of the gas ﬂow dynamics are performed to analyse
the vortex ﬂow conﬁguration, using the commercial software package
COMSOL Multiphysics [40]. The study is carried out on this particular
conﬁguration to prove the formation of a vortex ﬂow and to reveal the
eﬀect of turbulence.
The gas ﬂow is computed using the k-ε Reynolds averaged Navier
Stokes equations turbulence model [41]. This model is one of the most
commonly used turbulence models that can compute ﬂows for high
degrees of turbulence. It is a two-equation model that solves the mass
and momentum continuity partial diﬀerential equations:

⎯u ) = 0
∇ . (ρ ⎯→
g

(5)

⎯u . ∇) ⎯→
⎯u = ∇ . ⎡−p→
⎯u + ∇ ( ⎯→
⎯u )T )
ρ ( ⎯→
I + (μ + μT )(∇ ⎯→
g
g
g
g
⎣
→
⎯→
⎯
2
2
⎯u )→
− (μ + μT )(∇ . ⎯→
g I − ρkT I ⎤ + F
3
3
⎦

(6)

⎯u is the gas ﬂow velocity vector,
where ρ stands for the gas density, ⎯→
g
superscript T stands for transposition, p is the gas pressure, μ is the
dynamic viscosity of the ﬂuid, μT is the turbulent viscosity of the ﬂuid,
→
⎯→
⎯
kT is the turbulent kinetic energy, I is the unity tensor and F is the
body force vector. Next to this, the model introduces two additional
dependent variables, i.e., the turbulent kinetic energy, k, and the

Fig. 3. Various gas input conﬁgurations of the MW plasma reactor.

the incident MW (that is minimized but still present) and unwanted
absorbance on the discharge parts. Note that if we would use the plasma
power in our calculation, the reported energy eﬃciencies (see below)
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turbulent dissipation rate, ε , for which additional transport equations
are solved. More details about these equations can be found in [41].
The k-ε model is coupled to a heat transfer model that solves the
thermal balance equation:

ρCp

∂Tg
∂t

⎯u ∙∇T −∇∙ (k ∇T ) = Q
+ ρCp ⎯→
g
g
g
g

(7)

where ρ is the gas density, Cp is the heat capacity of the gas, k g is the
thermal conductivity of the gas. Tg is the gas temperature and Q accounts for the gas heating.
In higher turbulent ﬂows, turbulence results in a turbulent thermal
conductivity, which together with the temperature dependent laminar
thermal conductivity forms the eﬀective thermal conductivity, and has
an additional cooling eﬀect on the gas. The eﬀect of an increased heat
ﬂux due to turbulences in the system is accounted for by the KaysCrawford model [42].
The vortex gas ﬂow is simulated only in the microwave discharge
tube to limit the calculation time, and because this is the domain of
interest, and the rest of the geometry will not aﬀect the ﬂow in that
region. It is important to mention that signiﬁcant computational time
and resources are needed to accurately describe the ﬂow by means of
eddy viscosity, because of the required very ﬁne grid of the geometry
meshing. This was outside the scope of this paper, as the simulations are
meant to support and explain the experimental data. Therefore, we used
a more approximate k-ε model. Although the exact values of velocity
and turbulent heat conductively might not be very accurate, we believe
that the ﬂow pattern and the turbulent heat viscosity estimations based
on this model are suﬃcient for the veriﬁcation of the vortex regime
formation. Indeed, it was stated in the of Gronald et al. [43] that unsteady Reynolds averaged Navier Stokes (RANS)-based simulations on a
relatively coarse grid can provide reasonable and industrially relevant
results with limited computational eﬀort.
3. Results and discussion
3.1. Eﬀect of the pressure
The CO2 conversion and energy eﬃciency of the process are plotted
as a function of gas pressure in Fig. 4, for the three diﬀerent gas inlet
conﬁgurations of the MW plasma reactor. Both the MW power
(4.75 kW) and gas ﬂow rate (15 SLM CO2) are kept constant, and thus
the energy input, SEI, was also ﬁxed (i.e., 4.8 eV/molec). Note that the
energy eﬃciencies plotted here are all determined with the input
power, as mentioned above. If they would be calculated with the
plasma power, as often done in the literature, they would all be 5–10%
higher, as the plasma power is typically 5–10% lower than the input
power. All these conﬁgurations exhibit a drop of the conversion and
energy eﬃciency upon increasing pressure, consistent with model calculations [19]. However, remarkable diﬀerences in maximum conversion for the various gas inlet regimes are observed. Indeed, the direct
conﬁguration yields a conversion of 3.5% at 200 mbar, while values of
38.2% and 23.8% are measured for the reverse and vortex systems at
the given conditions, respectively. The energy eﬃciency exactly follows
the trend of the conversion, because the SEI is kept constant.
Furthermore, as the drop in conversion and energy eﬃciency is
more pronounced for the reverse conﬁguration than for the vortex
setup, it is interesting to note that the reverse conﬁguration is more
eﬃcient at 200 mbar (with conversion of 38.2% and energy eﬃciency
of 23.1%, vs 23.8% and 14.2% for the vortex regime), while the vortex
regime exhibits a higher conversion and energy eﬃciency at 1 bar (i.e.,
conversion of 11.3% and energy eﬃciency of 6.9%, vs 6.2% and 3.7%
for the reverse conﬁguration).
The drop in conversion and energy eﬃciency upon increasing
pressure in the MW discharge is somewhat expected. First of all, it is
known that at atmospheric pressure the rotational and vibrational
temperatures of the MW plasma are in thermal equilibrium [44]. This

Fig. 4. CO2 conversion and energy eﬃciency obtained in the MW plasma at 4.75 kW
input power and 15 SLM CO2 gas ﬂow rate (corresponding to an SEI of 4.8 eV/molec), for
the three diﬀerent gas inlet conﬁgurations, upon increasing the pressure.

leads to a high gas temperature. At the same time, the most eﬃcient
mechanism of CO2 decomposition, i.e., through vibrational excitation of
the asymmetric mode of CO2 [20], becomes less dominant with higher
temperature and pressure [19]. This eﬀect is explained by the depletion
of the high vibrationally-excited CO2 molecules through vibrationaltranslational relaxation, stimulated by both pressure and temperature.
In addition, the drop in conversion and energy eﬃciency in a MW
plasma reactor at higher pressure can also be attributed to the CO recombination Reactions (8) and (9):
CO + O + M → CO2 + M

(8)

CO + O2 → CO2 + O

(9)

It was demonstrated by Berthelot et al. that the rates of Reactions (8)
and (9) increase with temperature and pressure, thus indeed limiting
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Fig. 5. CO2 conversion and energy eﬃciency in the MW plasma in reverse (a,c) and vortex conﬁgurations (b,d), as a function of input power, at 200 mbar and three diﬀerent gas ﬂow
rates.

the CO2 conversion [19].

proportional rise of the conversion, which is like expected. The eﬀect is
opposite for the energy eﬃciency, which is also like expected, based on
Eqs. (3–4), although the ﬂow rate of 15 SLM still gives a slightly higher
energy eﬃciency than the ﬂow rate of 20 SLM. Thus, a ﬂow rate of 15
SLM CO2 and 3.75 kW input power yields the highest energy eﬃciency
of around 25%. On the other hand, in the vortex conﬁguration, the ﬂow
rates of 15 and 20 SLM CO2 yield rather similar conversion. As a result,
the regime with 20 SLM is more eﬃcient than 15 SLM, with the highest
energy eﬃciency of 26% at 2.75 kW MW power input. This behavior is
consistent to our observation of the vortex conﬁguration in the
200–1000 mbar pressure range presented further (cf. Fig. 6). The conversion at 20 SLM is quite similar in both the vortex and reverse

3.2. CO2 conversion in the MW discharge at 200 mbar
It is interesting to note that the largest diﬀerence in CO2 conversion
and energy eﬃciency for the various gas inlet conﬁgurations of the MW
discharge was observed at 200 mbar (cf. Fig. 4). To further investigate
this eﬀect, the reverse and vortex conﬁgurations are compared, while
varying the ﬂow rate and power input (Fig. 5). We perform this comparison at 200 mbar, where a stable discharge could be sustained in a
wide range of process parameters for both gas inlet regimes. For the
reverse conﬁguration, a higher power or a lower ﬂow rate result in a
390
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Fig. 6. CO2 conversion and energy eﬃciency in the MW plasma in the vortex conﬁguration as a function of pressure, at a MW power of 4.75 kW and three diﬀerent ﬂow rates
(15, 22.5 and 30 SLM).
Fig. 7. Gas velocity streamlines, for a ﬂow rate of 30 SLM at a pressure of 200 mbar.

conﬁguration, but the latter conﬁguration yields a much higher conversion at 15 SLM, as was also obvious from Fig. 4 above.
Remarkably, when a CO2 ﬂow rate of 5 SLM is applied at high
power (> 3.75 kW), the conversion appears to be much higher in the
vortex gas inlet conﬁguration. At 4.75 and 5.75 kW power input, conversions of 69% and 75% (with energy eﬃciencies of 14% and 12%,
respectively) were measured for the vortex conﬁguration, vs. 50% and
53% (corresponding to energy eﬃciencies of 9.8% and 8.7%) for the
reverse conﬁguration, respectively. Moreover, the 5 SLM vortex ﬂow
regime is more eﬃcient than the reverse ﬂow regime for the entire
power input range, with maximum energy eﬃciency of 14% at 2.75 kW
MW power, corresponding to 41% conversion, while the reverse conﬁguration yields 12% energy eﬃciency with a conversion of 34% for
the 5 SLM–2.75 kW discharge.

11.5%, 20.1% and 25%, for 15, 22.5 and 30 SLM CO2, respectively, at
300 mbar. A further increase of the ﬂow rate is not feasible due to
pumping limitations. For the same reason, the lowest pressure feasible
at 30 SLM CO2 ﬂow rate is only 300 mbar.
CFD calculations are used to verify the formation of the vortex gas
pattern in this conﬁguration of the MW discharge system and also to
analyse the eﬀect of rising gas ﬂow. In Fig. 7, the gas velocity
streamlines are plotted for a ﬂow case with 600 mbar pressure at 30
SLM inlet ﬂow rate. It can be observed that multiple vortices form in the
discharge tube. Fig. 8 shows that these vortices are organized in three
distinct regions. An outer vortex moves upwards at a high velocity, after
which a part of the ﬂow recirculates back downwards. In the center of
the tube, the ﬂow moves back upwards at a low axial velocity magnitude. This axial ﬂow pattern remains the same, regardless of the applied
pressure or ﬂow rate in the system, as is shown in Fig. 9.
Fig. 10 shows the turbulent thermal conductivity for diﬀerent
pressures and ﬂow rates in the reactor. The value for the turbulent
thermal conductivity is signiﬁcantly higher than the laminar value (i.e.,
0.0166 W ), which means that the higher degree of turbulence that
mK
manifests itself in this conﬁguration will have an important cooling
eﬀect on the plasma. Comparing Fig. 10(a) and (b) (or Fig. 10(c) and
(d)), it can be observed that an increase in ﬂow rate results in an increased eﬀective thermal conductivity, while comparison between
Fig. 10(a) and (c) (or Fig. 10(b) and (d)) indicates that a pressure difference does not aﬀect the eﬀective thermal conductivity signiﬁcantly.
The higher turbulence, due to a higher ﬂow rate, will result in higher
turbulent cooling of the gas, and thus of the plasma. This additional
cooling eﬀect has also been shown to play a determining role in a reverse vortex ﬂow gliding arc plasmatron [46]. The resulting decrease in
temperature of the plasma lowers the rates of vibrational-translational
relaxation, which is an eﬀective energy loss mechanism for the higher
vibrational levels of CO2 and thus a limiting process for energy eﬃcient
CO2 conversion in microwave plasmas [19]. Hence, the cooling due to
the higher turbulence (at higher gas ﬂow) might explain the higher CO2
conversion and energy eﬃciency, as illustrated in Fig. 6. In addition to
that, the post-discharge temperature measurements presented in the
next section (and especially in Fig. 13) can be associated with the
concept that the enhanced turbulence cooling can lower the gas temperature of a high pressure MW plasma.

3.3. Eﬀect of the ﬂow rate in the vortex conﬁguration
The aim of this work is to target the operation of a stable MW discharge in a wide (200–1000 mbar) pressure range and a wide range of
gas ﬂow rates. For the direct and reverse conﬁguration, however, a
stable discharge in this entire pressure range can only be achieved in a
narrow window of process parameters (15 SLM CO2 – 4.75 kW). For
instance, it is not possible to sustain a reliable discharge at pressures
above 500 mbar when applying a CO2 ﬂow rate higher than 15 SLM in
the direct and reverse conﬁguration. In contrast, the vortex gas inlet
regime allowed various ﬂow rates (between 15 and 30 SLM CO2) to be
tested (cf. Fig. 6). A vortex gas ﬂow regime is utilized before in MW
plasma systems to avoid overheating of the reactor walls [21,23] and
allows to operate the MW plasma in a wider regime of conditions. Interestingly, it can be deduced from Fig. 6 that the MW plasma in vortex
conﬁguration yields a very similar conversion in the entire range of gas
ﬂow rate investigated, i.e., from 15 SLM to 30 SLM. This is quite remarkable, because a drop in conversion upon increasing ﬂow rate is
usually observed at constant power in most plasma experiments
[5,7,13,15], although the non-linear inﬂuence of ﬂow rate on the CO2
conversion was also reported for MW plasmas in CO2+H2 gas mixtures
[32], a CO2 RF discharge [45] and gliding arc plasmatron reactors
[8,9]. This eﬀect might be attributed to the complex interplay between
the vortex gas pattern, the non-uniform absorption of MW power and
the chemistry of CO2 decomposition.
As the conversion appears to be independent of the gas ﬂow rate,
the energy eﬃciency obviously rises substantially upon higher ﬂow
rates, as can be explained from Eqs. (3–4) above, reaching values of
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Fig. 8. Axial velocity (m/s) and normalized ﬂow directions (black arrows) for 200 mbar pressure at 30 SLM for (a) a horizontal cut through the reactor and (b) a vertical cut through the
reactor.

3.4. Post-discharge temperature measurement

the vacuum chamber and 20 cm below the MW plasma reactor itself (cf.
Fig. 3), and the data obtained (Fig. 11) illustrate that the exhaust
temperature decreases when moving away from the chamber axis and
when the pressure increases. Although the temperature is measured
20 cm below the MW plasma reactor, still values as high as 1000 K are
obtained at 200 mbar, at 4 cm from the axis. The indication “discharge
zone” in Fig. 11 represents the area close to the reactor axis (∼3 cm)
where the thermocouple induces an additional discharge. Therefore,
the temperature cannot be measured in this area. It is important to
realize that, because the thermocouple is positioned 20 cm below the
MW plasma reactor itself, the values presented in Fig. 11 will be affected by the heat exchange processes in this area. Inside the plasma

It is known that the downstream processes signiﬁcantly inﬂuence
the overall eﬃciency of the CO2 conversion process and that they are
governed by the pressure and temperature dependent CO recombination Reactions (8) and (9) [19]. Hence, a pressure increase and a postdischarge cooling will have a prominent inﬂuence on the MW discharge
reactor exhaust properties and thus on the eﬃciency of CO2 conversion.
To investigate these eﬀects, we measure the temperature downstream
of the MW discharge reactor in all three gas ﬂow conﬁgurations (cf.
Fig. 3) upon increasing the pressure. For the direct gas inlet conﬁguration, the thermocouple is placed at diﬀerent radial positions inside

Fig. 9. Axial velocity (m/s) and normalized ﬂow directions (black arrows) for 200 mbar pressure at (a) 15 SLM and (b) 30 SLM and for 600 mbar pressure at (c) 15 SLM and (d) 30 SLM.
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Fig. 10. Eﬀective thermal conductivity (W/(m*K)) for 200 mbar pressure at (a) 15 SLM and (b) 30 SLM and for 600 mbar pressure at (c) 15 SLM and (d) 30 SLM.

Fig. 12. Exhaust temperature measurements for the direct, reverse and vortex gas inlet
conﬁgurations of the MW plasma reactor, as a function of pressure, at a MW power of
4.75 kW and gas ﬂow of 15 SLM CO2.

Fig. 11. Temperature distribution as a function of distance from the central axis, measured in the vacuum chamber, at a position 20 cm downstream of the MW discharge
reactor (see Fig. 3(a)), for the direct gas inlet conﬁguration, at a power of 4.75 kW and a
ﬂow rate of 15 SLM.

the cooling stage (cf. Fig. 10). The exhaust is substantially cooler in
these cases at lower pressures, compared to the direct ﬂow conﬁguration that is operating without any quenching. At 200 mbar, values almost twice as high are achieved for the direct conﬁguration compared
to the reverse and vortex regimes (988 K vs 563 and 535 K, respectively). However, the temperature downstream of the reverse and
vortex set-up increases with pressure. At 1 bar, temperatures of 788 K,
673 K and 473 K are measured for the vortex, reverse and direct conﬁgurations, respectively.
In case of the vortex conﬁguration, we also investigated the eﬀect of

reactor (and also directly in the afterglow), the gas temperature will
even be much higher, certainly at higher pressure, as revealed among
others by computer modeling [19]. The inﬂuence of the heat exchange
processes on the exhaust temperature of the direct conﬁguration will be
discussed below.
The pressure dependence of the exhaust temperature for the direct,
reverse and vortex conﬁgurations is presented in Fig. 12. For the reverse and vortex conﬁguration the temperature is probed ∼5 cm after
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200 mbar the reaction rate of CO recombination (Reaction 8) increases
when the temperature rises from 300 K to 1000 K [19]. In this way, we
can argue that the excessive exhaust temperatures of the direct conﬁguration of the MW discharge reactor highly limit the performance of
this system for CO2 conversion, while the introduction of a quenching
step downstream in case of the vortex and reverse gas ﬂow inlet conﬁgurations allows to obtain substantially higher conversions and energy
eﬃciencies. However, in Fig. 12 it can be noted that rather high temperatures (up to 700–800 K) are still achieved downstream the reverse
and vortex conﬁgurations at higher pressures. This may indicate that
the cooling rate is not suﬃcient in these cases and thus that the CO2
conversion and energy eﬃciency in these systems can be further enhanced by improving the exhaust cooling system. Some possibilities to
achieve this would be the introduction of another cooling stage or increasing the contact time of the exhaust gas in the quenching step.
Besides that, to have a better understanding of the MW discharge
thermalisation with rising pressure, it would be useful to apply optical
emission spectroscopy (OES) inside the plasma reactor. By means of
OES it is possible to estimate the vibrational and rotational temperatures of the plasma and thus to analyse how close they are to thermal
equilibrium [44].
It is also interesting to observe the inﬂuence of rising pressure on
the exhaust temperature of the MW discharge in the direct ﬂow conﬁguration. In general, the gas temperature of a MW plasma is expected
to increase upon increasing pressure [19,44]. This is indeed observed
when studying the exhaust temperature of the MW discharge in the
reverse and vortex gas ﬂow conﬁgurations (cf. Fig. 12). At ﬁrst glance it
may seem that the opposite is the case for the direct gas inlet conﬁguration. However, we need to keep in mind that the values presented in
Figs. 11 and 12 for the direct ﬂow set-up are measured only at a distance of 20 cm from the MW plasma and at least 4 cm from the central
axis. Hence, this is quite far in the afterglow, or even beyond the
afterglow of the plasma. It should be noted that these values are highly
aﬀected by heat exchange processes occurring in the chamber downstream of the reactor. Indeed, we might expect that the ﬂow expansion
in the vacuum chamber will induce convective heat transfer, thus decreasing the exhaust temperature at that point. This process will be
highly dependent on the chamber pressure and turbulence formed after
the gas expansion. This can probably explain the downward trend of the
post-discharge temperature upon increasing pressure, observed in
Figs. 11 and 12.

Fig. 13. Post-discharge temperature measurements for the vortex gas inlet conﬁgurations
of the MW plasma reactor, as a function of pressure and gas ﬂow, at a MW power of
4.75 kW.

the ﬂow rate (Fig. 13). This is not possible in case of the direct and
reverse conﬁgurations, where a stable plasma is only reached in a
limited range of conditions, as mentioned above. Interestingly, increasing the ﬂow rate has limited inﬂuence on the exhaust temperature
of the vortex regime at lower pressures (up to 700 mbar), while the
diﬀerence becomes more prominent closer to atmospheric conditions.
The exhaust temperature of the MW discharge with 15, 22.5 and 30
SLM CO2 supplied to the MW plasma reactor through the vortex gas
inlet at 1 bar equals 788 K, 743 K and 683 K, respectively. The reason
for this behavior might be attributed to the fact that the speciﬁc power
input is decreasing with rising gas ﬂow rate and to the enhanced turbulence cooling at higher vortex gas ﬂow rate, demonstrated by CFD
simulation in the previous section.
The afterglow temperature measurements allow us to obtain a
better understanding of the poor performance of the MW discharge
operating in the direct gas ﬂow conﬁguration, even at low pressure (cf.
Fig. 4). Indeed, in this case, temperatures up to 1000 K are measured
downstream of the reactor. In reality, the values in the discharge
afterglow will be even higher, because the thermocouple could only be
placed at a certain distance from the reactor axis (i.e., above 4 cm) and
quite far away from the plasma reactor (i.e., 20 cm) (cf. Figs. 3 and 12).
It is thus clear that inside the plasma reactor, the temperatures will be
much higher, as also revealed from model calculations [19].
In case of the reverse and vortex ﬂow conﬁgurations, the temperature inside the plasma will also be high, but the cooling step installed
downstream the reactor in these two conﬁgurations allows a decrease of
the exhaust temperatures down to ∼550 K at 200 mbar. The higher
conversion achieved in these regimes compared to the direct conﬁguration (cf. Fig. 4) might thus be attributed to the lower temperature in
the afterglow. It was demonstrated by Berthelot et al. that even at

4. Analysis and comparison with literature results
A summary of our CO2 conversion experiments for the various
conditions investigated in the three diﬀerent conﬁgurations of the MW
discharge reactor is presented in Fig. 14 and in Table 1. As stated before, the conversion and energy eﬃciency almost linearly drop upon
increasing the pressure, regardless of the gas inlet conﬁguration, although the drop is more pronounced for the reverse conﬁguration. At
an SEI of 4.8 eV/molec, which is realized at a MW power of 4.75 kW
Fig. 14. CO2 conversion and energy eﬃciency in the
MW plasma at 4.75 kW–15 SLM (4.8 eV/molec) for
the three diﬀerent gas inlet conﬁgurations, upon increasing pressure. For the vortex conﬁguration, the
energy eﬃciency is also plotted at 30 SLM, while the
values for the conversion as the same as at 15 SLM.
Besides that, the conversion is presented for 5 SLM
vortex gas ﬂow at 200 mbar upon increasing power.
In this case the regime is designated as “V5-X@ Y%
e.e..” where X is power in kW and Y is the corresponding energy eﬃciency. For the other conﬁgurations, no results are presented at other ﬂow rates,
because no stable plasma could be sustained in this
wide pressure range.
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eﬃciencies ever reported (∼90%) for CO2 MW plasma systems were
obtained at these conditions, although this was also in combination
with supersonic gas ﬂow [22]. An advantage of operation at these
moderate pressures is that only relatively cheap fore-vacuum pumps (cf.
for instance the vacuum scheme in Fig. 2) are required. However, the
operational cost of such technology is still high, mostly due to the vacuum system energy consumption, and it may hinder the scale-up of the
process.
Therefore, in a number of papers, operation at atmospheric pressure
is targeted [27,28,44,47]. Although it is known that the MW plasma is
(nearly) in thermal equilibrium in this case, the atmospheric pressure
systems have the undeniable advantage of vacuum-free operation. The
data reported in literature for CO2 conversion in MW plasmas at atmospheric pressure appear to be quite promising, with rather high
energy eﬃciencies or conversions (although the combination of both is
still limited). An interesting idea was elaborated in a series of articles by
Hong et al. [27,47], where the CO2 activated in a MW plasma was
utilized as an oxidant for Zn or coal powders that were introduced
downstream of the MW plasma, and reacted as “M” in Reaction (10):

Table 1
Summary of CO2 conversion performance in diﬀerent MW plasma reactors and for various
discharge conﬁgurations and conditions.
Pressure,
mbar

Conversion %

Energy
eﬃciency
%

SEI,
eV/
molec.

Speciﬁcations

Reference

200
200
300
1000
90
20

74.9
38.7
20.9
11.6
20
65

12.3
23.1
25
13.5
35
8

17.5
4.8
2.4
2.4
1.9
22.9

This work
This work
This work
This work
[29]
[32]

20

∼85

6

5.8

40
40
200
127
212
200
200
200
1000
1000
1000

20
42
∼ 10
∼ 15
∼8
83
47
11
9
3
∼45

20
42
∼90
∼ 50
∼ 40
24
35
51
50
82
∼8

2.9
2.9
0.3
∼1
∼ 0.5
10.3
3.9
0.6
0.5
0.1
4.5

1000

∼32

∼14

4

1000

10

20

1.4

V5-5.75a
R15-4.75b
V30-4.75c
V30-4.75c
Forward ﬂow
Pure CO2,
forward ﬂow
H2/CO2 = 3,
forward ﬂow
Only MW
MW + catalyst
Supersonic ﬂow
Vortex ﬂow
Vortex ﬂow
Supersonic ﬂow
Vortex ﬂow
Vortex ﬂow
2 mm nozzle
2 mm nozzle
MW + Coal
oxidation
MW + Coal
oxidation
CO2 + Ar

a
b
c

[32]
[26]
[26]
[20]
[35]
[35]
[23]
[23]
[23]
[28]
[28]
[27]

CO2* + M → CO + MOx

(10)

It is worth noticing that this process is not catalytic, as the interaction with material consumes oxygen and thus changes the stoichiometry of the reactants. As presented in Table 1, this approach allows to
achieve a conversion of 30–45%, with a corresponding energy eﬃciency of 14–8%, depending on the conditions.
Remarkably, Mitsingas et al. reached an energy eﬃciency of
50–80% in an atmospheric pressure MW plasma reactor, but the conversion was only around 9–3% [28]. The high energy eﬃciency obtained in the compact discharge formed between an 8 mm inner diameter nozzle and a 2.4 mm tungsten electrode can be attributed to the
high plasma density, which is known to be beneﬁcial for the CO2
conversion, due to eﬃcient population of the CO2 vibrational levels
[19].
An important remark regarding MW reactors operating at atmospheric pressure is that the ignition of the MW discharge at these
conditions requires the implementation of electric ﬁeld concentrators
[28] or large argon admixtures [44]. In our case the discharge is ignited
at lower pressure (∼100 mbar) without such ignition assistants also
due to the rather high MW power input applied in this study. Besides
that, the data in literature, as well as presented in our work, indicate
that there is a trade-oﬀ between the energy eﬃciency and conversion.
Hence, at rather low conversion, the cost of product puriﬁcation and
separation would be a big issue for process up-scaling, even if the energy eﬃciency of the plasma process itself is rather high. Novel ways to
improve the overall eﬃciency of the technology should be considered.
The introduction of a catalytic step might be interesting, to utilize
the relatively hot exhaust mixture that was previously activated in the
MW plasma (cf. Figs. 7 and 8 above). Post-discharge treatment of the
CO2 MW plasma reactor exhaust via a catalytic step was demonstrated
by Chen at al. [24–26] and allowed a twofold increase of the conversion
and energy eﬃciency (i.e., from 20% to 42% conversion and energy
eﬃciency). Remarkably, the catalyst was pre-treated via a MW argon
plasma in the same vacuum chamber prior to the CO2 decomposition
reaction. Interestingly, Spencer et al., also implemented a catalyst
downstream of an atmospheric pressure MW reactor, but this resulted
in a drop of the conversion and energy eﬃciency [44]. This underlines
that also unwanted reverse reactions can be catalyzed in the post-discharge step of MW plasma systems.
The introduction of hydrogen-containing admixtures, like H2
[32,33] or H2O [25,26], aﬀects the plasma parameters, such as gas and
electron temperature, and it allows the generation of syngas as a product. The advantage of this approach is that water is easily available,
while H2 can be generated via another technology that consumes renewable electrical energy, i.e., electrolysis. Another suitable hydrogen-

[27]
[44]

Vortex conﬁguration with supplied 5 SLM CO2 ﬂow rate and 5.75 kW power input.
Reverse conﬁguration with supplied 15 SLM CO2 ﬂow rate and 4.75 kW power input.
Vortex conﬁguration with supplied 30 SLM CO2 feed ﬂow and 4.75 kW power input.

and a ﬂow rate of 15 SLM, the direct conﬁguration yields the lowest
conversion and energy eﬃciency in the whole pressure range studied.
This can be explained by the lack of downstream cooling. Indeed, as we
can see in Fig. 3(a), the heated exhaust mixture of the CO2 discharge
products expands into the vacuum chamber after passing through the
discharge zone. In contrast to that, the reverse and vortex gas inlet
conﬁgurations (Fig. 3(b) and (c)) have a quenching stage downstream
of the plasma zone. The importance of post-discharge quenching was
underlined in a number of papers [20,23] and it was already stated,
based on model predictions, that the CO recombination reactions 8 and
9 are more prominent at higher temperature [19].
In our study a conversion of 39% with a corresponding energy efﬁciency of 23% is achieved in the reverse ﬂow conﬁguration at
200 mbar and a CO2 ﬂow rate of 15 SLM. A somewhat higher energy
eﬃciency, i.e., 25%, is obtained in the vortex ﬂow conﬁguration when
30 SLM CO2 was supplied at 300 mbar, corresponding to a conversion
of 20%. Interestingly, the same ﬂow conﬁguration also demonstrates
the best performance at atmospheric pressure: energy eﬃciencies of
14% and 12% are achieved, with a corresponding conversion of about
12%, at 30 and 15 SLM CO2 ﬂow rate in the vortex conﬁguration at
1 bar, while an energy eﬃciency of only 3.7%, with a conversion of
6.2%, is obtained in the reverse conﬁguration. Besides that, the 5 SLM
CO2 vortex regime at 200 mbar and MW power of 5.75 kW demonstrates the opportunity to obtain a very high conversion of up to 75%
with an energy eﬃciency of 12.3%. To benchmark our results, we
compare them with the data reported in literature for the CO2 decomposition in MW discharges at various conditions; see Table 1.
Operation at lower pressures makes it possible to fully exploit the
non-equilibrium character of the MW plasma, with the potential to
reach higher conversion and energy eﬃciencies [20]. It was demonstrated in our work, but also by modeling [19] and in a number of
experiments from literature [23,35] that the pressure range between
150 and 300 mbar yields the higher conversion and energy eﬃciency,
as it allows to utilize the most favorable CO2 dissociation kinetics
through the CO2 vibrational levels [19]. Indeed, the highest energy
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source gas could be CH4, thus allowing the use of biogas as feed gas, but
the number of papers on the combined CO2/CH4 conversion in a MW
plasma is very limited [5].
The results in the literature are somewhat better than the ones
presented here. First, we repeat here that the energy eﬃciencies reported in this work are obtained based on the input power input, and
when we would calculate them from the plasma power, as often done in
literature, they would be ca. 5–10% higher. Furthermore, the somewhat
lower performance in our setup can also be attributed to the fact that a
MW plasma reactor should be designed for utilization at a certain
pressure and gas ﬂow regime. In our study, the aim is not to obtain the
highest possible conversion and energy eﬃciency, but to target a stable
discharge operation in a wide pressure range and with several gas inlet
conﬁgurations, to obtain more insight in the underlying mechanisms in
this wider range of operating conditions, and this is realized by means
of the rather large volume MW plasma system. However, it is known
that high-density plasmas (and thus low-dimensional devices) are
beneﬁcial for CO2 conversion [19]. Nevertheless, such systems would
not allow the versatility of our reactor. For instance, puncturing of the
quartz tube is often observed in a MW discharge operating at high
power per unit wall area without vortex ﬂow gas feed [21]. In this way,
it would not be possible to test the direct and reverse ﬂow regimes that
are demonstrated in our study in the whole pressure range of
200 mbar–1 bar. Therefore, the operational regime (low or atmospheric
pressure) and gas ﬂow conﬁguration (forward or vortex ﬂow) should be
chosen during the design stage in order to assemble an eﬃcient system.
This is, however, not the primary aim of the current paper.
It is important to notice that the measurements of the CO2 conversion in our case (and in most of the presented literature) have an ex-situ
character, i.e. the gas is sampled at the reactor exhaust. It is demonstrated above that downstream processes are crucial for the process
eﬃciency, as the CO recombination reactions can dominate in the hot
afterglow of the CO2 MW plasma. Therefore, in-situ diagnostics [29,35]
are required to better understand and control the operation of the
discharge systems. Besides that, eﬀorts to decrease the gas temperatures
and thus the recombination reaction rates, while increasing the power
density of the plasma, should have a positive impact on the energy
eﬃciency of the process [48]. In practice, this can be realized by discharge pulsing [49], in-situ extraction of oxygen [50,51] and decreasing
the reactor dimensions [28], although the latter will not be beneﬁcial in
terms of throughput or upscaling.

entire pressure range. Therefore, the highest energy eﬃciencies (∼25%
at 300 mbar and ∼13% at 1 bar, for a corresponding conversion of 21%
and 12%) are achieved in this regime. An almost linear drop of the
conversion and energy eﬃciency is observed upon increasing pressure
for all gas ﬂow conﬁgurations, although it is somewhat less pronounced
for the vortex ﬂow conﬁguration. This drop can be attributed to thermalisation of the plasma at increasing pressure, leading in turn to (i)
less eﬃcient CO2 dissociation by the vibrational kinetics (due to more
prominent relaxation of the vibrational levels), and (ii) fast recombination of CO into CO2. Analysis of the exhaust temperature reveals that the post-discharge cooling is crucial for the system performance in terms of conversion and energy eﬃciency, and should be
further optimized. MW plasma systems operating at atmospheric pressure are probably the most interesting to be scaled-up, in spite of their
lower conversion and energy eﬃciency, due to the vacuum-free operation conditions. From another point of view, the vortex conﬁguration is the most promising, as it allows operation in a wider range of
process parameters (ﬂow, pressure, speciﬁc power input), and gives the
best results at atmospheric pressure, which is most interesting for real
applications. To further increase the conversion and energy eﬃciency
of such systems, post-discharge treatment via catalytic or oxidative
reactions can be implemented downstream, as demonstrated already in
literature.
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