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Abstract 

Non-thermal plasma reforming of CH4 with CO2 into value-added fuels and chemicals is 

very promising but challenging due to the low energy efficiency of the reforming process. One 

of the most important factors influencing energy efficiency is plasma power supply, and 

nanosecond pulsed power sources are gaining increasing interest in enhancing the energy 

efficiency of plasma chemical processes. Here, we investigate plasma-assisted CH4 reforming 

with CO2 using a nanosecond pulsed dielectric barrier discharge (DBD) plasma. Both electrical 

characteristics and reaction performance were investigated under different operating 

parameters, including applied voltage, gas flow rate, CH4/CO2 molar ratio, and discharge 

length. Increasing applied voltage (from 20 to 28 kV) and discharge length (from 6 to 14 cm) 

enhanced the total gas conversion by 53.2% and 41.2%, respectively, but decreased the energy 

efficiency by 30.6% and 14.3%, respectively. The highest energy efficiency (12.4%) was 

obtained at an applied voltage of 20 kV, a total flow rate of 50 ml/min, a CH4/CO2 molar ratio 

of 1:1 and a discharge length of 10 cm, while the highest total gas conversion of 30.3% was 

achieved at a higher applied voltage of 26 kV and a lower total gas flow rate of 25 ml/min. An 

artificial neural network (ANN) model was developed to predict the plasma reforming process, 

and to investigate the relative contributions of key operating parameters to the reaction 

performance of this process. The results of the ANN model indicate that the CH4/CO2 molar 

ratio and total flow rate affect the gas conversion most significantly, while the CH4/CO2 molar 

ratio plays a dominant role in determining the product selectivity and energy efficiency.  

Keywords: Non-thermal plasmas; CH4 reforming with CO2; Dielectric barrier discharge, 

artificial neural network; Nanosecond pulsed plasma 
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1. Introduction 

CH4 reforming with CO2 to produce valuable fuels and chemicals such as syngas (a mixture 

of H2 and CO) is a promising approach that exhibits dual benefits from both environmental and 

energy perspectives [1, 2]. This attractive process not only helps to mitigate the negative impact 

of greenhouse gas emissions caused by the continued use of carbon-based fossil fuels but also 

contributes to energy production, which can alleviate high pressure on the sustainable energy 

supply. Unfortunately, this process is thermodynamically unfavorable due to its high reaction 

enthalpy ( ) of 247 kJ/mol and high positive Gibbs free energy ( ) of 171 kJ/mol 

[3, 4]. As a result, a high operating temperature and energy input are required to initiate and 

maintain the process of CH4 reforming with CO2 in the presence of a catalyst. Various catalysts, 

including transition metal-based catalysts, have been investigated for thermal catalytic CH4 

reforming with CO2 at high temperatures. For example, nickel-based catalysts have received 

considerable attention due to their high activity and low cost. However, nickel-based catalysts 

are easily deactivated due to coke deposition and high temperatures. Noble metal-based 

catalysts, on the other hand, are well known for their excellent coke resistance [5-8], but their 

high costs and limited availability hinder commercial applications [9, 10]. Therefore, exploring 

efficient and alternative technologies for CH4 reforming with CO2 under relatively mild 

conditions has attracted significant interest [11].  

In this context, new processes have been investigated for CH4 conversion with CO2, 

including electrocatalysis, photocatalysis and plasma catalysis [12-14]. The rapid development of 

non-thermal plasmas (NTPs) among them provides an innovative and attractive solution for 

CH4 reforming with CO2 at low temperatures and ambient pressure [14, 15]. The reactive species 

0
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produced by NTPs, such as energetic electrons, ions, radicals, and excited species, are the 

primary driving forces in plasma processes [16-19]. NTPs operate at high reaction rates in non-

equilibrium conditions, allowing thermodynamically unfavorable reactions (e.g., CO2 

conversion, CH4 activation and NH3 synthesis) to take place under mild conditions [20-28]. In 

addition, NTPs have the advantage of great flexibility, as seen by rapid start-up and shutdown, 

rapid attainment of steady-state and lower capital costs. Therefore, the electrification of plasma 

chemical processes can be achieved through the use of renewable energy sources (e.g., wind 

and solar energy), particularly those with intermittent and fluctuating characteristics [29], which 

benefits from storing excess electrical energy in the form of chemical energy and reducing 

greenhouse gas emissions by using fewer carbon-containing fossil fuels for electrical energy 

generation. This has great potential to reduce the operational costs of the emerging plasma 

reforming process in the long term, allowing it to contribute to the achievement of a carbon-

neutral economy.  

Up to now, various types of NTP have been investigated in plasma-assisted CH4 reforming 

with CO2, including dielectric barrier discharge (DBD) [30-32], corona discharge [33], glow 

discharge [34], gilding arc [35-37], radio frequency discharge [38], and microwave plasma [39]. 

Among them, DBDs have attracted significant attention as they can be produced under mild 

conditions with a flexible reactor design and easy operation. Additionally, catalysts are prone 

to being directly integrated into the plasma region to form a potential plasma-catalytic synergy 

to boost reaction performance [40]. Furthermore, the scalability of DBD plasma systems in 

commercial applications, such as gas cleaning and ozone generation has been demonstrated [41, 

42]. DBDs have been extensively studied for CH4 reforming with CO2, and great efforts have 
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been made to enhance plasma reaction performance by optimizing operating parameters, 

reactor geometry, and interactions between reactive plasma species and catalysts in the plasma-

catalytic process. Khoja et al. summarized recent advances in CH4 reforming with CO2 using 

DBDs and highlighted that low energy efficiency remains the main barrier to further 

development of this technology [43].  

One of the most important factors influencing energy efficiency is plasma power supply, and 

nanosecond pulsed power sources are gaining increasing interest in enhancing the energy 

efficiency of plasma chemical processes. In pulsed DBDs, the fast repetitive pulsed discharges 

can generate high instantaneous power and electric fields, which can effectively accelerate 

electrons rather than induce overheating, thereby maintaining discharge stability and enhancing 

the energy efficiency of the plasma process [44, 45]. In recent years, great efforts have been 

dedicated to investigating nanosecond pulsed DBDs for gas conversion. For example, Khalifeh 

et al. reported a maximum energy efficiency of 7.2% based on the high heating values in the 

direct CH4 decomposition process using a nanosecond pulsed DBD [46]. Wang et al. obtained 

the highest conversion of CO2 and CH4 (22.9% and 39.6%, respectively) when they evaluated 

the influence of pulse parameters on CH4 reforming with CO2 in a nanosecond pulsed DBD 

reactor [47]. Zhang et al. confirmed that packing pellets changed the discharge behavior in terms 

of the charge transfer process in a nanosecond pulsed CH4/CO2 DBD [48]. From the viewpoint 

of simulation work, Bai et al. developed a 1D fluid model to systematically illustrate the plasma 

characteristic parameters, the distribution and density of the energetic species, and the 

formation pathways for the main species of pure CH4, pure CO2 and CH4/CO2 mixture in a 

nanosecond pulsed DBD reactor [49]. Cheng et al. used a 2D plasma model to simulate the CH4 
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reforming with CO2 in a nanosecond pulsed packed-bed DBD. They found that the high 

instantaneous power during the nanosecond pulse and the structure of the packed-bed reactor 

resulted in the generation of a strong discharge, which enhanced the number density of 

electrons and promoted the formation of CO and H2 [50]. It is clear that plasma-assisted CH4 

reforming with CO2 in nanosecond pulsed DBDs is strongly influenced by various operating 

parameters, which directly affect discharge characteristics such as electron energy and density, 

charge transfer and power levels. Understanding the relationship between discharge 

characteristics and plasma reforming performance is critical for improving the efficiency of 

this process. However, to the best of our knowledge, in-depth research in this area is still limited. 

There is an urgent need to investigate the influence of plasma processing parameters on 

discharge characteristics as well as reaction performance in nanosecond pulsed DBDs, in order 

to identify the critical factors influencing energy efficiency. 

Herein, plasma-assisted CH4 reforming with CO2 was performed in a coaxial DBD reactor 

excited by a custom-built nanosecond pulsed power supply at atmospheric pressure. The effects 

of various parameters, including applied voltage, total flow rate, CH4/CO2 molar ratio, and 

discharge length on electrical characteristics and reaction performance were thoroughly 

investigated. Due to the complex nature of the plasma reforming process, the artificial neural 

network (ANN), which has been regarded as an effective and promising approach for the 

modeling and optimization of plasma chemical reactions [51, 52], was developed to model and 

predict the plasma reforming process, as well as to understand the relative importance of each 

operating parameter on plasma reforming performance.  
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2. Methodology 

2.1 Experimental setup 

Figure 1 presents the schematic diagram of the experimental system for plasma-assisted CH4 

reforming with CO2. The plasma reactor mainly consisted of a quartz tube. The inner and outer 

diameter of the tube were 20 mm and 23 mm, respectively. The high voltage electrode was a 

stainless steel rod (diameter: 15 mm) set coaxially within the tube, while the ground electrode 

was a stainless-steel mesh wrapped tightly around the tube. The discharge length can be varied 

from 6 cm to 14 cm. To investigate the charge characteristics, the plasma reactor was grounded 

after connecting a 7800-pF reference capacitor to the ground electrode. The peak voltage of the 

nanosecond power supply can be adjusted in the range of 0 - 30 kV, with the rising time, pulse 

width and pulse repetition frequency fixed at 80 ns, 250 ns and 1 kHz, respectively. The applied 

voltage, total current, and voltage across the reference capacitor were measured using a high 

voltage probe (Tektronix, P6015A), a current monitor (Pearson, 6585), and a differential probe 

(Sapphir, LDP6002), respectively. A four-channel digital oscilloscope was used to record these 

electrical signals for further analysis (Tektronix, TDS-3054c). 

CO2 (99.999%) and CH4 (99.999%) were fed into the DBD reactor after being thoroughly 

mixed in a gas mixer. Mass flow controllers were used to adjust their flow rates. Gas 

chromatography (GC) was used to analyze the gaseous products from this process (Techcomp, 

GC7900). The hydrocarbons were separated using a micro-packed column of silanized glass 

beads and analyzed using a flame ionization detector (FID), while H2, CO and CO2 were 

separated using a column packed with 5A molecular sieves and analyzed using a thermal 
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conductivity detector (TCD). A digital soap film flowmeter was used to measure the flow rate 

after the plasma reaction.  

  

Figure 1. Nanosecond pulsed DBD reactor system for CH4 reforming with CO2. 

 

2.2 Analysis methods 

An equivalent circuit of the DBD reactor was developed to gain a thorough understanding 

of the transferred charge and power properties of the custom-built nanosecond pulsed power 

supply during plasma reforming [53, 54]. Using the equivalent circuit, both the applied voltage 

(Ut) and the measured total current (It) in a DBD can be divided into two components by: 

namely, the voltage across the discharge gap (Ug) and the dielectric layer (Ud), as well as the 

conduction current (Ig) and the displacement current (Id). Details on the equivalent circuit of 

DBD and the separation procedure of voltage and current can be found in previous studies [53, 

54]. The average discharge power (Pg) was calculated by taking the average value of the product 

of Ug and Ig in each cycle, as shown in Equation (1). The transferred charge (Qtrans) per cycle 
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of applied voltage was obtained by integrating the instantaneous value of conduction current 

(Equation (2)).  

 (1) 

 (2) 

The following equations were used to calculate the conversion (C) of CO2 and CH4, as well 

as the total gas conversion.  

 (3) 

 (4) 

 (5) 

where and are the content (in %) of CO2 and CH4 of the feed gas, respectively. 

The selectivity (S) of the gas products was determined by 

   (6) 

 (7) 

 (8) 

The carbon balance (CB) was calculated by Equation (9). 

 (9) 

The energy efficiency (EE) was determined by Equation (10),  
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where q is the total gas flow rate. 

 

2.3 Artificial neural network (ANN) 

To simulate and predict the effect of processing parameters on CH4 reforming with CO2 in 

the pulsed DBD reactor, a multiplayer perceptron based on back propagation ANN with an 

input layer, a hidden layer, and an output layer was developed. The input variables are applied 

voltage, total flow rate, CH4/CO2 molar ratio and discharge length, while the target variables 

are CO2 conversion, CH4 conversion, H2 selectivity, CO selectivity, C2H6 selectivity and 

C3H6/C3H8 selectivity. Table 1 details the experimental conditions of the plasma process. 70% 

of the experimental data was chosen at random to form the training set for computing network 

parameters, with the remainder divided equally into validation (15%) and testing (15%) sets to 

assess the predictability and robustness of the established model. In the ANN model, the 

Levenberg-Marquardt (LM) algorithm with 9 different transfer function combinations (see 

Table S1) was used to identify the neuron number in the hidden layer and select the optimal 

topology based on the minimization of errors between experimental and simulation values (e.g., 

mean square error (MSE), see Eq. (S1)) [51, 52]. The tangent sigmoid function (TANSIG) in both 

the hidden and output layers was identified as the optimal configuration due to its accuracy, as 

shown in Table S2. The optimal number (10) of neurons in the hidden layer was determined 

by the minimum training error (Table S1). Figure S2 depicts the optimized structure of the 

ANN model. Furthermore, the established ANN model was well trained, as evidenced by the 

high correlation coefficient R2 of 0.99514 (Figure S2 and Table S2). 
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Table 1 Experimental conditions of the plasma reforming process. 

 Applied voltage 

(Ut, kV) 

Total flow rate 

 (q, ml/min) 

CO2/CH4 molar 

ratio (n) 

Discharge 

length (L, cm) 

Effect of Ut 20, 22, 24, 26, 

28 

50 1:1 10 

Effect of q 26 25, 50, 75, 100, 

125 

1:1 10 

Effect of n 26 50 1:4, 1:2, 1:1, 2:1, 

4:1 

10 

Effect of L 26 50 1:1 6, 8, 10, 12, 14 

 

 

Figure 2. Structure of the optimized ANN model. 

 

3. Results and discussion 

3.1 Electrical characteristics 

Figure 3 depicts the typical voltage and current waveforms of the nanosecond pulsed 

CH4/CO2 DBD. Figure 4(a) shows two discharge processes are observed on the rising and 
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falling edges of the applied voltage, known as primary and secondary discharges, respectively 

[47]. The former discharge has a main positive current peak with a peak value of 30.2 A, whereas 

the latter exhibits a current pulse with a peak value of -10.6 A. The current approached zero 

when the applied voltage was reduced further. The conduction current and displacement 

currents were extracted from the total current, with main peak values of 26.5 A and 9.8 A, 

respectively. The corresponding voltage across the discharge gap and dielectric layer was 14.6 

kV and 12.4 kV, respectively (Figures 3(b) and (c)).  

 

Figure 3. Voltage and current waveforms in the pulsed CO2/CH4 DBD: (a) Ut and It; (b) Ud 

and Id; (c) Ug and Ig (applied voltage 24 kV; total flow rate 50 ml/min; CH4/CO2 molar ratio 

1:1; discharge length 10 cm). 
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The voltage and current waveforms are very similar with different peak values under the 

experimental conditions. Figure 4 shows how the voltage on the discharge gap and the 

conduction current change under different conditions. As illustrated in Figure 4(a), increasing 

the applied voltage had no noticeable effect on the voltage across the discharge gap, but resulted 

in a linear increase in the conduction current. Recently, we found that increasing applied 

voltage did not change the reduced electric field (E/n) but increased the number of 

microdischarges and current intensity when performing CO2 decomposition in an AC DBD 

reactor [55]. Figures 4(b) and (c) show that changing the total flow rate and CH4/CO2 molar ratio 

had negligible effect on the voltage across the discharge gap and the conduction current. 

However, enlarging the discharge gap reduced the voltage on the discharge gap slightly (Figure 

4(d)). As previously stated, the voltage across the discharge gap was obtained by subtracting 

the voltage across the dielectric layer from the total voltage. The voltage on the dielectric layer 

is proportional to the voltage on the reference capacitor divided by the capacitance of the 

dielectric layer [56]. Increasing the discharge length leads to a large capacitance according to 

the topology of the dielectric layer [57]. However, increasing the discharge length also increased 

the voltage over the reference capacitor, and its increasing rate was faster than that of the 

dielectric layer capacitance, which increased the voltage on the dielectric layer and 

consequently decreased the voltage on the discharge gap. Nevertheless, it is worth noting that 

increasing the discharge length from 6 cm to 14 cm almost doubled the conduction current 

(from 19.5 A to 39.2 A). Figure 5 shows the influence of operating parameters on average 

discharge power. Increasing both the applied voltage and discharge length increased power. 

However, the total flow rate and CH4/CO2 molar ratio had an insignificant effect on power. 
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This finding suggests that more power was deposited into the discharge gap for plasma reaction 

at a higher applied voltage and longer discharge length. 

 

Figure 4. Influence of operating parameters on the peak voltage on the discharge gap and 

conduction current: (a) applied voltage; (b) total flow rate; (c) CH4/CO2 molar ratio; (d) 

discharge length. The experimental conditions are listed in Table 1. 



15 
 

 

Figure 5. Influence of operating parameters on average discharge power: (a) applied voltage; 

(b) total flow rate; (c) CH4/CO2 molar ratio; (d) discharge length. The experimental 

conditions are listed in Table 1. 

 

The voltage across the discharge gap in a DBD directly influences E/n in the discharge area 

[58], which also determines the mean electron energy. According to the voltages on the 

discharge gap under different conditions (see Figure 4), variations in applied voltage, total flow 

rate, and CH4/CO2 molar ratio had negligible effects on E/n and mean electron energy. 

However, increasing the discharge length may slightly decrease E/n and mean electron energy. 

Additionally, the conduction current is related to the space charges in the discharge area [58], 

which can have a significant effect on the density of reactive species for plasma chemical 

reactions [59]. Although the total flow rate and the CH4/CO2 molar ratio had little effect on the 
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charge characteristics, increasing the applied voltage and discharge length improved charge 

generation and transfer, as evidenced by variations in the transferred charge under different 

conditions (Figure 6). The transferred charges varied by around 3.5 μC when changing the total 

flow rate and CH4/CO2 molar ratio, while increasing the applied voltage and discharge length 

enhanced the transferred charge by a factor of 0.95 and 1.19, respectively. As a result, 

increasing the applied voltage and discharge length can create a high-activity environment for 

the plasma reforming process. 

 

Figure 6. Influence of operating parameters on the transferred charge in the plasma reforming 

process: (a) applied voltage; (b) total flow rate; (c) CH4/CO2 molar ratio; (d) discharge 

length. The experimental conditions are listed in Table 1. 
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3.2 Performance modeling and prediction 

CH4 reforming with CO2 using nanosecond pulsed DBD generated major products including 

H2, CO, C2H6 and C3H6/C3H8, as well as trace amounts of C2H2, C2H4 and C4 hydrocarbons. 

The production of hydrocarbons (C2H2, C2H4 and C4 hydrocarbons) is not the focus of this 

study since they were produced in such small amounts, as evidenced by the high carbon balance 

of this process, ranging between 89.1% and 95.9% under different operating conditions (Figure 

7). The highest carbon balance (95.9%) was obtained at a CH4/CO2 ratio of 1:4, an applied 

voltage of 26 kV, a total flow rate of 50 ml/min and a discharge length of 10 cm. In this study, 

there was no carbon deposition on the surface of the quartz tube or inner electrode.  

 



18 
 

Figure 7. Influence of operating parameters on the carbon balance of the plasma reforming 

reaction: (a) applied voltage; (b) total flow rate; (c) CH4/CO2 molar ratio; (d) discharge 

length. The experimental conditions are listed in Table 1. 

 

3.2.1 Plasma reforming performance under various applied voltages 

Figure 8 presents the effect of the applied voltage on the reaction performance of plasma 

reforming. The conversion of CO2 and CH4 increased by 60.7% (from 8.4% to 13.5%) and 

50.3% (from 19.5% to 29.3%), respectively, as the applied voltage increased from 20 kV to 28 

kV. The overall carbon-based gas conversion increased by 53.2%, from 13.9% to 21.3%. The 

ANN model predicts that increasing the applied voltage to 30 kV will increase the conversion 

of CO2 and CH4 to 13.9% and 31.3%, respectively (Figure 8 (a)). Increasing the applied voltage 

significantly improved the discharge power (Figure 6(a)), indicating that more power was 

delivered into the plasma reforming process. As a result, the capability of charge generation 

and transfer was improved (Figure 5(a)), implying that the formation of reactive species (e.g., 

energetic electrons, radicals, and excited species) was enhanced. Previous studies have 

demonstrated that electron-impact dissociations of CO2 and CH4 (R1 – R4) are the most 

important initial reactions in plasma CH4 reforming with CO2 [30, 40]. Increased applied voltage 

significantly accelerated these reactions due to the increased generation of reactive species, 

particularly energetic electrons. Additionally, the CH4/CO2 discharge in this study exhibits 

typical filamentary discharge characteristics. Increasing the applied voltage promotes the 

generation of microdischarges, which results in the formation of more reaction channels for 

plasma reforming. All of these effects contribute to the enhanced gas conversion. 
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 (R1) 

 (R2) 

 (R3) 

 (R4) 

For major gas products, raising the applied voltage increased the selectivity of CO but 

decreased the selectivity of H2. The highest selectivity of CO was 39.0% at an applied voltage 

of 28 kV, while the selectivity of H2 was 26.1% at the same conditions. At 20 kV, the selectivity 

of C2H6 and C3H6/C3H8 was 18.1% and 5.7%, respectively, and decreased to 15.4% and 4.9%, 

respectively, when raising the applied voltage to 30 kV. Previous work reported that increasing 

discharge power by adjusting applied voltage transformed light hydrocarbons (e.g., C2 - C3) to 

higher hydrocarbons (e.g., C4 - C5+), reducing the selectivity of light hydrocarbons while 

increasing the selectivity of higher hydrocarbons [60].  

While increasing the applied voltage promotes gas conversion, it has a negative influence on 

energy efficiency. The energy efficiency of the reforming process was 12.4% at 20 kV, which 

was 1.4 times (8.6%) higher at an applied voltage of 28 kV. The ANN model predicts that 

continuously increasing applied voltage will reduce energy efficiency even further. We can see 

that increasing the applied voltage enhanced both gas conversion and discharge power. 

However, because a larger portion of the discharge power is consumed to heat gas and 

dielectrics rather than being used directly for plasma reaction at a higher applied voltage, the 

increasing rate of discharge power is faster than that of gas conversion, resulting in lower 

energy efficiency.  

2CO e CO O e- -+ ® + +

4 3CH e CH H e- -+ ® + +

4 2 2CH e CH H e- -+ ® + +

4 2CH e CH H H e- -+ ® + + +



20 
 

 

Figure 8. Reaction performance at different applied voltages (total flow rate 50 ml/min; 

CH4/CO2 molar ratio 1:1; discharge length 10 cm). 

 

3.2.2 Plasma reforming performance at various total flow rates 

The total flow rate is also a key parameter in plasma reactions, as it directly affects the 

residence time of reactants within the reaction region, influencing the chances of reactive 

species colliding with reactant molecules. As shown in Figure 9(a), the highest gas conversion 

(24.1% for CO2 and 36.5% for CH4) in the experiments was obtained at the lowest total flow 

rate (25 ml/min). Gas conversion decreased rapidly at high total flow rates and tended to 
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stabilize when further increasing the total flow rate. The total gas conversion was decreased by 

66.3% (from 30.3% to 10.2%) when increasing the total flow rate from 25 ml/min to 125 

ml/min. Previous studies indicate that lower total flow rates are beneficial for reasonable gas 

conversion [14]. As previously stated, electron-impact dissociations are the primary reactions in 

plasma-assisted CH4 reforming with CO2 [19, 28]. In this work, the residence time of CO2 and 

CH4 molecules in the reaction area decreased from 32.9 s to 6.6 s as the total flow rate increased, 

reducing the possibility of CO2 and CH4 molecules reacting with energetic electrons for 

dissociations and transformations and, as a result, lowering gas conversions. 

The selectivity of CO and H2 decreased from 44.4% and 33.5% to 29.6% and 20.6%, 

respectively, as the total flow rate increased, and it can be reduced to 27.1% and 20.3% when 

further raising the total flow rate to 150 ml/min, as predicted by the ANN model. 

Correspondingly, C2H6 selectivity increased by 45.6%, while C3H6/C3H8 selectivity changed 

slightly between 4.9% and 5.8%. This phenomenon suggests that the decrease in reactant 

residence time limits the recombination of C2Hx (x=4-6) species with itself or CHx (x=1-3). A 

similar effect was also reported in previous studies [40, 60, 61]. 

In this study, increasing the total flow rate from 25 to 125 ml/min significantly enhanced the 

energy efficiency from 6.9% to 11.5%. According to the ANN model, further increasing the 

total flow rate to 150 ml/min will improve energy efficiency by 12.2%. Although raising the 

total flow rate at a constant power reduces the conversion of CO2 and CH4, more CO2 and CH4 

molecules are involved in plasma reactions and converted into valuable compounds (e.g., H2 

and CO), resulting in higher energy efficiency. 
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Figure 9. Reaction performance at different total flow rates (applied voltage 26 kV; CH4/CO2 

molar ratio 1:1; discharge length 10 cm). 

 

3.2.3 Plasma reforming performance at various CH4/CO2 molar ratios 

Figure 10 presents the influence of the CH4/CO2 molar ratio on gas conversions, selectivity 

of major gaseous products and energy efficiency. Increasing the CH4/CO2 molar ratio from 1:4 

to 4:1 notably reduced the conversion of CH4 by 53.2%, while only slightly decreasing CO2 

conversion from 14.0% to 10.7%. As a result, the total gas conversion reached the highest value 

of 19.9% when the CH4/CO2 molar ratio was 1:1, but quickly dropped to 14.0% when the 
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CH4/CO2 molar ratio increased to 4:1. Higher conversions of CH4 and CO2 can be obtained at 

lower CH4/CO2 molar ratios (e.g., 1:10), as predicted by the ANN model. In the plasma 

reforming process, the C-H bond in CH4 molecules can be easily broken down by the reactive 

oxygen species. For example, dissociation of CH4 by O atoms (R5) or OH radicals (R6) can 

improve the conversion of CH4, and the contribution of these two reactions (R5 and R6) to CH4 

dissociation is significantly enhanced when increasing the content of CO2 [62]. Meanwhile, H 

atoms generated by CH4 dissociation facilitate CO2 conversion (R7). However, the reaction 

rate coefficient of R7 is significantly lower than that of the reaction between CH4 and O-

containing species, particularly R5 [30]. Therefore, the contribution of this reaction (R7) to CO2 

conversion is less pronounced. Similarly, Lu et al. reported that increasing the CH4/CO2 molar 

ratio in the gliding arc reforming of CH4 with CO2 reduced CO2 conversion by nearly 70% [61].  

 (R5) 

 (R6) 

 (R7) 

The distribution of the major gas products is significantly affected by changing the CH4/CO2 

molar ratio. The selectivity of CO decreased from 70.0% to 18.6% when increasing the 

CH4/CO2 molar ratio. The increase in the CH4/CO2 molar ratio indicates that fewer CO2 

molecules are involved in the plasma reforming process, lowering the possibility of CO2 

conversion into CO. The selectivity of H2 slightly decreased from 39.2% to 28.0% when first 

increasing the CH4/CO2 molar ratio to 1:1, and then remained almost constant at around 27.5%. 

Furthermore, increasing CH4 content in the feed gas enhanced the selectivity of C2 and C3 

hydrocarbons, and the selectivity of C2H6 was much higher than that of C3H6/C3H8. For 

4 3CH O CH OH+ ® +

4 3 2CH OH CH H O+ ® +

2CO H OH CO+ ® +
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example, the highest selectivity of C2H6 (27.9%) was found at the highest CH4/CO2 molar ratio 

(4:1), which is 1.5 times higher than that of C3H6/C3H8 obtained under the same conditions 

(11.3%). 

The energy efficiency follows a different tendency than the gas conversion and product 

selectivity when changing the CH4/CO2 molar ratio. The energy efficiency increased with the 

CH4/CO2 molar ratio first, reaching a peak of 8.9% when the CH4/CO2 molar ratio was 1:1, 

and then gradually decreasing. According to the ANN model, the highest energy efficiency of 

9.0% was attained at a CH4/CO2 molar ratio of 3:2. However, the predicted gas conversions 

and product selectivities (e.g., H2 and CO) under this condition are lower than those obtained 

in the experiments at a CH4/CO2 molar ratio of 1:1. The optimum CH4/CO2 molar ratio was 

found to be 1:1 in order to achieve high energy efficiency, gas conversion, and product 

selectivity simultaneously. 
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Figure 10. Reaction performance at different CH4/CO2 molar ratios (applied voltage 26 kV; 

total flow rate 50 ml/min; discharge length 10 cm). 

 

3.2.4 Plasma reforming performance under various discharge lengths 

The discharge length is another processing parameter that affects both the residence time of 

the reactants in the plasma reaction region and the power density deposited into the plasma 

reactions. The conversion of CO2 and CH4 increased by 59.6% and 31.1%, as discharge length 

increased from 6 cm to 14 cm (Figure 11), while total gas conversion increased by 41.2% (from 

16.5% to 23.3%). On the one hand, increasing the discharge length enlarges the discharge 

volume, which increases the residence time of CO2 and CH4 molecules in the reaction area 

when the total flow rate remains constant, and promotes their collisions with reactive species, 
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resulting in high gas conversions. Moreover, increasing discharge length at a constant voltage 

enhanced the discharge power and transferred charge (Figures 5 and 6), which improves the 

generation of electrons and other reactive species for collisions and promotes reactant 

conversion. On the other hand, the discharge power was enhanced by 63.5% (from 15.6 W to 

25.5 W) when increasing the discharge length from 6 cm to 14 cm at a fixed applied voltage of 

26 kV (Figure 6). However, the discharge volume was more than doubled, which reduced the 

power density by 30.0% (from 1.9 W/cm3 to 1.3 W/cm3). Furthermore, a slight decrease in the 

voltage across the discharge gap as the discharge length increases (Figure 5) may reduce the 

mean electron energy slightly. These two effects negatively influenced the conversion of CH4 

and CO2. Clearly, the gas conversion is controlled simultaneously by the positive effects of an 

increase in residence time, discharge power, and transferred charge, as well as the negative 

effects of a decrease in power density and average electron energy. In this study, the positive 

effects exert a greater influence and consequently improve plasma reforming performance. The 

ANN model predicts that a further increase in discharge length has no discernible effect on the 

gas conversion, so these positive effects may become less significant. 

Increasing the discharge length improved the selectivity towards CO and H2. For example, 

the longest discharge length (14 cm) yielded the highest CO selectivity (43.5%) and the highest 

H2 selectivity (31.2%). The ANN model predicts that the selectivity of CO and H2 will increase 

slightly when further increasing the discharge length. While the selectivity of C2H6 and 

C3H6/C3H8 dropped slightly as the discharge length increased. These findings reveal that a 

longer discharge length improves syngas production.  
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The highest energy efficiency (9.8%) was achieved with a discharge length of 6 cm, and it 

declined to 8.4% when further increasing the discharge length to 14 cm. According to the ANN 

model, raising the discharge length to 15 cm will reduce energy efficiency to 8.1%. In this 

work, increasing the discharge length increased both the gas conversion and the discharge 

power at a constant voltage, but the increasing rate of the discharge power was faster than that 

of the gas conversion, lowering the energy efficiency at the longer discharge length. 

 

Figure 11. Reaction performance at different discharge lengths (applied voltage 26 kV; total 

flow rate 50 ml/min; CH4/CO2 molar ratio 1:1). 
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3.3 Relative importance of plasma processing parameter 

The net weight matrix and Garson equation (Table S3 and Eq. (S2)) were used to assess the 

relative impact of different operating parameters on the performance of CH4 reforming with 

CO2 using the pulsed DBD. As shown in Figure 12, the CH4/CO2 molar ratio and total flow 

rate have a greater influence on gas conversions than the other processing parameters due to 

the higher relative weight (above 30%). Moreover, the CH4/CO2 molar ratio plays a dominant 

role in determining product selectivity and energy efficiency, as indicated by the high relative 

weight (>60% for product selectivity and >50% for energy efficiency), whereas the relative 

importance of the other processing parameters was much weaker due to their corresponding 

low relative weights ranging from 8% to 19%. 

 

Figure 12. Relative contribution of each parameter to the plasma reforming performance. 

 

3.4 Energy efficiency of plasma reforming 

Energy efficiency is an important performance indicator to assess the effectiveness of plasma 

reactions. Table 2 compares the energy efficiency of plasma CH4 reforming with CO2 via 
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DBDs with various power sources and catalysts. In this study, the highest energy efficiency 

achieved was 12.2%. Clearly, plasma-only processes (without a catalyst) driven by a pulsed 

DBD typically have higher energy efficiency than those using an AC-powered  DBD, and are 

comparable to plasma-catalytic processes using AC DBD systems. However, the gas 

conversions and energy efficiencies of pulsed DBD plasma reforming processes are still too 

low for commercialization. The performance of a pulsed power supply is strongly dependent 

on a wide range of parameters such as applied voltage, pulse repetition frequency, pulse rise 

time, pulse fall time, pulse peak width, duty cycle and pulse sequence of voltage signals [44]. 

Understanding the effects of these power parameters on plasma reaction performance, 

particularly the coupled effects of two or more power parameters, is critical for optimizing this 

reforming process further. Introducing catalysts into the plasma process has great potential to 

generate a plasma-catalytic synergy, increasing gas conversion, product selectivity and energy 

efficiency simulanestuously [32, 40]. Exploring the design and development of highly efficient 

catalysts suitable for pulsed plasma reforming processes is critical to improving the economic 

competitiveness of this promising technology. Machine learning and Design of Experiments 

(DoE) approaches can be used to rapidly optimize this process towards a more energy-efficient 

conversion of CH4 and CO2 [32, 63-66].  
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Table 2 Energy efficiency of plasma CH4 reforming with CO2 using different DBD reactors. 

Power 
supply 

Disch
arge 

power 
(W) 

Total 
flow 
rate 

(ml/min) 

CH4/CO2 
molar 
ratio 

Catalyst 

Conversion 
(%) 

Selectivity 
(%) 

Energy 
efficiency 

(%) 
Ref. 

CO2 CH4 H2 CO 

Pulsed 8.1 30 1:1 None 7.0 9.8 53.5 66.8 5.7 [67] 
Pulsed 18.7 50 1:1 None 8.5 13.8 43.0 62.2 5.5 [47] 
Pulsed 12 45 3:2 None 8.3 10.7 35.0 33.0 6.7 [68] 

AC 150 40 1:1 None 43.2 52.4 66.9 84.6 2.3 [69] 
AC 50 50 1:1 None 19.2 30.0 20.9 44.7 4.5 [40] 

Pulsed  25 22.5 3:2 
Perovskite 

LaNiO3 
54.5 73.0 38.2 50.4 10.3 [68] 

Pulsed 3.3 15 1:2 CHM* 7.5 3.0 48.4 53.6 3.8 [70] 

Pulsed 3.3 15 1:2 
Nickel 

supported 
on CHM* 

8.8 4.0 35.6 61.3 4.7 [70] 

AC 150 40 1:1 
LaNiO3 
@SiO2 

77.8 88.3 83.7 92.4 4.1 [69] 

AC 50 50 1:1 Ni/γ-Al2O3 30.2 56.4 31.0 52.4 8.0 [40] 
AC 19 50 1:1 g-C3N4 10.3 14.1 45.9 56.8 5.9 [31] 

AC 20 50 1:1 
TiO2/ g-

C3N4 
11.1 16.5 39.2 52.5 6.3 [31] 

Pulsed  17.6 50 1:1 None 8.4 19.5 30.2 34.7 12.2 
This 
work 

* Cordierite honeycomb monolith 

 

4. Conclusions 

Plasma-assisted CH4 reforming with CO2 was carried out in a nanosecond pulsed DBD 

reactor. The electrical characteristics of DBD and reaction performance were investigated 

under various operating parameters. In terms of electric characteristics, increasing applied 

voltage and discharge length notably increased conduction current and transferred charge, 

which is beneficial for promoting the plasma reaction. For plasma reforming performance, 

increasing the applied voltage and discharge length and decreasing total flow rate increased the 



31 
 

conversion of CO2 and CH4, but reduced energy efficiency. In addition, increasing the 

CH4/CO2 molar ratio decreased gas conversion but increased energy efficiency. An optimal 

CH4/CO2 molar ratio of 1:1 was identified for high energy efficiency. In this study, the highest 

total gas conversion (30.3%) was obtained at an applied voltage of 26 kV, a total flow rate of 

25 ml/min, a CH4/CO2 molar ratio of 1:1 and a discharge length of 10 cm, while the lower 

applied voltage (20 kV) and higher total flow rate (50 ml/min) gave the highest energy 

efficiency of 12.4% while keeping the other two operating parameters unchanged. The 

simulation results of the ANN model reveal that the CH4/CO2 molar ratio is the most significant 

factor in determining gas conversion, product selectivity and energy efficiency among the four 

operating parameters, while total flow rate is also a dominant parameter that influences the 

conversion of CO2 and CH4. 
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