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Abstract 

We investigate plasma-based CO2 conversion into CO, a valuable feedstock for producing hydrocarbons via Fischer-

Tropsch synthesis. However, CO-rich outputs for industrial use are currently limited by recombination reactions and the 

presence of O2 in the product stream. To address this, we place a carbon bed after the plasma to convert O2 into additional 

CO, while exploiting the reverse Boudouard reaction to further enhance CO2 conversion and CO enrichment. Previous 

studies have shown promising results, but reactor designs still need optimization, and the interaction between plasma 

and carbon bed remains unclear. In this study, we improve the coupling between the plasma and carbon bed, achieving 

outstanding performance, with CO2 conversion exceeding 40% and energy cost below 2.8 eV/molecule (or 278 kJ/mol, 

corresponding to ca. 5 GJ per tonne CO or 1.4 kWh per kilogramme CO). This represents over a fourfold increase in 

conversion and nearly a fourfold reduction in energy cost compared to plasma experiments without carbon bed. Our 

detailed kinetic modeling reveals that the performance improvement is primarily due to the efficient removal of O2, which 

is converted into CO2, followed by the reverse Boudouard reaction, which enriches the CO output due to the high 

temperatures from close plasma contact. Thus, coupling a CO2 plasma with a carbon bed boosts the industrial viability of 

CO2 valorization, offering an attractive alternative to existing plasma-based CO2 splitting technologies, which typically 

require an order of magnitude more energy for similar conversion levels. 
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1. Introduction 

CO2 capture and utilization (CCU) is a strategic approach to mitigating climate change that has garnered increasing 

attention over the last decade. CO2 utilization refers to the production of one or more economically valuable products 

from CO2 conversion [1]. Among the various pathways, the production of CO through CO2 splitting is particularly 

noteworthy, as CO serves as a primary feedstock for synthesizing liquid hydrocarbons via the Fisher-Tropsch process or 

for producing methanol and dimethyl ether through a two-step conversion process [2]. 

However, CO2 splitting is inherently a highly endothermic reaction, requiring temperatures of at least 2000 K at 

atmospheric pressure [3]: 

CO2 → CO + 1/2 O2, with ΔHR° = 283 kJ/mol (or 2.9 eV/molecule) (1) 
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At industrial level, heat for endothermic reactions is still largely provided by the combustion of fossil fuels, thus rendering 

CO2 utilization drastically ineffective for decarbonization. Alternatively, endothermic processes can be electrified to 

recover their decarbonization potential and integrate them with renewable energy sources [4]. 

In this context, plasma is a valuable ally, as it has been demonstrated that its high-energy can activate highly endothermic 

reactions, such as CO2 splitting, H2O decomposition, and dry reforming of methane (DRM) [3,5,6]. Particularly, gas 

discharge plasmas offer the following advantages: 1) Chemical reactions can be driven through high-energy electrons and 

reactive species, overcoming the energy barriers of traditional thermal reactions, even without catalysts [5,6]; 2) They are 

generated by electricity, and can be quickly switched on/off, so they can be coupled with intermittent renewable energy 

generation, making them suitable for miniaturized and distributed applications and for electrification of chemical 

processes [7,8].  

Various gas discharge plasmas have been employed for CO2 conversion [3], including dielectric barrier discharges (DBD) 

[9,10], nanosecond repetitively pulsed (NRP) discharges [11–13], and so-called “warm” plasmas, such as gliding arc (GA) 

discharges [14,15] and microwave (MW) discharges [16–21], offering promising results. DBD can typically achieve 

relatively high CO2 conversions (up to 90%) due to the presence of high-energy electrons (e.g., > 3 eV). However, its energy 

efficiency remains relatively low (< ~10%) [3], and its processing capacity is limited, generally handling only 10-100 mL/min, 

which hinders its scalability for industrial applications. On the other hand, both MW and GA plasmas offer reasonable CO2 

conversion (e.g., 20%) and improved energy efficiency (e.g., 30%), since they can theoretically utilize up to 90% of the 

electron energy for vibrational excitation, enabling CO2 decomposition via the efficient "ladder-climbing" mechanism [22–

24]. However, this vibrational dissociation pathway is not important when operating at atmospheric pressure, because of 

efficient vibrational-translational relaxation, depopulating the vibrational levels and resulting in gas heating (hence the 

name “warm” plasma). Therefore, in practice CO2 decomposition in these warm plasmas, when operating at/near 

atmospheric pressure, mainly occurs by thermal chemistry. Thus, the highest energy efficiency of CO2 conversion for MW 

plasmas is typically reported under low-pressure conditions (e.g., 40-130 mbar [17,25–27]), whereas at atmospheric 

pressure, high energy efficiency is only achieved together with low CO2 conversion (ca. 10%) [28,29], or in particular 

configurations, e.g., with quenching nozzles [20,30,31]. Therefore, at the status of development, energy-efficient CO2 

conversion in MW plasmas requires low-pressure operations, which increases the system complexity and energy cost. In 

addition, MW setups generally involve higher capital costs compared to other plasma technologies, such as GA discharges 

[32,33]. Hence, considering that MW and GA discharges have similar performance under equivalent experimental 

conditions (such as pressure and power) [34], the latter stand out due to their greater simplicity and cost reduction [32,33]. 

One of the main factors limiting the energy efficiency of warm plasmas is the recombination reactions between CO and 

O/O2, which regenerate CO2 and thus reduce the overall conversion [35]. A viable approach to overcoming this limitation 

is by quenching (i.e., fast cooling of the product gas, to avoid recombination) [30,31,36], or by the introduction of reducing 

agents, such as metal reductants [37,38], carbon materials [39–41], methane [42,43], or hydrogen [42,44], which remove 

oxygen from the products, thereby also suppressing CO2 recombination reactions [38,44]. The oxygen removal not only 

enhances the CO2 conversion but also reduces product separation costs in subsequent applications [7]. 

Among various reducing agents, carbon materials, particularly biochar, stand out due to their well-established preparation 

process, ready availability from renewable biomass, and highly porous structure with high reactivity, making them one of 

the best choices for improving sustainable CO2 conversion [45,46]. However, their use presents challenges, notably their 

purity and solid-state nature. Purity affects the buildup of ash during gasification, with severity depending on the origin of 

the biochar. Excessive ash can hinder the process, while small amounts containing specific minerals, such as potassium 

[47], can enhance biochar reactivity during CO2 gasification. In fact, alkali and alkaline earth metals are known catalysts 

for biochar gasification, whereas silicon and aluminum have an inhibiting effect [48]. The presence of SiO2 and Al2O3 in 

biochar reduces its reactivity by forming inactive complex silicates with elements such as K, Na, Ca, Mg, and Fe [48]. This 

means that biochar reactivity is highly dependent on its material properties, denoting it cannot be treated as a uniform 

material but rather as a diverse and heterogeneous class of materials.  



Another challenge of using biochar as a reducing agent stems from its solid-state nature, which limits the interaction 

between the gas and the biochar. To optimize gas residence time and maximize contact between the gas and the active 

sites of biochar, careful bed design is required. 

The viability of biochar gasification with CO2 is demonstrated by the number of works published in the last decades [49]. 

However, despite extensive research, many questions remain unresolved. These include understanding the relationship 

between biochar structure and gasification reactivity, isolating the effects of individual parameters within a complex web 

of interrelated factors, and exploring the use of catalysis to improve conversion while avoiding catalyst deactivation [49]. 

Temperature plays a crucial role in the gasification of biochar with CO2 due to the high endothermicity of the process. This 

involves the splitting of inert CO2 through dissociative chemisorption and, subsequently, the weakening of the local 

structure and rearrangement of the carbon surface to desorb CO [50]. This reaction, known as reverse Boudouard reaction 

(RBR), requires temperatures exceeding 1000 K [48]:  

C(s) + CO2(g) ⇌ 2 CO(g), with ΔHR° = 172 kJ/mol (or 1.8 eV/molecule) (2) 

Various heat sources have been explored to enhance the RBR rate during gasification, including conventional convective 

heating [48,51], solar-driven gasification [52–54], and microwave-driven CO2 gasification [51,55–57]. Notably, MW heating 

has demonstrated a 60–70% reduction in the activation energy for CO2 gasification and achieved energy efficiencies of 45% 

at the laboratory scale [58]. However, substantial further research is needed to scale this technology for industrial 

applications [49]. 

Recent studies have shown significant promise in plasma-driven RBR with solid carbon [39–41,59–62]. Plasma not only 

provides the heat required to activate biochar reactivity but also generates a reactive gas mixture that can lower energy 

barriers for surface reactions or even introduce new reaction pathways. In plasma-based CO2 conversion, this involves 

producing O atoms and O2, following reaction in Eq. (1), resulting in a combination of CO2 and O2 gasification when biochar 

is used [41]. Typically, biochar is introduced in a plasma reactor downstream of the discharge zone, either as a fluidized  

or fixed bed [40]. This setup allows for better utilization of the waste heat from the plasma to convert unreacted CO2 

molecules through RBR (Eq. 2). In addition, biochar reacts with O2 (or O atoms) to produce additional CO, further improving 

CO2 conversion by removing one of the splitting products, suppressing recombination reactions, and enriching the product 

stream of CO This is highly advantageous for industrial application, as separation of O2 from CO remains a significant 

challenge [63] and a critical factor in the overall process cost [7]. Notably, achieving an O2-free exhaust gas (i.e., ideally 

pure CO) is essential for directly utilizing the output of CO2 splitting in industrial processes, such as the Fischer-Tropsch 

synthesis.  

One of the earliest applications of plasma-driven RBR was reported by Uhm et al. [59] where coal powder was introduced 

downstream of a CO2 MW discharge. The authors achieved an optimal CO2 conversion of 40% under their highest specific 

energy input (SEI) conditions, corresponding to 24 kJ/L (5.99 eV/molecule) with a high power input of 4 kW and a low flow 

rate of 10 L/min. Subsequently,  Liu et al. [60] employed an atmospheric pressure thermal plasma (TP) torch operating in 

a mixture of Ar and CO2 to react with coke particles ranging from 5 to 8 mm in diameter. Their highest CO2 conversion of 

95% was achieved with a power input of 16 kW and a near 1:1 mixture of Ar and CO2 (25 L/min and 26 L/min, respectively). 

When the CO2 fraction was increased to a maximum ratio of 1:1.4 (Ar:CO2) at a fixed power of 14 kW, the conversion 

decreased to 68%. However, this adjustment resulted in an improved energy cost (EC) of 0.34 MJ/mol CO, since effective 

conversion (which accounts for the fraction of CO2 at the inlet) increased. Further research by Li et al. [61] extended the 

work of Liu et al. [60] by investigating the impact of introducing CO2 into the afterglow of a TP discharge rather than using 

it as one of the discharge gases. They also employed optical emission spectroscopy (OES) to analyze the species present 

in the afterglow. When CO2 was introduced as a discharge gas, the inlet stream was diluted with Ar, similar to the approach 

of Liu et al. [60], and C2 Swan band emissions were observed in the afterglow, showing that significant dissociation had 

occurred. Instead, injecting CO2 into the afterglow of an Ar/N2 discharge yielded no detectable C2 Swan band emissions, 

indicating minimal or no CO2 dissociation. Swapping afterglow for plasma injection increased CO2 conversion from 35% to 

70%. The authors attributed this enhancement to the combined effects of plasma-based CO2 dissociation and RBR 

occurring in the carbon bed.. Most recently, Wu et al. [62] combined an atmospheric pressure MW plasma with a carbon 



bed, using Ar and CO2 as input gases. The authors examined the influence of Ar dilution on system performance, finding a 

nearly linear increase in absolute CO2 conversion with rising Ar fractions. The energy efficiency peaked at Ar fractions of 

30–40%, but decreased at higher concentrations due to the disproportionate allocation of energy to Ar ionization rather 

than CO2 dissociation. Finally, the authors compared biochar derived from two sources, namely coconut shell and bamboo. 

The smaller coconut shell char yielded the best results, with an optimal absolute CO2 conversion of 75% and a 

corresponding energy efficiency of 30%. However, when accounting for the proportion of CO2 relative to the total feed 

gas mixture, the effective CO2 conversion was determined to be 60%. 

This works have proven the effectiveness of combining a carbon bed with a TP, with the latter providing strong heat fluxes 

needed to activate the highly endothermic RBR. Despite this, what appears to be an advantage for the carbon bed 

reactivity becomes a significant drawback for the lifetime of the reactor, particularly for the electrodes, which are highly 

susceptible to corrosion due to the high temperatures and resulting exposure to a strongly oxidizing environment. To 

mitigate this effect, argon is added to the CO2, but this significantly increases the process cost, both due to the price of 

argon and the additional expense of separating the products from argon. This limitation can be circumvented by employing 

electrodeless configurations, such as in the case of MW plasmas. However, this setup has been studied very little to date 

as shown Table 1, and there is no guarantee that argon is not still used, as in the case of Wu et al. [62], who do not specify 

whether it was added to protect the reactor or for other reasons. 

Alternatively, warm plasmas can be employed without the need to introduce an inert gas, thanks to the milder discharge 

conditions, which result in reduced reactor degradation. Huang et al. [39] demonstrated the first implementation of a 

post-plasma carbon bed with a CO2 gliding arc plasmatron (GAP). In the presence of carbon, the peak CO2 conversion 

improved from approximately 7% to 21%, though at the expense of energy efficiency, which dropped from 36% to 24%. 

The observed reduction in energy efficiency occurs because the optimum flow rate for conversion with biochar is lower 

than in the empty reactor case. Nevertheless, their study proves that the carbon bed can improve CO2 conversion even at 

average temperatures lower than those observed in previously studied TPs. Subsequently, Zhang et al. [40] studied the 

effects of solid carbon characteristics and fluidization on the CO2 conversion in a similar GAP setup, revealing that materials 

with higher carbon content yielded better conversion, while fluidized beds showed lower conversion, due to a 

combination of a lower measured gas temperature and a higher recombination rate of the produced CO and O2 due to 

the longer pathway before reacting with the biochar. The authors also conducted thermal RBR experiments, wherein heat 

was supplied to the gas externally without plasma. These experiments revealed that the maximum CO2 conversion 

achievable through thermal RBR is approximately 5.3% at 1273 K, significantly lower than the 27.1% and 41.5% obtained 

with plasma in [40] and in this paper, respectively. The results from these thermal RBR experiments were used to calibrate 

the kinetic model employed in this study, as detailed later in Section 3.2. At the same time, Girard-Sahun et al. [41] 

investigated the addition of solid carbon to another GAP reactor, reporting enhanced CO2 conversion and energy efficiency 

by almost a factor two, a reduction in energy cost by almost a factor two, and even three times higher CO yield, while 

nearly completely removing O2. Furthermore, they linked their experimental results with kinetic modeling, showing how 

the carbon bed increases the CO2 conversion, by removing oxygen, although deactivation occurred over time due to 

surface saturation with oxygen complexes. More recently, O’Modhrain et al. [64] further improved the performance of 

this GAP reactor by switching from AC to DC to increase the effluent gas temperature and by optimizing the carbon bed 

design, specifically evaluating the effects of bed length and additional insulation. They tested three different carbon beds, 

using the same type of activated carbon at two distinct SEI values. With the longest bed, they achieved a maximum CO2 

conversion of 41%, a minimum EC of 4.25 eV/molecule, and a peak energy efficiency of 51%. 

Overall, these studies indicate that placing a carbon bed downstream a CO2 plasma can significantly enhance the CO2 

conversion and, as a result, the energy efficiency. The latter metric is however difficult to determine when the conversion 

process involves solid reactants that are highly inhomogeneous, like carbon from biomass pyrolysis. First of all, it is 

important to determine which reactions are potentially contributing to the conversion process, and specifically how much 

CO2 is dissociated in the gas phase or at the carbon surface through the RBR. Additionally, partial oxidation reactions, 

converting O/O2 into further CO, are also crucial for calculating energy efficiency. In order to correctly calculate the energy 

efficiency, the contribution of each reaction channel must be known; however, this can only be estimated through detailed 

kinetic modelling [41] or by making key assumptions on the reaction pathways. But even if we know the contribution of 



each reaction, energy efficiency can only be calculated by knowing the enthalpy associated with each reaction. This is even 

more difficult to estimate, because the energy associated with each carbon active site depends on numerous factors, such 

as structure, degree of oxidation, presence of impurities (e.g., H2) [50,65,66]. Therefore, in order to compare the 

performance of CO2 splitting with and without a carbon bed, we believe EC is a more appropriate performance metric 

than energy efficiency, as it does not require detailed information about the enthalpy of the reactions involved. EC as a 

function of CO2 conversion for plasmas with and without carbon bed, reported in literature and in this work, is compared 

in Figure 1. 

 

Figure 1. Energy cost vs CO2 conversion for plasma-based CO2 conversion without (blue spheres) and with (red stars) 

carbon materials. The numbers correspond to the first column in Table 1, which provides more information on the 

plasma type, exact values of the performance metrics, operating conditions, and the corresponding references. 

“Table 1. Comparison of the performance of CO2 conversion among different plasmas. Each row corresponds to a point 

in Figure 1, labelled according to the first column. Experiments with a carbon bed are denoted according to the plasma 

type, followed by “+C”. If argon is introduced in the feed gas, its flow rate is specified along with that of CO2. 

Label 

Fig.1 

Plasma 

type 

CO2 conversion Energy cost CO2 flow rate Power Reference 

(%) (eV/molecule) (L/min) (W) 

1 GAP+C 41.5 2.8 5 412  This work 

2 GAP+C 41 4.25 10 1133 [64] 

3 GAP+C 27.1 4.9 5 470  [40] 

4 GAP+C 12.6 3.9 10 533  [41] 

5 GAP+C 21.3 7.5 4 454  [39] 

6 MW+C 36.7 4.7 10 1600  [62] 

7 MW+C 60 4.2 4.8+Ar(1.2 L/min) 1800  [59] 

8 TP+C 94.2 4 23+Ar (25 L/min) 14000 [60] 

9 GAP 10 10.3 7 519  [40] 

10 GA 6 10.1 10 400  [67] 

11 GA 11.1 14.2 3 339  [68] 

12 GA 9.6 9.0 6.5 404  [15] 

13 GAP 8.6 9.8 10 604  [14] 

14 MW 10.5 14.7 16 1675  [16] 

15 MW 31.3 30.8 5 3500  [18] 

16 MW 42.6 65.1 1.2 120  [19] 



17 DBD 16.9 81.4 4.37 x 10-2 60  [10] 

18 DBD 44 77.1 5 x 10-2 30  [9] 

 

The comparison highlights that, in plasma-based pure CO2 splitting (without carbon bed), a high conversion is associated 

with high EC. Interestingly, the opposite trend is observed when carbon materials are added, significantly reducing EC, 

while simultaneously increasing conversion. Osorio-Tejada et al. [69] compared EC of producing one tonne of CO using 

the plasma-driven RBR method from Girard-Sahun et al. [41] with CO2 electrolysis and other conventional methods for 

CO2 splitting. They found that the use of a carbon bed resulted in a 43% reduction in EC. This reduction is even more 

remarkable when considering that our best results achieve a cost of approximately 5 GJ per tonne CO or 1.4 kWh per 

kilogramme CO, whereas Girard-Sahun et al. [41] obtained a minimum EC of 19 GJ per tonne CO or 5.32kWh per 

kilogramme CO. The plasma-driven RBR method not only reduces EC, but also the environmental impact of producing CO. 

A recent lifecycle analysis, together with a detailed calculation of Green Chemistry and circularity metrics, performed by 

Escribà-Gelonch et al. [70], demonstrated that plasma-driven RBR outperforms both electrolysis and conventional partial 

combustion of fossil fuels in 7 out of 10 environmental impact categories. Moreover, plasma technology achieves 40% 

energy savings, 10% higher material circularity indicator, 10–30% higher Green Chemistry metrics, and 7% lower global 

warming potential emissions compared to electrolysis. This is a result of lower water consumption and contamination, 

reliance on fossil fuels, electricity demand, waste generation, and material requirements, along with improved recycling 

loops. This makes the coupling of CO2 plasma with a carbon bed very promising to meet industrial requirements for high, 

oxygen-free CO outputs with lower EC. Nevertheless, challenges remain in managing unwanted reactions and maintaining 

performance over time [41].  

As far as we know, the only implementation of plasma-based RBR at the pilot scale is from D-CRBN [71], spinoff company 

of our research group PLASMANT. Their pilot-scale plasma prototype, termed the multi-reactor gliding arc plasmatron and 

described in the work of O’Modhrain et al. [33] for pure CO2 splitting, features a unified reactor body with five 

approximately 1 kW reactor nodes, totaling 5 kW. Experiments in this setup with post-plasma carbon bed showed 

significant improvements compared to plasma-only. However, this total power remains far from the industrial-scale 

plasma reactors envisioned for CO2 conversion, which would require 100 kW to 1 MW of power [72]. 

Upscaling has proven to be effectively achieved by placing multiple reactors in parallel. However, care must be taken for 

more complex heat management, faster degradation, and thus shorter lifespans at much higher power. For CO2 splitting, 

it has been demonstrated that lab-scale performance can be retained in pilot-scale reactors [33]. 

Building on this precedent, our work focuses on advancing the state of the art at lab scale, with the hypothesis that these 

improvements can be transferred to the pilot scale, as seen in the case of pure CO2 splitting. Therefore, we expand upon 

the lab-scale studies of Zhang et al. [40] and Girard-Sahun et al. [41], testing various designs for the coupling of plasma 

and carbon beds and using a detailed kinetic model to interpret the experimental results. The designs tested here are 

compared with that in [40], with the main variable being the distance between the plasma and the carbon bed. The 

optimized configuration in this work achieves a CO2 conversion of 41.5% and an EC of 2.8 eV/molecule, while maintaining 

a high processing capacity of 5 L/min CO2, as summarized in Table 1. The model from [41] is adapted to investigate the 

performance under the specific experimental parameters of this study. The kinetics are first calibrated with thermal 

gasification experiments, where heat is provided externally in a furnace rather than from the plasma. This allows for the 

gas temperature within the carbon bed to be homogeneous and controlled, as well as for the composition of the incoming 

gas to be known, which consists of a mixture of CO2 and decomposition products when plasma is present before the 

carbon bed. Therefore, these experiments serve as the ideal benchmark for a kinetic model. After calibrating the kinetics, 

parameter sweeps are conducted to determine how the performance changes with various conditions. Finally, the model 

outcomes are linked to the experimental results. 

The combination of experiments and modeling allows us to explain why certain reactor modifications improve process 

performance and how these improvements can be transferred to other reactors, especially with a view toward scaling up. 

Specifically, in this study, we observe that reducing the distance between the plasma and the carbon bed enhances 



performance, but this is not due to the quenching of recombination reactions, but rather because of the increased heat 

available for the carbon surface to convert CO2 into CO through the RBR. Without these insights from the model, one 

might mistakenly believe that performance is solely determined by the complete removal of O/O2 from the reactive 

mixture and its conversion into CO. As we will discuss later in the results and discussion section, the interpretation of the 

experimental results can significantly impact the guidelines for future development. 

 

2. Experimental section 

2.1. Experimental setup and methods 

The schematics of the GAP reactors with different plasma-carbon bed configurations are shown in Fig. 2. The GAP reactor 

features a cylindrical inner anode and a convergent, nozzle-shaped outer cathode (grounded), both constructed from 

stainless steel. The anode is powered by a 10 kV DC power supply (TLP2040, Teslaman), operated in constant-voltage 

mode during the experiments. The resulting power input ranges between 300 and 500 W, depending on the gas flow rate. 

To stabilize and limit the discharge current, a 40 kΩ resistor is connected in series within the circuit. The feed gas, CO2 

(99.99% purity), is introduced through a tangential inlet at the base of the cathode, creating a swirling flow inside the 

reactor for plasma formation and stabilization. The flow rate is precisely controlled by a mass flow controller (MFC, YJ-

700C). The arc is ignited at the narrowest gap (2 mm) between the electrodes and is subsequently propelled downstream, 

rotating rapidly around the anode. The resulting plasma extends from the convergent nozzle exit, forming a large, 3D, 

torch-like plasmatron beyond the electrode region. A quartz cover with a gas exit at the top encloses the plasmatron 

reaction zone, while a plug of quartz glass wool is positioned at the exit of the quartz cover to prevent biochar particles 

from escaping. Inside the quartz tube, a quartz screen mesh (1 mm diameter openings) holds the carbon particles in place 

within the carbon bed, preventing them from falling into the discharge zone, which could disrupt plasma stability. The 

screen mesh showed no visible degradation, even after dozens of experiments, including those in Reactor B, where the 

plasma distance is reduced to 1 mm. In addition, no discharge between the anode and the carbon bed was observed 

during testing. For each experiment, 1.2 g of biochar is loaded to the fixed carbon bed. During the experiments, the plasma 

primarily interacts with the upper layer of the carbon bed, which is gradually consumed, exposing the lower layers until 

all carbon particles are fully reacted. The experiments continue until the biochar is completely consumed, as indicated by 

the product concentrations and CO2 conversion returning to the steady-state values observed in the absence of carbon, 

i.e., with an empty bed. Complete biochar consumption occurs between 2 or 3 minutes of reaction, depending on the 

experimental conditions. Photographs in Figure 2, showing the carbon bed during the reaction, confirm that the space 

between the biochar particles is sufficient to prevent gas flow clogging and significant pressure buildup upstream of the 

carbon bed. Each experimental condition is repeated three times, and the average results, along with the corresponding 

standard deviations, are presented in Section 4.1. 

Three different GAP reactor configurations are compared in this study. Reactor A, which was studied earlier in our group 

[40], and Reactors B and C, which are new configurations developed within this work. All three configurations share the 

same electrodes and quartz tubes. However, the distance between the plasma and the screen mesh for holding biochar is 

reduced from 10 to 1 mm in Reactor B, whereas the screen mesh is removed in Reactor C.  In fact, the latter is rotated by 

180° and, consequently, a screen mesh is no longer needed to prevent carbon particles from falling in the discharge zone. 

 



 

Figure 2. Schematics of Reactor A, B and C with different plasma – fixed carbon bed configurations.  

CO2 and CO concentrations are monitored in real time by an online gas analyzer (UE-50, ONUEE), equipped with non-

dispersive infrared (NDIR) sensors, with a sampling interval of 2 s. From these measurements, CO2 conversion (XCO2
) is 

defined as: 

XCO2
(%) = 

Qin(mol/min) × CCO2,in(%) - Qout(mol/min) × CCO2,out(%)

Qin(mol/min) × CCO2,in(%)
 

(3) 

where Qin  and Qout  are the inlet and outlet total gas flow rates, respectively, and CCO2,in  and CCO2,out  are the CO2 

concentrations in the inlet and outlet gas, respectively. Conversion is calculated taking the change in molar flow rate after 

the reaction into account [73]. In effect, Qout is generally not equal to Qin; therefore, Qout is calculated from the oxygen 

balance, following the procedure of Zhang et al. [40].  

The specific energy input (SEI) is defined as: 

SEI(kJ/mol) = 
Discharge power(W) × 60(s min⁄ ) × Vm(L mol⁄ )

Qin(L/min) × 1000( J kJ⁄ )
 

(4) 

where Vm is the molar volume of gas (22.41 L mol⁄  at 273 K and 1 atm). 

EC is defined as the amount of energy consumed per mole of CO2 converted, as follows: 

EC (eV/molecule) = 
Discharge power(W) × 60(s/min)

XCO2
 × Qin(mol/min) × 1.60×10-19( J eV⁄ ) × NA(molecule/mol)

 
(5) 

where NA  is Avogadro’s constant (6.022 × 1023 molecule mol⁄ ) . The discharge power is calculated by integrating the 

product of voltage between both electrodes and discharge current over time: 

Discharge power(W) = 
1

∆T
∫ U(V)∙I(A) dt        

(6) 

It should be noted that due to the continuous consumption of biochar in the carbon bed, the product com position could 

not reach a stable state (see Figure 8(d) below). Therefore, the conversion and EC presented in this paper represent the 

maximum values obtained in each experiment. 

2.2. Biochar characterization 



The biochar used in this study is prepared from walnut shells (Zhengjie Environmental Protection Technology Co., Ltd.) 

through pyrolysis in a tube furnace (SKF-2-13, LTYQ, China). Initially, the walnut shells are crushed to a particle size of 2-

3 mm. This size facilitates the production of biochar particles with the desired size after pyrolysis. Before pyrolysis, the 

shells are thoroughly cleaned, and dried at 353 K for 12 hours. The dried shells are then heated in a nitrogen atmosphere 

(flow rate: 150 mL/min) at a rate of 10 K/min up to 773 K, where the temperature is maintained for 3 hours to ensure 

complete pyrolysis. Afterward, the biochar is naturally cooled to room temperature under the same nitrogen atmosphere. 

The resulting biochar is sieved to obtain particles with a diameter of 1-2 mm, which is sufficiently small to pack inside the 

carbon bed and sufficiently large to not pass through the screen mesh. Moreover, we chose the smallest possible size to 

maximize the surface area for better contact with the plasma. This preparation protocol was shown to provide the best 

performing biochar among all carbonaceous materials tested in our previous work [40]. The specific surface area and pore 

structure of the biochar are characterized using an automatic surface area and pore size analyzer (Quantachrome 

Autosorb IQ3). Nitrogen adsorption-desorption isotherms are measured at 77.3 K following degassing at 473 K. The 

specific surface area is determined using the Brunauer-Emmett-Teller (BET) adsorption model. Proximate analysis is 

performed with an automatic proximate analyzer (5E-MAG6700), while ultimate analysis is conducted using an elemental 

analyzer (5E-CHN2000). Proximate analysis is performed with an automatic proximate analyzer (5E-MAG6700), with water 

determined in air at 378 K, ash determined in air at 1088 K, and volatile matter determined in nitrogen at 1173 K. Ultimate 

analysis is conducted using an elemental analyzer (5E-CHN2000), with the combustion tube at 1423 K and the reduction 

tube at 1123 K. The results of these characterizations are presented in Tables 2 and 3. 

Table 2. Specific surface area and pore structure of the walnut shell biochar. 

Surface area (m2/g) Micropore area (m2/g) Total pore volume (cm3/g) Average pore diameter (nm) 

28.6 33.5 0.02 35.1 

 

Table 3. Proximate and ultimate analyses of the walnut shell biochar. 

Proximate analysis (wt %) Ultimate analysis (wt %)a 

Water Ash Volatiles Fixed carbon C H O N S 

3.26 1.66 10.38 84.7 86.04 2.69 6.17 0.18 0.06 

aNote that the elemental weight percentages sum to 95.16%. Based on the literature, we hypothesize that the remaining 

percentage could be attributed to trace metal elements and silicon [74,75]. 

2.3. Thermal oxidation experiment 

Thermal oxidation experiments without plasma are conducted in a tubular furnace for model calibration, as shown later 

in section 3.2. 8 g of biochar, prepared as described in section 2.2, are placed in a quartz tube with an inner diameter of 

16 mm. A nitrogen-oxygen mixed gas (N2 : O2 = 95 : 5) with a total flow rate of 4 L/min is introduced into the system. The 

sample is heated from 300 K to 1200 K at a rate of 12 K/min. The resulting products, including CO, CO2, CH4, H2, and O2, 

are detected online using a flue gas analyzer (GASBOARD-3100, Wuhan Cubic Optoelectronic Co., Ltd.), equipped with a 

thermal conductivity detector (TCD) for H2, an electrochemical sensor for O2, and a NDIR sensor for the other products. 

 

3. Modeling section 

3.1 Kinetic model 

The kinetic model used in this study is zero-dimensional (0-D), also referred to as "global”, as all quantities are assumed 

to be homogeneous within the computational volume [76]. Therefore, it is a spatially-averaged model in which the 

continuity equation is solved for five gas-phase species, namely CO2, CO, O2, O, and C, and two surface species, C(s) and 

C(s)-O. The latter species represent an active carbon site, and an oxygen atom chemisorbed at an active carbon site, 



respectively [41,77]. Spatial variations due to transport phenomena are not directly considered but are instead 

approximated by assuming a plug-flow reactor configuration. In this framework, chemical species move together with an 

infinitesimally small volume of gas along the reactor axis [76], except for the surface species, C(s) and C(s)−O, which are 

treated as solid-state species. As such, they do not move with the gas and do not contribute to defining the gas density. 

When the plasma reactor is treated as a plug-flow reactor, temporal variations in gas-related quantities correspond to 

variations as a function of the gas residence time in the reactor, or equivalently, as a function of the distance within the 

reactor. Variations in temperature and molar flow rate due to chemical reactions, such as expansion or molar flow rate 

increase from, e.g., CO2 splitting or CO desorption from the carbon surface after RBR, are accounted for by adjusting the 

calculated species densities to ensure constant pressure throughout the simulation and by updating the gas velocity to 

maintain constant mass flux. 

In this model, no energy balance equation for heavy particles is solved as the gas temperature is an input parameter rather 

than calculated self-consistently based on input power, reaction enthalpy, and thermodynamic properties of the mixture. 

The plasma is thus approximated as a heat source, and the contributions of electrons are neglected. Introducing an energy 

balance equation with sufficient accuracy in the presence of solid carbon remains unfeasible at the current stage of 

development. This limitation arises due to the high energetic inhomogeneity of carbon surface reactions, as pointed out 

by Calo and Perkins for RBR [78], making it highly challenging to assign unambiguously an enthalpy to each elementary 

surface reaction accounted for by the model. To overcome this, both in-situ diagnostics, capable of determining the 

composition and energetics of surface active sites [79,80], and DFT calculations, providing accurate rate coefficients for 

the reactivity of different active sites, e.g., [81], are crucial. Only with this information can detailed kinetic modelling be 

validated across a broader range of materials and assessed for solving an energy balance equation. However, this is 

feasible only if solid-gas heat transfer can be reasonably approximated, otherwise detailed kinetic modelling must be 

coupled with multi-dimensional simulations, resulting in a significant increase in computational cost. 

The 0-D model is solved using ZDPlasKin [82] and is based on previous work from Girard-Sahun et al. [41], thus we refer 

to that article for more details regarding the kinetic model and the selection of the reaction set. To our knowledge, only 

two models for carbon gasification are available in the literature: our model and that of Girard-Sahun et al. [41]. Both 

combine a reverse Boudouard reaction kinetic scheme from Yang and Yang [83] with a carbon ablation model from Prata 

et al. [84]. While several carbon ablation models exist in the literature, Girard-Sahun et al. tested various approaches and 

concluded that the model by Prata et al. [84], which we employ, is the most complete and suitable for studying carbon 

gasification. 

  

3.2 Model calibration 

Earlier in the Introduction, we noted that carbon materials are highly heterogeneous in terms of structure and 

composition, resulting in surface active sites with varying concentration, energy and reactivity toward gas-phase species. 

Due to this heterogeneity, it is not feasible to develop a kinetic model that applies universally to all carbon materials, 

necessitating calibration of the model for the specific material being studied. 

The kinetic model of [41] was originally developed and tuned for carbon fibers, using thermal gasification experiments 

conducted under controlled temperature and low pressure [85]. Insights from these validation steps were applied to 

explain trends observed in the combination of a CO2 GAP with a charcoal bed, based on the assumption that different 

materials, such as fibers and charcoal, would not significantly alter the reaction mechanism. In the present study, the 

carbon materials and experimental conditions differ again. For instance, carbon fibers used in the model tuning have high 

carbon purity (>90%) [86,87] and low surface area (<10 m2/g) [41,88], while biochars typically have lower purity (<90%) 

[89] (see also Table 2) and higher surface area (>10 m2/g) [90] (see also Table 2). Given these differences, using the existing 

model and insights from [41] to interpret the results, maintaining the same assumption regarding reaction mechanisms, 

might not be very accurate.  



Therefore, since we could perform thermal gasification experiments under conditions similar to those used in the plasma 

experiments, using the same materials and pressures, we choose to calibrate the CO2 gasification (thermal Boudouard) 

kinetics for the new material using data from Zhang et al. [40]. We refer to this process as calibration rather than 

validation, because it adjusts the model specifically for the carbon material under study. For each new material, this 

calibration process must be repeated to ensure that the model accurately reflects the specific properties of the material. 

Thus, the model is only validated for the particular carbon material it has been calibrated for, and cannot be generalized 

without further calibration for different materials. Additionally, we conducted new thermal experiments to calibrate the 

oxidation (O2 gasification) kinetics under these new experimental conditions. These new experiments are detailed in 

Section 2.3 above. 

In the calibration process, a new parameter (b) is introduced to adjust the adsorption and collision-induced desorption 

rate coefficients, k, as follows: 

k' = b*k (5) 

where k’ is the adjusted rate coefficient. The rate coefficients for spontaneous desorption and surface oxidation remain 

unchanged. The tuning of the parameter b is demonstrated using CO2 and O2 gasification experiments, as shown in Figure 

3 and 4, respectively. Both the gas temperature, which is fixed in each simulation, and the initial gas composition are given 

in the figure captions. 

  

Figure 3. CO2 gasification experiments (without plasma), (left) as a function of flow rate (constant temperature of 1273 

K and pure CO2 feed gas) and (right) as a function of gas temperature (constant flow rate of 4 L/min), published in [40], 

compared with modeling results (solid lines) varying the b parameter. 



  

Figure 4. Species concentration as a function of gas temperature for the thermal oxidation experiment (dashed lines) 

and the model (solid lines) for b = 1 x 10-2, taken from the calibration with the thermal Boudouard experiments of Figure 

3. Each point corresponds to an individual simulation where the initial gas composition is O2:N2 5:95, while the gas 

temperature is fixed and specified on the x-axis. 

These figures indicate that both CO2 and O2 gasification experiments are well reproduced by the model when b = 1 x 10-2, 

suggesting that the reactivity of the carbon bed in this study is lower compared to the conditions modeled in [41]. This 

does not necessarily imply that biochar active sites are less reactive than those in carbon fibers. In fact, more ordered and 

pure materials often have a lower active surface area, and thus lower active site density and reactivity, than materials 

with lower crystallinity (e.g., obtained through pyrolysis at low temperature) [91,92]. Thus, linking reactivity directly to 

active site density is complex and extends beyond the scope of this study. 

Figure 4 shows that CO desorption from thermal oxidation is underestimated by the model, although the experimental 

trends are still reasonably captured. At least two potential reasons can be hypothesized for the discrepancy in absolute 

values. First, the model currently assumes only one type of active site, corresponding to a single C-O bond strength, but 

surface sites are likely to be more heterogeneous, with at least two distinct types of sites identified [93,94]. In fact, Girard-

Sahun et al. [41] included a second type of active site corresponding to a double C=O bond, which involved different 

desorption energies and reaction pathways. However, their kinetic scheme underestimates CO2 desorption and 

overestimates CO desorption for this particular study, because a pathway to form CO2 from C=O active sites was not 

included. This led us to exclude this type of active site from the kinetic scheme. Nevertheless, between 700 and 900 K, 

multiple CO desorption peaks observed in the experiments (see Figure 4) likely correspond to different active sites not 

currently included in the model. Unfortunately, it is not feasible to incorporate this inhomogeneity at this stage: even with 

surface characterization techniques [95], the detailed kinetics of individual active sites are largely unknown, making it 

difficult to quantify the influence of specific functional groups on the gasification process.  

Second, our gas composition measurements reveal that H2 and CH4 are also desorbed from the carbon surface during the 

thermal oxidation experiments, as depicted in Figures 5 and 6. This can be attributed to H-containing surface groups or 

the presence of adsorbed H2O. Similar H2 desorption was found by [41] during thermogravimetric analysis of charcoal, 

ascribed to unavoidable H2O adsorption on the surface after exposure to ambient air, even following drying treatment. 

Whether H2 and CH4 desorption originates from H-containing surface groups or moisture, their presence may affect 

surface reactivity during the thermal experiments, promoting CO desorption over CO2. Our model cannot yet capture this 



effect, as it requires knowledge of the chemistry of H-containing surface groups and/or the H2O gasification kinetics, which 

are not well-characterized in the literature.  

 

Figure 5. Species concentration as a function of gas temperature for the thermal oxidation experiment. 

 

Figure 6. Species concentration as a function of time for the thermal oxidation experiments at a fixed temperature of 

(a) 800 and (b) 1200 K. 

Notwithstanding these limitations, the model successfully captures the trends observed in the thermal experiments and 

can be considered calibrated with sufficient agreement. Therefore, we can now apply the model to the conditions of the 

main experiments in this work, specifically those combining plasma and carbon bed. The model outcome will provide 

valuable insights into the mechanisms underlying the performance of different configurations, helping us to better 

understand how reactor design influences the CO₂ conversion process. 

 

4. Results & Discussion 



4.1. Performance: Comparison between different reactors 

Figure 7 presents a comparison of CO2 conversion and EC between the three different reactors with the addition of biochar, 

at a flow rate of 5 L/min. Data for Reactor A in this paper were sourced from our previous work [40]. By shortening the 

plasma-carbon bed distance in Reactors B and C, CO2 conversion is significantly enhanced in comparison to Reactor A. 

Specifically, CO2 conversion in Reactors B and C increases by 25.4% and 52.6%, respectively, while EC reduces by 27.9% 

and 42.7%. Remarkably, Reactor C achieves simultaneously high CO2 conversion (41.5%) and exceptionally low EC (2.8 

eV/molecule or 278 kJ/mol, corresponding to ca. 5 GJ per tonne CO or 1.4 kWh per kilogramme CO). These values are 

significantly lower than those of both state-of-the-art plasma-based and conventional CO₂ splitting methods, which 

require about 19.5 and 34 GJ per tonne CO, respectively [69].  

The improvement of reactor C, compared to reactor A and B, is likely due to the removal of the mesh that obstructs the 

plasma from directly contacting the biochar, allowing for more effective interactions (see the inset in Fig. 2). As a result, 

we achieve an EC clearly below the target necessary for plasma-based CO2 conversion to be competitive with other 

technologies [3]. We would like to note that the error bars for Reactor C in Figure 7 are relatively large as a result of the 

direct contact between the plasma and biochar, affecting the stability of the discharge. 

 

Figure 7. Comparison of CO2 conversion, and energy cost among different reactors (CO2 flow rate = 5 L/min). The error 

bars represent the standard deviation of three repeats conducted for each experimental condition. 

Table 1 compares the results of our study (GAP) with other plasma setups, such as another GAP design, and also GA, MW, 

and DBD, without carbon bed, covering CO2 conversion, EC, processing capacity (CO2 inlet flow rate), and discharge power. 

While DBD systems can achieve a CO2 conversion of over 40%, their processing capacity is very limited (50 mL/min), and 

their EC is very high (~ 80 eV/molecule) [9,10]. GA plasma offers relatively low EC (~10 eV/molecule) and higher processing 

capacity (3-10 L/min), but the conversion remains relatively low (about 10%) [14,15,67,68]. For MW plasma, achieving 

both high conversion and low EC simultaneously is also challenging [16,18,19]. In contrast, the introduction of a carbon 

bed after our GAP reactor (especially Reactor C) offers an optimal balance, with one of the highest CO2 conversions (41.5%) 

and the lowest EC (2.8 eV/molecule), and a substantial processing capacity (5 L/min). Notably, the optimization of the 

plasma-carbon bed configuration in this work has significantly improved both CO₂ conversion and EC compared to previous 

studies of the GAP without carbon bed. Indeed, in our earlier work, the GAP alone achieved a CO₂ conversion and EC of 

10.0% and 10.3 eV/molecule, respectively [40], so we see an enhanced CO2 conversion by more than a factor four, with a 

simultaneous reduction in EC by a factor four.  

Despite the outstanding performance of Reactor C, this configuration also exhibits limitations. One issue we encountered 

is that refilling the carbon bed in Reactor C is particularly challenging because the bed is almost entirely enclosed within 

the reactor flange, leaving very limited space to install an inlet for replenishment without fully disassembling the reactor. 

For larger-scale applications, we anticipate that the carbon bed design will need to be adapted to facilitate more efficient 



replenishment. This could be achieved through the implementation of a silo system, as demonstrated by Girard-Sahun et 

al. [41]. In effect, a follow-up study conducted on the same reactor showed that increasing the power supplied to the 

system, and consequently enhancing the heat flux to the carbon bed, allows the silo system to function effectively [64]. 

Therefore, the improved interaction between the plasma and the carbon bed in Reactor C, providing higher temperatures, 

is expected to address the limited stability and long-term performance enhancement previously encountered. 

 

4.2. Performance: Effect of the flow rate  

The performance of Reactor C is further evaluated under different CO2 flow rates, ranging from 2 to 8 L/min, and compared 

with Reactor A, as illustrated in Fig. 8. Both reactors exhibit a similar trend, with CO2 conversion initially increasing and 

then decreasing as a function of flow rate, while EC shows the opposite trend. Specifically, the CO2 conversion in Reactor 

C peaks at 44.3% at a flow rate of 3 L/min, while EC reaches a minimum of 2.6 eV/molecule at 6 L/min. Reactor C 

consistently outperforms Reactor A across all flow rates studied, while remaining at nearly the same SEI (cf. Fig. 8(c)). 

Notably, at a flow rate of 4 L/min, Reactor C exhibits an 81% improvement in CO₂ conversion (from 24.5% to 44.3%) and 

a 42% decrease in EC (from 5.8 eV/molecule to 3.4 eV/molecule). As biochar in the carbon bed is continuously consumed, 

the product composition varies with time (see Figure 8(d) below). Therefore, the conversion and EC presented in this 

paper represent the maximum and minimum values, respectively, as mentioned in Section 2.1. The overall variability is 

within ±20%, with Reactor C showing a larger variability that can be attributed to the instability of the discharge caused 

by the close contact between the biochar and the plasma, as mentioned in Section 4.1. 

 

Figure 8. CO2 conversion (a), energy cost (b) and SEI (c) as a function of CO2 flow rate in Reactor A and C, and CO2 

conversion as a function of time in Reactor C under different flow rates (d). The error bars represent the standard 

deviation of three repeats conducted for each experimental condition. 



 

4.3. Modelling: parametric sweep 

Given our promising results, especially in Reactor C, we now try to understand the reasons behind the improved 

performance. The experiments suggest that a closer distance between the plasma and the carbon bed is beneficial, but 

they do not explain why, which is necessary to understand if we want to transfer our findings to other reactor setups, with 

the potential for upscaling. Our computational study can extract as much information as possible from the observed 

experimental trends. In Section 3.2, we demonstrated how the kinetic model by Girard-Sahun et al. [41] was adapted and 

calibrated for the present, new experimental conditions, and we also highlighted both its potential and the remaining 

limitations. 

(a) Gas temperature in plasma and carbon bed 

We begin the modeling study with a parametric sweep, combining different temperatures (in both the plasma and the 

carbon bed) and initial flow rates, to evaluate how the performance changes. Reactors A, B and C are thus approximated 

in the model as shown in Figure 9. 

 

 

Figure 9. Schematic representation showing how reactors A, B, and C are approximated in the model, in terms of gas 

temperature as a function of position after the plasma. Each line corresponds to a simulation assuming a different 

temperature in both plasma and carbon bed. The feed gas is pure CO2 and the initial flow rate is either 2 or 8 L/min. 

In these simulations, the plasma is assumed to act as a heat source, with thermal chemistry dominating over plasma 

chemistry (i.e., kinetics driven by electron-impact collisions). A recent modelling investigation of the role of plasma kinetics 

over thermal kinetics in CO2/CH4 discharges by Slaets et al. [96] demonstrated that below 2000 K, electrons can accelerate 

thermal kinetics without altering the main chemical mechanisms. For temperatures above 2000 K, the effects of electrons 

become negligible and the kinetic scheme can be reduced to pure thermal chemistry without loss of accuracy. Therefore, 

the gas composition, formed in the plasma and entering the carbon bed, is determined by this thermal chemistry, based 



on the gas temperature inside the plasma.  The temperature inside the plasma is not known from our experiments. 

Measurements were attempted through optical emission spectroscopy by Zhang et al. [40] for reactor A, finding gas 

temperatures in the range of 2100−2400 K without the carbon bed.  However, the measured gas temperatures are 

averaged along the line of sight, meaning they are not representative of the arc core and are likely significantly 

underestimated [97,98]. Moreover, the arc only covers a portion of the reactor's cross section, leading to substantial 

temperature gradients along the radial direction, from over 3000 K in the core to nearly room temperature in the 

surrounding swirling flow [97,98]. These gradients cannot be captured by our 0D model. For similar reasons, the 

temperature decay after the plasma and the temperature profile within the carbon bed are unknown and are therefore 

assumed to be linear and flat, respectively. Flat temperature profiles at steady state within the carbon bed were 

demonstrated by Girard-Sahun et al. [41], who measured gas temperature with thermocouples placed at different 

locations inside the carbon bed, finding the same values after a few minutes of operation. While these are clear 

approximations, particularly the discharge zone temperature, they are good enough for the purpose of our study, i.e., to 

obtain better insights in the effects of the carbon bed on the CO2 conversion performance. 

Given these uncertainties, we test our model using various fixed temperatures for both the arc plasma and the carbon 

bed, resulting in weak and strong axial temperature gradients depending on their combination (cf. the various lines in 

Figure 9; for reactor C, the gradient lines are not visible because we assume instant temperature decay after the plasma). 

The wide plasma temperature, ranging from 300 to 6000 K, is not representative for only the GAP reactor under study 

here, but covers most plasma sources used for CO2 splitting operating at non-thermal and thermal regimes [3]. Thus, the 

insights gathered from this modelling investigation can be expanded to other plasma reactors with similar configurations. 

These tests also lead to different reactive mixtures entering the carbon bed: the feed gas entering the plasma is always 

pure CO2, which then decomposes in the arc plasma based on the arc temperature, as explained above. The dissociation 

products either recombine to form again CO2 or undergo further reactions in the afterglow, depending on the cooling rate 

and the length of this stage (i.e., distance between plasma and carbon bed). As we cannot simulate the mesh that 

separates the plasma from the carbon bed in reactor B, we assume an arbitrary distance of 1 mm. Additionally, we test an 

arc temperature of 1500 K, which leads to no CO2 conversion before entering the carbon bed, as a benchmark representing 

pure thermal gasification (without plasma) to complete the parametric study. 

The results of our parametric study for each reactor configuration are presented in the following two sections. In 

particular, we use the conversion improvement and O2 removal efficiency as performance metrics.  

 

(b) Conversion improvement as a function of CO2 conversion before the carbon bed and carbon bed temperature  

The conversion improvement is calculated by subtracting the final conversion of the simulation with an empty carbon bed 

from the final conversion of the simulation with carbon bed filled with fresh carbon, and it is plotted in Figure 10, as a 

function of both the CO2 conversion before the carbon bed and the temperature at the carbon bed. Note that our 

simulations not always predict improvement in conversion due to the carbon bed; sometimes the conversion is lower with 

filled carbon bed (as explained below), so we plot the difference in conversion, with red and blue values indicating that 

the conversion is better or worse than for an empty carbon bed, respectively, and the dashed line separates both regions. 



 

Figure 10. Conversion difference between simulations with filled carbon bed and with empty carbon bed, as a function 

of both CO2 conversion before the carbon bed and temperature at the carbon bed, for Reactors A, B and C (as indicated 

by the annotations inside the subplots) and initial flow rate of 2 and 8 L/min. The dashed contour line divides between 

positive (red) and negative (blue) values. 

By comparing the various plots in Figure 10, we observe that the closer the plasma is to the carbon bed, the wider is the 

range of CO2 conversion in the mixture entering the carbon bed (cf. reactor C vs reactor B and A). Indeed, in reactor A, 

with a 10 mm gap between plasma and carbon bed, most of the CO2 dissociation achieved in the plasma zone is lost 

already when entering the carbon bed, resulting in a maximum CO2 conversion of approximately 25% at 2 L/min and 

around 40% at 8 L/min. Reducing the distance to 1 mm (reactor B) increases this maximum conversion to around 55% and 

70%, respectively, while direct contact in reactor C allows for a fully dissociated mixture entering the carbon bed at both 

initial flow rates. This difference between the three configurations arises from the length of the afterglow: the longer the 

afterglow, the more time the dissociation products have to recombine and form again CO2.  

Furthermore, we observe that the maximum CO2 conversion (or dissociation degree) of the mixture entering the carbon 

bed tends to slightly decrease with increasing temperature at the carbon bed for the same reactor and flow rate. This 

happens because a higher carbon bed temperature slows down the temperature decay in the afterglow, promoting 

recombination reactions. This issue is mitigated when the hot plasma zone is in direct contact with the carbon bed in 

reactor C. 

Additionally, when comparing the flow rates of 2 and 8 L/min for the same reactor, we see that the maximum dissociation 

degree of the mixtures entering the carbon bed increases with flow rate, as also mentioned above. This is due to the 

shorter residence time in the afterglow, which reduces the impact of recombination reactions. 



The maximum CO2 conversion obtained in the simulations is highly dependent on the temperatures set in the plasma and 

carbon bed zones, as well as the spatial separation between them. The simulations predict a maximum conversion of 

nearly 100% in Reactor C when a plasma temperature of 6000 K and a carbon bed temperature of 300 K are used. However, 

these values represent extreme conditions that are practically unattainable, as they assume direct contact between the 

hot plasma and a room-temperature carbon bed. Under more realistic conditions, resembling those of our experiments, 

such as an arc temperature of 3000 K and a carbon bed temperature of 1500 K, the simulations predict a maximum 

conversion of approximately 45% at a flow rate of 2 L/min in Reactor C. This result aligns well with our experimental 

maximum of 41.5% for a flow rate of 5 L/min. 

In effect, the color patterns in Figure 10 indicate that high conversion before the carbon bed is only beneficial if a very 

high temperature (>1600 K) can be maintained; otherwise, the oxidation of oxygen complexes to CO2  dominates (O + 

C(O)s → CO2  and O2 + C(O)s → CO2 + O, with C(O)s being an oxygen complex at the surface [41]), leading to a drop in 

conversion compared to empty carbon bed (cf. blue region). Thus, the higher the dissociation degree before the carbon 

bed, the higher must be the temperature in the carbon bed to observe a beneficial effect. Overall, it is clear that an 

improvement in CO2 conversion due to the carbon bed is only obtained at carbon bed temperatures above ca. 1400-1600 

K.  

(c) O2 removal as a function of CO2 conversion before the carbon bed and carbon bed temperature  

The explanation for the drop in CO2 conversion due to oxidation of oxygen complexes to CO2 at the carbon bed is even 

more evident when looking at the O2 percentage left in the product stream after the carbon bed (inversely proportional 

to the O2 removal efficiency) as a function of both the CO2 conversion before the carbon bed and the temperature at the 

carbon bed, in Figure 11. 

 



Figure 11. O2 percentage left in the product stream after the carbon bed as a function of both CO2 conversion before the 

carbon bed and temperature at the carbon bed, for reactors A, B and C (as indicated by the annotations inside the subplots) 

and initial flow rate of 2 and 8 L/min. 

If we compare Figure 10 with Figure 11, we observe that despite the detrimental effect on CO2 conversion for carbon bed 

temperatures below 1400-1600 K, O2 is fully removed from the product mixture at temperatures above 600 K. This 

indicates that the detrimental effect on conversion cannot be explained by the complete consumption or deactivation of 

the carbon bed. As noted by Girard-Sahun et al. [41], the detrimental effect should be attributed to the efficient conversion 

of O2 into CO2, promoting the full oxidation of carbon. The reasons for this will be explored in more detail in the next 

section, where we will conduct a deeper analysis of the reactions under specific conditions of interest. 

Before moving to the next section, we can observe that the temperature required to remove all O2 from the mixture is 

significantly lower in reactor C (i.e., around 400 K, while it is ca. 600 K for reactors A and B). This occurs because in reactors 

A and B, the afterglow is long enough for almost complete recombination of O atoms into O2 and CO2 before reaching the 

carbon bed. However, in Reactor C, the direct contact with the plasma allows O atoms to attack the carbon surface directly, 

with virtually barrierless adsorption, whereas O2 faces an activation barrier (~0.7 eV) due to the cleavage of the double 

bond. This mechanism will also be clarified in the next section. 

 

4.4. Modelling: Reaction analysis 

(a) Importance of reverse Boudouard reaction vs full oxidation of carbon into CO2: Different behavior at high vs low carbon 

bed temperature 

In this section, we delve deeper into the mechanisms highlighted in the previous section through reaction analysis. The 

first mechanism we will examine is the full oxidation of carbon into CO2 due to an excess of O2, which occurs when the 

temperature in the carbon bed is too low (i.e., below ca. 1500 K for reactors A, B and C, as indicated by the dashed lines 

in Fig. 10). To explore this, we compare two different conditions in Reactor B: a bed temperature of 1000 K and 1800 K. 

These temperatures are selected due to their distinctly different impacts on reaction pathways. At 1000 K, the 

temperature promotes carbon oxidation but is insufficient to drive RBR. In contrast, at 1800 K, the temperature is high 

enough to enhance the beneficial effects of the carbon bed on CO2 conversion performance across most experimental 

conditions, as illustrated in Figure 10. The main net reaction rates for these two conditions are plotted as a function of 

position in both plasma and carbon bed, in Figure 12 (a,b). 



 

Figure 12. Net rates of the main gas-phase (solid lines) and surface (dashed lines) reactions as a function of position in 

plasma and carbon bed, for reactor B, at a plasma temperature of 3000 K and a carbon bed temperature of 1000 K (a) 

and 1800 K (b). The reactions with negative reaction rates proceed to the left. 

If we compare panel (a) and (b), we observe that the scale of the reaction rates significantly increases when moving from 

a carbon bed temperature of 1000 K to 1800 K. This occurs because, at higher temperatures, the carbon bed becomes 

more reactive, and additional reaction pathways are activated. At 1800 K, the reverse Boudouard reaction (RBR: CO2 + Cs  

⇌ CO + C(O)s) plays a dominant role in the kinetics (grey dashed line in (b)), whereas it is completely absent at 1000 K. 

The RBR should then be accompanied by spontaneous (C(O)s → CO) or collision-induced (C(O)s + M → CO + M) CO 

desorption, to obtain two CO molecules from a CO2 molecule. However, Figure 12 indicates that their rates are small 

compared to reactions involving O2. In effect, at  temperatures well above 600 K, O2 is rapidly removed from the gas phase 

as soon as it contacts the carbon bed, generating a large number of surface oxygen complexes, i.e., C(O)s. At 1800 K, these 

complexes are unstable and release O atoms back into the gas phase (yellow dashed line, which peaks in the beginning of 

the carbon bed, as well as brown dashed line, with negative values in (b), indicating that it proceeds to the left, hence also 

producing O atoms). These O atoms then efficiently oxidize the surface complexes, forming again CO2 (red dashed line in 

(b)). Simultaneously, CO is reoxidized by O atoms, cf. black solid line in (b), proceeding in the reverse direction, hence 

further producing CO2. 

However, the rate of the RBR exceeds the oxidation rates as soon as O2 is fully consumed within ca. 0.2 cm in the carbon 

bed (cf. grey dashed line vs red dashed line and black solid line in (b)), leading to a net CO2 conversion rate at the carbon 

bed and explaining the beneficial effect of the carbon bed at 1800 K. This is well visible in Figure 13 in which only the 

reactions directly involving CO2 are plotted as a function of position for reactor B, with a net CO2 conversion inside the 

plasma, net recombination in the afterglow and in the first 0.5 mm of the carbon bed, but further net CO2 conversion in 



the carbon bed. Immediately downstream of the carbon bed, another pronounced peak in net CO2 formation is observed. 

This is attributed to the recombination of unreacted O atoms with CO, forming again CO2. The presence of these unreacted 

O atoms stems from the high instability of oxygen complexes at 1800 K, a temperature at which O atoms undergo 

continuous adsorption and desorption cycles. 

In contrast, at 1000 K, the RBR is not activated, so the oxygen complexes formed upon O2 adsorption are only oxidized to 

CO2 (yellow dashed line in (a), which occurs after the formation of C(O)s, i.e., brown dashed line in (a)), and this reduces 

the performance to levels even below the benchmark case (i.e., with empty carbon bed). 

 

Figure 13. Net rates of the main gas-phase (solid lines) and surface (dashed lines) reactions producing or consuming CO2 

as a function of position in plasma and carbon bed, for reactor B, at a plasma temperature of 3000 K and a carbon bed 

temperature of 1800 K. The net CO2 formation/dissociation rate is also plotted, with negative values denoting net CO2 

dissociation and positive values net CO2 production, for clarity in the figure. 

Another insight we gain from Figure 12 is that the kinetics quickly equilibrate within the plasma, with all net reaction rates 

approaching zero after the initial peaks of the blue and green solid lines. However, as soon as the gas enters the afterglow, 

the net rates turn negative due to recombination reactions, i.e., blue and black solid line (recombination of CO with O or 

O2 into CO2) and green solid line (recombination of two O atoms into O2).  

(b) O atoms can activate carbon bed at lower temperatures 

Figure 14 shows the net reaction rates as a function of position in plasma and carbon bed for reactor C, where the plasma 

temperature is 6000 K and the carbon bed temperature is 400 K. The higher plasma temperature compared to Figure 12 

is selected to maximize the fraction of O atoms entering the carbon bed, while the 400 K carbon bed temperature is chosen 

to emphasize that O atom adsorption can occur near room temperature. While having a very hot plasma in direct contact 

with a cold carbon bed is unlikely in an experimental setup (since the carbon bed would inevitably be heated by the 

plasma) this extreme scenario provides valuable insights into the effects of combining mixtures with un-recombined O 

atoms and a cold carbon bed. 



 

Figure 14. Net rates of the main gas-phase (solid lines) and surface (dashed lines) reactions as a function of position in 

the plasma and carbon bed, for Reactor C, at a plasma temperature of 6000 K and a carbon bed temperature of 400 K. 

First of all, we do not observe negative rates in Figure 14, due to recombination in the afterglow. This can be explained by 

the close contact between the plasma and the carbon bed, so that the afterglow occurs within the carbon bed itself. As a 

result, O atoms, which are the primary drivers of recombination reactions, are rapidly adsorbed by the carbon surface 

with virtually no barrier for adsorption (brown dashed line). These atoms are then sequestered by the surface due to the 

lower temperatures in the carbon bed. At much higher temperatures, however, the oxygen complexes formed on the 

surface would become weaker, allowing some O atoms to be released back into the gas phase, as shown in Figure 12(b). 

The formation of these surface oxygen complexes, C(O)s, triggers the consumption of O2 (yellow dashed line), which must 

overcome an activation barrier due to the breaking of the O=O double bond. Because of the presence of these oxygen 

complexes, O2 can be consumed at lower temperatures than would be possible with fresh carbon surfaces, such as those 

in Reactors A and B. In these reactors, the afterglow before the carbon bed leads to recombination reactions that consume 

nearly all O atoms, so only O2 reaches the carbon surface, increasing the temperature needed to observe the removal of 

O/O2 from the product mixture. This suggests that if one aims to fully remove O2 from the exhaust, but the waste heat 

from the plasma cannot sufficiently heat the carbon bed, using a partially oxidized carbon material could overcome the 

issue of O2 separation, albeit without necessarily improving the conversion performance. 

 

5. Conclusions  

Warm plasmas, such as GA and MW discharges, provide promising solutions for electrification of the chemical industry. 

However, their implementation still faces EC challenges, which are not yet aligned with industrial standards. Specifically 

for CO2 conversion into CO, a key area for improvement is the management of recombination reactions that form again 

CO2 after the plasma. Even if nearly complete dissociation is achieved in the hot plasma zone, downstream dissociation is 

limited to, or below the thermodynamic limit, unless specific modifications are adopted to suppress recombination 

reactions, such as the addition of quenching nozzles. 

An alternative approach that has shown promise in recent years is the addition of a carbon bed downstream of the hot 

plasma zone. This setup helps convert O/O2 (competing products) into additional CO (the desired product), thus shifting 

the equilibrium towards more favorable products. This coupling not only improves conversion and reduces EC of the 

process, but also serves as a model for plasma-assisted gasification of carbon-rich waste materials. 



In this study, we advance plasma-based CO2 conversion by exploring different configurations for coupling plasma with a 

carbon bed. The original configuration, which serves as a benchmark, was developed and studied by Zhang et al. [40]. 

Here, we reduce the distance between the plasma and carbon bed and also reverse the setup to remove the mesh holding 

the carbon pellets in place, allowing direct contact between the plasma and the solid carbon. These two new 

configurations lead to drastic improvements, with the latter achieving CO2 conversion exceeding 40% and an EC below 2.8 

eV/molecule (or 278 kJ/mol, corresponding to ca. 5 GJ per tonne CO or 1.4 kWh per kilogramme CO). This represents over 

a fourfold increase in conversion and almost a fourfold reduction in EC compared to the benchmark experiment, i.e., 

plasma without carbon bed. These results are particularly impressive when compared to the state of the art for plasma-

based CO2 splitting [3,99], where achieving conversion higher than 40% typically requires an order of magnitude more 

energy per molecule. Furthermore, our best results make it even more evident that plasma-driven RBR can surpass the 

performance of conventional and competing technologies for CO2 conversion, such as CO2 electrolysis, particularly in 

terms of reducing the EC for CO production. 

We explain this remarkable performance through detailed kinetic modeling, which shows that closer contact with the hot 

plasma zone enables higher temperatures that favor the reverse Boudouard reaction. Our model also reveals that the 

carbon bed is not effective at quenching recombination reactions into CO2, as O/O2 is primarily converted into CO2. 

However, for carbon bed temperatures higher than 1500 K, the reverse Boudouard reaction significantly enhances CO2 

conversion, compensating for the detrimental effects of recombination reactions. Additionally, O atoms can drive efficient 

O2 removal even at lower carbon bed temperatures, but without sustaining high temperatures, oxidation dominates, 

counteracting the positive effects of the carbon bed. These findings suggest that the use of a carbon bed is particularly 

beneficial for setups with moderate performance and significant heat losses to reactor walls. However, for reactors that 

already achieve high conversion, maintaining high temperatures at the carbon bed is crucial; otherwise, oxidation is 

promoted, and the beneficial effects of the carbon bed are lost. 

To conclude, we emphasize the importance of conducting detailed techno-economic and lifecycle assessments to evaluate 

the feasibility and scalability of plasma-driven RBR reactors. While both a techno-economic analysis [69] and sustainability 

assessment [70] have previously been performed for a similar (GAP) reactor with post-plasma carbon bed, no 

comprehensive analysis has yet been carried out for the specific system studied here. In general terms, plasma-driven RBR 

offers several advantages over alternative technologies. It operates independently of fossil fuels and does not require 

water consumption, unlike electrolysis-based systems, nor does it rely on costly reactants or materials for reactor 

construction. The technology is compatible with renewable energy sources, further enhancing its environmental 

sustainability. Notably, the inherent recycling loop for unreacted CO2 promotes a circular material flow, contrasting with 

the linear, non-restorative process of partial fossil fuel combustion. In addition, biochar is a renewable source of carbon 

and promotes a closed-loop system by converting biomass waste into valuable products. These characteristics position 

plasma-driven RBR as a promising technology for the energy transition. However, a comprehensive evaluation of the 

energy input required for the entire process, including plasma generation and carbon bed maintenance, is essential to 

validate its potential and fully substantiate these results. 
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