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Dry reforming of methane in a rotating gliding arc plasma: Improving efficiency and syngas cost by quenching product gas
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Abstract

Rotating gliding arc (GA) plasma has attracted increasing interest in dry reforming of methane (DRM) for COxz utilization. Most DRM studies using
GA plasma are conducted to improve energy efficiency by increasing the conversion of reactants. This study aimed to improve energy efficiency by
increasing the selectivity of products, particularly that of Ha. To increase the selectivity of Hz, a quenching device (i.e., a quenching rod (QR)) was developed
to protect H2 from being consumed by suppressing the reverse water—gas shift (RWGS) reaction that is dominant in CO2 and Hz consumption in DRM
processes. When the QR was applied, the conversion of CH4 and CO2 was reduced, while the selectivity and yield of H2 and H20O changed significantly,
i.e., the yield of Hz increased, and the yield of H2O decreased. Owing to the increased yield of Ha, the energy efficiency and syngas cost were improved.
At an SET of 4.2 kJ/L with a CH4/COxz ratio of 5/7, the conversion of CH4 and CO2 was 51.1% and 40.2%, respectively; the highest energy efficiency was
55.3% with syngas costs of 10.9 kJ/L. Moreover, compared with the results of other DRM studies, syngas with the highest H2/CO ratios of 0.95 and 1.26
at CH4/CO:x ratios of 5/7 and 1 was produced with the reactor applied in this study, respectively. In conclusion, optimizing the quenching process will
probably further improve the DRM performance. Moreover, the quenching method will be applied to dry reforming processes for syngas with high H2/CO

ratios.
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1. Introduction

CO:z utilization technology, which converts CO: into value-added chemicals, has attracted significant interest because it may mitigate global warming
issues [1]. In dry reforming of methane (DRM), CO2 and CHs are converted into syngas (i.e., an H2/CO mixture), as shown in reaction (R1). This reaction
is environmentally and economically desirable as it uses the two main greenhouse gases CO2 and CH4 simultaneously and produces syngas that can be
converted into higher-value chemicals through a Fischer-Tropsch (FT) process after further adjustment of the H2/CO ratio [2-4].

CH4+CO,—2CO+2H, AH® = 247 kJ/mol R1)

The high reaction enthalpy (AH®) of (R1), which arises from the inert and stable characteristics of both reactants (i.e., CH4 and COz), implies that this
reaction is strongly endothermic. Hence, DRM is unfavorable under ambient conditions [5-7]. The conventional DRM process has been carried out thermo-
catalytically to activate the reaction easily; however, the high-temperature condition (approximately 800°C) is still required. In addition, owing to catalyst

deactivation by carbon deposition, conventional catalytic DRM has not been applied in the industry [6, 7].
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Non-thermal plasma can be a promising alternative for overcoming the deficiencies of conventional catalytic DRM. Non-thermal plasma can be
obtained through the following processes. When electrical energy is applied to a reactor and selectively transferred to heat electrons, these accelerated
electrons collide with gas molecules to create highly reactive particles, such as excited species, radicals, ions, and photons [8]. During the collisions of
electrons and gas molecules, a tiny portion of electron energy is lost because electrons are much lighter than gas molecules, thereby leading to a significant
difference between the temperature of electrons (order of a few eV) and that of the gas (room temperature to a few thousand Kelvin) [8, 9]. This
thermodynamic non-equilibrium of the non-thermal plasma allows thermodynamically unfavorable reactions to occur under mild conditions [9-11].

Among the various types of non-thermal plasmas (such as dielectric barrier discharge, microwave discharge (MW), nanosecond-pulsed discharge, and
gliding arc (GA) discharge plasmas), GA and MW plasmas are considered warm plasmas by the researchers of [9, 12-14] owing to their inherent higher
gas temperatures. Depending on the plasma type, the operating range of the reduced electric field is different, thereby affecting the electron energy
distribution [9]. The warm plasma operates in a relatively low reduced electric field in which a significant fraction of the electron energy is transferred to
the vibrational excitation of molecules, which is known to play a vital role in activating and reacting stable molecules such as CHa and COz [8]. In addition,
as the gas is heated through vibrational-translational (VT) relaxation, the warm plasma has a higher gas temperature (1000-3000 K) than other non-thermal
(cold) plasmas (near room temperature) [12, 14, 15]. In this highly thermal environment, successive thermal conversions can occur after the vibrational
excitation-induced conversion (i.e., plasma conversion). Thus, in the warm plasma, endothermic reactions (such as DRM and CO2 decomposition) can be
activated in an energy-efficient way.

Indeed, owing to the higher gas temperatures, GA plasma shows the most promising results for DRM in terms of energy efficiency and energy cost
among the mentioned non-thermal plasmas [12, 14, 16-23]. Until recently, DRM studies with GA plasma have been conducted to improve the energy
efficiency by reinforcing the higher gas temperature characteristics of GA plasma; the energy efficiency of DRM has been increased through increased
thermal conversion of CH4 and CO2, which were induced by increasing the gas temperatures by varying the operating parameters. Dinh et al. [21] analyzed
the heat transfer characteristics with different configurations of the reactor through experiments and 3D modeling; according to their results, when a nozzle-
type reactor was applied rather than a diverging-type reactor, heat loss to the reactor wall was reduced, and the downstream gas temperature was higher.
Consequently, the energy efficiency and conversion were improved in the nozzle-type reactor (energy efficiency of 53% at the conversion of CH4 and CO2
of 74 % and 49 %, respectively). In another study, the effect of adding N2 as an additive on the DRM performance was investigated [22]. The experiments
and computational models confirmed that most N2 energy obtained from collisions with electrons was released through VT relaxation since most N2 remains
unconverted. As a result, the gas temperature increases significantly from 3200 K in the absence of N2 to 4400 K when 80% Nz is added, thereby increasing
the thermal conversion of CH4 and COz. At a 20% N fraction in which the dilution effect of N2 was minimized, the maximum energy efficiency was 58%,
and the minimum energy cost was 8.7 kJ/L [22].

In general, the energy efficiency of DRM was improved through an increase in temperature and the thermal conversion of downstream gas, as mentioned
in the above studies. However, higher energy efficiency can also be achieved by increasing the selectivity of products. For instance, if more desirable
products (such as Hz and CO) and fewer undesirable by-products (i.e., H2O and carbon) are produced from similar amounts of converted CH4 and CO: (via
DRM), the energy efficiency and energy cost can be improved. The reports of the state-of-the-art DRM studies in which the authors used GA plasma
presented a high selectivity of CO in the range of 80% to 90% for C-based selectivity, with CxHy and carbon accounting for the remaining percentage. On
the contrary, for H-based selectivity, the authors reported a relatively low Ha selectivity of 60% to 80% [12, 17, 18, 21, 22, 24, 25], with the other 20% to
30% H-based selectivity being occupied by H2O selectivity [22, 26]. In this regard, they revealed that the relatively low selectivity of H> for DRM in GA
plasma is ascribed to the reverse water—gas shift (RWGS) reaction (R2), which is thermodynamically feasible at high temperatures, since DRM is
accompanied by the RWGS reaction in the high temperature downstream of GA plasma [27-30].

CO,+H,—»CO+H,0 AH°® = 41 kJ/mol (R2)

Promoting the RWGS reaction by increasing the temperature of downstream gas can result in a high conversion of CO2 for DRM but also a low
selectivity and yield of Hz; this means that an excessive adjustment process is required to increase the H2/CO ratio before the FT process, which increases
the energy cost for syngas production. Furthermore, the high-temperature environment downstream often causes significant heat loss. Conversely, if the
RWGS reaction is restrained by quenching the hot downstream gas, the conversion of COz is inevitably reduced, while the selectivity of Hz is higher and

heat losses to the reactor wall and undesirable reactions are mitigated.
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Quenching high-temperature gases can stop chemical reactions from proceeding; thus, by quenching the products produced in the high-temperature
downstream, the target products can be saved from being consumed. Indeed, in studies of the plasma-based CO2 decomposition [31-36], including the
present authors’ work [37], energy efficiency was improved by quenching hot product gas and preventing undesirable reactions (such as the recombination
of CO into COz). However, the quenching effect on DRM has yet to be investigated; at this point, a question arises on whether quenching can suppress the
RWGS reaction to increase the selectivity of H2 and, consequently, improve the energy efficiency and energy cost. In this work, a rotating gliding arc (RGA)
plasma reactor was adopted as a plasma source for DRM. The RGA plasma reactor, which is a modified conventional two-dimensional GA plasma reactor,
performs uniform gas treatment owing to the three-dimensional rotating motion of the feed gas entering through tangential inlets; this reactor has been
employed for various reforming processes [12-14, 16-19, 21, 25, 38-41]. In addition, to suppress thermal reactions, particularly RWGS reaction, a water-
cooled quenching device was developed and applied downstream of the reactor. Before the experimental investigation of the DRM performance,
thermodynamic equilibrium analysis was conducted to have insight into the influence of RWGS reaction on DRM. Subsequently, the effect of quenching
on the DRM performance was experimentally evaluated with different CH4/CO2 ratios and input powers. The obtained DRM performance was compared
with those reported in previously published works. The results of this study demonstrate the feasibility of quenching as a plasma parameter to improve the

DRM efficiency.

2. Experiments

2.1. RGA reactor configuration and cooling system

As shown in Fig. 1, the used RGA plasma system consists of three parts: the RGA reactor, electrical circuit, and gas analysis system. The RGA reactor
comprises an inner electrode, an external electrode with four tangential inlets, a nozzle outlet, and a quenching rod (QR). Ceramic rings are inserted between
the two electrodes and between the external electrode and QR for electrical insulation. The inner electrode is made of copper and has a conical shape with
a full diameter of 32 mm. The external electrode is made of stainless steel, and the inner diameter of the body is 36.2 mm. Therefore, the shortest gap
between the inner and external electrodes in which the arc ignition occurs is approximately 2.1 mm. In addition, four tangential inlets (diameters of 2 mm)
were drilled into the external electrode such that the feed gas is injected in a swirling motion. By using the nozzle and tubular outlet (diameter of 16 mm),
the gas flow formed a torch-like flow and a recirculation zone near the arc, which greatly extended the gas residence time in the arc plasma [17, 42].

Moreover, cooling systems were applied to operate the reactor safely and quench the product gas rapidly. Once the arc discharge ignites in the shortest
gap, it is pushed downstream of the reactor by the rotating flow of the feed gas entering through the tangential inlets and elongating along the outer electrode
wall and inner electrode. Heat energy from the arc was focused on the inner electrode tip. To prevent melting, the inner electrode was continuously cooled
with cold water (approximately 20 °C). By contrast, the external electrode was not water-cooled since the heat was dissipated to a relatively large area.
Another water cooling system was used for the QR, which is a scaled-up version of the QR developed in [37]. This quenching device was developed to
lower quickly the temperature of the product gas undergoing thermal conversion as it was continuously cooled with cold water (approximately 7 °C) and
implemented downstream of the reactor, 20 mm from the tubular outlet. Quenching the hot product gas with the QR can be expressed as the convective
heat transfer as follows:

Q = hA(T; — Ty) (E1)
where ( is the heat transfer rate, h is the heat transfer coefficient, A is the surface area for heat transfer, and T, and T are the gas and surface temperatures,
respectively. When the QR is submerged in product gas from the tubular outlet, a stagnation point is formed at the QR tip, which reduces the local velocity
of the gas to zero, thereby resulting in a higher heat transfer coefficient [43]. In addition, using the QR increases the surface area for heat dissipation. Lastly,
since the QR is cooled with cold water much cooler than the product gas, the temperature difference between the product gas and the surface of the QR ,
Ty — Ts, remains large. Therefore, the product gas can be quenched effectively by the QR. Two thermocouples were used to measure the product gas
temperature before and after quenching. The first thermocouple (TC1) was installed near the QR tip to measure the pre-quenched gas temperature, and the
second thermocouple (TC2) was installed above the QR to measure the gas temperature after quenching. Since the thermocouples were installed away from

the central line of the reactor, the measured temperature does not represent the actual temperature of the product gas; nevertheless, it is possible to see



1 whether the QR functions appropriately. The measured temperatures at TC1 and TC2 at different CH4/COz ratios and SEI are shown in Fig. 2. Other details

2 of the reactor configuration are shown in Fig. 1 below.
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Fig. 1. Schematic of rotating gliding arc plasma system.
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Fig. 2. Downstream gas temperature measured by TC1 and TC2 as a function of (a) CH4/COz ratio and (b) SEI. Red and blue markers represent data of
not-quenched (NQ) and quenched (Q) experiments.

2.2. Experimental setup

The AC plasma power supply was connected to the inner electrode, and the external electrode was grounded. Arc discharge was driven by a power
supply that can provide up to 2 kW power with a voltage of several kV and a current of several hundred mA. An oscilloscope (TBS2000, Tektronix) was
used to collect electrical data delivered to the reactor. The arc discharge voltage and current data were obtained with a high-voltage probe (P6015A,
Tektronix) and a current probe (TCP0150, Tektronix). The plasma power was calculated by integrating the product of the voltage and current over time, as

described in (E2). Fig. 3 illustrates an example of waveforms of the discharge voltage and current at an input power set value of 1800 W and 20 kHz.

Phlasma = %f V-1 (Watt) (E2)
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Fig. 3. Waveforms of discharge voltage and current at an input power set value of 1800 W and with a CH4/CO: ratio of 5/7 over the period of 300 us.
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A mixture containing CH4 and COz2 (99.999% purity) as reactants and N2 (99.999% purity) as an admixture useful for increasing the gas temperature
and promoting arc stabilization was injected as the feed gas. Its flow rate was controlled by a mass flow controller (MFC, FC-2902, Mykrolis). Subsequently,
the mixture of four different CH4/COz ratios (i.e., 1/3, 1/2, 5/7, and 1) was injected while the N2 flow rate and total flow rate were kept at 12 and 24 SLPM,
respectively.

The experiments were performed through the following procedure. First, the inside of the reactor was flushed for 5 min by injecting feed gas before arc
ignition. To sample product gas under constant conditions, the reactor was heated up and the arc discharge operation was stabilized for 10 min after the
power supply had been turned on. Finally, to remove deposited carbon from the electrodes, CO2 was supplied for 3 min while the power supply was turned
on. This procedure was repeated three times for each experiment case. CHs, CO2, CO, Hz, N2, H20, and C2H2 were detected as the main product gases, and
small amounts of C2Hs and CoHg were detected. In addition, no Cs hydrocarbons were detected. After removing H>O through a water trap, the product gas
was analyzed by a gas chromatograph (GC, 7890B, Agilent), which was calibrated for the gases CHa, CO2, N2, O2, H2, CO, C2Hz, C2Ha, C2Hs, and C3Hs;
it has two detectors (i.e., TCD and FID).

The definitions to evaluate the DRM performance were determined as follows:

The (absolute) conversion of the reactant i (either CH4 or COz) is as follows:

cim— - et
————+100 (%), (E3)
i

Xi=

where c/™ and c¢?** are the concentrations of the reactants measured without and with plasma, respectively. And a is a correction factor that accounts for

gas expansion during the DRM process, it is presented in (E4).
cf\f;

out’
CN2

o= (E4)

where cf\f; and cf\’fz‘t represent the concentrations of N2 without and with plasma, respectively. The (absolute) conversion is simply named “conversion” in

the remainder of this paper.
The total conversion, which is the weighted average of the conversion of each reactant, is defined in (ES). The total conversion is necessary to consider
the dilution effect of CH4 and CO2 in N2, and to calculate the conversion cost, which will be defined below.
Xeor = Z c™-X; - 100 (%) (E5)
L
The selectivity and yield of product j in terms of a-atoms were calculated with (E6) and (E7), respectively. In this work, only H2, CO, H20, and CxHy

were considered as product j.
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a= 2 T T 100 (%), (E7)
T it el

where the coefficients y; , and p; , are the amounts of a-atoms in reactant i and product j, respectively.

Sj,a

100 (%), (E6)

The energy efficiency of the DRM process is defined as follows:
()
SEI + Xi(c — a - ¢f™) - LHV;

n 100 (%), (E8)

where LHV; (kJ/L) in the dividend of (E8) is the lower heating value of product j; only the LHV of the syngas (i.e., H2 and CO) was considered owing to
small amounts of CxHy. In addition, SEI (kJ/L) is the specific energy input:

SE[ = Pplasma 60
Total flow rate

(kJ/L), (E9)

where Ppq5mq is the plasma power calculated with (E2); the total flow rate was 24 SLPM in all experiments.
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The energy costs for the required energy for the reactant conversion (i.e., the conversion cost) and syngas production (i.e., the syngas cost) are defined

in (E10) and (E11), respectively:

SEI
Conversion Cost = (kJ/L), (E10)
Xtot
Syngas Cost — S Zi6L" (kJ/L) (E11)
yngas Cost = —- s, c}’“t .
The H2/CO ratio of the syngas is defined as follows:
ﬁuf
H,/CO = —Z, (E12)
co

where cf** and cg§' are the concentrations of Hz and CO with plasma, respectively.

3. Results and Discussion
3.1 Thermodynamic equilibrium analysis

Since the strategy used in this study is to increase the selectivity and yield of Hz by controlling the RWGS reaction by quenching the high-temperature
product gas downstream of the reactor, thermodynamic equilibrium analysis of DRM is helpful to obtain insight into the influence of RWGS reaction on
the conversion of the reactants (i.e., CHs and COz) and the yield of the products (i.e., H2, CO, H20, and C(s)) for the DRM processes.

The equilibrium analysis of DRM was conducted with the HSC Chemistry 5.0 software with a Gibbs free energy minimization algorithm. Fig. 4 shows
the equilibrium composition for DRM as a function of the temperature (500-2000 K) and different CH4/COz ratios: (a) 1/2, (b) 5/7, (c) 1, and (d) 7/5 at 1
atm. CHa, CO2, Hz, CO, H20, and C(s) were considered the main products of the DRM process. First, the thermodynamic equilibrium calculation for the
DRM process was analyzed by focusing on the conversion of CH4 and COa. The conversion of CHa4 is higher than that of CO2 for all CH4/CO: ratios. This
indicates that CHa can be decomposed with less thermal energy than CO2 owing to the strong bond energy of CO2. Meanwhile, CO2 was rapidly converted
as the CH4/CO:z ratio increased (from Fig. 4(a) to (d)). This is due to the fact that adding the reducing agent CH4 causes CHa to react with O atoms and Oz
molecules from CO2 decomposition, thereby preventing CO from recombining into CO2. At a high CH4/CO:z ratio, as there are fewer opportunities for CHa
to react with O atoms and Oz molecules, CHs and CO: are mainly converted via DRM, and the excessive CH4 amount is decomposed into Hz and Cz
hydrocarbons via dehydrogenation (in reaction R3) [27, 29]. Hence, to achieve a high conversion efficiency in the DRM processes, a high CH4/COz ratio
should be used to achieve a high conversion of CO2. However, when the CH4/CO: ratio exceeds 1 (Fig. 4(d)), carbon deposition occurs even at high
temperatures (above 1500 K), thereby hindering the stable operation of RGA plasma. Therefore, conditions close to the stoichiometric condition should

result in a higher conversion of the reactants and stable operation.

CH,—0.5C,H,+(2-0.25x)H, (x=2, 4, or 6) (R3)

In the next step, the results of the thermodynamic equilibrium calculation for DRM were analyzed in terms of the yield of the products. The yield of
the products exhibits a notable trend. When the temperature is high (above approximately 1200 K) and the CH4/COxz ratio is less than 1 (Fig. 4(a) and (b)),
the equilibrium composition of CO2 and Hz decreases, and that of CO and H2O increases. While, when the temperature is above 1200 K and the CH4/CO2
ratio is above 1 (Fig. 4(c) and (d)), the yield of Hz increases, and almost no water is produced. These trends in a temperature range above 1200 K with
different CH4/CO:x ratios can be elucidated based on the RWGS reaction (R2) [27].
The Gibbs free energy change of a reaction (AG) and equilibrium constant (K) can be calculated with (E13) and (E14), respectively:
AG = AH — TAS, (E13)
where AH and AS are the enthalpy change of a reaction and the entropy change of a reaction, respectively, and T is the absolute temperature in Kelvin.
K = exp(—AG/RT), (E14)

where R is the gas constant (8.314 J/K - mol). From the thermodynamic definitions, the negative Gibbs free energy change of a reaction (AG) means that



the reaction is spontaneous, and the equilibrium constant (K) determines the extent of the spontaneity of the reaction. As shown in Fig. 5, the RWGS
reaction has a negative (AG) value, and an increasing K above approximately 1100 K; thus, the RWGS reaction is more favored at a higher temperature. In
addition, at a low CH4/COz ratio, surplus CO: can participate more in the RWGS reaction, thereby resulting in the RWGS reaction tending to shift toward
the products (i.e., CO and H20). Therefore, the low yield of Hz and the relatively high yield of H20 at a high temperature and at a low CH4/COz ratio (Fig.
4(a) and (b)) are attributed to the RWGS reaction.

Indeed, for DRM in RGA plasma, the gas temperature after plasma conversion is sufficient for DRM and RWGS to take place simultaneously. Under
these conditions, the RWGS reaction can be suppressed if the gas temperature is rapidly lowered with the QR; consequently, although there will be some
decreases in the conversion of COz and yield of CO, it is expected that a high yield of Hz can be obtained. Moreover, this quenching effect will be

reinforced at high temperatures and low CH4/CO: ratios where RWGS reaction is more likely to occur.
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Fig. 5. Gibbs free energy change (blue) and equilibrium constant (red) of RWGS reaction as function of temperature.

3.2. Effect of quenching at different CH4/CO: ratios

To evaluate the effect of quenching at different CH4/COz ratios, the QR was implemented downstream of the RGA reactor, and four CH4/COz ratios
(i.e., 1/3,1/2,5/7, and 1) were tested at an input power set value of 1800 W. The N2 flow rate (12 SLPM) and the total flow rate (24 SLPM) were maintained
constant. Fig. 6 shows the conversion of the reactants as a function of the CH4/COz ratio. The conversion of CH4 and COz is represented by bars on the left
y-axis. The conversion of CHs is represented by red (for not-quenched (NQ) experiments) and blue (for quenched (Q) experiments) bars; the conversion of
COz is shown as orange (NQ) and sky-blue (Q) bars. The total conversion is represented by red circles (NQ) and blue squares (Q) on the right y-axis. As
shown in Fig. 6, the conversion of CH4 was higher than that of CO: for all CH4/COxz ratios as the bond dissociation energy for a C—H bond (4.48 ¢V) is
lower than a C=0 bond (5.52 eV) [24, 26]. For the NQ experiments, the conversion of CHs significantly decreased from 65.3% to 50.9% with increasing
CH4/CO:2 ratio, while the conversion of CO> had a maximum of 42.4% at a CH4/COz ratio of 1/2 and remained almost unchanged across the investigated
CH4/CO:z ratios. This implies that the conversion of CHa is strongly affected by the CH4/COz ratio; at a high CH4/COz ratio where Oz molecules and O
atoms from CO: decomposition are depleted owing to low CO: concentration, CH4 was converted through endothermic reactions such as DRM and
dehydrogenation (R3) rather than oxidation reactions, thereby decreasing the conversion of CHs with increasing CH4/COz ratio. These trends in the
conversion of the reactants are consistent with those presented in previously published studies [17, 18]. Combining the significant change in the conversion
of CH4 and the almost constant conversion of COz, the total conversion decreased with the CH4/CO; ratio.

When the QR was applied (blue and sky-blue bars), the conversion of CH4 and CO2 was reduced. Moreover, the difference between not using and using
the QR for the conversion of both CH4 and CO:z (i.e., the difference between red and blue bars and between orange and sky-blue bars) decreased with
increasing CH4/COz ratio. Accordingly, the difference between not using and using the QR for the total conversion (i.e., the difference between red circles
and blue squares) decreased with the CH4/COz ratio. This is because the product gas was quenched such that thermal conversions of CO2 and CHg (reactions
(R3-6)) [12, 22-24, 26] were suppressed. More specifically, the reaction (R4) plays an important role in the thermal conversion of CO2 for the DRM
processes, subsequently, the OH radicals produced via the reaction (R4) participate in the consumption of CHs and H: via the reactions (R6) and (R7) [12,
22-24, 26]. Therefore, when the QR was applied, the reaction (R4) was more effectively suppressed at the low CH4/COxz ratio, which is rich in CO2 to be
converted through the reaction (R4), than at the high CH4/COxz ratio; as a result, the larger difference between not using and using the QR for the conversion
was observed at the low CH4/COz ratio than at the high CH4/CO:z ratio. For instance, by adding quenching at a CH4/COxz ratio of 1/3, the total conversion
decreased by 3.2% (from 23.4% to 22.6%), whereas, at a CH4/COxz ratio of 1, the total conversion decreased by only 0.8% (from 22.7% to 22.5%).
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Fig. 6. Conversion of CHs and CO: and total conversion as functions of CH4/COz ratio. The conversion of CH4 and COz is represented by bars (left y-
axis), and the total conversion (right y-axis) is presented with markers. The solid bars represent the conversion of not-quenched (NQ) experiments, and
the patterned bars represent the conversion of quenched (Q) experiments. The error bars of three experimental results were added; however, they are often
too small to be visible.

The selectivity and yield are presented as functions of the CH4/COz ratio in Fig. 7. The products (H2, CO, H20, and C2Hz) of the experiments without
the QR are represented by red, orange, and yellow solid bars; for the experiments with the QR, the products are represented by blue, sky-blue, and yellow
patterned bars. C2H4 and C2Hs were not considered because their concentrations were very low (i.e., about a few ppm). In addition, as H2O could not be
measured with the GC, the selectivity and yield of H2O were calculated using the method presented in Pinhao’s work [44]; see the detailed calculations in
the Supplementary Material section (S1). By definition, the sum of all selectivities for each atom (C, H, and O) should be 100% when all products are
considered. Similarly, the sum of all yields for each atom should be equal to the conversion of the reactants. For example, the sum of the H- and O-based
yields should be equal to the conversion of CHa and COz, respectively, and the sum of the C-based yield should be equal to the total conversion. Indeed,

the calculated sums of the H- and O-based selectivities are very close to 100%. However, owing to carbon deposition, the sum of the C-based selectivity
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decreased from 100% to 97% with increasing CH4/CO: ratio. The calculated sums of all C-, H-, and O-based yields were very close to the total, CHs, and
CO:z conversion, respectively.

The trends of the selectivity of CO (red and blue bars in Fig. 7(a)) and that of CoHz (yellow bars in Fig. 7(a)) were opposite in the experiments; the
decrease in the selectivity of CO with increasing CH4/CO: ratio is attributed to the increase in the selectivity of CoHa. This is because, as aforementioned
in section 3.1, more Cz hydrocarbons were formed via reaction (R3) at a high CH4/COz ratio. While the selectivity of Hz (red and blue bars in Fig. 7(b))
and H20 (orange and sky-blue bars in Fig. 7(b)) showed opposite trends; the selectivity of Ha increased with increasing CH4/COz ratio, whereas the H.O
selectivity decreased with increasing CH4/COz ratio. From the trend in H-based selectivity, it can be inferred that at a low CH4/COz ratio, which is rich in
CO2, DRM was accompanied by the RWGS reaction, thereby resulting in the lower selectivity of Hz2 and higher selectivity of H2O; conversely, a higher
selectivity of Hz and a lower selectivity of H2O at a high CH4/COz ratio indicate that H2 was mainly produced via the DRM reaction. For the NQ experiments,
the C-based selectivity of CO (red bars in Fig. 7(a)) was in the range of 81.2% to 98.2% for all CH4/COxz ratios, while the selectivity of CoHz (yellow bars
in Fig. 7(a)) was in the range of 3.1% to 16.1%. Meanwhile, the H-based selectivity of Hz (red bars in Fig. 7(b)) was in the range of 53.2% to 83.5%, which
is relatively low compared to the C-based selectivity of CO, and the remaining H-based selectivity was occupied by H20 (in the 45.4% to 8.6% range) and
C2Hz (in the 2% to 7% range). These measured selectivities of the products were within the range of results from other studies [12, 17, 18, 21, 22, 24, 25].
In this regard, the relatively low selectivity of Hz is why the QR is applied in the DRM processes; in this study, it was investigated whether the DRM
performance could be improved with the high selectivity of Hz2 by suppressing RWGS reaction through the QR.

For the quenching experiments, the C- and O-based yields of CO (blue bars in Fig. 7(a) and (c)) were reduced compared to those without the QR (red
bars in Fig. 7(a) and (c)), while the selectivity of CO remained almost unchanged even with the QR. This reveals that CO was mainly produced by the CO2
conversion rather than CHa conversion in proportion to the amount of converted COz, as the C-based CO selectivity, defined as the ratio of CO produced
to the sum of CH4 and COz converted, was almost unchanged despite the decrease in the conversion of CHa; therefore, as reported in other literature [10,
12], it can be deduced that the RWGS reaction is a major contributor for CO2 conversion in the DRM processes. Meanwhile, the selectivity and yield of Hz
with the QR (blue bars in Fig. 7(b)) were higher than those without the QR (red bars in Fig. 7(b)). This is due to the fact that more Ha was produced from
the lower conversion of CHs with quenching (blue bars in Fig. 6) than from the higher conversion of CH4 without quenching (red bars in Fig. 6); this means
that the RWGS reaction was suppressed by the QR, thus Hz being protected from conversion into H2O via the RWGS reaction. Based on the literature [12],
the elementary reactions CO,+H—CO+OH (R4) and H,+OH—H+H,0 (R7), which lead to the overall reaction CO,+H,—>CO+H,0 (RWGS reaction
(R2)), are the most dominant reactions for the reduction of CO2 among the thermal reactions that occur during the DRM processes. Hence, it was confirmed
that when the gas temperature was rapidly lowered by the QR, among the successive thermal reactions downstream of the reactor, the RWGS reaction was
suppressed to a significant extent; indeed, since the QR effectively lowered the temperature of the product gas (Fig. 2) and suppressed RWGS reactions,
the yield of CO (blue bars in Fig. 7(a) and (c)) decreased, and the selectivity and yield of Hz (blue bars in Fig. 7(b)) increased. For the experiments with the
QR at a CH4/CO:xz ratio of 1, the H-based selectivity and yield of Hz (blue bars in Fig. 7(b)) increased by 4.7% and 4%, thereby reaching the highest values
(87.4% and 44%, respectively). At the same time, there were significant changes in the H-based selectivity and yield of H20; the selectivity of H2O notably
decreased by 46.9% (from 8.6% to 4.6%), and the yield of H20 significantly decreased by 46.8% (from 4.3% to 2.3%). The changes in the selectivity and
yield of H2 and H20 (Fig. 7(b)) confirm that the quenching method applied to protect H2 from being converted into H2O via thermal conversion, particularly

via the RWGS reaction, functioned well.
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Fig. 7. (a) C-, (b) H-, and (c) O-based selectivities (left) and yields (right) as functions of CH4/COxz ratio. Solid bars represent selectivities and yields for
not-quenched (NQ) experiments, and patterned bars represent selectivities and yields for quenched (Q) experiments. The error bars of three experimental
results were added; however, they are often too small to be visible.

To evaluate the effect of changes in the selectivities of products derived with the QR on the DRM performance, the energy efficiency (E8) and energy
costs (E10, 11) were calculated. To consider the changes in the selectivity of Ha, the energy efficiency was calculated based on the lower heating values
(LHV) instead of the reaction enthalpy. Fig. 8 illustrates the energy efficiency and energy costs as functions of the CH4/COz ratio. The conversion cost (Fig.
8(a)) and syngas cost (Fig. 8(b)) are represented by red (NQ) and blue (Q) bars on the left y-axis. The efficiency is represented by red circles (NQ) and blue

squares (Q) on the right y-axis. As defined in (E10), the conversion cost is inversely proportional to the total conversion (see red circles and blue squares
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in Fig. 6). For the NQ tests (red bars in Fig. 8(a)), the lowest conversion cost of 17.8 kJ/L was obtained at a CH4/COz ratio of 1/2, at which the total
conversion had a maximum of 23.4%. When the QR was used, the conversion cost (blue bars) was higher than those of the NQ experiments; this is due to
the fact that the total conversion was reduced (see blue squares in Fig. 6) as the thermal reactions such as reactions (R3-6) was suppressed. For instance, at
a CH4/COz ratio of 5/7, the conversion cost increased from 18.7 kJ/L without the QR to 19.1 kJ/L with the QR.

Contrary to the negative impact of quenching on the conversion cost, quenching improved the energy efficiency at all CH4/COz ratios other than the
CH4/COz ratio of 1/3 at which the same energy efficiency was obtained. This is due to the increase in Hz production saved from conversion into H20 via
the RWGS reaction, thereby increasing the LHV of syngas (which is in the dividend of (E8)). Meanwhile, the increasing trend of the energy efficiency in
the range of CH4/COx ratio from 1/3 to 5/7 was followed by a slight decrease at a CH4/COx ratio of 1; this is ascribed to the increased discharge instability
induced by the carbon deposition on the electrodes at a CH4/COz ratio of 1 (the C-balance was 97% at a CH4/COz ratio of 1). In addition, as shown in Fig.
2(a), the gas temperature measured at TC1 showed a trend opposite to the energy efficiency; a slight increase in the gas temperature was observed between
the CH4/COz ratio of 5/7 and 1. This means that energy was not efficiently used for the conversion owing to discharge instability induced by the carbon
deposition, but rather was used for raising the gas temperature, thereby resulting in the lower energy efficiency at a CH4/COz ratio of 1.

The syngas cost decreased with increasing CHa/COz ratio regardless of the QR (red and blue bars in Fig. 8(b)); this trend is inversely proportional to
the syngas yield, which is the sum of the H-based yield of H> and the O-based yield of CO. When the QR was used (blue bars), a higher syngas cost was
obtained at low CH4/COz ratios of 1/3 and 1/2. However, this trend was reversed above a CH4/COz ratio of 5/7 with the QR; the resulting syngas cost was
lower. When the CH4/COz ratio was 1, the syngas cost was lowest (10.2 kJ/L); however, the energy efficiency (53.2%) was lower than that (55.3%) at a
CHa4/CO:z ratio of 5/7. Despite the lowest syngas cost, at a CH4/COz ratio of 1, a substantial amount of carbon was deposited (i.e., the C-balance was 97%
at a CH4/COz ratio of 1); this ratio would severely affect the long-term operation and is, thus, unsuitable for industrial application. Therefore, a CH4/CO2
ratio of 5/7, at which the highest energy efficiency (55.6%) and competitive syngas costs (10.9 kJ/L) were obtained, was selected as the ratio to investigate

further the effect of quenching with different input power values.
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Fig. 8. Energy costs and energy efficiency as functions of CH4/CO:z ratio: (a) conversion cost, and (b) syngas cost (bars, left y-axis) and energy efficiency
(markers, right y-axis). Red bars and markers represent energy costs and energy efficiency of not-quenched (NQ) experiments, and blue bars and markers
represent quenched (Q) experiments. The error bars of three experimental results were added; however, they are often too small to be visible.
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3.3. Effect of quenching at different SEI

To evaluate the effect of quenching on the DRM performance at a CH4/COxz ratio of 5/7, the input power, as a plasma parameter, was changed. The
input power set value was varied from 1000 to 1800 W, corresponding to an SEI of 2.5-4.5 kJ/L according to (E9), and was measured in SEI values of 2.3—
4.2 kJ/L. Fig. 9 illustrates the conversion of the reactants (CHs and CO3) and total conversion as functions of the SEI with and without the QR. Such as in
the previous section, the red (NQ) and blue (Q) bars represent the conversion of CH4, and the orange (NQ) and sky-blue (Q) bars represent the conversion
of COz. In addition, the total conversion is represented by red circles (NQ) and blue squares (Q) on the right y-axis. The increase in the SEI leads to a high
electron density. In this case, more electron collision-induced dissociation is initiated, and more thermal reactions take place owing to the increased gas
temperature through VT relaxation; therefore, the gas temperature increased with increasing SEI (see Fig. 2(b)), consequently, the conversion of both CHs4
(red and blue bars) and COz (orange and sky-blue bars) increased with the SEI. This trend is consistent with the experimental results presented in previously
published studies [12, 18, 21]. In addition, owing to the rising trend of the conversion of CH4 and COs, the total conversion increased with increasing SEI.

When the QR quickly cooled the product gas, the conversion of CH4 (blue bars) and COz (sky-blue bars) was reduced, thereby reducing the total
conversion (blue squares). Meanwhile, as the SEI increased, the difference between using and not using the QR for the conversion increased with the SEI.
This is because more CH4 and CO2 were converted through thermal conversion such as reactions (R3—6) with increasing temperature; hence, when the QR
was applied at a high SEI, the thermal conversion was more effectively suppressed than at a low SEI, thereby resulting in a larger difference in the conversion
between using and not using the QR at a high SEI. Furthermore, as mentioned in section 3.1, more RWGS reactions occurred with increasing temperature
owing to the increasing K value, thus, it can be deduced that the quenching effect on suppressing the RWGS reaction was reinforced at a high SEI. As a
result, when the QR was used, the total conversion slightly decreased by only 0.9% (from 11.2% to 11.1%) at a low SEI of 2.3 kJ/L, while the total
conversion decreased by 2.1% (from 22.4% to 21.9%) at a high SEI of 4.2 kJ/L.
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Fig. 9. Conversion of CHs and CO: and total conversion as functions of SEI. The conversion of CH4 and COx is represented by bars (left y-axis) and the
total conversion (right y-axis) is represented by markers. Solid bars represent conversion of not-quenched (NQ) experiments, and patterned bars represent
conversion of quenched (Q) experiments. The error bars of three experimental results were added; however, they are often too small to be visible.

Fig. 10 shows the selectivity and yield of the products as a function of the SEI. The selectivity and yield without the QR are represented by solid bars,
and the selectivity and yield with quenching are represented by patterned bars. The sums of C-, H-, and O-based selectivities were very close to 100%, and
almost no carbon was deposited at CH4/COz ratio. In addition, the calculated C-, H-, and O-based yields were close to the total, CHs, and COz conversion,
respectively. For the experiments without the QR (red, orange, and yellow solid bars), the selectivities of all products remained constant across the
investigated SEI range; this indicates a weak relationship between the input power and reaction pathways [9]. In addition, for the NQ experiments, the
yields of all products increased with the SEI, which is attributed to the increase in the conversion of the reactants with increasing SEI. For the NQ
experiments, the measured C-based selectivity of CO (red bars in Fig. 10(a)) was high (approximately 90%) across the investigated SEI range; the selectivity
of CoHz (yellow bars in Fig. 10(a)) was only approximately 9%. While the H-based selectivity of H> (red bars in Fig. 10(b)), which accounts for
approximately 81% of the H-based selectivity, was not as high as the selectivity of CO, and the remaining 14% and 4.5% of the H-based selectivity were
occupied by H20 (orange bars in Fig. 10(b)) and C2Hz (yellow bars in Fig. 10(b)), respectively. Again, the result of the H-based selectivity, i.e., the relatively
low Ha selectivity compared to the CO selectivity and relatively high H2O selectivity compared to the C2Haz selectivity, is the reason the quenching method
is proposed in this study; to distribute H-atoms to Hz rather than H2O by suppressing the RWGS reaction with a quenching device.

For the same reason as explained in Fig. 7, since CO was mainly produced by the CO2 conversion, the C- and O-based selectivity of CO remained
nearly unchanged even with the QR; the C-based CO selectivity only increased by 1% owing to a decrease in the conversion of CHa4. In addition, when the
QR was used, the yield of CO was reduced compared to that of the experiment without the QR; it decreased more at a high SEI. This implies that the RWGS
reaction was more suppressed by the QR owing to the higher temperatures at a high SEI. By contrast, when the QR was used, the selectivity and yield of

C2Hz increased with increasing SEI because the temperature was not high enough to overcome the strong C=C bond. Moreover, this trend of the selectivity
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of CoH: is consistent with the results of plasma-based CHs conversion studies; the authors reported that a higher selectivity of CoHz can be obtained by
quenching the hot product gas from CH4 pyrolysis [45, 46]. It should be noted that the increase in the yield of C2Hz had a negative effect on the quenching
to increase the selectivity of Hz, but it was negligible because the yield of C2H2 was small (approximately 1-2% in the H-based selectivity).

Fig. 10(b) presents evident changes in both the H-based selectivity and yield for experiments with the QR. The selectivity and yield of H2 with the QR
(blue bars) were higher than without the QR (red bars), whereas the opposite trend was observed for H2O (orange and sky-blue bars). Again, this results
from the RWGS reaction being limited by the QR; thus, less CO2 was converted into CO, and more H> was saved from the conversion into H2O via the
RWGS reaction. In addition, since the RWGS reaction is more likely to occur at high temperatures, applying the QR at a higher SEI could further suppress
the RWGS reaction. Therefore, remarkable changes in the H-based selectivity and yield were observed at a high SEI for the quenching experiments; when
the QR was applied at an SEI of 4.2 kJ/L, the selectivity and yield of Hz increased by 5.5% and 3.4%, thereby reaching the highest values (85.4% and
43.6%, respectively). Conversely, the selectivity and yield of H2O significantly decreased by 38% (from 13.9% to 8.6%) and by 38.6% (from 7.1% to
4.3%), respectively. Regarding the experimental results for the selectivity of the products, the selectivity of H2 did not reach a value as high as that of CO
(90.1% at an SEI of 4.2 kJ/L), but the quenching effect on the selectivity of H2 (85.4% at an SEI of 4.2 kJ/L) was observed; moreover, the selectivity of
H20 (8.6% at an SEI of 4.2 kJ/L) was significantly reduced by quenching, thereby almost reaching the value of the C2Hbz selectivity (5.1% at an SEI of 4.2

kJ/L); therefore, it is expected that further improvement of the Hz selectivity can be achieved through optimization of the quenching method.
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Fig. 10. (a) C-, (b) H-, and (c) O-based selectivities (left) and yields (right) as functions of SEI. Solid bars represent selectivities and yields of not-
quenched (NQ) experiments, and patterned bars represent selectivities and yields of quenched (Q) experiments. The error bars of three experimental
results were added; however, they are often too small to be visible.

The changes in the selectivity and yield of H2 and H2O prove that the strategy of distributing H-atoms to Ha rather than H2O by suppressing the RWGS
reaction with a QR worked; thereby, resulting in a higher selectivity and yield of H2. The changes in the selectivity and yield derived with the QR were
reflected in the energy efficiency and energy costs. Fig. 11 illustrates the energy efficiency and energy cost as functions of the SEI. The description of Fig.
11 is similar to that of Fig. 8. The conversion and syngas costs decreased with increasing SEI since more CHs and CO2 were converted, thereby resulting

in higher yields of H2 and CO with increasing SEI. In addition, the energy efficiency increased with the SEI owing to the increased LHV of the syngas.
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When the QR was used, the RWGS reaction was suppressed, which reduced the total conversion (see Fig. 9); hence, the conversion costs (blue bars in
Fig. 11(a)) were slightly higher than those without the QR (red bars in Fig. 11(a)). On the contrary, the syngas costs were lower (blue bars in Fig. 11(b))
since, when the gas was quenched, more H> was saved from conversion into H20O even with the lower conversion of CHa. In addition, as the LHV of the
syngas increased owing to the higher yield of Hz, the efficiency was improved. When the QR was applied at an SEI of4.2 kJ/L, the conversion cost increased
from 18.7 to 19.1 kJ/L, whereas the syngas cost decreased to a minimum (10.9 kJ/L). Furthermore, the energy efficiency increased to the highest value

(55.3%).
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Fig. 11. Energy costs and energy efficiency as functions of SEI: (a) conversion cost, and (b) syngas cost (bars, left y-axis) and energy efficiency (markers,
right y-axis). Red bars and markers represent energy costs and energy efficiency of not-quenched (NQ) experiments, and blue bars and markers represent
quenched (Q) experiments. The error bars of three experimental results were added; however, they are often too small to be visible.

Meanwhile, to check the effect of the rod configuration on the reaction performance, an experiment using an empty rod (i.e., without cold water) was
conducted at a CH4/COz ratio of 5/7 with an SEI of 4.2 kJ/L. When the empty rod was inserted, a stagnation point is formed, and the flow decelerates;
hence, the gas temperature measured at TC1 slightly increased by about 25 °C compared to that of NQ case (536 °C). In addition, both the surface area for
heat dissipation and the velocity of the gas passing between the reactor wall and the rod increased by applying the rod; thus, the temperature measured at
TC2 decreased by about 30 °C compared to that of NQ case (246 °C). Nevertheless, since the temperature difference between the product gas and the empty
rod surface was small without quenching (i.e., without cold water), the quenching effect on the gas temperatures was not observed (for quenching
experiments, the temperatures at TC1 and TC2 were measured as 360 °C and 101 °C, respectively). Consequently, when only the empty rod was used, the
selectivity of Ha (80.8%), H2O (14.0%), and C2Hz (4.6%) were calculated close to those of NQ case (81%, 13.9%, and 4.6% for Hz, H20, and C2Ha,
respectively) as shown in Fig. 12; this indicates that the rod itself has little effect on the reaction pathway of DRM.
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Table 1 compares the DRM performance for different RGA plasmas with similar CH4/COz ratios. The DRM performance obtained at a CH4/COxz ratio
of 5/7 was compared with that obtained at a CH4/COz ratio of 2/3. At a CH4/COz ratio of 5/7, the RGA reactor of this study achieved intermediate conversion
of the reactants compared to that of other studies [17-19]. However, the energy costs were higher than those obtained by Liu et al. [17] and Dinh et al. [18];
unlike in those studies, using the N2 admixture led to higher energy costs owing to the dilution effect of N2. While, since the yield of H2 was increased with
the QR, the highest H2/CO ratio (0.95) was achieved at a CH4/COz ratio of 5/7. Meanwhile, compared with the DRM performance of other works at a
CH4/COz ratio of 1 [14, 16, 18, 22], intermediate conversion and energy costs were obtained, and the highest H2/CO ratio (1.26) was achieved. Among the
DRM studies using N2, the GA plasmatron (GAP) [22] showed the best energy costs by achieving conversion costs of 11.3 kJ/L and syngas costs of 6.8
kJ/L, while the RGA reactor developed by Dinh et al. [21] showed the highest conversion of CH4 and CO2 (74% and 49%, respectively). In this study, the
Ha2/CO ratio was higher than those of other DRM studies using N2, and the syngas cost (10.2 kJ/L) was lower than that presented by Dinh et al. [21].
Although the highest H2/CO ratio was achieved using the RGA reactor with the QR, the best result was not obtained in terms of the energy costs. Regarding
this, the authors believe there is room for further improvement in the energy cost through optimizing the quenching method; indeed, optimizing some
parameters (such as length of the tubular outlet, QR tip position, and quenching rate) would enhance the quenching effect, thereby resulting in a higher Ha

selectivity and a lower syngas cost. Hence, optimization of the quenching method will be performed in our further research.

Table 1 Comparison of DRM performance of DRM processes in different RGA plasmas

Reactor SEI XcH, Xco, Conversion Cost? Syngas Cost? a
type CH4/CO2/(N2) (/L) %) %) (/L) (KJ/L) H./CO Reference
RGA 2/3 4.8 28.1 17 223 26 0.16 [19]
RGA 2/3 2.4 29 22 9.7 5.9 0.83 [17]

2/3 6.5 83 71 8.6 5.4 0.74
RGA [18]

1/1 6.5 75 65 9.3 5.1 1.17

RGA 1/1 6.7 10.9 12.8 56.5 41.4 1.16 [14]
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RGA 1/1 2.36 36 35 6.6 11.7 0.94 [16]

GAP 1/1/(2) 2.22°b 44.6° 3320 11.3 6.8 1.05 [22]

RGA 1/3/(4) 5 74 49 18.1 13.3 0.44 [21]
5/7/(12) 4.18 51.1 40.2 19.1 10.9 0.95(0.91)°

RGA This work
1/1/Q2) 4.17 50.5 40.3 18.5 10.2 1.26 (1.19)¢

2 calculated with data from literature
b interpolated with data from literature
¢ Ho/CO ratio for NQ experiments

4. Conclusions

In this study, an RGA reactor was employed for DRM. The scope was to improve the efficiency and energy costs of DRM by increasing the selectivity
and yield of desirable products, such as H> and CO. A QR was developed and applied downstream of the RGA reactor to suppress the RWGS reaction,
which is dominant in the consumption of CO2 and H2 among the successive thermal reactions occurring in high-temperature downstream gas.

When the QR was applied, the conversion of CHs and CO2 was reduced, while the selectivity and yield of Hz increased over the entire range of
investigated CH4/COz ratios. For the quenching experiments conducted at low CH4/COz ratios (1/3 and 1/2), the LHV of the syngas increased, which
increased the energy efficiency. However, since the decrease in the conversion of the reactants induced by quenching outweighed the increase in the yield
of Ha, both the conversion cost and syngas cost increased. When the QR was applied at high CH4/CO: ratios (5/7 and 1), the trend of the syngas cost was
reversed. At a CH4/COz ratio of 5/7, the highest energy efficiency (55.3%) and most competitive syngas costs (10.9 kJ/L) were attained with the QR at
51.1% and 40.2% conversion for CHa and COz, respectively. In addition, the experiments with different input powers confirmed that the effect of quenching
on the DRM performance increased as the gas temperature increased, i.e., as the SEI increased. Compared with the results of other studies conducted at
similar CH4/CO:z ratios, the highest H2/CO ratios (0.95 and 1.26) were obtained with the QR at CH4/COz ratios of 5/7 and 1 in this study, respectively.

The results of this study demonstrate that by increasing the selectivity and yield of Hz in the DRM processes through a QR, the efficiency and energy
costs can be improved, and syngas with a high H2/CO ratio can be produced. In addition, further improvement in the DRM performance is expected by

optimizing the quenching method; hence, the quenching method can potentially be employed in the plasma-based DRM industry in the future.
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