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Abstract 
A novel surface-wave microwave discharge reactor configuration to generate syngas via 

gaseous CO2 reduction with H2 (non-catalytic Reverse Water-Gas Shift reaction) is studied in 

the context of power-to-chemicals concept. Improvement of CO2 conversion to maximize CO 

production is explored by adding an external cylindrical waveguide downstream of the plasma 

generation system. A 2D self-consistent argon model shows that power absorption and plasma 

uniformity are improved in the presence of the waveguide. We show experimentally that CO2 

conversion is increased by 50% (from 40% to 60%) at the stoichiometric feed ratio H2:CO2 

equal to 1 when using the waveguide. At higher H2:CO2 ratios, the effect of the waveguide on 

the reactor performance is nearly negligible. Optical emission spectroscopy reveals that the 

waveguide causes significant increase in the concentration of O atoms at a ratio H2:CO2=1. 

The effects of the operating pressure and cooling rate are also investigated. A minimum CO2 

conversion is found at 75 mbar and ratio H2:CO2 = 1, which is in the transition zone where 

plasma evolves from diffusive to combined operation regime. The cooling rates have 

significant impact on CO2 conversion, which points out the importance of carefully designing 

the cooling system, among other components of the process, to optimize the plasma 

effectiveness. 
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1. Introduction 

There is an imminent need to reduce the societal dependence on fossil fuels and increase the 

usage of renewable electricity to mitigate climate change. According to the International 

Energy Agency (IEA), electricity accounts for less than 25% of the world total energy 

consumption [1] because sectors such as transportation and industry with high demand for 

energy still depend strongly on carbonaceous fuels. One solution to increase the share of 

electricity over the total energy consumption is based on the production of the same energy 

carriers through chemical pathways in which renewable electricity is used as the energy 

source. In this regard, three criteria must be satisfied: (1) the manufactured fuels must have a 

high energy density, (2) handling of fuels must be possible using the current infrastructure, 

and (3) the production cost must be comparable with or even lower than fossil fuels-based 

processes [2]. When liquid fuels, such as alcohols [3], gasoline or diesel, are produced, the 

first two of the aforementioned requirements are fulfilled because these liquid fuels can be 

easily transported and stored. The biggest challenge concerns the manufacturing cost of fuels 

produced via renewable energy; to date, none of the technologies under development has 

made a breakthrough to achieve competitive production costs compared to the processes using 

fossil fuels [4-7]. Therefore, further improvement on the overall efficiency of electricity-

based systems is vital for the commercial implementation of power-to-chemicals approaches 

[8, 9]. 

It is interesting to explore the production of solar fuels (oxygenates, hydrocarbons) from CO2 

and solar hydrogen, i.e. hydrogen produced via water electrolysis using electricity from 

renewable energy sources, due to the much larger demand (14 times) for hydrocarbons 

compared to other non-fuel chemicals [10,11]. The Reverse Water-Gas Shift (RWGS) 

reaction is a key intermediate step to produce high added-value products using CO2 as 

feedstock. The main product of this reaction is synthesis gas (mixture of CO and (unreacted) 

H2), which can be used, after further adjustment of the H2/CO ratio downstream, to produce 

other chemicals through the Fischer-Tropsch process [12]. In this regard, plasma-assisted 

reactors are key players in the development of electricity-based technologies. Microwave 

plasma (MWP) is considered one of the most promising alternatives due to various benefits 

that have been widely discussed in the literature [13-17]. Particularly, travelling-wave-

sustained discharges are investigated because of the flexible operation regimes (continuous 

wave and pulse), the broad attainable pressure range (10-5 torr – 1 atm) and wave-frequency 

range (f = 500 kHz – 10 GHz), as well as wide plasma reactor size range in cylindrical reactor 
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configurations (R = 0.5 mm – 15 cm) [18]. Moreover, this type of discharge production 

systems can create large plasma volumes and enable scale-up of MWP reactors for gas 

processing applications. To find the optimum chemical conversion and energy efficiency, 

various parameters should be considered in the optimization process: input power, 

throughput, feed composition, pressure, cooling rates and frequency along with the reactor 

material, geometry & size. Furthermore, it is essential to understand the interaction of 

electromagnetic waves with the plasma in order to enhance overall reactor performance. More 

information on surface-wave (SW) discharges can be found in [18-21]. 

 

Two approaches can be considered when aiming to improve the chemical conversion and/or 

energy efficiency of MWP reactors: (1) the invasive approach, such as the alteration of the 

plasma reactor geometry to attain certain flow regimes or the addition of (a) alkali metal 

coated surfaces or (b) catalysts [22] to optimize plasma conditions, and (2) the non-invasive 

approach, where external elements or fields are applied to the reactor in order to produce 

more uniform and stable plasmas [16]. One example of the former approach is given by 

Bongers et al. [23], where different reactor geometries and configurations (forward and 

reverse vortex, supersonic plasma expansion, quenching tube) were investigated to boost the 

energy efficiency of the CO2 splitting process by rapidly cooling the molecules to avoid 

recombination reactions. Van Rooij et al. [24] proposed to add a coating of low ionization 

potential alkali metals (lithium or sodium) to, among other effects, lower the electron 

temperature in order to promote the dissociation of CO2 molecules via vibrational excitation. 

Bhattacharya et al. [25] studied a similar concept for the use of microwaves to reduce the 

energy consumption for endothermic reactions by including a metallic coating on the reactor 

wall, which brought about significant energy savings. Concerning the second (non-invasive) 

approach, Spencer et al. [26] made use of two bronze waveguides upstream and downstream 

of the plasma ignition zone to investigate CO2 splitting, but its effect on the reactor 

performance was not reported. 

 

In this work, we present modelling and experimental results of a SW sustained microwave 

discharge in which the process performance of two different reactor configurations is 

assessed. A cylindrical waveguide attached to the downstream reactor section is implemented 

to evaluate its potential to increase the absorption of microwave power and enlarge the plasma 

reaction zone. A 2D self-consistent argon microwave plasma model gives insight into the 

spatially-resolved plasma and wave properties (electric field, electron density and 
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temperature), which allows for evaluation of the plasma behaviour. Experimental results for 

the reverse-water-gas-shift (RWGS) reaction shows the influence of the waveguide on the 

process performance. The work focuses on the improvement of CO2 conversion in the RWGS 

reaction and on the understanding of the plasma-wave interplay and its effect on reactor 

performance. 

 

 

2. Materials and methods 

 

2.1. Novel reactor configuration 

The RWGS reaction is explored in a modified version of the SW microwave discharge 

presented in our previous work [27]. The upgraded bench-scale setup and the gas supply unit 

are shown in Fig. 1. The core of the equipment is the same as the one previously used, and 

comprises: (1) solid-state microwave generator (MiniFlow 200SS, Sairem), (2) 

electromagnetic surface-wave launcher (surfatron 60, Sairem), (3) quartz tube (reactor) with 

inner and outer diameters of 4 and 5 mm respectively, and (4) vacuum pump (SC920, KNF). 

With respect to the analytical techniques, mass spectroscopy (QGA Quantitative Gas 

Analyser, Hiden Analytical), optical emission spectroscopy (OES; MAYA2000PRO, Ocean 

Optics) and infrared thermography (FLIR A645 SC infrared thermal camera) are used to 

qualitatively and quantitatively evaluate the plasma performance with two different reactor 

configurations. Both compressed N2 and cooling water are used to cool down the surfatron 

body and the quartz tube outer wall. The operating conditions set in the experiments are: 

reactants flow rate = 0.1-0.4 l/min, pressure = 20-200 mbar, input microwave power = 60-200 

W, feed gas composition H2:CO2 = 1-3, cooling N2 flow rate = 0-40 l/h (Tin = 20 oC), cooling 

water flow rate = 0.3 l/min (Tin = 6 oC), argon flow rate = 5-50 ml/min. As regards the 

experimental procedure, the first step is plasma ignition, which is carried out at low operating 

pressures (6-10 mbar), maximum microwave power (200 W) and argon flow rate of 50 

ml/min. After plasma is ignited, the reactants (CO2 + H2) and argon, as a carrier gas (5 

ml/min), are fed to the reactor. Once the reflected power is minimized and plasma is 

stabilized, the final step involves measuring gas composition, emission spectrum, and infrared 

image. 

 

In this work, attention was paid to the automation of the system. If MWP reactors are to be 

implemented at commercial scale for chemical manufacturing applications, several process 
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aspects must be carefully evaluated; these include (1) safety; the operation of microwave 

discharges entail the consideration of hazards, such as reactor melting, microwave leakage, 

and toxic gas leakage (e.g. CO), (2) controllability; operating MWP reactors implies the 

manipulation and control of a large number of process parameters, which in turn requires the 

development of highly automated systems, and (3) reproducibility; slight variations of 

operating conditions can lead to notable changes in the output product, meaning that the 

installation of accurate measurement devices with rather quick time response is needed to 

react to the inherently fast dynamics of microwave discharges. In this regard, a semi-

automated SW MWP reactor is built, in which hardware such as pneumatic valves operated 

by compressed air (Fig. 1(a)), gas detection systems, a microwave leakage detector and 

several pressure and temperature measurement devices and interlocks are installed along the 

setup. All the aforementioned devices are connected to a CompactRIO controller (National 

Instruments), which controls real-time applications by means of a LabVIEW interface.  

 

 
Fig. 1. Schematic of the (a) gas supply unit and (b) the semi-automated bench-scale SW 

microwave plasma setup. 

 

In addition, an alternative method compared to the one considered in our previous work [27] 

is used to validate the measurements performed via mass spectroscopy. The method involves 

calculation of calibration curves by injecting a tiny amount of argon (5 ml/min) in 

combination with the gas of interest at different mass flow rates. This procedure allows 

finding a calibration factor that relates the ratio of the partial pressure of each gas to the 
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partial pressure of argon. The effect of the addition of argon as carrier gas to the plasma is 

studied by OES, which turned out to have no influence on the intensity of key excited species 

(OH radical, O and H atoms). For further information on this characterization method, the 

reader is referred to the references [26, 28]. 

 

 

3. Results and discussion 

 

3.1.  Modelling work 

To evaluate the effect of an additional cylindrical waveguide on important process parameters 

such as electromagnetic field distribution, electron density, electron temperature and gas 

temperature, a 2D axisymmetric self-consistent argon microwave plasma (MWP) model is 

presented. This model illustrates the variations observed in wave and plasma properties when 

comparing two reactor configurations: (1) single discharge tube MWP reactor as the one 

assessed in our earlier work [27], and (2) secondary waveguide-based MWP reactor presented 

herein. As shortly discussed in the Introduction, several options to enhance the overall process 

performance in MWP reactors can be proposed. In this work, we opt to explore a non-

invasive approach using a cylindrical waveguide to increase absorption of the microwave 

power. The waveguide redirects back to the discharge a fraction of the energy flux that would 

otherwise be dissipated to the surroundings [29, 30]. This concept is further evaluated in the 

following section “Modelling results”. Furthermore, the installation of the waveguide not only 

prevents microwave leakage by encasing the discharge tube, but also facilitates the realization 

of spatially uniform measurements of emission spectra through 5 mm outer-diameter holes 

placed axially along the cylindrical waveguide, see Fig. 1(b). 

 

Fig. 2 shows a schematic drawing of the surface-wave (SW) MWP reactor including the 

secondary waveguide along with the computational domain highlighted in the top section of 

Fig. 2. In the bottom section of Fig. 2, the 2D axisymmetric geometry used in the simulations 

is outlined. The computational domain consists of the plasma region (inside the dielectric 

tube), the quartz (dielectric) tube, the SW launcher (surfatron), where the wave propagation 

cavity and the microwave excitation port are located, the gas inlet and outlet and the 

waveguide placed downstream of the plasma generator. 
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Fig. 2. Schematic drawing of the SW MWP reactor including the reactor configuration, the 

computational domain and the 2D axisymmetric geometry used in the numerical model.  

 

 

3.1.1. Description of the model  

The argon model of the SW microwave discharge is built in the commercial software 

COMSOL Multiphysics [31]. The total model accounts for microwave plasma, laminar flow 

and conductive heat transfer in fluids. The submodels, implemented in respective software 

modules, are solved self-consistently in a frequency-transient study, which calculates the 

electromagnetic field in the frequency domain and the remaining variables in the time 

domain. In this scheme, variations within the microwave cycles are not computed in order to 

attain steady state solutions in much shorter time. Solution times are in the order of 15-20 

min. The multiphysics interface is fully coupled, meaning that it shares parameters or 

variables between the physics simultaneously. The microwave plasma interface can be 

considered as the core of the model. It solves the electromagnetic wave equation (including 

heating of the electrons), the drift-diffusion equations for the conservation of mass and energy 

of electrons, the heavy species transport equations and the ambipolar field due to space charge 

separation. Regarding the electromagnetic field, the transverse electromagnetic (TEM) mode 
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is assumed at the coaxial excitation port. The relative permittivity and permeability are taken 

from the materials specifications. For the drift-diffusion equations, a Maxwellian electron 

energy distribution function is specified and the electron transport properties are given in 

reduced form. 

 

Cross section data is used to determine the electron impact reaction rate coefficients. The 

mixture-averaged model is used for the mass transport, in which the mixture diffusion 

coefficient for each species is computed based on the binary diffusion coefficients of the 

species in the mixture. The thermodynamic and transport properties of the gas mixture are 

calculated by means of the ideal gas mixture model. Ambipolar diffusion is considered for the 

charged species. All the reaction kinetics considered in the argon model are presented in 

Table 1 along with the corresponding references. 

 

Table 1. Reactions included in the model. 
No Process Reaction ΔE [eV] Rate constant Sticking coefficient Ref. 

1 Elastic scattering e + Ar→e + Ar 0 𝑓 𝐸 𝑁  N/A [32] 

2 Ground state excitation e + Ar→e + Ars 11.50 𝑓 𝐸 𝑁  N/A [32] 

3 Superelastic e + Ars→e + Ar -11.50 𝑓 𝐸 𝑁  N/A a 

4 Ground state ionization e + Ar→e + e + Ar+ 15.80 𝑓 𝐸 𝑁  N/A [32] 

5 Step-wise ionization e + Ars→e + e + Ar+ 4.24 𝑓 𝐸 𝑁  N/A [33] 

6 Two-body quenching Ars + Ar→Ar + Ar -11.50 1807b  N/A [34] 

7 Penning ionization Ars + Ars→e + Ar + Ar+ -7.20 3.734·E8b N/A [35, 36] 

8 Quenchingc Ars→Ar N/A N/A 1 N/A 

9 Neutralizationc Ar+→Ar N/A N/A 1 N/A 

 
a Computed with the detailed balancing principle 
b Units in [m3/s·mol] 
c Surface reactions 

N/A: Not applicable 

 

The velocity and pressure fields used as input to the microwave plasma and heat transfer in 

fluids interfaces are solved by the laminar flow module. This is configured to calculate the 

Navier-Stokes and continuity equations for a compressible (Mach < 0.3) single-phase laminar 

flow with the thermodynamic and transport properties taken from the microwave plasma 

interface. Similarly, the temperature field is computed by the heat transfer in fluids module, 

which solves the energy conservation and the Fourier’s law of heat conduction for a fluid with 

the thermodynamic and transport properties taken once again from the microwave plasma 
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interface. Convection and radiation are neglected and the gas heating source is considered to 

be the sum of the heats of reactions solved by the microwave plasma interface. For additional 

information on the equations solved, the reader is referred to [19, 30, 37-40]. 

 

To date, this model cannot be applied to study the RWGS reaction itself as the available 

kinetic models for CO2 and gas mixtures (CO2 + H2) do not allow the computation of spatial 

distributions of the main plasma parameters via 2D self-consistent simulations [41]. 

 

 

3.1.2. Modelling results  

The presented model for argon microwave plasma at reduced pressure allows for assessment 

of the spatial distribution of the wave properties and the most relevant plasma parameters. 

Numerical calculations are carried out at the following process conditions: gas flow rate 0.1 

l/min, inlet gas temperature 293 K, input microwave power 200 W, operating pressure 10 

mbar, inner and outer radius of the reactor 0.002 m and 0.0025 m respectively, and reactor 

length 0.4 m, which match the operating conditions set experimentally for the plasma ignition 

phase. Fig. 3 displays the deposited power over time for both reactor configurations. Fig. 4 

presents the gas temperature and radial power flow, whereas Fig. 5 shows the spatially-

resolved electric field distribution, electron density and electron temperature. The results 

given on the left-hand side of Fig. 4 and Fig. 5 correspond to Case 1 (no waveguide), while 

the results on the right-hand side correspond to the reactor configuration with the waveguide. 

 

 
Fig. 3. Deposited microwave power over time for Case 1 (no waveguide) and Case 2 (waveguide). 

 



 11 

Gas temperature: The main reactions responsible for heating of the gas in argon microwave 

plasma at reduced pressure are: (1) elastic scattering; electrons collide with neutral argon 

atoms causing no change in the internal energy of the colliding particles [42], and (2) two-

body metastable quenching; excited argon atoms quench back to the ground state. 

Temperature gradients observed in the plasma volume are notably high due to very large L/R 

ratio (400/2 mm), where L is the length and R the radius of the reactor, as seen in Fig. 4(a); 

the temperature drops from ~1500 to 300 K within 30 mm. The maximum gas temperature 

calculated, although similar in both cases, is higher in Case 2 due to the higher deposited 

power (Fig. 3). This is also experimentally confirmed as discussed later in section “Optical 

Emission Spectroscopy analysis”. 

 

 
Fig. 4. Modelling results for both reactor configurations: Case 1, left-hand side (extended waveguide 

not included); Case 2, right-hand side (extended waveguide included). (a) gas temperature and (b) 

time-average (t = 0-1·10-3 s) radial power flow. 
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Electric field distribution: The electric field (wave) propagates along the z-direction due to 

the existence of the plasma; the plasma behaves as a waveguide, and simultaneously the 

plasma absorbs energy from the surface waves. As shown in Fig. 5(a-left), the electric field is 

concentrated in the free space surrounding the dielectric tube, right outside the wave launcher 

(z = 120 mm); this is also the region with the highest electron density [29] (see Fig. 5(b)). 

Regarding the case with the secondary waveguide (Case 2) in Fig. 5(a-right), the electric field 

is not concentrated at z = 120 mm, but rather at the first port that is used to measure the 

emission spectrum. This effect is also observed for the radial power flow in Fig. 4(b). Fig. 

4(b-right) also shows that the power flow in the radial direction decreases in Case 2 

(waveguide reactor), which implies reduction in power losses. The introduction of the 

cylindrical waveguide changes the E field and improves the uniformity of the deposited 

power over the plasma volume and therefore enlarges the plasma column. The maximum 

electric field is also altered by the waveguide due to the redistribution of power. Hence, the 

variation of the E field largely influences the plasma parameters, as wave properties, electron 

density (ne), and electron temperature (Te) are self-consistently related to each other [30]. 

 

Electron density: In the process of wave-to-plasma power coupling, the wave energy flux and 

the electron density decay along the discharge. As the wave propagates, a fraction of the wave 

energy is absorbed by the plasma column for its sustenance as far as the condition ne ≥ ncr is 

maintained; the critical plasma density at 2.45 GHz is ncr = 7.5·1016 [1/m3] [15]. Fig. 5(b) 

shows that the maximum electron density is higher in Case 2, as a consequence of a larger 

power density [19, 43] (see Fig. 3). It is also observed that the area with high electron density 

(ne > 1.4·1020 [1/m3]) values in the plasma is enlarged in the presence of the waveguide due to 

the increase in power absorption. 

 

Electron temperature: Electron heating through collisions in the plasma volume takes place 

predominantly through the Ez –field component [18, 30]. As a consequence, the maximum 

electron temperature in Case 1 is higher compared to Case 2. The electric field has a direct 

dependence on the electron temperature [42] under the considered chemistry and conditions in 

the model. Nevertheless, as seen in Fig. 5(c), the spatial distribution of the electron 

temperature is more uniform in Case 2 as a result of the enhanced electric field distribution.  
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In conclusion, the proposed argon microwave plasma model allowed us to investigate the 

effect of an extended waveguide on the electromagnetic field distribution, the net input 

(deposited) microwave power, the key plasma parameters (ne and Te) and the gas temperature. 

We believe that the improvement on electron density and temperature uniformity in the 

discharge in combination with the gas temperature increase has the largest impact on the 

experimental results reported in the following section “Experimental work” for the RGWS 

reaction. From the engineering point-of-view, practical models, as the one presented herein, 

are of importance for further development of the microwave plasma (MWP) technology in 

general and alternative reactor configurations for improved process performance and 

scalability. The development of reduced kinetic models for key gas phase plasma chemistries, 

such as CO2 splitting, RWGS (CO2 + H2) and dry reforming of methane (CH4 + CO2) is an 

important challenge in the plasma field [41]. 
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Fig. 5. Modelling results for both reactor configurations: Case 1, left-hand side (extended waveguide 

not included); Case 2, right-hand side (extended waveguide included). (a) electric field norm 

distribution, (b) electron density and (c) electron temperature. 
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3.2. Experimental work 

In the previous section, a numerical model was proven to be a useful tool for the study of a 

process in alternative SW MWP reactor configurations. Research studies combining 

modelling and experimental work in MWP reactors are rather limited. In our previous work 

[27], we studied the RWGS reaction in a SW MWP reactor without an extended waveguide 

and reported CO2 conversion up to 80% at a feed H2:CO2 ratio = 3. In this work, we carry out 

a detailed evaluation of the RWGS reaction in a novel reactor configuration involving an 

extended waveguide. To assess process performance, mass spectroscopy, optical emission 

spectroscopy and thermal imaging are used as analytical techniques, and the experimental 

results are presented in the following paragraphs. 

 

3.2.1. Effect of the secondary waveguide on CO2 conversion  

With the aim of evaluating the RWGS reaction performance in two different reactor 

configurations, the operating conditions are kept constant in all the experiments. The inlet gas 

flow rate is maintained at 0.4 l/min, the net input microwave power at 150 W, and pressure at 

25 mbar. The feed gas composition (H2:CO2) is varied from 1 to 3 (same as in our previous 

work [27]). The results presented in Fig. 6 shows that the addition of the waveguide leads to 

an improvement of about 50%, from 40% to 60%, on CO2 conversion at a ratio H2:CO2 = 1. 

However, the effect is nearly negligible at higher ratios. To interpret the difference observed 

at ratio H2:CO2 = 1, the reader is referred to Fig. 7 in which the RWGS reaction is evaluated 

through a 0-D isothermal kinetic model [27]. At relatively low gas temperatures (1900-2100 

K), the CO2 conversion experiences large variations with small changes in gas temperature 

and/or the residence time. In Case 2, the waveguide increases the absorption of microwave 

power (Fig. 3 and Fig. 4) that leads to gas temperature rise (Fig. 4) and slight extension of the 

plasma column (residence time increase) (Fig. 4 and Fig. 5); this results in higher CO2 

conversion. The plasma generation system investigated in this work is a surface-wave 

launcher, so-called surfatron, which produces rather warm plasmas (2000-2500 K) within the 

category non-equilibrium discharges [44]. Even though the microwave discharge can be 

considered to be in non-equilibrium conditions due to the difference between electron 

temperature and gas temperature, presumably the dominant chemical reactions are thermally 

driven – that is, the CO2 conversion improves when increasing the temperature of the bulk 

gas.  
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At higher ratios H2:CO2 ratios, this effect is no longer observed because in both cases, (i.e. 

with and without the waveguide), the gas temperature as well as the residence time are high 

enough to drive the CO2 conversion to saturation on a shorter time scale, as displayed in Fig. 

7 for H2:CO2 = 3. This finding is further evaluated in the following sections by means of 

OES.  

When syngas is to be produced via the RWGS reaction, it is important to maximize the 

conversion of CO2 to CO while using a minimum amount of H2 as raw material, given that the 

production cost of H2 is the main parameter driving the overall operating cost (OPEX) [10, 

11, 45]. First, it is still expensive to manufacture H2 via renewable energy-based production 

processes (electrolysis, plasma-assisted, photocatalysis) [46]. Second, low H2:CO2 feed ratios 

imply smaller MWP reactor volumetric footprint [47], which is beneficial given the current 

limited scalability of the MWP technology [48].  

 

 
Fig. 6. Comparison of CO2 conversion for two MWP reactor configurations: Case 1, extended 

waveguide not included; Case 2, extended waveguide included. Operating conditions: total gas flow 

rate = 0.4 l/min, net input microwave power = 150 W, operating pressure = 25 mbar.  
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Fig. 7. Modelling results of RWGS reaction (CO2 conversion) vs residence time at different gas 

temperatures (image reprinted with permission from [27]). Two feed gas mixture ratios are considered 

in the calculations; H2:CO2 = 1 (solid lines) and H2:CO2 = 3 (dot lines). 

 

 

3.2.2. Optical Emission Spectroscopy (OES) analysis 

To better understand the influence of the cylindrical waveguide on the SW microwave 

discharge, emission spectra obtained from the two MWP reactor configurations are analysed 

at different input microwave power values. Furthermore, the electron and gas temperatures 

are quantified by means of OES. In both cases, the measurements are taken 10 mm 

downstream from the surfatron launcher, where the first access port in the waveguide is 

located.  

 

The emission line intensity is used to identify the relative quantities of the different excited 

species present in the plasma [49-52]. Fig. 8 highlights the changes observed in the 

concentration of key excited species when considering the two reactor configurations. It is 

clear that raising the input microwave power increases the production of reactive species, 

mainly OH radical, H and O atoms, as discussed in [53]. Notably, the concentration of OH 

radicals is larger in Case 1 (without waveguide), whereas the concentration of O atoms 

largely decreases in Case 1 as compared to Case 2 (waveguide reactor). This indicates that the 

CO2 conversion process occurs faster in Case 2 due to the higher gas temperatures reached in 

the plasma; the higher concentration of O atoms is directly related to the degree of CO2 

dissociation. Based on the results, one can expect that the configuration of Case 2 (waveguide 
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reactor) would lead to higher CO2 conversions, which indeed occurs at a feed ratio of H2:CO2 

= 1 as displayed in Fig. 6. Hence, it is shown that the inclusion of an external element can 

alter the concentration of key excited species that dominate the plasma chemistry due to 

variations in wave and plasma properties, eventually leading to better reactor performance. 

 

To further evaluate changes in the plasma parameters when adding a cylindrical waveguide to 

the MWP reactor, the electron temperature (Te) and gas temperature (Tg) are calculated. We 

intended to estimate the electron density as well, but due to the low optical resolution of the 

employed spectrometer (> 1 nm FWHM), it was not possible to capture the Hβ line at all feed 

ratios with enough data points to perform accurate fitting. The same methods used in our 

earlier work [27] are herein considered too for the determination of these parameters. In 

particular, Te is determined based on its dependence on the atomic oxygen lines [26, 54, 55]. 

However, it should be noted that this method only provides rough estimations of Te, therefore 

it is used to assess trends as to how operating process conditions influence plasma parameters 

and, consequently, the reactor performance. Concerning Tg, the detected OH radical [56] is 

used in the calculation process. The results obtained for the two reactor configurations are 

presented in Table 2. The values of Te show a change in trend when comparing both cases, 

meaning that Case 2 shows a higher Te than Case 1 at feed H2:CO2 = 1, whereas at higher 

ratios, Case 1 has higher Te values. The electrons can be energized to higher values when the 

dissociation rate of the molecules increases; higher dissociation of CO2 and H2 molecules 

results in larger concentration of atomic species in the plasma, which cannot be excited 

vibrationally and/or rotationally by electrons. Due to the lack of energy transfer via 

vibrational and rotational excitation processes, electrons gain higher energies at a constant 

input microwave power, as seen in Table 2 for H2:CO2 = 1. The influence of the conversion 

rates on Te for CO2 splitting was also discussed by Kozak et al. [57], who showed that high 

power densities, which resulted in higher CO2 conversions, led to lower Te values due to 

variation in the species concentrations. 
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Table 2. Electron temperature (Te) and gas temperature (Tg) for both reactor configurations. Operating 

conditions: total gas flow rate = 0.4 l/min, net input microwave power = 150, operating pressure = 25 

mbar. 

 CASE 1 = NON-WAVEGUIDE     CASE 2 = WAVEGUIDE 

Te [Ev] 
H2:CO2 = 1 1.43 H2:CO2 = 1 1.72 
H2:CO2 = 2 1.75 H2:CO2 = 2 1.73 
H2:CO2 = 3 1.96 H2:CO2 = 3 1.81 

     

Tg 
[K]à (OH)  

H2:CO2 = 1 2191 H2:CO2 = 1 2576 
H2:CO2 = 2 2382 H2:CO2 = 2 2687 
H2:CO2 = 3 2446 H2:CO2 = 3 2702 

 

 
Fig. 8. Emission spectra at different input microwave power for (a) Case 1, waveguide not included 

and (b) Case 2, waveguide included. Operating conditions: total gas flow rate = 0.4 l/min, feed 

composition H2:CO2 = 1, operating pressure = 25 mbar. 
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However, the opposite behaviour is observed at higher H2:CO2 ratios where the concentration 

of H2 is well in excess of the concentration of CO2. The gas mixture change makes the H2 

chemistry dominate over the CO2-related chemical processes. As stated by Hassouni et al. 

[43], in pure H2 microwave discharges, the energy transfer channels highly depend on the 

considered discharge conditions. At low-power density, the predominant energy dissipation 

channel is through electron-impact H2 dissociation, whereas at high-power density, a large 

fraction of the energy is dissipated in elastic collisions (~3 times higher than that dissipated 

through H2 dissociation). At high H2:CO2 ratios, the power density is higher when the 

waveguide is included (Fig. 3), meaning that more energy is lost via elastic collisions yielding 

lower Te values compared to the single discharge tube case (see Table 2). As the gas 

temperature increases, especially at the highest ratio (H2:CO2 = 3), the variation of Te in Case 

2 (waveguide reactor; Te = 1.81 eV) versus that in Case 1 (single plasma tube-no waveguide; 

Te=1.96 eV) shows that the plasma evolves faster from non-equilibrium towards thermal 

plasma conditions when the waveguide is present. Additionally, we should note that the 

electron density strongly depends on the power density [30, 58] and the H2 content [27, 59]. 

Hence, higher electron density values are expected in the waveguide case and at high H2 feed 

concentrations. 

 

Regarding gas temperature Tg, the waveguide enhances the absorption of microwave power, 

which results in bulk gas temperature rise [19, 60], as shown in Table 2. The gas temperatures 

reported herein are mainly intended to draw conclusions from a qualitative perspective 

considering that these values are likely overestimated due to the lack of sufficient data points 

for a good fitting [27]. Nevertheless, the trends show that the largest difference is found at 

H2:CO2 = 1, where the thermal conductivity of the gas mixture has its minimum, i.e. the 

thermal conductivity of CO2 is roughly 8 times lower than that of H2. When H2 is fed in 

excess (H2:CO2 > 1), the thermal conductivity of the plasma increases causing a more uniform 

gas temperature distribution and lower gas temperature differences between the two reactor 

configurations (18%, 13%, 10% for H2:CO2 = 1-3, respectively). 

 

 

3.2.3. Infrared imaging 

Thermography or infrared thermal imaging is a commonly used plasma diagnostics technique 

in fusion research [41-43]. Infrared radiation (IR) is emitted by all objects, and the amount of 
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radiation increases with temperature. The radiative properties of a body are denoted by the 

emittance or emissivity (ε), which changes with temperature. In this work, the IR camera is 

used for the identification of the plasma length along with the dissociation and recombination 

zones (Fig. 9). As stated by Fridman et al. [42], molecules are mostly dissociated into atoms 

in a zone with higher temperature and are much less dissociated in lower-temperature zones. 

Therefore, in Fig. 9, the IR camera enables us to visualize the effect of the feed H2:CO2 ratio 

on the plasma, i.e. the dissociation or high temperature zone (whitish) and the recombination 

or low temperature zone (bluish) [61, 62]. Fig. 9 shows clearly how the dissociation zone is 

enlarged and the recombination zone is shrunk when increasing the feed ratio H2:CO2 from 1 

to 3. At feed ratio 4, the difference is barely noticeable. This also agrees with the fact that H2 

presents much larger thermal conductivity compared to CO2; thus the increase in the H2 

content should result in enlargement of the high temperature zone in combination with greater 

plasma uniformity [42, 44, 59, 63]. This explains the higher CO2 conversions obtained at high 

H2:CO2 ratios. 

 

 
Fig. 9. Thermal images of the plasma reactor (Case 1, waveguide not included) at different feed 

H2:CO2 ratios. The dimensions specified in the Figure (red colour numbers) are in cm scale. The 

temperature scale on the left is calculated considering an emissivity of quartz equal to 0.9. These 

values do not represent the gas plasma temperature, but rather a rough estimation of the surface 

plasma/inner reactor wall temperature. Operating conditions: total gas flow rate = 0.4 l/min, net input 

microwave power = 150, operating pressure = 25 mbar. 

 

 

3.2.4. Effect of other process parameters on CO2 conversion 

The effects of operating pressure and cooling N2 flow rate on CO2 conversion are assessed. 

The operating pressure defines how close or far from thermal equilibrium plasma is, as it 
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influences directly the electron-neutral collision frequency and therefore the energy 

transferred from the electrons to the bulk gas. As reported by Fridman et al. [42], the optimum 

pressure range for plasma-chemical applications in microwave discharges lies in the range 20-

200 mbar. At relatively low pressures (20-70 mbar), the diffusive regime prevails in the 

plasma; the discharge is attached to the wall (expanded-like plasma), whereas at intermediate 

pressures (70-200 mbar), the combined regime takes place in which a contraction of the 

discharge is observed (contracted-like plasma). The experimental results in Fig. 10(a) show 

that there is a minimum CO2 conversion at ~75 mbar. It appears that this minimum is 

presented at the transition point, where the plasma evolves from a diffusive to a combined 

regime. 

 

We measured the emission spectra at three different pressures within the diffusive regime (22, 

44, 66 mbar) to gain insight into how the operating pressure influences the chemical species 

present in the plasma. Fig. 10(b) shows that increase in pressure (up to 66 mbar) decreases the 

concentration of reactive species (OH radical, H and O atoms), which drive the RWGS 

reaction in the plasma. As already mentioned, the generation of O atoms is directly linked to 

the CO production rate. Belete et al. [53] studied the direct dissociation of CO2 and H2O for 

syngas production in a microwave plasma reactor, showing that a higher operating pressure in 

the diffusive regime results in lower generation of excited species, as seen in Fig. 10(b) for 

the RGWS reaction. 

 

Another important parameter is the cooling N2 flow rate. The effect of the cooling water is 

also evaluated, although it has no measurable effect on the reactor performance. The cooling 

N2 flow rate, meant to cool down the quartz tube, affects significantly the CO2 conversion as 

outlined in Fig. 11. While CO2 conversion is ~35% at low N2 flow rates, it drops down to 

~15% when the N2 flow rate is increased to 40 l/h. This is also noticed visually during the 

experiments, where the increase in the N2 flow rate shrinks the dissociation (brightest) zone in 

the plasma. Note that to sustain plasma with no N2 cooling, the input microwave power has to 

be lowered considerably in order not to melt the quartz tube. This represents a compromise 

between the integrity of the MWP reactor and its performance. Therefore, careful design of 

the cooling system to avoid reactor melting while optimizing the plasma potential is required 

when developing MWP technology.  
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Fig. 10. (a) Effect of operating pressure on CO2 conversion and (b) the emission spectra at three 

different pressures, for Case 2 (waveguide included). Operating conditions: total gas flow rate = 0.4 

l/min, feed gas composition H2:CO2 = 1, net input microwave power = 150 W. 

 

 

 
Fig. 11. Effect of the cooling N2 flow rate on CO2 conversion for Case 2 (waveguide included). 

Operating conditions: total gas flow rate = 0.4 l/min, feed composition H2:CO2 = 1, net input 

microwave power = 80 W, operating pressure = 25 mbar. 
 

 

4. Conclusions 

A novel surface wave-sustained microwave discharge reactor configuration was numerically 

and experimentally investigated to improve CO2 conversion to CO through the reverse water 

gas-shift reaction in gas phase. We developed a 2D axisymmetric self-consistent model of 

argon microwave plasma to study the influence of a cylindrical waveguide on the electric 

field distribution, key plasma parameters, and gas temperature. The modelling results show 
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that the waveguide increases the absorption of microwave power by the plasma, which in turn 

increases the gas temperature. The spatial uniformity of the electron density and electron 

temperature is improved as well in the presence of the waveguide. We proved experimentally 

that the waveguide changes the plasma reactor performance. CO2 conversion increase by 

50%, from 40% to 60%, is achieved for the stoichiometric feed gas composition ratio H2:CO2 

= 1 when the waveguide is present. At higher feed ratios, the effect of the waveguide is nearly 

negligible. Increase in H2 content in the feed (H2:CO2 > 1) causes a rise in gas temperature 

and residence time, which drive the dissociation of CO2 to saturation on a shorter time scale 

as compared to the case of H2:CO2 = 1. Furthermore, the formation of other carbon-bearing 

products (e.g. methane, methanol) was analysed throughout all the experiments. It was 

observed that negligible amounts of these species are formed, implying that nearly 100% 

selectivity of CO2 to CO is achieved. 

 

We also studied how the operating pressure in the range 20-200 mbar and the cooling N2 flow 

rate influence the reactor performance. The CO2 conversion presents a minimum at ~75 mbar, 

which might be related to the change in the plasma operating regime from diffusive to 

contracted mode. The effect of the cooling N2 flow rate on CO2 conversion is remarkably 

high, meaning that careful design of the cooling system is required to optimize plasma 

efficiency. 
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