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Carbon monoxide CO required (together with H2) for production of synthetic fuels can be

obtained by splitting of CO2 from the exhaust gases. It was reported in the past that a very high

energy efficiency η of the CO2 →CO conversion - up to η=80 % and more - can be achieved in

2.5 GHz microwave (MW) gas discharges at reduced pressures (∼100 Torr) [1]. Those record

high values have not yet been reproduced in nowdays experiments [2], although in some of

them η up to 60 % was reached [3]. For better theoretical understanding and optimization

of experiments a detailed chemical kinetics model of the CO2 plasma has been developed re-

cently [4]. On the basis of this model 0D time-dependent calculations with prescribed electron

density were made [5]. They give the maximum η of only 32 %, in a striking difference with

both experimental and theoretical results reviewed in [1]. The reaction kinetics of [4] was later

revised in [6]. In the present work the set of reactions published in [6, 7] is used in a simple

1D model of a chemical reactor where the electron-density is calculated self-consistently. The

ability of this model to reproduce the results presented in [1] is examined.

0 2 4 6 8 10
0

20

40

60

80

100

SEI, eV/molecule

X
 a

nd
 η

, %

 

 

X, Koelman 2017.
X, Kozak 2014
η, Koelman 2017
η, Kozak 2014

Figure 1: Comparing the results obtained

with reaction kinetics [6, 7] (“Koelman

2017”) and [4] (“Kozak 2014”)

Technically the reaction data set [6, 7] is im-

plemented in a self-written program by translat-

ing the published input file [7] into Fortran code.

To estimate the variation of the results with re-

spect to different kinetics models used, a com-

parison is made with X and η dependencies of

SEI calculated in [4], see Figure 1. Here X is

the conversion rate, η is the energy efficiency,

same definitions as in [4]; SEI is the Specific

Energy Input per CO2 molecule. The 0D time-

dependent calculations are made with fixed tem-

perature of heavy particles (300 K). The temper-

ature of electrons is found from the energy bal-

ance, as described in [4, 6]. The pressure 20 Torr,

and residence time in the discharge zone 9.13 ms correspond to “MW discharge” case in [4].

The input power density in the discharge is varied to obtain a variation of SEI.
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Qualitatively the dependencies obtained in two independent calculations are similar: nearly

linear growth of X , saturation of η at high SEI. However, quantitative difference reaches almost

a factor of 2.

The model of the 1D plasma flow in a reactor channel is based on two assumptions which

greatly simplify the equations. First, it is assumed that all species i have the same velocity vi = v

along the channel axis x. Second, only flows with low mach number M <1 are considered. For

low degree of ionization, when the electron pressure pe is much smaller than ph, this second

assumption leads to the momentum balance ph = Th ∑i ni = const. Here ph is the pressure of

“heavies” - molecules, atoms and ions; ni is the density of species i, Th is the translational-

rotational (TR) temperature of heavies. TR degrees of freedom are assumed to be in equilibrium,

vibrationally and electronically excited states are described as separate species. The resulting

set of the particle and energy balance equations reads as follows:

dΓi

dx
= Si, ni =

Γi

∑i Γi

ph

Th
, ne = ∑

i
Zini

dTe

dx
=

Pin −Qe
elastic −Qe

inelastic −2.5Te ∑i ZiSi

2.5∑i ZiΓi
,

dTh

dx
=

Qe
elastic +Qe→h

inelastic −Qcond −Th ∑i ci
pSi

∑i ci
pΓi +Th ∑i Γi

dci
p

dTh

Here Γi = vni is the flux density of the heavy species i along x, Si is the volumetric particle

source density of this species. The electron density ne is found from quasineutrality, Zi is the

species charge number, Te is the temperature of electrons, both Te and Th are expressed in en-

ergy units. Pin is the input power density; Qe
elastic are losses of the electron energy due to their

elastic collisions with heavies; Qe
inelastic are the electron energy losses due to inelastic collisions

- excitations and chemical reactions; Qe→h
inelastic is the transfer of the electron and potential energy

into TR-energy of heavies; Qcond is the radial conduction; ci
p is the heat capacity (per particle)

at constant pressure.

S and Q terms depend on {ni,ne,Te,Th}, ci
p is a function of Th. Qe

inelastic and Qe→h
inelastic are

calculated from the defect of the potential energy in the reaction ∆U = potential energy of

products minus potential energy of reagents. For reactions where electrons are involved on both

sides ∆U is added to Qe
inelastic, otherwise, if no electrons appear in the reaction, ∆U is subtracted

from Qe→h
inelastic. If electrons appear only on the reactants side (recombination and attachment),

then ∆U > 0 is added to Qe
inelastic, and ∆U < 0 is subtracted from Qe→h

inelastic. The opposite rule

is applied if electrons appear only on the products side (reactions with negative ions): ∆U < 0

is added to Qe
inelastic, ∆U > 0 is subtracted from Qe→h

inelastic. In this treatment the Franck-Condon

energy of the products is not taken into account.

Qe
elastic is calculated as described in [6], Eq. (7a), the collision rates are defined in the file [7].
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Figure 2: Results of 1D calculations with self-consistent electron density and gas temperature

This term is found to be insignificant. cp for CO2 is calculated using Eq. (10) from [5], for all

other species cp=3.5. To calculate Qcond Eq. (6) from [5] is used. Differential equations are

integrated by the solver DVODE from the ODEPACK package [8].

The model set-up for calculations corresponds to experiment described in [1], Section c.1).

Total power input into discharge 1.4 kW, the discharge zone is 3 cm long and 2 cm in diameter.

Initial gas is pure CO2 with Th = Te=300 K and Boltzmann distribution of excited states. X and

η are calculated at distance 5 m from the inlet. The pressure is varied from 5 to 100 Torr. The

particle throughput is varied from 0.05 to 2.0 liter·bar/sec, yielding SIE=0.18..7.2 eV/molecule.

Results of calculations are shown in Figure 2.

In the original data-set [7] no reverse reactions are included for the electron impact processes.

Absence of de-excitations of the electronically excited states of CO2, CO and O2 leads to un-

restricted accumulation of those species which is nonphysical. The electron impact rates in [7]

are calculated for the Electron Energy Distribution Function (EEDF) taken from the solution of

the Boltzmann equation. The EEDF itself is not included in the data set. In order to implement

the correction in a simplest way, the rates were first re-calculated for Maxwellian EEDF. The

influence on the results is found to be very small (dotted lines in Figure 2). Then the reverse re-

actions were added to the model. Their rates are calculated from the detailed balance. Solid lines

in Figure 2 represent calculations made with Maxwellian EEDF and electronic de-excitations

added. Dashed lines show the results obtained with the original model [7].

Qualitative comparison can be made with [1], Fig. 11 and Fig. 15. One can see that the highest

η=40 % achieved with the present model is much smaller than expected 80 %. Moreover, the

highest values are reached only at small pressures p <10 Torr, there is no maximum at SEI

around 0.5..1 eV/molecule and p ≈100 Torr as in [1].

Non-uniformity of the discharge zone can lead to concentration of the power input in a region
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which is much smaller than that assumed in the model. An example of the solution obtained

with the length of discharge zone reduced down to 0.6 cm is shown in Figure 3. The total input

power remains the same as above. Comparison with Figure 2 reveals significant increase of η

at moderate p, especially for p=50 Torr. Nevertheless, the result remains significantly different

from [1].
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Figure 3: Energy efficiency η calculated

with reduced length of the discharge zone

Dashed line in Figure 3 is the efficiency cal-

culated with total power which goes into chemi-

cal transformations Qchem =Pin−Qe→h
inelastic−Qe

elastic

in the nominator. Contrasted with η this quantity

shows that at pressures p≥50 Torr most of Qchem

is indeed spent on the target reaction CO2 →CO.

Therefore, since Qe
elastic and losses on anharmonic-

ity in Vibrational-Vibrational (VV) exchange are

small, the main reason of low efficiency must be

Vibrational-Translational (VT) transfer in Qe→h
inelastic.

VV and VT rates used here are calculated by ap-

plying the scaling relations derived for molecules

consisting of two atoms. Distinct from diatomic molecules, the CO2 molecule has two inde-

pendent modes of oscillations. Interaction between the two modes leads to broadening of the

vibrational energy levels. As discussed in [9] this broadening significantly affects both VV- and

VT-rates. Missing of the mode-mixing effect can be the reason of the large discrepancy between

the present calculations and the results found in the literature.
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