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Abstract

Converting methane (CH,) and carbon dioxide (CO,) jointly through plasma-assisted dry reforming
(DRM) in a dielectric barrier discharge (DBD) offers a non-thermal route to hydrogen and syngas
production from two greenhouse gases. We present an open, reproducible Python 0D/1D framework for
plasma-based CH,/CO, conversion, combining a reduced 23-species, 38-reaction mechanism with
electron-impact rate coefficients from a genuine two-term electron Boltzmann solve fed with LXCat
cross-sections, rather than analytical fits. A global Morris sensitivity analysis of the 33 neutral-neutral
rate constants identified six reactions as the main drivers of CO, conversion, the H,/CO ratio and the
energy efficiency; all six were replaced with values from evaluated combustion- and atmospheric-kinetics
literature, correcting illustrative guesses in error by factors from 6-fold too low to over 3000-fold too high.
A re-run sensitivity analysis confirms that CO + O (+ M) — CO, (+ M) remains the dominant source of
uncertainty, its best available anchor being a 200 K measurement rather than this model's 400 K
operating point. With the validated mechanism, CO, conversion respects the roughly 25% ceiling

observed across 19 atmospheric-pressure plasma sources surveyed in the literature over most of the SEI
range simulated, and comparison against an independent experimental DBD benchmark shows CH, and
CO, conversion over-predicted by roughly 5.8-fold and 2.7-fold respectively a smaller, more evenly
distributed gap than before validation. This work provides an open computational basis, anchored in real
electron-impact kinetics and a validated core mechanism, with a specific, narrowly targeted roadmap
towards a quantitatively validated model.

1. Introduction

Producing low-carbon hydrogen and finding productive uses for carbon dioxide are two of the more
pressing challenges of the energy transition. Dry reforming of methane (DRM), CH,+CO, - 2CO+2H,

(AH°298K = + 247 kJ-mol~ '), addresses both at once by converting a pair of greenhouse gases into
syngas, a feedstock for Fischer—Tropsch synthesis or for hydrogen production. Because CO, is
thermodynamically stable and the overall reaction strongly endothermic, conventional thermal catalysis
requires temperatures above 800°C and is plagued by catalyst coking. Non-thermal plasmas, and
dielectric barrier discharges (DBDs) in particular, offer an alternative: molecules are activated by
energetic electron collisions (a few eV) rather than by heat, allowing operation close to room
temperature [1, 2]. DBDs combine this non-equilibrium chemistry with the practical advantages of
atmospheric-pressure operation and straightforward scale-up, which explains their long industrial history
in ozone generation and surface treatment and their more recent adoption for gas conversion [3, 4].

Hydrogen itself can be produced through several competing low-carbon routes, each with a different
balance of maturity, energy demand and infrastructure requirements: water electrolysis, whose efficiency
and deployment prospects have been reviewed extensively in the recent literature [5, 6]; methane
pyrolysis into hydrogen and solid carbon, marketed as 'turquoise’ hydrogen and reviewed by Koranyi et al.
[7]; and plasma-catalytic reforming and decomposition routes, which have been surveyed in a recent
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comprehensive review of plasma catalysis for hydrogen production [2]. Plasma-based DRM sits within
this last category and is attractive precisely because it converts CO, alongside CH,, rather than treating
CO, as a waste stream to be captured and stored separately.

Kinetic modelling of DBDs has matured considerably over the past decade. Bogaerts and co-workers laid
out an early status report of the modelling challenges specific to plasma-based CO, conversion [8], and

the now-standard 0D approach represents the discharge with a homogeneous-reactor chemical kinetics
model, first solved for a single microdischarge pulse and its afterglow and subsequently extended to
realistic residence times by stacking a large number of consecutive pulses that mimic the filamentary
regime of a DBD [9]. Alliati, Mei and Tu extended this philosophy explicitly from the microdischarge scale
to the reactor scale in a chemical kinetics model of CO, activation [10], and Snoeckx, Ozkan, Reniers and
Bogaerts used a related kinetics approach to trace the formation of value-added products from CO, and
water in a DBD [11]. Homogeneous discharge-kinetics models of this type have also been applied
specifically to the two gases considered here: a pulsed CO,/0, discharge, combining a Boltzmann-
equation treatment of the electron energy distribution with a 0D reaction scheme to follow the gas-phase
physico-chemistry [64], and a DBD reactor converting CH, into hydrogen at atmospheric pressure [65] —
both directly relevant precedents for the present work. These 0D approaches have since been enriched
with increasingly detailed reaction mechanisms and reviewed comprehensively from a modelling
perspective [12], and validated against experiment in dedicated studies of CO, hydrogenation [13]. More

recently, several studies have begun coupling this local chemistry to an explicit spatial description of the
reactor — for instance through a 1D statistical model of the discharge volume [14], or through machine-
learning-based optimisation of packed-bed DBD reactors for dry reforming [15].

Despite this progress, 0D/1D kinetic modelling tools for plasma-assisted DRM remain, for the most part,
built within specialised computational platforms that are not always convenient for rapid prototyping or
teaching, and are rarely distributed as open, modular software that explicitly couples a 0D block
(homogeneous chemistry) with a 1D block (axial-dispersion plug-flow reactor). There is also a practical
need for lighter frameworks capable of quickly mapping out the qualitative trends of an operating-
parameter space — feed composition, specific energy input, residence time, axial dispersion — before
committing to a full, computationally expensive kinetic scheme built on validated electron-impact cross-
sections.

In this work we present an open, modular Python framework that couples (i) a 0D homogeneous
chemical-kinetics model representing a CH,/CO, gas parcel traversing a filamentary DBD, and (ii) a 1D
axial-dispersion plug-flow reactor model that couples convection, dispersion and local chemistry. The
plasma forcing (reduced electric field E/N and electron density) is represented by a periodic pulse train
characteristic of DBD microdischarges, then time-averaged over one cycle so that realistic residence
times can be simulated without resolving every individual pulse — an approximation whose validity we
quantify directly. We report a preliminary parametric study of CH,/CO, conversion, H,/CO selectivity,
specific energy input (SEI) and energy efficiency, and we discuss openly the limitations of the reduced
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mechanism together with the steps required to reach a quantitatively validated model. Section 2
presents the physical model and governing equations; Section 3 describes the numerical methods;
Section 4 presents and discusses the results; Section 5 concludes and outlines perspectives.

2. Physical Model and Mathematical Formulation

2.1 Reduced kinetic mechanism

The reaction scheme retained here comprises 23 neutral species plus electrons: the feed and main
products (CH,, CO,, H,, CO, O,, H,0), primary radicals (H, O, OH, CH;, CH,, CH, C), light oxygenates
(CH,0, HCO, CH30H, CH30), peroxide chemistry (HO,, H,0,) and the C2 hydrocarbon family (C,Hg, C,Hs,
C,H,4, C,H,). It groups: (i) five electron-impact dissociation reactions of CH,, CO, and H, (reactions E1-
ES5); (i) twenty-two bimolecular neutral-neutral reactions covering CH3/CH,/CH/C radical chemistry,
HOx/ROx peroxide chemistry and C2-hydrocarbon formation (R1-R22); (iii) two additional three-body
association reactions forming HO, and H,0, (R23-R24); (iv) six unimolecular decompositions of H,0,,

HCO, CH30 and the C2/oxygenate species (R25—-R30); and (v) three three-body recombination reactions
closing the H, O and CO, balances (R31-R33). The full list of 38 reactions, together with the rate-

coefficient values used in the simulations, is given in Table 1. This is deliberately a reduced mechanism,
considerably more compact than the detailed schemes reported in the literature, which typically include
50 to 100 + species together with vibrationally excited states and ions [1, 12].
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Table 1

Reduced kinetic mechanism used in the 0D/1D framework (23 neutral species, 38 reactions). E1-
E5: electron-impact reactions; rate coefficients kj(E/N) are obtained from a two-term electron

Boltzmann solve fed with LXCat/Morgan cross-sections iSection 2.2, Fig. 1), not from an analytical
fit. R2, R11, R12, R13, R14 and R33 (marked '[validated]’) have been replaced with values from
evaluated combustion- and atmospheric-kinetics literature [56—60, 62] at, or as close as available
data allow to, the model's operating temperature (400 K, ~ 1 atm) — these six reactions were jointly
identified by the sensitivity analysis of Section 4.7 as controlling essentially all of the model's
conversion, selectivity and efficiency predictions (Section 4.6). The remaining 27 rate coefficients
(R1, R3-R10, R15-R32) remain illustrative order-of-magnitude parametrisations rather than values
validated against established kinetic databases, though the sensitivity analysis indicates most have

limited influence on the outputs examined here.

No. Reaction Type Rate coefficient Units
E1 e+CH,->CHz+H+e electronimpact  BOLSIG+/LXCat solve (Fig. 1) m3/s
E2 e+CH,->CH,+H,+e electron impact  BOLSIG+/LXCat solve (Fig. 1) m3/s
E3 e+C0,>CO0+0+e electron impact  BOLSIG+/LXCat solve (Fig. 1) m3/s
E4 etH,>H+H+e electron impact  BOLSIG+/LXCat solve (Fig. 1) m3/s
ES e+CH,>CH+H,+H+e electronimpact  BOLSIG+/LXCat solve (Fig. 1) m3/s
R1 CH; + CH3 -> CyHg neutral-neutral 5.0e-17 m3/s
R2 CHz+H (+ M) ->CH, neutral-neutral 3.02e-16 [validated] m3/s
R3 CH;+0->CH,0+H neutral-neutral 1.5e-16 ma3/s
R4 CH; + OH -> CH3;0H neutral-neutral 8.0e-17 m3/s
RS CH,+H->CH+H, neutral-neutral 1.0e-16 m3/s
R6 CH,+0->CO+H, neutral-neutral 1.5e-16 ma3/s
R7 CH+0->CO+H neutral-neutral 2.0e-16 ma3/s
R8 C+0->CO neutral-neutral 3.0e-16 ma3/s
R9 C+0OH->CO+H neutral-neutral 3.0e-16 ma3/s
R10 CH+CH,->C,H,+H neutral-neutral 5.0e-17 m3/s
R11  H+OH->H,0 neutral-neutral 1.05e-18 [validated] m3/s
R12 O+H,->0OH+H neutral-neutral 2.87e-22 [validated] m3/s
R13 OH+H,->H,0+H neutral-neutral ~ 4.03e-20 [validated] m3/s
R14 OH+CO->CO,+H neutral-neutral 1.5e-19 [validated] m3/s
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No. Reaction Type Rate coefficient Units
R15 HO,+H->0H+OH neutral-neutral 5.0e-17 m3/s
R16 HO,+0->0H+O0, neutral-neutral 3.0e-17 m3/s
R17 HO,+OH->H,0+0, neutral-neutral 4.0e-17 m3/s
R18 CH,0+H->HCO+H, neutral-neutral 3.0e-17 ma3/s
R19 CH,0+OH->HCO+H,0 neutral-neutral 4.0e-17 ma3/s
R20 HCO+0,->CO+HO, neutral-neutral 2.0e-17 m3/s
R21 CH3+0,->CH30+0 neutral-neutral 2.0e-18 m3/s
R22 C,Hg+H->CoHs+H, neutral-neutral 5.0e-18 ma3/s
R23 H+0, (+M)->HO, (+ M) three-body 5.0e-43 m6/s
R24 OH+OH (+ M) ->H,0, (+M) three-body 1.0e-43 mé/s
R25 H,0,->0H+OH unimolecular 5.0 1/s

R26 HCO->H+CO unimolecular 1.0e4 1/s

R27 CH;0->CH,0+H unimolecular 1.0e3 1/s

R28 C,Hs->C,H,+H unimolecular 8.0 1/s

R29 C,H,->CyH,+H, unimolecular 5.0 1/s

R30 CH,O0->CO+H, unimolecular 1.0 1/s

R31 H+H((+M)->H,(+M) three-body 1.0e-43 m6/s
R32 0+0(+M)->0,(+M) three-body 1.0e-44 m6/s
R33 CO+0 (+M)->CO, (+M) three-body 1.0e-45 [validated, 200K] mé/s

For every neutral species i, the population balance reads:

dn ;/dt=2 ;v Ri(n, ne, E/N)
where n. is the number density of species i (m™3), v;j the stoichiometric coefficient of species i in reaction
J, and R; the rate of reaction j, a function of the local densities and, for electron-impact reactions, of the

electron density n, and the reduced electric field E/N.

2.2 Plasma forcing: reduced field and electron density
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The DBD is represented by a periodic pulse train (repetition frequency f, duty cycle) standing in for the
filamentary microdischarges: nq(t) and E/N(t) take a peak value (n,peak, ENy,i) during the pulse and a
residual value (ng,bg, ENp,g) between pulses, with E/N expressed in Townsend (Td). The electron-impact
rate coefficients for reactions E1—E5 (Table 1) are obtained by solving the electron Boltzmann equation
in the classical two-term approximation of Hagelaar & Pitchford [16] — the same algorithm underlying
the reference solver BOLSIG+, and also implemented in other open solvers such as LoKI-B [18] — using
BOLOS [19], an open-source, BOLSIG+-compatible implementation. The solver is fed with real electron-
neutral scattering cross-sections for CH,, CO, and H, taken from the Morgan compilation on the LXCat
database [17], for a fixed feed-representative gas mixture (CH,:CO,:H, = 0.49:0.49:0.02, the small H,
fraction being included only to activate its dissociation cross-section in the solve). Solving this system
across a grid of E/N values from 1 to 500 Td yields, for each electron-impact reaction, a rate coefficient
kj(E/N) and the mean electron energy (g)(E/N); these are shown in Fig. 1 and used directly (via log—log
interpolation) in place of an analytical fit.

Because the available cross-section set for CH, and CO, gives the total dissociative-excitation cross-

section per energy threshold rather than cross-sections resolved by product channel, the assignment of
a specific product set (E1: CHg+H, E2: CH,+H,, E5: CH + H,+H) to the three CH, dissociation thresholds
at9,10and 11 eV, and of CO, — CO + O (E3) to the 7.0 eV dissociative-excitation threshold, follows the

ordering of threshold energies rather than channel-resolved measurements — a simplification shared by
most reduced global models using this type of database. The H, — H + H channel (E4) is unambiguous:

it is assigned to excitation of the b3u* state (threshold 8.9 eV), a purely repulsive electronic state that
dissociates directly into two H atoms, a standard textbook assignment. An effective energy cost AE; (eV,
equal to the process threshold) is attached to each electron-impact reaction for diagnostic tracking of
the specific energy input (SEI). This BOLSIG+/LXCat coupling replaces the illustrative analytical fits
ki(E/N) = Arexp(- By/(E/N)) used in an earlier version of this framework (retained in the code as an offline
fallback); it is a genuine methodological upgrade, though the channel-branching assumption above
remains a limitation, discussed further in Section 4.6. We further note that the reduced mechanism
omits the vibrational kinetics of CO,, which several dedicated OD and state-to-state models have shown

can open an additional, potentially more energy-efficient dissociation channel in some discharge
regimes [22-25]; incorporating this pathway is a natural extension of the present framework, discussed
further in Section 4.4.

Because the microdischarge repetition period (= 1/f, on the order of 10 ps) is much shorter than the time
scales of interest here — gas residence times ranging from a millisecond to a second — we introduce a
time-averaging approximation in which the instantaneous electron-impact rate is replaced by its cycle-
average,

(kj'ne)=duty k;(EN peqa)n o peak + (1 - duty) - K{(ENyg)nebg
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This homogenisation is conceptually close to the long-time-scale simulations of Snoeckx et al. [9], who
superimpose a large number of consecutive pulses; it allows realistic residence times to be simulated
without resolving every pulse individually, as quantified in Section 3.

2.3 0D model (homogeneous reactor)

The 0D model integrates the equations above in the Lagrangian frame of a gas parcel traversing the
discharge over a residence time t_res, starting from a fixed CH,/CO, feed composition. At the end of the
simulation it yields the conversion X; = 1 - n;(t_res)/n;(0) of CH, and CO,, the outlet H,/CO ratio, the
specific energy input (SEl, in J/L and eV/molecule, obtained by time-integrating the energy cost of the
electron-impact reactions), and an approximate energy efficiency defined as the ratio of the chemical

energy stored in the products — via the DRM reaction enthalpy, AH® = +247 kJ-mol™ " — to the electrical
energy deposited, consistent with the definitions commonly used in the plasma-DRM literature [1, 9].

2.4 1D model (axial-dispersion plug-flow reactor)

The 1D model describes the reactor along the axial coordinate z (the flow direction), assuming E/N and
the electron density to be uniform along z, a reasonable approximation for a short parallel-plate or
coaxial DBD. For each species i, the conservation equation reads:

on;/ot=-v-dn,;/0z+D ,,-0°n,;/3z% +R(n, 1)

where v is the superficial gas velocity (m-s™') and D, the axial dispersion coefficient (m?s™ ). The
boundary conditions fix the feed composition at the inlet (z = 0, Dirichlet) and impose a zero gradient at
the outlet (z =L, Neumann). The system is integrated in time until a quasi-steady regime is reached,
yielding spatial composition profiles along the reactor — complementary to the 0D model, which only
provides the time evolution of a single gas parcel.

3. Numerical Methods

The 0D model is integrated with the stiff LSODA solver [26] from scipy.integrate.solve_ivp [27], using
relative and absolute tolerances of 107¢. The 1D model is discretised by the method of lines: an upwind
scheme handles convection and a centred scheme handles axial dispersion, on a uniform grid of 40
cells; the resulting system (24 state variables per cell —23 species plus a cumulative track of the
deposited energy) is integrated with the stiff BDF solver, at a relative tolerance of 1075, over a simulated
time spanning several nominal residence times (L/v) so as to approach the quasi-steady regime.
Because a fully dense Jacobian of size (40x24)? is prohibitively expensive to evaluate by finite
differences at this system size, we supply solve_ivp with the block-tridiagonal sparsity pattern of the
Jacobian (dense within each cell, through local chemistry; diagonal between neighbouring cells, through
convection and dispersion), which reduces the 1D run time by roughly a factor of two in our tests and is
what keeps repeated 1D runs (e.g. for the parametric studies of Section 4) computationally practical.
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We checked the validity of the time-averaging approximation introduced in Section 2.2 by comparing, for
identical operating conditions (t_res = 5 ms, 50/50 CH,/CO, feed), a simulation that resolves the pulse
waveform explicitly (the 'pulsed’ scheme, with a maximum time step bounded by a quarter of the pulse
width) against one using the cycle-averaged rate (the 'averaged' scheme). The two approaches yield CH,
conversions of 50.9% (pulsed) and 50.8% (averaged) — an absolute difference of less than 1 percentage
point — confirming that the averaging approximation reproduces the pulse-resolved result closely while
cutting the computational cost by several orders of magnitude. That reduction is essential for the 1D
model, which must solve the chemistry on every spatial cell over a simulated time spanning several
residence times.

The full code (kinetic scheme, 0D and 1D models, the electron Boltzmann coupling, simulation and
plotting scripts) is written in Python (NumPy, SciPy, Matplotlib) and organised in a modular fashion to
ease re-use, peer review and future extension. The electron-impact rate coefficients of Section 2.2 are
precomputed once, over a grid of E/N values, with BOLOS [19] — a pure-Python, BOLSIG+-compatible
two-term Boltzmann solver, ported here from Python 2 to Python 3 without modification to its underlying
numerical method — and then interpolated (log-log) at run time; this keeps the cost of using real cross-
section-based kinetics no higher than that of the analytical fits used previously.

4. Results and Discussion

4.1 Time evolution of the gas composition

Figure 2 shows the progressive conversion of CH, and CO, into H,, CO and H,0 over the residence-time
scale. Radical species (H, O, OH, CH3, CH,) reach a quasi-steady state quickly, as expected given their
short lifetime relative to the residence time. C,H,, by contrast, grows monotonically throughout the
simulation: in the reduced mechanism used here it acts as an irreversible sink with no further conversion
pathway, a simplification of the real chemistry. Accumulation of C2 hydrocarbons (acetylene, ethylene) is
nonetheless an experimentally documented feature of plasma CH,/CO, coupling [1, 11], although their

eventual fate — oxidation, polymerisation, soot formation — would require a more detailed mechanism
than the one used here.

The H,/CO ratio obtained at the end of the simulation (= 2.1 for the conditions of Fig. 2) sits above the

stoichiometric value of 1 expected for the overall DRM reaction, and the parametric scan in Fig. 3 shows
this ratio staying in a comparatively narrow band of about 1.1 to 2.1 across the SEI range simulated,
peaking at intermediate SEI before declining at the highest values. This behaviour reflects the
combination of two effects, one electronic and one chemical. First, with the BOLSIG+/LXCat-derived rate
coefficients of Section 2.2, CH, dissociates markedly faster than CO, at a given E/N (Fig. 1), so H, is
produced from CH, faster than CO is produced from CO, throughout — a CH,-limited regime qualitatively
consistent with the higher CH, conversion relative to CO, conversion widely reported in DBD dry-
reforming experiments [1, 9, 11]. Second, with the six rate constants identified by the sensitivity analysis
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(Section 4.7) now validated against literature (Section 4.6) — including CO + O (+ M) - CO, (+ M) (R33),
whose illustrative value was roughly 20-fold too high — the reverse-water-gas-shift-like pathways that
reform CO, and consume H, are substantially weaker than in an earlier, fully illustrative version of this
mechanism, but not negligible: R33 in particular still measurably reforms CO, from CO across the SEl
range, which is why the H,/CO ratio here sits closer to the syngas-relevant range of about 1-2 than in
earlier stages of this validation effort, without falling into it entirely.

4.2 Effect of the specific energy input (SEI)

Figure 3 illustrates a trend qualitatively consistent with the broader plasma-DRM and CO,-conversion
literature: conversion of both CH, and CO, rises with SEI, with CH, approaching complete conversion by
SEl = 85,000 J/L while CO, conversion rises more gently throughout, reaching about 63% at the highest
SEl simulated, and energy efficiency falls monotonically. This conversion/efficiency trade-off arises
because an increasing share of the deposited electron energy is absorbed by channels that no longer
contribute to net conversion — repeated dissociation of already-formed products, parasitic reactions — a
behaviour reported consistently across DBD and microwave CO,-conversion studies [38, 39, 40]. Notably,
CO, conversion stays within, or close to, the ceiling of roughly 25% observed across the 19 atmospheric-
pressure plasma sources (DBDs, glow discharges, coronas and gliding arcs) surveyed by Ozkan et al.
[55] for SEI up to about 30,000 J/L (X(CO,) = 28% at that point), and only exceeds it markedly beyond
roughly 50,000 J/L — itself already well outside the 0—2,000 J/L range typical of laboratory-scale DBDs
[1, 38], so the physically realistic portion of this scan respects the literature ceiling reasonably well. This
is a direct consequence of replacing the illustrative rate constants for R11-R14 and R33 with literature-
validated values (Section 4.6): an earlier, fully illustrative version of this mechanism predicted CO,

conversion approaching 90% already at comparable, more moderate SElI. It is worth noting, however, that
the SEl values obtained here (roughly 5,000 to 250,000 J/L) still exceed the range typically reported for
laboratory-scale DBDs (of the order of 0 to 2,000 J/L) [1, 38]. Unlike the electron-impact rate coefficients
themselves (now obtained from a genuine Boltzmann solve, Section 2.2), this gap is mainly attributable
to the assumed peak electron density n,,peak and duty cycle of the pulse waveform, which remain
parameters chosen for illustrative purposes rather than values constrained by electrical measurements
on a specific reactor. Recalibrating ne,peak, EN¢, and the duty cycle against electrical measurements
(the Lissajous-figure method, used routinely to determine the power actually dissipated in the discharge
[3, 41]) would be expected to rescale the SEl axis quantitatively while preserving the qualitative trends
observed here.

4.3 Spatial profiles in the reactor

The 1D model (Fig. 4) shows a smooth, monotonic rise in CH, and CO, conversion along the reactor

axis, with a profile characteristic of an effective first-order-like kinetics as the local residence time

increases — fast conversion near the inlet, gradually slowing towards the outlet as reactants are

depleted. H, and CO densities build up consistently with this conversion profile. This explicit coupling

between homogeneous 0D chemistry and axial transport complements recent spatially resolved DBD
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reactor models, such as the 1D statistical model proposed by Saadana et al. for partial methane
oxidation [14] and the microdischarge-to-reactor-scale kinetic model of Alliati, Mei and Tu for CO,
activation [10], and provides a basis for studying how axial dispersion (the reactor's Péclet number) and
discharge-zone length affect outlet conversion — an engineering degree of freedom that a 0D model
alone cannot capture.

4.4 Relation to packed-bed and plasma-catalytic reactor
studies

The present 1D model assumes a spatially uniform electric field along the reactor axis, which
corresponds most closely to an empty (unpacked) DBD gap. In practice, many experimental and
modelling studies of plasma-assisted DRM and CO, conversion use packed-bed configurations, where
dielectric or catalytic pellets locally distort the electric field and thereby change the discharge behaviour.
Fluid modelling by Van Laer and Bogaerts showed that packing beads concentrate the electric field near
particle contact points, increasing local field strength and electron temperature at the expense of a lower
electron density and lower plasma volume, with the dielectric constant and bead size of the packing
acting as tunable design parameters [28-30]. Experimentally, packed-bed DBD reactors have been used
extensively for CH,/CO, conversion and related CO,-activation chemistry, both without catalyst [31] and
with a wide range of catalytic supports — Ni, Cu and perovskite-based materials among others —
generally reporting enhanced syngas selectivity and, in some cases, the formation of oxygenates and
higher hydrocarbons in addition to H, and CO [32-36]. A recent comprehensive review of DBD reactor
design for CO, and CH, conversion surveys this large body of work and the trade-offs it reveals between
electric-field enhancement, reduced residence time and catalyst deactivation [37]. Extending the present
1D framework to a spatially varying, packing-dependent E/N profile — rather than the uniform field
assumed here — is a natural next step towards representing these configurations quantitatively, and
would let the model be benchmarked directly against this packed-bed literature.

4.5 Plasma-based CH,/CO, conversion in the broader
hydrogen landscape

It is worth situating plasma-based DRM within the wider set of electrification routes to hydrogen and
other reduced chemicals, an area recently framed as 'power-to-X' with non-thermal plasma as one of
several enabling technologies [43] and discussed from a broader perspective on the electrification of
chemical reactions [44]. Complementary DBD-based strategies aim specifically at improving CO,-
conversion energy efficiency, for instance by coupling the plasma effluent to a downstream carbon bed
that consumes O atoms and shifts the CO, dissociation equilibrium [45, 46], or by re-examining warm-
plasma reactor design more broadly [47]; these studies, together with earlier perspective pieces on
plasma technology for energy storage and CO, conversion [48, 49], outline a similar efficiency-versus-
conversion trade-off to the one observed in Fig. 3. The same non-thermal-plasma toolbox is also being
applied to other small-molecule activation problems that parallel DRM conceptually: DBD-based nitrogen
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fixation to NOx, whose techno-economics have been analysed in detail [50] and whose energy yield can
be substantially improved through in situ product removal [51]; and plasma-catalytic decomposition of
ammonia as an alternative hydrogen carrier and source [52, 53]. Plasma-assisted CO2 methanation,
which runs the CH4/C02/H2 chemistry in the opposite direction by hydrogenating CO2 to CH4, has
likewise been the subject of a recent critical review [42]. Read together with methane-pyrolysis routes to
'turquoise' hydrogen [7] and with earlier work exploring the road from plasma-based hydrogen production
towards direct methane liquefaction [54], this literature suggests that the conversion/efficiency trade-off
identified here for CH4/CO2 DRM is a structural feature of non-thermal plasma chemistry more generally,
rather than an artefact specific to our reduced model — which strengthens confidence in the qualitative
trends reported in Section 4.2, even though the quantitative SEI scale still requires recalibration.

4.6 Model limitations

Several limitations should be kept in mind before drawing any quantitative conclusions from these

results. First, although the electron-impact rate coefficients (E1-E5) are now obtained from a genuine
electron Boltzmann solve fed with real LXCat/Morgan cross-sections [17] rather than from an arbitrary
analytical fit, the assignment of specific product channels to the CH, and CO, dissociation thresholds

(Section 2.2) still follows the ordering of threshold energies rather than channel-resolved cross-section
measurements, which are not publicly available for these molecules; only the H, — H + H assignment

(via the repulsive b3Tu* state) is unambiguous. Second, the electron Boltzmann equation is solved for a
fixed feed-representative gas mixture rather than for the locally evolving composition (which includes
growing H,, CO and H,0 fractions as conversion proceeds), a standard simplification of 0D global
models but one that could shift the electron energy distribution somewhat as the reaction advances.
Third, the reduced mechanism (23 neutral species, 38 reactions, Table 1) omits ionic species and
vibrationally excited states. In particular, dedicated vibrational-kinetics studies of CO, plasmas have

shown that vibrational excitation can open an efficient, lower-energy-cost dissociation channel under
some non-equilibrium conditions, especially in microwave discharges [22—-25]; whether this channel
contributes significantly in atmospheric-pressure DBDs specifically remains debated in the literature and
would need to be assessed with a state-to-state extension of the present mechanism. Fourth, and most
substantially revised since an earlier version of this work: the neutral-neutral rate constants were
originally order-of-magnitude values typical of low-temperature combustion chemistry throughout.
Following the sensitivity analysis of Section 4.7, which identified R2, R11, R12, R13, R14 and R33 as
jointly controlling essentially all of the model's conversion, selectivity and efficiency predictions, all six
have been replaced with rate constants from evaluated combustion- and atmospheric-kinetics literature
at, or as close as available data allow to, the model's operating temperature (400 K, ~ 1 atm): R2 (CH; +
H (+ M) - CH,) from a unimolecular-rate-theory study [56]; R11 (H + OH (+ M) — H,0 (+ M)) from a
falloff study [57]; R12 (O + H, — OH + H) from the Baulch et al. combustion-kinetics evaluation [58]; R13
(OH +H, — H,0 + H) from two independent sources that agree to within 4% [58, 59]; R14 (OH + CO —
CO, + H) from the JPL atmospheric-chemistry evaluation [60]; and R33 (CO + O (+ M) — CO, (+ M)) from

the closest available literature anchor [62], discussed further below. The illustrative guesses used
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previously were in error by factors ranging from about 6-fold too low (R2) to over 3000-fold too high
(R12) — a spread that itself illustrates why an order-of-magnitude guess is a poor substitute for literature
values even when it reproduces plausible-looking results. R33 deserves a separate comment: this
reaction is spin-forbidden (CO in its singlet ground state plus O in its triplet ground state must form
singlet CO,, a multiplicity change that a purely electronic, non-relativistic treatment forbids), which is the
physical reason both for its unusually low rate relative to other three-body recombinations and for the
scarcity of low-temperature measurements — a difficulty independently noted in the planetary-
atmosphere literature, where the same reaction controls the photochemical stability of the CO,
atmospheres of Mars and Venus [63]. The best available anchor located here [62] is a 200 K value, used
directly without further extrapolation; this is markedly closer to this model's 400 K operating point than
the 2100-3200 K shock-tube measurement [61] that would otherwise be the only alternative, but a
genuine gap remains between 200 K and 400 K for this specific reaction, and it should be regarded as
the least certain of the six validated rate constants. The other 27 rate constants (R1, R3—R10, R15-R32)
remain illustrative order-of-magnitude values, though the sensitivity analysis, re-run after validating all six
flagged reactions (Section 4.7), confirms that most of them still have limited influence on the four
outputs examined here, and that R33 remains the dominant source of neutral-chemistry uncertainty even
at its improved, literature-anchored value. Fifth, the 1D model assumes a spatially uniform electric field
and electron density along the reactor axis, an assumption that, as discussed in Section 4.4, would need
to be relaxed for packed-bed or strongly non-uniform geometries [28—30]. These limitations define a
clear, now substantially narrowed, roadmap towards a quantitatively validated model: a low-temperature
(as opposed to 200 K) measurement or theoretical calculation of R33; channel-resolved cross-sections
or branching-ratio measurements for CH,/CO, dissociation; validation of the CH,-radical-pool reactions

(R1, R3-R10) implicated in Section 4.8; composition-dependent Boltzmann solves; and comparison
against a wider set of experimental conversion and SEI data obtained via the Lissajous-figure method.

4.7 Sensitivity analysis: which rate constants actually
matter?

Given that the 33 neutral-neutral, three-body and unimolecular rate constants (R1-R33) were, in an
earlier version of this mechanism, illustrative order-of-magnitude values throughout, it was natural to ask
which of them the model's outputs actually depend on — this determines which values are worth tracking
down in the kinetic-database literature before the model can be used quantitatively, and which are
essentially irrelevant to the results reported here. We addressed this with a Morris elementary-effects
screening [20], a standard global sensitivity method that requires far fewer model evaluations than a full
Sobol variance decomposition while still capturing nonlinear and interaction effects, implemented via the
SALib library [21]. Each rate constant was allowed to vary independently over two orders of magnitude

(£ 1 decade in log10 around its nominal value, an arbitrary but conservative range given the absence of
documented uncertainties), and the elementary-effects design (20 trajectories, 4 levels) was evaluated
at the default operating point (50/50 CH,/CO, feed, t_res = 20 ms), giving 680 model runs per screening.

For each of four outputs — CH, conversion, CO, conversion, the H,/CO ratio and the approximate energy
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efficiency — we computed the Morris importance measure p* (the mean absolute elementary effect). An
initial screening of the fully illustrative mechanism identified six reactions as jointly controlling
essentially all four outputs: R2 (CH5 + H (+ M) — CH,) for CH, conversion, and R11-R14 (H + OH — H,0,
O+H, - OH+H, OH+H, - H,0+H, OH + CO — CO, + H) together with R33 (CO + O (+ M) — CO, (+ M))
for CO, conversion, the H,/CO ratio and the energy efficiency — precisely the reduced-mechanism

analogue of the reverse water-gas shift pathway discussed in Section 4.1. Rather than treat this as a
final answer, we used it as a prioritised validation target: as described in Section 4.6, five of these six
reactions (R2, R11, R12, R13, R14) were subsequently replaced with values from evaluated combustion-
kinetics literature, leaving only R33 illustrative.

Re-running the same screening after validating all six originally flagged reactions (Fig. 5) changes the
picture, but not in the way one might expect. R33 (CO + O (+ M) — CO, (+ M)) still dominates CO,
conversion, the H,/CO ratio and the energy efficiency by a wide margin (u* for the H,/CO ratio is more
than twice that of the next most influential parameter) — not because it remains illustrative (it no longer
does, Section 4.6), but because, even at its improved, literature-anchored value, it is intrinsically the most
consequential reaction in the mechanism for these outputs. R11-R14, now validated, have receded into
a secondary tier alongside R5, R6, R31 and R32 — reactions in the CH,/CHg radical pool and H/O
recombination that were not flagged by the original screening at all. CH, conversion remains controlled
by a small cluster centred on R2, R6, R5 and R32, rather than by R2 alone as in the initial screening. Two
conclusions follow. First, the initial Morris screening correctly identified the highest-priority reactions for
validation: having now validated all six, the fact that R33 still tops the ranking is not an artefact of its
earlier, cruder illustrative value, but a robust structural property of this mechanism — a reassuring cross-
check on the screening method itself. Second, with R33 assigned its best available (if imperfect)
literature value, the priority this analysis identifies is no longer which rate constant to validate next, but
how much better than a 200 K anchor point (Section 4.6) that value can be made, since the model's CO,-
side and H,/CO-side predictions depend on it more than on any other single parameter in the 33-reaction
illustrative set.

4.8 Comparison against experimental benchmarks

As a further, more demanding check, we compared the 0D model directly against a real atmospheric-
pressure DBD CH,/CO, experiment for which both the specific energy input and the energy efficiency are
reported in a form directly comparable to ours: Ozkan et al. [55], who report, at their lowest tested SEI of
5.7 eV/molecule, energy efficiencies of nCH, = 4.9% and nCO, = 3.3% (using the same efficiency
definition, n; = X;AH/SEI, as used here). We tuned n.,peak in our 0D model so that its (as-tracked) SEI

matches this value and read off the corresponding conversions and efficiencies; the results are
summarised in Table 2.
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Table 2

Conversion and energy efficiency at matched specific energy input (SEI = 5.7 eV/molecule), comparing
the experimental DBD benchmark of Ozkan et al. [55] to this model. *Conversions are not stated directly
in [55rbut back-calculated from the reported efficiencies via X; = n;-SEI/AH for consistency. ‘As-tracked

SEI' uses this model's SEI diagnostic (Section 2.2, summing only the energy cost of the five modelled
electron-impact reactions E1-E5). 'Power-corrected SEI' rescales ng,peak so that the true total power

transferred from the field to the electron population equals 5.7 eV/molecule; at E/N = 150 Td this total is
about 2.0 times larger than the energy cost of E1—E5 alone (Section 4.8).

Quantity Ozkan et al. [55] This model (as- This model (power-
(experiment) tracked SEI) corrected SEI)

SEI 5.7 5.7 5.7 (true)

(eV/molecule)

X(CH,) ~10.9%* 63.5% 36.2%

X(CO,) ~7.3%* 19.8% 11.9%

n(CH,) 4.9% 28.7% 16.4%

n(COy) 3.3% 9.0% 5.4%

With all six sensitivity-flagged rate constants now validated (Section 4.6), the model over-predicts both
species at matched specific energy input (Table 2), but by markedly different, and more evenly matched,
margins than at any earlier stage of this validation effort. On the CO, side: X(CO,) = 19.8% versus an
experimental 7.3% (back-calculated) and n(CO,) = 9.0% versus 3.3%, both roughly a 2.7-fold excess. On
the CH, side: X(CH,) = 63.5% versus 10.9% and n(CH,) = 28.7% versus 4.9%, roughly a 5.8-fold excess —
essentially unchanged from before R33 was validated, since R33 affects CO, and H,/CO far more than
CH, (Fig. 5). Applying the total-power correction developed in an earlier stage of this work (rescaling
ne,peak so that the true, not merely as-tracked, SEI matches 5.7 eV/molecule; Section 2.2) reduces both
excesses by a similar proportion (Table 2, fourth column) — to roughly 3.3-fold for CH, and 1.6-fold for
CO, — without closing either gap. Two things follow. First, validating R33 removed the earlier,
coincidental near-exact match on the CO, side (Section 4.8, in an earlier stage of this work): with the
illustrative R33 value, CO, reformation was overestimated, masking an underlying CH,4-CO, imbalance
that is now visible once R33, too, is physically grounded. That the CO,-side and CH,-side excesses are
now within a factor of about two of each other, rather than differing by an order of magnitude, is itself
evidence that the validation effort has removed a genuine source of error rather than merely relocating it.
Second, the over-prediction that remains, on both sides and under either SEI accounting, points to
factors this validation effort does not reach: the illustrative peak electron density and reduced field of the
pulse waveform (Section 2.2), which set the overall scale of both conversions together, and —
specifically on the CH, side — the CH,-radical-pool chemistry (R1, R3—R10) and the threshold-ordering
assumption used to assign CH, dissociation products (Section 2.2), both flagged independently by the

sensitivity analysis (Section 4.7) as governing CH, conversion alongside R2.
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The comparison above uses a single operating point, which leaves open whether the model's conversion-
versus-SEl slope is realistic or only its value at one point. Ozkan et al. [55] also report a power scan (30—
80 W at fixed flow rate) spanning a much lower, more experimentally typical SEl range than the point
used above, which we use as a second, SEl-resolved check by running the 0D model at the two matching
SEl values (Table 3).

Table 3
CH, and CO, conversion versus SEI, comparing this model to Ozkan et al. [55] at three

operating points spanning more than an order of magnitude in SEI: two from their
power scan (30 W and 80 W, fixed flow), and the single higher-SEIl point from Table 2
(*obtained at a lower flow rate, hence its much higher SEI; back-calculated
conversions as in Table 2).

SEI (J/L) X(CH,) exp.[55] X(CH4) model X(CO,) exp.[55] X(CO,) model

938 6.7% 4.6% 2.0% 1.9%
2,500 14.8% 12.2% 7.5% 4.6%
16,700* ~10.9% 63.5% =7.3% 19.8%

At the two lower, experimentally typical SEI values, the model is close to experiment — for CH,

conversion, within about 30% in relative terms at both points, and in fact slightly under-predicting rather
than over-predicting; for CO, conversion, close at 938 J/L and moderately under-predicting at 2,500 J/L.
This is a materially different, and more favourable, picture than the single high-SEI comparison of Table 2
suggests on its own. Only at the much higher SEI of the Table 2 point (16,700 J/L, reached via a lower
flow rate rather than higher power in the original experiment) does the model diverge sharply from
experiment. Taken together, the three points indicate that the model's error grows with SEI rather than
being a uniform multiplicative offset — consistent with several of this model's simplifications (the
illustrative pulse-waveform parameters, the absence of gas heating and radical wall losses, and the
fixed-mixture Boltzmann solve of Section 2.2) being expected to matter increasingly at higher energy
input, where radical pool sizes, gas temperature and departures from the feed composition are all larger.
A practical implication is that this model, as it stands, is better suited to the low-to-moderate SEI regime
most relevant to laboratory-scale DBDs than to the high-SEl extrapolations shown in Fig. 3.

A second, independent check reinforces part of this picture at the other end of the SEIl range. Across the
19 atmospheric-pressure plasma sources for CO, conversion surveyed by Ozkan et al. [55] (DBDs, AC
glow discharges, pulsed corona and gliding arcs), none exceeds a CO, conversion of about 25%. In a
fully illustrative version of this mechanism, the SEI scan of Section 4.2 predicted CO, conversion
approaching 90% already at moderate SEI — a regime the real-world survey suggests is not physically
attained by any comparable atmospheric-pressure source. With all six flagged reactions validated, the
same scan now respects this ceiling for SEI up to about 30,000 J/L, and exceeds it only at SEI beyond
roughly 50,000 J/L (Section 4.2) — already well outside the 0—2,000 J/L range typical of laboratory DBDs,
so the physically realistic portion of the scan is consistent with the literature survey. The remaining
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discrepancies are consistent with the limitations identified in Section 4.6: R33's 200 K literature anchor,
the closest available but not an exact match to this model's 400 K operating point; the CH,-specific
radical chemistry (R1, R3—R10) and the branching-ratio assumption for CH,/CO, dissociation channels
(Section 2.2), both still unvalidated and the leading candidates for the persistent CH,-side over-

prediction; the illustrative electron-density and field parameters of the pulse waveform, which now
appear to set much of the remaining overall scale mismatch on both species; and the comparison
reactor of Ozkan et al., which operates with a large argon dilution (94% of the feed) and a different
geometry, both of which affect conversion at fixed SEIl in ways this model does not attempt to reproduce.
Taken together, these checks leave two concrete, well-localised priorities rather than a diffuse one: an
improved (sub-400 K, ideally) value for R33, and validated CH,-radical-pool chemistry (or channel-
resolved CH, dissociation data) to resolve the CH,-side over-prediction that persists under either SEI
accounting.

5. Conclusion and Perspectives

We have developed an open, modular Python framework coupling a 0D homogeneous chemical-kinetics
model with a 1D axial-dispersion plug-flow reactor model for plasma-based CH,/CO, conversion into
hydrogen-rich syngas in a dielectric barrier discharge. The electron-impact rate coefficients are obtained
from a genuine two-term electron Boltzmann solve (BOLOS, following the Hagelaar & Pitchford method
used in BOLSIG+) fed with real LXCat/Morgan cross-sections for CH,, CO, and H,, rather than from an
arbitrary analytical fit, and all six neutral-neutral rate constants identified by a global sensitivity analysis
as controlling CO, conversion, the H,/CO ratio and the energy efficiency have similarly been replaced
with values from evaluated combustion- and atmospheric-kinetics literature — including CO + O (+ M) —
CO, (+ M), a spin-forbidden reaction for which only a 200 K anchor point could be located, still an
improvement on the 2100-3200 K value that was the only alternative. The plasma forcing, represented
by a pulse train averaged over one microdischarge cycle, reproduces the pulse-resolved simulation to
within about 1 conversion point (1-2% relative) while substantially cutting computational cost, which is
what makes the 1D model tractable in the first place. With this validated mechanism, CH, conversion
rises quickly with SEI while CO, conversion rises more gently, respecting the roughly 25% ceiling
observed across the atmospheric-pressure plasma sources surveyed in the literature over most of the
SEl range simulated, giving an H,/CO ratio in the range of about 1.1 to 2.1 throughout, together with a
gradual build-up of conversion along the reactor length consistent with the broader pattern seen in
packed-bed and warm-plasma reactor studies and in adjacent non-thermal-plasma chemistries such as
nitrogen fixation and ammonia decomposition. Direct comparison against an independent experimental
DBD benchmark shows both CH, and CO, conversion over-predicted at matched specific energy input,
by roughly 5.8-fold and 2.7-fold respectively — markedly closer to each other, and overall smaller, than
the order-of-magnitude discrepancies seen at earlier stages of this validation effort, evidence that
validating the neutral chemistry has removed a genuine source of error rather than relocating it.
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The main remaining limitations concern the residual uncertainty in R33 (CO + O (+ M) — CO, (+ M))
despite validation, since its best available literature anchor is at 200 K rather than this model's 400 K
operating point; the CH,-specific radical-pool chemistry (R1, R3—R10) and CH,/CO, branching-ratio
assumption implicated by the persistent, roughly species-independent over-prediction seen in Section
4.8; the illustrative electron-density and reduced-field parameters of the pulse waveform, now the leading
candidate for the remaining overall scale mismatch common to both species; and the omission of CO,

vibrational kinetics and ionic chemistry, all discussed openly in this work. A further, SEl-resolved
comparison (Table 3) shows this remaining gap is not uniform: the model agrees with experiment
reasonably well at the low-to-moderate SEI most representative of laboratory-scale DBDs, and diverges
increasingly only at the highest SEI values simulated, suggesting the model is already usable in a
qualitative-to-semi-quantitative sense within that lower-SEIl regime while the items below are addressed.
Immediate next steps include (i) obtaining a lower-temperature (ideally sub-400 K) measurement or
theoretical calculation for R33, the model's single most consequential rate constant even at its improved
value (Section 4.7); (ii) validating the CH,-radical-pool reactions R1 and R3—R10, and/or obtaining
channel-resolved branching ratios for CH, electron-impact dissociation, to address the CH,-side over-
prediction that persists under either SEI accounting (Section 4.8); (iii) calibrating the peak electron
density and reduced field of the pulse waveform against electrical (Lissajous-figure) measurements on a
specific reactor, rather than the illustrative values used here; (iv) solving the electron Boltzmann equation
for the locally evolving gas composition rather than a fixed feed mixture; (v) extending the mechanism to
ionic, vibrationally excited and higher-oxygenate species; (vi) coupling the 1D model to a packing-
dependent, spatially varying E/N profile so that it can be benchmarked against the packed-bed and
plasma-catalytic literature; and (vii) comparing the model against a wider set of experimental conversion,
selectivity and SEIl data on a laboratory DBD reactor matching the exact feed composition and geometry
assumed here. Once validated, this framework should provide a fast design and optimisation tool for
plasma-assisted dry reforming of methane as a route to hydrogen production.
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Figures

Mean electron energy vs E/N Electron-impact rate coefficients vs E/N
(two-term Boltzmann solve, CH4/CO2/H2 49/49/2) (BOLSIG+-equivalent solve, LXCat/Morgan cross sections)
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Figure 1

Mean electron energy (left) and electron-impact rate coefficients for reactions E1-E5 (right) as a function of
the reduced electric field E/N, obtained by solving the electron Boltzmann equation (two-term
approximation, BOLOS [19]) fed with LXCat/Morgan cross-sections [17] for a CH,:CO,:H, = 0.49:0.49:0.02

mixture.
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0D model - homogeneous DBD reactor, CH4/CO2 (50/50)

Major species Radical / minor species
1019-
101?_
10'8 4 101 4
T T
£ E
= =}
oy - 1015_
= =t
2 10'74 P
ar 1]
[ (=]
—— CH4 1014
— 02
10 =
co 1013.
—— H20
00 25 50 75 100 125 150 175 20.0 00 25 50 75 100 125 150 175 200
Time (ms} Time (ms}
Figure 2

Time evolution of major-species (left) and radical/minor-species (right) number densities in the 0D model,
for a 50/50 CH,/CO, feed, a 20 ms residence time and the default plasma parameters (log scale).

Parametric scan - 0D model
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Figure 3

CH, and CO, conversion (left) and approximate energy efficiency (right) as a function of the specific energy
input (SEI), obtained by scanning the peak electron density n,peak in the 0D model (t_res = 20 ms).
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1D model - DBD reactor (convection + dispersion + kinetics)

Conversion profiles along the reactor
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Figure 4

Axial profiles of CH, and CO, conversion (left) and of H, and CO number density (right) along the reactor (L

=5cm,v=0.3m-s", D, = 2x10*m?s), 1D convection-dispersion-reaction model.

Figure 5

Morris sensitivity indices (u* normalised to the maximum for each output), re-run after validating R2 and
R11-R14 (Section 4.6), for the eleven rate constants (out of 33) that rank among the eight most influential
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for at least one output. Darker cells indicate a stronger influence of that rate constant on that output.
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