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Abstract: The direct decomposition of toluene-containing humidified air at large flow rates was
studied in two types of reactors with dielectric barrier discharge (DBD) features in ambient conditions.
A scalable large-flow DBD reactor (single-layer reactor) was designed to verify the feasibility of large-
flow plasma generation and evaluate its decomposition characteristics with toluene-containing
humidified air, which have not been investigated. In addition, another large-flow DBD reactor with
a multilayer structure (two-layer reactor) was developed as an upscale version of the single-layer
reactor, and the scalability and superiority of the features of the multilayer structure were validated
by comparing the decomposition characteristics of the two reactors. Consequently, the large-flow
DBD reactor showed similar decomposition characteristics to those of the small-flow DBD reactor
regarding applied voltage, flow velocity, flow rate, and discharge length, thus justifying the feasibility
of large-flow plasma generation. Additionally, the two-layer reactor is more effective than the
single-layer reactor, suggesting multilayer configuration is a viable scheme for further upscaled DBD
systems. A high decomposition rate of 59.5% was achieved at the considerably large flow rate of 110
L/min. The results provide fundamental data and present guidelines for the implementation of the
DBD plasma-based system as a solution for volatile organic compound abatement.

Keywords: dielectric barrier discharge plasma; large flow rate; multilayer structure; toluene abatement

1. Introduction

Volatile organic compounds (VOCs), which comprise a staple of air pollutants, are
emitted in various industrial sectors. The main sources of VOCs include the extraction of
petroleum and natural gas, combustion of fossil fuels, and the manufacturing of lubricants,
adhesives, paints, oil derivatives, and paint coatings. Among these, the paint-coating
industry accounts for approximately 50% of all VOC emissions in urban areas [1,2]. The
emissions of VOCs in the atmosphere can cause environmental problems and present a
major risk to human health. Therefore, the minimization of the adverse impacts of VOCs
on public health and air quality improvement is a major concern. The typical measures
enforced to process VOCs include adsorption by liquids and activated carbon, as well
as combustion by fuels, biofilters, and catalytic oxidation [3,4]. However, these methods
are associated with various limitations, such as large energy consumption, production of
undesirable by-products in catalytic oxidation, and high running absorption costs.

Decomposition through nonthermal plasma (NTP) technology, also referred to as
low-temperature atmospheric plasma, provides a promising option for VOC treatment due
to its various advantages, e.g., low energy consumption, high decomposition efficiency,
and ease of operation [4–9]. Additionally, because NTP can be generated at temperatures
as low as room temperature and possesses abundant reactive species (e.g., OH, O, O3, and
N in air plasma), it is also utilized in numerous fields, which include disinfection, medicine,
chemical analysis, and surface modification, in different forms [10–14]. For example, Kuro-
sawa et al. and Nomura et al. [15,16] reported the effect of NTP on hemostasis in the form
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of a plasma jet in medicine. Moreover, NTP exhibited its enhancement effect on the coating
of polydopamine on a graphite substrate as well as its conducive influence on protein intro-
duction into plant cells and surface modification [17,18]. Conversely, NTP has been proven
to cause deconstructive phenomena on biological cells, e.g., bactericidal effect and DNA
damage [19,20]. Among them, dielectric barrier discharge (DBD) plasma is considered the
most suitable form for the decomposition of VOCs and has gained considerable attention
in the scientific and industrial fields [21,22]. DBD has the following strengths. First, a
homogeneous bulk plasma volume can be generated with stable plasma, which enables
the gas to be treated uniformly. Moreover, in comparison with other NTPs, DBD exhibits
better effectiveness and consumes less energy [23]. Consequently, DBD has become the
mainstream for the configuration of processing systems for different VOC decompositions
by focusing on single VOC abatement, e.g., toluene, benzene, and formaldehyde. The
configurations of the DBD systems can be mainly divided into three types: planar, coaxial,
and surface types, and were well described by Kogelschatz and Pemen et al. [5,23,24].
Meanwhile, they can also be categorized into standalone DBD and DBD catalysis systems
in terms of the presence or absence of a catalyst, as the characteristics of DBD systems may
be considerably influenced when combined with catalysts [4]. Based on the use of various
techniques to adjust parameters (e.g., configuration, geometric features, catalyst incorpora-
tion, etc.), it has been proven that the DBD system is an effective and efficient technology
for reducing VOCs [3]. Nevertheless, almost all of these efforts were concentrated on the
lab scale at small flow rates, and the processing capability was restricted to low gas flow
rates (less than a few L/min) [25]. Moreover, all the characterizations and optimizations
were also performed on the lab scale, which is far from practical for industrial applications.
Therefore, there is strong demand to investigate the characteristics of DBD systems for
VOC decomposition at large flow rates that are more practical in the fields of building
ventilation, industrial effluents, etc.

In this study, a scalable DBD reactor (single-layer reactor) capable of treating gases at
flow rates that are two orders of magnitude larger than small-flow DBD reactors (typically
less than 1 L/min) was developed for VOC abatement, and it was characterized at large flow
rates. Additionally, another large-flow, multilayer (two-layer) DBD reactor was developed
based on the single-layer reactor to verify its scalability and superiority. Using the two
reactors, the decomposition performance of toluene treatment was analyzed in large-flow
scales, including the decomposition rate and energy efficiency at different applied voltages
(15–21.5 kV), flow velocities (1–4.48 m/s), flow rates (10–110 L/min), and discharge lengths
(300–500 mm). Thus, the feasibility of the configuration of large-flow DBD reactors was
also verified. Furthermore, by comparing the decomposition performances of the two
reactors in different conditions, the feasibility and superiority of the multilayer structure
in the large-flow DBD reactor configurations (intended for use for VOC abatement) are
demonstrated. Based on the findings, an upscale multilayer reactor will be constructed in
the near future.

2. Materials and Methods
2.1. Large-Flow DBD Reactors: Scalable Single-Layer and Two-Layer Types

Two types of large-flow DBD reactors were designed and fabricated, i.e., the scalable
type (single-layer reactor) and the multilayer type (two-layer reactor), which comprise a
discharge gap with a thickness of 2 mm. The details of the two reactors are presented in
Figure 1. The single-layer reactor consists of three components rendered using different
colors: gas inlet (blue), gas outlet (blue), and the decomposition part in between; the system
is 850 mm long and 250 mm wide, as shown in the upper part of Figure 1a.
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Figure 1. Schematics of large-flow dielectric barrier discharge (DBD) reactors in top, cross-sectional,
and bottom views: (a) scalable single-layer and (b) multilayer (two-layer) DBD reactors.

The gas inlet and outlet part were made of acrylic resin. In addition, the gas inlet and
outlet part also serve as buffer channels, thus enabling the passage of the gas through the
decomposition part uniformly. In the decomposition part, i.e., the plasma zone, one Al plate
(length 500 mm, width 100 mm, and thickness 2 mm) and three smaller Al plates (length
150 mm, width 100 mm, thickness 2 mm) serve as the ground and high-voltage electrodes,
where the electrodes are covered by four glass plates (length 600 mm, width 200 mm, and
thickness 2 mm) on both sides, thus acting as insulating dielectrics (κ= 7–7.5). Between the
glass-covered electrodes, polytetrafluoroethylene sheets (length 600 mm, width 50 mm,
and thickness 2 mm) are inserted as spacers to form a discharge space of 90 cm3, as shown
in the cross-sectional view in the center of Figure 1a. Based on the single-layer reactor,
one more electrode layer is stacked on top to configure a two-layer reactor (multilayer
type) with a discharge zone that is twice as large as that of the single-layer reactor, thus
realizing a discharge space of 180 cm3. The cross-sectional view shown in the center of
Figure 1b indicates the formation of two flow paths. When a high AC voltage is applied on
the electrodes (e.g., generally several kV), a uniform plasma discharge can be observed in
the discharge zone as depicted in the cross-sectional views in Figure 1.

2.2. Experimental Setup

The experimental setup is shown in Figure 2. There are four main components: a
gas-mixing system, an alternating current (AC) power supply, large-flow DBD reactors,
and analytical instruments. The flow of evaporated toluene in the container is achieved by
mixing the toluene in water and diluting it using compressed air to emulate humidified
toluene-mixed air. A mass-flow controller (MFC, Japan Star Techno, Osaka, Japan) was
used to adjust the concentration of the toluene by modifying the ratio of the gas flow rates
between the toluene and compressed air. The toluene concentrations before and after the
treatment were determined using a gas detector tube (Toluene, No. 122, Gastec Corporation,
Ayase, Japan) at the outlet of the large-flow DBD reactor. The large-flow DBD reactor was
energized by using a 50 Hz AC power source (rated voltage 0–22 kV). Additionally, an
energy meter (TAP-TST8N, Sanwa Supply Inc., Okayama, Japan) was installed at the



Plasma 2023, 6 215

power supply plug to monitor the input power. The input power included the power
consumed by the plasma discharge (discharge power: power consumed by the reactor),
voltage transformer, and associated circuits. The waveforms of the applied voltage as well
as current were observed on a digital oscilloscope (DPO4104, Tektronix, Tokyo, Japan)
using a 1000:1 high-voltage probe (HPV-39pro, PINTEC, Beijing, China), current probe
(TCP303, Tektronix, Tokyo, Japan), and a current probe amplifier (TCPA300, Tektronix).
Furthermore, a capacitor [Cm (1 uF)] provided a ground connection, and a low-voltage
probe (Tek P5100, Tektronix) was attached to determine the voltage. The results obtained
by using the high- and low-voltage probes were displayed on the digital oscilloscope, and
the generated Lissajous figures were utilized to derive the discharge power deposited in
the reactor [26,27]. All the measurements were conducted at room temperature (24 ◦C)
and atmospheric pressure, and the measured data were repeated more than three times to
ensure accuracy.

Figure 2. Schematic of the experimental setup using the single-layer DBD reactor (AC: alternating
current; MFC: mass-flow controller; VOC: volatile organic compound).

The decomposition rate of toluene (ηtoluene) was calculated from its initial concentration
(Cinit, parts per million (ppm)) and final concentration (Cfin, ppm) at the outlet, according
to Equation (1) [3,6],

ηtoluene (%) =
Cinit − C f in

Cinit
× 100 (1)

The toluene decomposition quantity (DQ, mg/min) reflects the decomposed quantity
of toluene (mg) per unit time (min) and can be calculated using Equation (2) [6].

DQ (mg/min) =
M × Cinit × ηtoluene × Q

100 × 22.4
× 273.15

(273.15 + T)
× 10−3 (2)

where M denotes the relative molecular mass of toluene (92.14), T is the ambient tempera-
ture (24 ◦C), and Q denotes the flow rate (L/min).

Equation (3) expresses the energy efficiency (EE, g/kWh); this is the metric used to
evaluate the energy efficiency for toluene decomposition in the DBD reactors. PE is an
indicator that denotes the decomposed quantity of toluene (g) per unit energy consumption
(kWh) [6].

EE (g/kWh) =
DQ × 60

P
(3)

where P denotes the discharge power (W) consumed by the DBD reactors.
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3. Results and Discussion
3.1. Optimization of the Discharge Gap between High-Voltage and Ground Electrodes

The discharge gap is considered to be one of the most crucial parameters in DBD reactor
configurations that affects the initial discharge voltage and power density, thereby deter-
mining the decomposition characteristics of the DBD reactors for exhaust gases [3,22,28].
To determine the optimum discharge gap distance for large-flow DBD reactors, part of the
single-layer DBD reactor discharge length (equal to 150 mm) was adopted to investigate the
effects of discharge gap thickness (for values in the range of 1–3 mm), as shown in Figure 3a.
The toluene to be decomposed was diluted with air to a concentration of 100 parts per
million (ppm), adjusted by the MFC to a flow rate of 50 L/min, and humidified through a
water bath. In this study, the temporary reactor was energized by high voltages at 50 Hz (f)
in the range of 15–21.5 kV (zero-to-peak value).

Figure 3. (a) Single-layer DBD reactor with a discharge length of 150 mm, and (b) effects of discharge
gap on toluene decomposition quantity plotted as a function of the applied voltage.

As a function of the applied voltage, Figure 3b shows how the discharge gap affects the
toluene decomposition quantity. When the applied voltages were 15–18.5 kV, the highest
toluene decomposition quantity was observed at the discharge gap of 2 mm between
electrodes. This result indicates that as the thickness of the discharge gap across the
electrodes decreases, the stability of the generated plasma increases at a relatively lower
voltage due to the enhanced electric field strength [29]. However, the faster flow velocity of
the gas through the plasma zone owing to the thinner discharge gap results in decreased
residence times in the plasma zone and lower decomposition quantities. In contrast, when
the discharge gap becomes thicker, a higher applied voltage is required to sustain a stable
plasma to achieve an equivalent decomposition quantity [30]. Therefore, the discharge gap
of 2 mm is optimum for the development of the large-flow DBD reactors in this study in
terms of the discharge voltage and residence time in the plasma zone.

3.2. Effects of Applied Voltage at Large Flow Rates

Figure 4a,b depict the typical voltages and currents for discharges in single-layer and
two-layer DBD reactors at 50 Hz and 18.5 kV, respectively, in which the initial toluene
concentrations and gas flow rates were maintained at 100 ppm and 50 L/min, respectively.
The first halves of each semiperiod are marked by short, intense pulses. A pulse may
consist of one or more microdischarges that occur simultaneously whenever a threshold
voltage is exceeded across the interelectrode space (>14 kV in the single-layer DBD reactor).
Additionally, a higher voltage was observed at the first half of each semiperiod in the
two-layer reactor with the same voltage applied; this led to higher discharge power per
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discharge unit time. This is attributed to the fact that the larger capacitance ratio leads
to a higher voltage across the gas gap in the two-layer reactor, as can be observed in the
Lissajous figures in Figure 4c [22]. Furthermore, the two-layer reactor system consumes
much higher discharge powers at the given applied voltages (31.20 W at 18.5 kV) compared
with the 14.14 W consumed by the single-layer reactor, due to its large discharge space
(twice as large) and the higher voltage across the gas gap. This finding suggests that greater
power can be transported to the plasma to dissociate molecules in toluene-mixed air by
using a multilayer structure with alternating layers of electrodes (based on the single-layer
reactor design).

Figure 4. Waveforms of (a) typical voltages and currents of discharges in the single-layer DBD reactor,
(b) two-layer reactor, and (c) corresponding Lissajous figures.

The plots of the toluene decomposition rate and energy efficiency versus voltage and
discharge power are depicted in Figure 5 for single- and two-layer DBD reactors, where the
initial toluene concentration of 100 ppm and gas flow rate of 50 L/min of the toluene-mixed
air (intended to be treated) are maintained. As shown in Figure 5a, at increased applied
voltages, the decomposition rates in the two DBD reactors increase considerably. As the
applied voltage increases from 15 kV to 21.5 kV, the decomposition rate increases from 16%
to 57% at 21.5 kV in the single-layer reactor and from 47.5% to 79% in the two-layer reactor.
It has also been reported that increased applied voltages contribute to larger numbers
of energetic electrons, which is conducive to the production of reactive species and the
probability of collisions with toluene molecules [8]. The increased applied voltage has a
positive effect on the toluene decomposition rate. The trend of these results is similar to that
of the applied voltage in large-flow DBD reactors at a flow rate of 50 L/min, compared with
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other low-flow reactors, as reported by Guo et al. [4,31] (at 0.1 L/min) and Jiang et al. [4,31]
(at 1.08 L/min). Moreover, a remarkable difference in the toluene decomposition rate
between the two reactors was observed at all applied voltages possibly because the two-
layer reactor (0.24 s) was associated with a mean residence time (for individual toluene
molecules in the plasma, zone) which was twice as large as that of the single-layer reactor
(0.12 s) at 50 L/min. This result suggests the superiority of the multilayer structure of the
two-layer reactor regarding the decomposition rate at the same process capacity (50 L/min).

Figure 5. Effects of applied voltage on (a,c) toluene decomposition rate and (b,d) energy efficiency
plotted as a function of applied voltage in the cases of the single- and two-layer DBD reactors at
50 L/min.

As shown in Figure 5c, the same decomposition rates were observed at the same dis-
charge power in the single- and two-layer reactors, thus exhibiting the same decomposition
characteristics per unit discharge power. This implies that the multilayer structure of the
two-layer reactor is feasible in terms of the discharge power.

Conversely, the energy efficiency increased initially and then decreased slightly as the
applied voltage increased in the single-layer reactor case; the two-layer reactor presented
a similar trend, but the response was better than that of the single-layer reactor at the
applied voltage of 15 kV and comparable at 16.5 kV. Subsequently, the response decreased
considerably, as shown in Figure 5b. The energy efficiency changes from 24.57 g/kWh
to 32.14 g/kWh, drops to 30.44 g/kWh at 21.5 kV in the single-layer reactor case, and
slightly increases from 30.20 g/kWh to 31.27 g/kWh before decreasing to 21.85 g/kWh in
the two-layer reactor case. This finding may be attributed to the fact that a partial discharge
occurred at a lower applied voltage range; this produced an insufficient quantity of high-
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energy electrons and active species that contributed to the decomposition of toluene, and
thus resulted in higher energy efficiency [25,26]. However, the partial discharge gradually
changes into a full plasma discharge with an increase in the applied voltage, thus resulting
in the generation of an excessive number of high-energy electrons and active species. This
causes a decrease in energy efficiency; this phenomenon was more prominent in the two-
layer reactor due to the considerably higher decomposition rates. These findings indicate
that the two-layer reactor can process faster flow rates. In addition, when decomposition
occurs at the same discharge power, the single- and two-layer reactors yield similar energy
efficiency outcomes, as shown in Figure 5d. These results demonstrate the feasibility of the
two-layer reactor and its superiority in energy efficiency due to the higher decomposition
rate compared to the single-layer reactor.

3.3. Effects of Flow Rate on Large-Flow DBD Reactors

Toluene’s discharge characteristics and decomposition performance are also affected
by the gas flow rate. Figure 6 shows graphs of the toluene decomposition rate and energy
efficiency versus the gas flow rate for single- and two-layer reactors at the applied voltage
of 21.5 kV. The results in Figure 6 show that the toluene decomposition rate decreased
with increased gas flow rates at the set applied voltage. In contrast, both reactors resulted
in increases in their corresponding energy efficiency. The same phenomenon was also
observed by Jiang et al. [32], who used small-flow DBD reactors (0.5–2 L/min). When the
gas flow rate rises from 10 to 110 L/min, the toluene decomposition rates decrease from
85% to 51% at 110 L/min in the single-layer reactor case and from 86% to 59.5% in the
two-layer reactor case. In the lower range of flow rates (10 to 30 L/min), the single-layer
reactor achieved decomposition rates comparable to those of the two-layer reactor, even
though the two-layer reactor resulted in a residence time that was twice as long as that of
the single-layer reactor. This can be attributed to the adequate residence time of the toluene
molecules in the discharge zone of both reactors in the lower flow rate range, ensuring
a high probability of collisions for the toluene molecules, energetic electrons, and active
species; thus, the decomposition rates of the two reactors were close to each other [26,27].
There was, however, a significant difference between the decomposition rates between
the two reactors when the flow rates increased from 50 to 110 L/min. This is attributed
to the residence time differences, as these offset the adverse effects observed at increased
flow rates in the two-layer reactor. This implies that the two-layer reactor in the multilayer
structure exhibits superior decomposition characteristics in terms of the decomposition
rate at higher flow rates, indicating a larger processing capacity.

Figure 6. Comparisons of (a) toluene decomposition rate and (b) energy efficiency plotted as a
function of flow rate in the cases of single- and two-layer DBD reactors.
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At the same time, the energy efficiency increased from 10.20 g/kWh to 66.43 g/kWh at
110 L/min in the single-layer reactor and from 4.63 g/kWh to 35.99 g/kWh in the two-layer
reactor case. It has been reported that increased flow rates lead to an increased number of
toluene molecules (per unit discharge time) dissociated in the plasma zone (which contains
an abundance of active species), thereby improving the energy efficiency considerably [33].
In addition, the single-layer reactor yielded higher energy efficiencies at all flow rates,
which may be attributed to the fact that the energetic electrons and active species resulting
from the discharge power deposited in the single-layer reactor can be fully utilized for
toluene dissociation, thus leading to higher energy efficiency, whereas the discharge power
deposited in the two-layer reactor is too large to be fully utilized.

In conclusion, the two-layer reactor is superior to the single-layer reactor in terms of
the decomposition rate at all flow rates; however, in terms of energy efficiency, the single-
layer is more advantageous. This implies that the two-layer reactor may be overqualified
for use in the flow-rate range of 10–110 L/min and could be adapted to handle much
higher flow rates to achieve comparable or larger energy efficiencies than those of the
single-layer reactor.

3.4. Effects of Flow Velocity on Large-Flow DBD Reactors

The two types of DBD reactors were compared at different flow velocities, i.e., different
residence times. Furthermore, the flow velocities in the reactors were 1, 2, 3, 4, and
4.583 m/s, which corresponded to residence times of 0.5, 0.25, 0.167, 0.125, and 0.109 s,
respectively. Figure 7 displays the plots of the toluene decomposition rate and energy
efficiency versus flow velocity in the cases of the two reactors, when the applied voltage
and toluene concentration were fixed at 21.5 kV and 100 ppm, respectively. In Figure 7a, as
the flow velocity increased from 1 to 4.583 m/s, the toluene decomposition rate decreased
from 79% to 41% at 4.583 m/s, i.e., at a flow rate of 55 L/min in the single-layer reactor, and
from 82% to 59.5% at 4.583 m/s, i.e., at a flow rate of 110 L/min in the two-layer reactor.

Figure 7. Comparisons of (a) toluene decomposition rate and (b) energy efficiency plotted as a
function of flow velocity in the two DBD reactor cases.

The enlarged flow velocity, i.e., the reduced residence time, adversely affects the
toluene decomposition rate. The results in the large-flow DBD reactors (for flow rates
of up to 110 L/min) concur with the results at smaller flow rates in other DBD reactors,
as observed by Chen et al. [34,35] at 1 L/min and by Zhu et al. [34,35] at 0.36–1 L/min.
Furthermore, the decomposition rate in the single-layer reactor exhibited a more abrupt
decrease at a fixed applied voltage than that in the two-layer reactor case; this can be
attributed to the higher discharge power per discharge unit time in the two-layer reactor,
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as explained in Section 3.1, which leads to a higher decomposition rate in the upper
flow-velocity range.

As shown in Figure 7b, as the flow velocity increased from 1 to 4.583 m/s, the energy
efficiency increased from 11.16 to 26.43 g/kWh in the single-layer reactor case and from
10.80 to 35.85 g/kWh in the two-layer reactor case. The energy efficiency in both reactors
increased at increased flow velocities; this can be attributed to the increased number of
toluene molecules per unit discharge time. It was also found that the difference in energy
efficiency between the two reactors increased as the flow velocity increased. This is because
the toluene decomposition quantity was lower in the single-layer reactor case due to the
more abrupt decrease in the decomposition rate. Therefore, regarding the decomposi-
tion rate and the higher level of energy efficiency, the decomposition performance of the
two-layer reactor is superior to that of the single-layer reactor in terms of flow velocity.
Additionally, the processing capability of the two-layer reactor is double that of one-layer
reactor at the same flow velocity.

3.5. Effects of Discharge Length on Large-Flow DBD Reactors

Figure 8 shows plots of the toluene decomposition rate and energy efficiency versus
discharge length for the two DBD reactors at an applied voltage of 21.5 kV and a flow
rate of 50 L/min. The high-voltage electrodes of the two DBD reactors were designed to
comprise three parts with discharge lengths of 150, 300, and 450 mm from the gas inlet.

Figure 8. Comparisons of (a) toluene decomposition rate and (b) energy efficiency plotted as a
function of discharge length in the two DBD reactor cases.

In both reactors, as the discharge length increases, the decomposition rate of toluene
increases, as illustrated in Figure 8a. As the discharge length increases from 150 mm
to 450 mm, the toluene decomposition rate increases from 21% to 57% and from 57%
to 79% in the single- and two-layer reactors, respectively. This is because the extended
discharge length creates a larger plasma zone, which can help increase both the aver-
age energetic electron density and the number of microdischarges, thus contributing
to the toluene decomposition quantity per unit discharge time at the set flow rate of
50 L/min. The occurrence of this phenomenon in large-flow DBD reactors (at the flow rate
of 50 L/min) compared with the results at smaller flow rates in other DBD reactors was
also reported by Zhang et al. [36–38] at 0.5 L/min, Ashford et al. [36–38] at 0.0419 L/min,
and Chang et al. [36–38] at 0.5 L/min.

However, the corresponding energy efficiency in the single-layer reactor decreased
from 41.08 to 33.98 g/kWh as the discharge length increased (Figure 8b). It was also
reported that the increased discharge length caused an increase in power consumption
for the generation of an enlarged plasma zone [36], which led to a higher decomposition
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quantity per discharge time in the single-layer reactor case; in turn, this finally improved
energy efficiency. Conversely, the two-layer reactor exhibited the same trend (from 42.39
to 21.85 g/kWh), but the decrease in energy efficiency was considerably higher. In the
two-layer reactor, however, the excessive energy input caused by the increased discharge
length caused a more abrupt decrease in energy efficiency compared with the single-layer
reactor, given that the larger discharge space can yield a relatively greater decomposition
quantity per discharge time at shorter discharge lengths. Nevertheless, it still exhibited
comparable energy efficiency for a broad range of discharge lengths. These findings
prove the superiority of the multilayer structure of the two-layer reactor in terms of the
discharge length and provide directive data for the future configuration design of large-flow
DBD reactors.

4. Conclusions

In summary, a scalable large-flow DBD reactor (single-layer reactor) was proposed and
fabricated for VOC abatement. Based on the single-layer reactor, another large-flow DBD
reactor with a multilayer structure (two-layer reactor) was developed. The effects of applied
voltage, gas flow velocity, gas flow rate, and discharge length on decomposition perfor-
mances, including the decomposition rate and energy efficiency in large-flow DBD reactors,
were also investigated. Moreover, by comparing the decomposition performances between
the two types of DBD reactors, the feasibility and superiority of multilayer structures
in large-flow DBD reactor configurations were demonstrated. The experimental results
revealed that the performances of large-flow DBD in toluene decomposition displayed
characteristics similar to those of small-flow DBD reactors on the lab scale, as demonstrated
in Section 3. For example, increasing the gas flow velocity and rate has a negative effect
on the decomposition rate; however, it is favorable for energy efficiency. These findings
indicate the feasibility of large-flow plasma generation, which has not been reported in
other previous studies.

In addition, in the single-layer reactor, the best decomposition rate of 85% was achieved
at a flow rate of 10 L/min, and the corresponding energy efficiency was 10.20 g/kWh.
When the flow rate increased to 110 L/min, a decomposition rate of 51% and energy
efficiency of 66.43 g/kWh were observed. Conversely, in the two-layer reactor, the best
decomposition rate of 86% was also achieved at 10 L/min, with the corresponding energy
efficiency of 4.63 g/kWh. Moreover, a decomposition rate of 59.5% and energy efficiency of
35.99 g/kWh were achieved at a faster flow rate of 110 L/min. Therefore, large-flow DBD
reactors turned out to be effective and efficient for toluene abatement. Additionally, the
higher decomposition performances of the two-layer reactor at faster flow rates confirm that
the processing capability can be enhanced by employing a multilayer structure, providing
a viable scheme for the configuration of DBD systems for practical use.

Nevertheless, there are still issues that need to be overcome for practical applications
in industry. First, despite the effectiveness of large-flow DBD reactors in the decomposition
of toluene, the environmental risk of their by-products needs an in-depth investigation
and evaluation. Second, only the decomposition performances using toluene were demon-
strated in this study. Accordingly, additional investigations are required to understand
the chemical reactions involved as well as the decomposition mechanism for multiple
VOC mixtures in large-flow DBD systems. Finally, despite the achievement of a toluene
decomposition rate of 59.5% at a fast flow rate of 110 L/min, further processing capabilities
(e.g., 1000 L/min or faster) are still required. Accordingly, an upscaled, large-flow DBD
reactor in a multilayer structure (ten layers), which can cope with gas decomposition up to
1000 L/min for VOC abatement, is being developed.
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