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ABSTRACT 
In this paper, a comprehensive study of a DBD reactor is conducted to investigate the 

optimum operating conditions of the reactor for NOx treatment. For each parameter, 

the objective is to find the maximum NOx removal efficiency with the minimum 

consumed power. Different effective parameters of the reactor i.e. electrode length and 

diameter, electrode and dielectric materials as well as parameters of power generator, 

i.e. voltage and frequency, are investigated. The results show that for this configuration, 

the electrode with 20 cm length and 10 mm diameter has the best performance. 

Aluminum as the inside electrode material and quartz as the dielectric material are 

selected. Furthermore, the optimum value for the pulse frequency is 16.6 kHz. For the 

mentioned optimum conditions, the NOx removal efficiency achieved is equal to almost 

82% at the input power of 486 W. Furthermore, the highest achieved NOx removal is 

almost 92% at the input power of 864 W. The results of this paper can be used to 

reduce the energy consumption of NTP systems to acceptable levels. 

   Index Terms — Dielectric barrier discharge reactor, non-thermal plasma 

optimization, NOx removal, power consumption, energy efficiency. 

 

1   INTRODUCTION 

AMONG different air pollutants emitted by internal 

combustion engines, nitrogen oxides are one of the major toxic 

gaseous emissions. Nitrogen oxides cause a lot of deleterious 

effects such as respiratory and cardiovascular diseases, 

mortality, acid rain, ground-level ozone formation (smog), 

photochemical smog, global warming, nose and eye irritation, 

visibility impairment, the formation of toxic products and 

water quality deterioration [1]. Due to the mentioned adverse 

effects of NOx, the related legislative restrictions have become 

much more stringent in recent years [2]. The abbreviation NOx 

usually refers to the summation of NO and NO2 in emission 

standards. One of the main sources of NOx is motor vehicles, 

especially diesel engines, which emit 2-20 times more NOx 

than gasoline engines [3]. Up until now, several conventional 

technologies have been employed for NOx removal from 

exhaust gas such as three-way-catalyst, selective catalyst 

reduction (SCR), Two-Stage Fuel Injection and lime–gypsum 

method. However, these methods require strict operating 

conditions such as controlled reaction temperature and gas 

compositions. Furthermore, the energy efficiency and the cost 

of the conventional methods are still high [1, 4].  

A non-thermal plasma (NTP) process, using a dielectric 

barrier discharge (DBD), has been introduced as a promising 

technology for NOx and particulate matter removal [1, 5-7].  It 

has great potential for emission treatment since it can operate 

stably at atmospheric pressure and even at low temperature [8]. 
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Electric discharge plasma has been widely studied as a low 

cost and high energy efficiency exhaust gas treatment method 

in recent years [9-11]. However, more improvements are still 

required, especially in energy consumption, to make this 

technology viable in commercial use [1]. 

Dielectric barrier discharge reactors are used more often 

than other types of plasma reactors in environmental 

applications as a result of the easy formation of stable plasmas, 

homogeneous discharge, scalability, effectiveness and low 

operating cost [12, 13]. Due to the presence of at least one 

dielectric barrier between the electrodes in DBD reactors, the 

discharge power into the gas requires a higher voltage and 

therefore a higher electric field [12]. In 2001, Rajanikanth and 

Rout  [14] investigated a dielectric packed bed reactor with and 

without a catalyst coating for NO removal. The studied gas 

consisted of cylinders containing gases of NO in N2, N2, CO2 

and O2 to simulate the vehicle exhaust gas. They showed that 

the presence of a packed dielectric bed increases the discharge 

power for a given reactor size and set of operating conditions. 

They indicated that NO removal by NTP technology at room 

temperature is quite comparable with conventional catalytic 

converters at a high temperature of 300 °C and therefore in 

populated urban regions when the temperature of exhaust gas 

is almost 40-50 °C, the conventional catalytic converters may 

not be suitable at such low temperatures. In 2008, Rajanikanth 

and Sinha [15] studied two different types of dielectric barrier 

discharge electrodes, wire-cylinder reactor and pipe-cylinder 

reactor. They showed that for a shorter discharge gap, the 

discharge power consumption was higher and therefore a 

significant improvement in the removal efficiency of NO and 

NOx were achieved. They wanted to show the practical usage 

of this system without employing catalysts or adsorbents. In 

2009, Srinivasan et al. [16] studied the effect of different 

voltage energizations (AC/DC/Pulse) using a DBD filled with 

dielectric pellets. They showed that the average electric field in 

the pulse energized reactor was higher than in an AC energized 

reactor. Furthermore, the average energy gained by the 

electrons under DC discharge was insufficient to generate any 

radicals. They also showed that using a real diesel exhaust gas 

increased the ability of NTP in removing NOx due to the 

presence of carbonaceous soot. In 2010, Matsumoto et al. [10] 

developed a nano-second pulse generator and indicated that a 

shorter pulse duration showed a great improvement in energy 

efficiency of NO removal. The gas cylinders of N2 and NO in 

N2 were used to simulate the exhaust gas. Moreover, they 

showed that increasing the length of the reactor can increase 

the removal efficiency of NO. In 2011 and 2012, Wang et al.  

[13, 17] studied a Multineedle-to-Cylinder Configuration of 

DBD reactor experimentally and numerically and investigated 

the effect of needles arrayed structure and needle arrangement 

on the inner electrode. They showed that by using the 

Multineedle-to-Cylinder system, higher performance of DBD 

reactor can be achieved compared to the regular DBD reactor. 

In 2012, Wang et al. [18] investigated different parameters of 

the DBD reactor, such as electrode shape and material. They 

showed that by using tungsten as the material of inner 

electrode, a higher NO removal efficiency was achieved 

compared to copper and stainless steel electrodes due to the 

higher secondary electron emission coefficient. Furthermore, 

changing the shape of inner electrode from rod shape to screw 

shape increased NO removal efficiency due to the less 

equivalent gap capacitance of the reactor. The specific energy 

density (SED) parameter is considered, in order to compare 

different case studies. SED is defined as the ratio of discharge 

power to the gas flow rate. For the same removal efficiency, it 

is better to have a lower specific energy density, regarding 

energy consumption [19]. Some researchers have also 

employed DBD with catalyst or adsorbent in order to increase 

NOx removal efficiency [20-24]. Although encouraging results 

have been obtained, more improvement is still required for the 

practical applications.  

The aim of this research is to optimize the DBD reactor in 

terms of geometry and power generator parameters. Electrode 

length, diameter and material as well as dielectric material are 

investigated as the geometrical parameters, and the frequency 

and voltage of a pulse power generator are tested as the power 

generator parameters. The power consumption is considered as 

a key parameter in order to achieve the maximum NOx 

removal efficiency. During the experimental process, the 

optical emission spectroscopic method was also employed in 

order to provide a better understanding of the results. In this 

paper, different effective parameters of a DBD reactor have 

been examined simultaneously and the DBD reactor has been 

modified regarding both NOx removal and energy efficiencies. 

The purpose is to find the maximum NOx removal efficiency 

at a constant consumed power for each parameter. It should be 

noted that the investigations have been conducted for common 

geometries and materials in the literature and depending on the 

application and the scale of the process, the optimum values 

may vary and a different proposal can be recommended. 

Furthermore, the optimization procedure used in this paper is 

carried out for the first time regarding NOx removal by DBD 

reactors. 

2 EXPERIMENTAL SETUP 

The schematic of the experimental setup and the employed 

DBD reactor are shown in Figures. 1-a and 1-b, respectively. 

The setup consists of the DBD reactor, high voltage pulse 

power generator, gas feeding system and the measurement 

system [25]. 

 
a) 
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b) 

Figure 1. A schematic of a) experimental setup b) DBD reactor [25]. 

 

The plasma reactor used in the present study is a DBD 

reactor, which is shown in Figure 1b. It is a coaxial reactor 

made up of two different materials of quartz glass tube 

(>99.9% SiO2) and pyrex tube with the thickness of 1.5 mm 

and outer diameter of 15 mm. For the inner electrode, different 

materials i.e. aluminum, copper and steel are used to find the 

best operating condition. The diameters of 10, 8 and 6 mm and 

the lengths of 25, 20 and 15 cm are also examined in this study 

for the inner electrode. Note that different studied diameters of 

inner electrode results in different gas gaps of 2, 4 and 6 mm, 

respectively. An aluminum mesh is wrapped over the outer 

quartz glass tube, which is the grounded electrode. It should be 

noted that no gap should be presented between the mesh and 

the dielectric in order to prevent power loss [14]. It should also 

be noted that the materials for the electrode and dielectric and 

the values for the electrode diameters and lengths are chosen 

since they are commonly used in the literature [1]. The authors 

also try to examine different values for different parameters to 

better illustrate their effectiveness.  

The experiments were performed using high-voltage DC-

pulse waveform pulsed power system. The pulse power supply 

consists of a high voltage DC power supply, Thyratron (TGI-

1-1000/25) power switches, storage capacitor, bypass inductor 

and stepped pulse transformer. Figure 2 shows a schematic 

diagram of the electric circuit. The range of output voltage of 

the DC power supply was 0-5 kV at maximum of 1A. The 

voltage was raised by pulse transformer (1:6). The DC-pulse 

voltage repetition rate of 10-30 kHz and peak-to-peak 

discharge voltage of 0-20 kV across the DBD load were 

generated during the experiments.  

 
Figure 2. A schematic diagram of the electric circuit [25]. 

 

It should be noted that pulse systems provide higher 

performance than DC and AC systems, which is the reason for 

selecting pulse voltage supply in this paper. The pulsed power 

technology controls the duration of the discharge and protects 

the transition into arc discharge, providing efficient plasma 

chemical reaction [11, 16]. 

The gas system used in this study consists of two pure NOx 

and N2 cylinders with the purity of industrial grade (~ 

99.95%). The other gas components of NOx cylinder are N2, 

H2O, N2O, and CO2. The amount of each gas contained in the 

NOx cylinder can be found in [25]. The gas system was sealed 

precisely in order to prevent any gas leakage from the joints 

and tubes [14]. The total flow rate was 8 l/min during the 

experiments and the ratio of each gas was balanced while the 

initial concentration of NOx was adjusted to 720 ppm. All 

experiments were conducted at room temperature. 

It should be noted that among the various types of NOx, as 

mentioned in the introduction, NO and NO2 are considered 

toxic. Around 95% of NOx emitted from incineration processes 

is NO and 5% NO2 [1, 26]. NO is less toxic than NO2. 

However, as with most radicals, NO is unstable and reacts 

readily with oxygen through photochemical oxidation to form 

NO2 [1, 4]. Therefore, in this study, the total concentration of 

NOx is considered as the polluted gas.  

The concentration of NOx was measured by means of a 

chemiluminescence gas analyzer (AVL DI GAS 4000). It 

utilizes the chemiluminescence technique for analyzing the 

NOx concentration using a gas sample. The analyzer has a 

range of 0-5000 ppm and a resolution of 1 ppm of NOx. The 

applied voltage is measured by means of a 100-MHz digital 

oscilloscope (DPO 3012 TEKTRONIX) connected through a 

1000:1 voltage driver (p6015 High voltage probe 

TEKTRONIX), and the current is measured using an AC 

current transformer probe (TCP202 TEKTRONIX), which 

includes a Rogowski coil to change the current to voltage for 

measuring. The pulse width is defined as full-width at half-

maximum (FWHM) of the voltage, which is about 250 ns. It 

should be noted that the voltage and current waveforms are 

negative and positive, respectively. The input power was 

calculated by taking the product of voltage and current over 

one cycle of the waveforms which are obtained from a digital 

oscilloscope. In Figure 3, a typical waveforms of voltage and 

current obtained from the oscilloscope at 8.86 kVPP and 13.4 

kHz frequency can be seen. 

 

 
Figure 3. A typical applied voltage and current 

waveforms [25]. 

 

To study the effect of electrode material, the plasma 
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formation intensity was analyzed by an optical emission 

spectroscopy (OES) using a spectrometer (Ocean 

opticsHR2000+ES) with the accuracy of 1 nm. The range of 

the wavelengths considered in this study is from 200 nm to 500 

nm [27]. The optic fiber of the spectrometer was placed in 

front of the reactor at the same position according to the 

reactor under the same conditions in all experiments. 

It should be noted that the reactions regarding the reduction 

of nitrogen oxides are well established in the literature [1] and 

therefore not mentioned in this paper.  

 

3 RESULTS AND DISCUSSION 

As mentioned before, different geometric and power 

generator parameters are optimized in this paper. To provide a 

better understanding of different values of various studied 

parameters, Table 1 schematizes the studied parameters, 

different values considered for each parameter, the achieved 

optimum parameter obtained in this paper and also the related 

figures. It should be mentioned that all the studied materials 

and geometric parameters are selected since that they have 

been used more in the literature.  

Note that for some parameters such as pulse frequency and 

electrode length, in the studied range, the results for different 

values of each parameter are close to each other and therefore 

an optimum parameter interval can be given; however, the best 

cases  among the examined values of each parameter is given 

in Table 1. 

 

Table 1. Range of parameters investigated and summary of optimum 

values in this study. 

Parameter 
Studied 
range 

Optimum 
value 

Related 
Figure 

Electrode 

Material 
Al, Cu, St Al 4-5-6 

Dielectric 
Material 

quartz, pyrex quartz 7-8-9 

Electrode 

Length 

15, 20, 25 

cm 
20 cm 10-11 

Electrode 
Diameter 

6, 8, 10 mm 10 mm 12-13-14 

Pulse voltage 
7.1, 8.7 and 

9.9 kVPP 
9.9 kVPP 15-16 

Pulse 

frequency 

13.4, 16.6, 
21.9, 27.2 

kHz 

16.6 kHz 17-18 

 

Note that for the geometric parameters, all the experiments 

were conducted at three different frequencies of 16.6, 21.9 and 

27.2 kHz and different applied voltages of 7.1, 8.7 and 9.9 

kVPP. In Table 1, VPP is the peak-to-peak discharge voltage 

across the DBD load.  

In the following sections, the effects of different parameters 

listed in Table 1 are discussed in detail.  

 3.1. EFFECT OF ELECTRODE MATERIAL 

To study the effect of electrode material, three different 

materials were tested including aluminum, copper and steel. 

Figure 4 presents the effect of electrode material on NOx 

removal efficiency for various pulse frequencies at 8.7 kVPP. It 

should be noted that NOx removal efficiency is calculated 

from the following equation: 

100



i

fi
R

NOx

NOxNOx
NOx  

(1)  

where iNOx  and fNOx  are initial (before treatment) and the 

final (after treatment) concentrations of NOx in the gas 

mixture, respectively. 

 
Figure 4. Effect of electrode material on NOx removal efficiency at 8.7 

kVPP and different pulse frequencies. 

 

As presented in Figure 6, aluminum shows a better 

performance than copper and steel for NOx reduction. The 

reason is the secondary electron emission coefficient,  , which 

represents the electron emission efficiency from the cathode 

due to positive ion bombardment [28]. Increasing   means 

more electron and ion production in the plasma state. 

Therefore, the mean kinetic energy of the ions for bombarding 

the cathode increases and higher discharge power can be 

achieved [28]. Since the secondary electron emission 

coefficients for aluminum, copper and steel are 1.5, 1.29 and 

1.24, respectively; aluminum as the inside electrode shows a 

better performance than the other two materials. Note that 

tungsten is also used in the literature as the inner electrode 

material; however, since the secondary electron emission 

coefficient of tungsten is less than aluminum, it is not studied 

in this paper. Another important issue is that in the plasma 

state, the aluminum should be assumed to be strongly oxidized 

which increases the secondary electron emission coefficient of 

the inner electrode and therefore more NOx can be removed 

from the exhaust gas. 

This can also be explained regarding the breakdown voltage 

[29]. The breakdown voltage is a function of the secondary 

electron emission coefficient. The breakdown voltage 

decreases by increasing the secondary electron emission 

coefficient. Therefore, a smaller breakdown voltage is required 

for a material with higher secondary electron emission 

coefficient for introducing the plasma. Higher NOx removal 

can be achieved with a smaller breakdown voltage since the 

reduction reactions of NOx can be happened earlier at the 

plasma state. Furthermore, a higher secondary electron 

emission coefficient leads to a higher number of generated 

electrons which strengthen the plasma chemical reactions and 

more NOx are removed from the exhaust gas. It is also notable 

that aluminum is cheaper than copper and steel, which is 

another advantage for aluminum [30]. 
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It should be noted that, as shown in Figure 4, the difference 

of NOx removal efficiency is the same order or even larger 

between copper and steel than that of aluminum. The reason 

may be due to the fact that for higher removal efficiencies, the 

effect of two quantities is less established than that of lower 

removal efficiencies. For example, as shown in Figure 4, the 

difference between the NOx removal efficiency of aluminum 

and copper is higher at the beginning of the diagram and 

reaches to a smaller value by increasing the pulse frequency. 

Therefore, the reason for the higher difference of NOx removal 

efficiency between aluminum and copper than that of copper 

and steel can be due to the mentioned reason. Furthermore, a 

lot of parameters can be effective when studying an especial 

quantity in the plasma environment and considering all of them 

together cannot be possible. 

For better understanding of the effect of electrode material, 

the optical emission spectrum of the NOx plasma discharge for 

different electrode materials was measured. The emission 

spectrum of the plasma discharge in NOx showed peaks of N2 

second positive band system and NOγ band system [31, 32]. 

These band systems refer to the occurrence of a change in the 

molecular excitation level of each element in the emission 

spectrum of an electric discharge [33]. Table 1 lists the 

detected peaks of the wavelengths for N2 second positive band 

systems and NOγ band system. As listed, the second positive 

band of molecular nitrogen is the result of the spontaneous de-

excitation of the molecule from the 3C to the 3B

electronic state [33]. 3C and 3B  electronic states are 

lying at 11.0 and 7.4 eV above the ground electronic state, 

respectively [34]. The electron mean energy in non-thermal 

plasma depends on the experimental conditions such as gas 

composition and applied voltage [35]. 

 

Table 2. The detected peaks of the wavelengths for N2 second positive 

band systems and NOγ band system. 

Species 

(system) 
Transitions 

Peak 

positions 
(nm) 

N2 second 

positive band  33 BC   

315; 337.1; 

357.7; 380.5 

NOγ band 


  22 XA
 

237; 247.9; 

259.6; 271.5 

 

According to the N2 second positive band system, excitation 

of nitrogen molecules in the ground state by direct electron 

impact is performed as follows [27, 36]: 

)11()()(
0

3
20

1
2 , eVEeCNXNe

vuvg






   

(2)  

and then, spontaneous radiation of formed excited state of 

nitrogen makes )( 3

2 gBN  as follows [27, 36]: 

hvBNCN
vgvu 
 0

3

20

3

2 ,,, )()(   (3)  

The NOγ band is excited by the collision of N2 metastable 

states as follows [31, 37]: 

)()()()( 22 ANOXNXNOAN   (4)  

)()()( bandNOhvXNOANO   (5)  

Figure 5 represents emission spectrum of the plasma 

discharge in NOx for different materials of inner electrode 

inside electrode materials. The spectrum was obtained at 8.7 

kVPP and 19.2 kHz pulse frequency. As shown, the intensities 

of peaks for N2 second positive band system and NOγ band 

system for aluminum as the material of inner electrode are 

higher than those measured for copper and steel. The highest 

intensity of N2 second positive band and NOγ band occur at 

the wavelengths of 336.7 nm and 247.8 nm, respectively.  

 
Figure 5. The emission bands of N2 second positive band and NOγ band 

for the different studied materials in 8.7 kVPP and 19.23 kHz pulse 

frequency. 

 

The relation between the captured intensities of N2 second 

positive band and NOγ band is the proof for removing higher 

NOx concentration. The higher ratio of N2 second positive 

band to the NOγ band means higher production of N2 related 

to NOx and therefore, less NOx exits from the exhaust gas. To 

provide a criterion for the ratio of N2 second positive band to 

the NOγ band, a parameter is defined in this study, which can 

be calculated by the following equation: 

bandspositiveondNofIntensityHighest

bandsNOofIntensityHighest
P

sec2


  

(6)

 

P  is defined as the ratio of the highest intensity of the gas 

pollutant atoms (NOγ) to the highest intensity of nitrogen 

atoms at the wavelength peaks. When the value of  P  

increases, it means the ratio of NOγ bands to the N2 second 

positive bands increases and therefore, higher NOx 

concentration is existed in the plasma state [37]. By calibration 

of captured spectra with the highest intensity of nitrogen atoms 

(setting the initial condition of the system equal to the N2 
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highest intensity), the value of P  will be equal to the highest 

intensity of NOγ bands. According to Figure 5, the P  values 

for aluminum, copper and steel is 0.236, 0.296 and 0.321, 

respectively. Therefore, aluminum is better than the other two 

studied materials in terms of NOx removal efficiency. 

Figure 6 shows the variation of NOx removal as a function 

of both input power and specific input energy for the studied 

materials. The specific input energy (SIE) is an important 

quantity in the study of non-thermal plasma which is given as: 

)/(
]/[4.22min]/[60

moleJ
G

molelsE
SIE


  (7)  

where )(WE  is the input power to the reactor and min)/(lG

is the gas flow rate. It means the amount of input energy that 

applied to 1 mole of NOx. Note that 1 mole NOx is equal to 

)(30 g  NO and )(46 g  NO2 which is equivalent to )(4.22 l at 

atmospheric pressure and )(273 K . By using the mentioned 

information, the data in Figure 6 can be easily converted to 

kWhg / which is also a usual quantity regarding non-thermal 

plasma investigations. 

As shown in the figure, aluminum has the most NOx 

removal efficiency compared to copper and steel for the same 

input power especially at the removal efficiency of more than 

80%. As mentioned before, the reason is the higher secondary 

electron emission coefficient of aluminum. Since aluminum 

has a higher   compared to copper and steel at the same input 

power, the reactor with aluminum as the inside electrode 

material has less breakdown voltage and therefore, more NOx 

is reduced. Note that for different electrode materials, the 

difference between NOx removal efficiency is not significantly 

high; however, aluminum has the best performance among the 

other considered electrodes. 

 

 
Figure 6. Effect of electrode material on NOx removal efficiency for 

different input powers. 

 

The result from this section of the experiment shows that 

aluminum is the best material for the inside electrode among 

the studied materials regarding both NOx removal efficiency 

and power consumption. 

 

3.2 EFFECT OF DIELECTRIC MATERIAL 

To study the dielectric material, two different materials are 

examined: quartz and pyrex. Figure 7 presents the effect of 

dialectic material on NOx removal efficiency for various pulse 

frequencies at the applied voltages of 7.1 and 9.9 kV. 

 

 
Figure 7. Effect of dielectric material on NOx removal 

efficiency for different pulse frequencies and voltages. 

 

As shown, quartz as the dielectric material shows a better 

performance than pyrex for NOx removal. The reason can be 

explained in conjunction with the electric permittivity 

coefficient. Selecting a material with a higher electric 

permittivity coefficient results in a higher discharge power and 

therefore the gas breakdown will happen at lower applied 

voltage and more NOx can be removed during the plasma 

treatment. The electric field at radius r  in the discharge gap is 

defined as [18]: 

g

d

d

d

gd

c

d

g
l

V

r

l

r

r
rE 






























1

2ln

1
)(




 

(8)  

where d  and g  are dielectric constant or electric 

permittivity coefficient of the dielectric barrier layer and gas, 

cr  is the radius of the electrode, 1dr  and 2dr  are the inner and 

outer radius of the dielectric barrier (tube) layer, dl  is equal to 

the dielectric thickness ( 12 ddd rrl  ), 
gl is equal to the 

discharge gap ( cdg rrl  1 ) and V  is the voltage.  

The calculated electric field before the breakdown in the 

discharge gap versus the distance from the inner electrode for 

quartz and pyrex at 8.7 kVPP is shown is Figure 8. The gas 

specifications are assumed to be similar to air ( 1g ) and the 

electric permittivity coefficient for quartz and pyrex is 5 and 

4.1, respectively. The electric field obtained for the reactor 

with quartz dielectric is stronger than the reactor with pyrex. In 

other words, at the same distance from the inner electrode, the 

intensity of the electric field for the reactor with quartz 

dielectric is higher than the one with pyrex dielectric.  
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Figure 8. The effect of dielectric material on the electric field as a 

function of distance from inner electrode. 

 

Figure 9 compares NOx removal efficiency for the reactors 

with quartz and pyrex dielectrics. As shown, for all input 

powers, NOx removal efficiency for quartz dielectric is higher 

than pyrex dielectric due to the occurrence of a higher electric 

field for all applied voltages and frequencies. It can also be 

explained with respect to the electrical capacitance. Higher 

electrical capacitance can be achieved by higher electric 

permittivity and stronger plasma can be generated by a 

dielectric with higher electrical capacitance due to the reactor 

impedance [18, 38]. 

 
Figure 9. Effect of dielectric material on NOx removal 

efficiency for various input powers. 

 

The result from this section of the experiment shows that 

quartz as the dielectric material has better performance than 

pyrex in terms of both power consumption and NOx removal 

efficiency. 

 

3.3 EFFECT OF ELECTRODE LENGTH 

To study the effect of electrode length, three different 

lengths are considered for the DBD reactor: 15, 20 and 25 cm. 

Figure 10 illustrates the effect of electrode length on NOx 

removal efficiency for various pulse frequencies at 7.1 kVPP. 

Note that in this experiment, aluminum and quartz are selected 

for the inside electrode and dielectric material, because of their 

better performance, as confirmed in the previous section of this 

paper. 

 
Figure 10. Effect of electrode length on NOx removal efficiency at 7.1 

kVPP and different pulse frequencies. 

 

As shown, NOx removal efficiency is increased by 

increasing the electrode length. The reason is as a result of 

increasing the pulse discharge current. The current 

increases by changing discharge impedance mismatching 

with increasing the reactor length due to the raise of the 

produced streamer channels. Consequently, with 

approximately constant applied voltage for different 

electrode lengths, higher discharge power is achieved by 

using a longer electrode and therefore, more NOx can be 

removed from the exhaust gas [39]. Furthermore, the 

increase of electrode length increases the gas residence 

time. Therefore, the gas is under the plasma state for more 

time to the plasma and more NOx can be removed from the 

exhaust gas [25, 40]. However, increasing the NOx removal 

efficiency is due to the increase in the electrical energy 

consumption. Figure 11 shows the variation of NOx 

removal efficiency at different input powers and different 

SIE for various electrode lengths. As shown, at the high 

range of NOx removal efficiency (more than 75%), the 

NOx removal efficiency for 20 cm electrode length is 

higher than 15 and 25 cm electrode length. It is concluded 

that according to the consumed power, the electrode with 

the length of 20 cm is more applicable than the other two 

electrode lengths. It should be noted that the difference 

between NOx removal efficiency for the studied electrode 

length is not significant; however, the electrode with the 

length of 20 cm has the best performance among the others. 

 

 
Figure 11. Effect of electrode length on NOx removal efficiency for 

different input powers. 
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The result from this section of the experiment shows 

that by selecting the length of electrode equal to 20 cm, the 

optimum performance of the reactor can be achieved among 

the other studied electrode lengths. 

 

3.4 EFFECT OF ELECTRODE DIAMETER 

In this section, the experiments have been carried out by 

using the electrode with the length of 20 cm with different 

diameters. The effect of corona electrode diameter on NOx 

removal efficiency for various pulse frequencies at 8.7 kVPP 

is shown in Figure 12.  

 

 
Figure 12. Effect of electrode diameter on NOx removal 

efficiency at 8.7 kVPP and different pulse frequencies. 

 

As shown, the electrode with the largest diameter shows 

the highest NOx removal efficiency. The calculated electric 

field, as a function of distance from inner electrode for 

three different electrode diameters before the start of 

breakdown, is shown in Figure 13. The gas specifications 

are assumed to be the same as air ( 1g ) and the dielectric 

constant of the quartz tube is 5. As shown, the electrode 

with 10 mm diameter has the strongest electric field among 

the studied electrodes. In other words, at the same distance 

from the inner electrode, the intensity of electric field for 

the electrode with 10mm diameter is higher than the other 

electrodes. Therefore, this electrode has higher NOx 

removal efficiency than the others.  

 

 
Figure 13. The effect of electrode diameter on the electric field as a 

function of distance from inner electrode at 8.7 kVPP. 

 

Figure 14 presents the variation of NOx removal 

efficiency as a function of both input power and SIE for 

different electrode diameters. As shown, the NOx removal 

efficiency is higher for the electrode with diameter of 10 

mm. The reason is the higher input power requirement to 

obtain the same NOx removal efficiency for the smaller 

electrode diameter. 

 
Figure 14. Effect of electrode diameter on NOx 

removal efficiency for different input powers 

 

The result from this section of the experiment shows 

that the electrode with 10 mm diameter has the best 

performance among the other electrodes in terms of both 

NOx removal efficiency and power consumption. 

 

 3.5 EFFECT OF APPLIED VOLTAGE AND PULSE 
FREQUENCY 

Figure 15 displays the variation of NOx removal 

efficiency with different pulse frequency and different 

voltage levels for the optimized reactor parameters i.e. 10 

mm electrode diameter, 20 cm electrode length, quartz as a 

dielectric material and aluminum as the electrode material. 

As expected, the NOx removal efficiency is increased by 

increasing the applied voltage and pulse frequency.  

 

 
Figure 15. The variation of NOx removal efficiency with various 

pulse frequency for different applied voltage. 

 

Increasing the applied voltage results in an increase in 

the electric field, which means that a stronger electric field 

is generated inside the reactor. Furthermore, regarding Eq. 

15, the electric field before the breakdown in the discharge 

gap has a direct relation to the applied voltage. Therefore, a 

higher electric field is achieved by increasing the applied 

voltage and accordingly higher NOx removal efficiency is 

achieved by VPP=9.9 kV. 
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Increasing the pulse frequency results in a higher input 

power [41]. Table 3 presents the produced input power as 

well as specific input energy for different pulse frequency 

at 8.7 kVPP. As shown, the input power increases from 208 

W to 442 W when the pulse frequency is increased from 

13.4 kHz to 27.2 kHz, which results in a higher NOx 

removal from the gas. Furthermore, by increasing the pulse 

frequency, the charge and discharge rate of the storage 

capacitor in the pulse power system is increased and 

consequently, the effective collisions of electrons, ions, 

atoms and molecules will increase. Therefore, more NOx 

removal can be achieved.  

 
Table 3. Input power for different pulse frequency at VPP=8.7 kV. 

Unit Frequency Input power Specific input energy 

13.4 kHz 208 W 34.9 kJ/mole 
16.6 kHz 273 W 45.9 kJ/mole 

21.9 kHz 364 W 61.2 kJ/mole 

27.2 kHz 442 W 74.3 kJ/mol 

 

Figure 16 shows the variation of NOx removal 

efficiency as a function of both input power and SIE for 

various pulse frequencies. The power is almost proportional 

to the pulse frequency. Therefore, the maximum power is 

limited to the value of pulse frequency [42]. As shown in 

the figure, for the same input power, the NOx removal 

efficiency is almost higher at the lower frequencies [41, 

43]. However, at the very low frequencies such as 13.4 

kHz, high input power and, as a result, high removal 

efficiency cannot be achieved at the studied range of 

applied voltages. In other words, obtaining a high range of 

input powers is restricted by the highest applied voltage of 

the system. Therefore, in this paper, the frequency of 16.6 

kHz is found to be the optimum frequency. It can be 

concluded that increasing the frequency beyond a certain 

limit cannot improve the NOx removal efficiency. 

 

 
Figure 16. Effect of pulse frequency on NOx removal efficiency for 

different input powers. 

 

It is shown that for a certain input power, higher NOx 

removal efficiencies may be obtained at lower frequencies. 

However, higher input power can be achieved at higher 

frequencies [42, 44]. 

Figure 17 shows the variation of NOx removal 

efficiency for different input powers and different SIE at 

various applied voltages. As shown in this figure, by 

increasing the applied voltage, the input power and also 

NOx removal efficiency increase. 

 

 
Figure 17. Effect of applied voltage on NOx removal efficiency for 

different input powers. 

 

Against the pulse frequency effect, increasing the 

applied voltage is always effective for removing NOx from 

the exhaust gas.  

Figures. 18-a and 18-b display the waveforms of 

discharge voltage and current for the frequency of 16.6 kHz 

and different VPP, respectively. The discharge voltage is 

increased by increasing the applied voltage and, as shown 

in Figure 18b, the discharge current is increased as well. 

Therefore, the discharge power as a function of discharge 

voltage and current increases and more NOx removal can 

be achieved. 

 

 
a) 

 
b) 

Figure 18. a) The discharge voltage waveforms b) The discharge 

current waveform for different applied voltages 
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4 CONCLUSION 

In this paper, an experimental optimization is performed 

in order to find the best values for the effective parameters 

of dielectric barrier discharge reactor, regarding both NOx 

removal efficiency and power consumption. The results 

showed that aluminum and quartz are the best materials for 

the inner electrode and dielectric material, respectively. 

Furthermore, the electrode with the diameter of 10 mm and 

length of 20 cm has the best performance. Increasing the 

voltage is always effective for both NOx removal efficiency 

and power consumption. However, the frequency of 16.6 

kHz shows better performance than the other studied 

frequencies. For the optimum cases, the achieved NOx 

removal efficiency is equal to almost 82% at the input 

power of 486 W. In general, the highest achieved NOx 

removal is almost 92% at the input power of 864 W. This 

study sheds a light on the approach towards the possibility 

of an optimization process and the results of this paper 

could be considered as an effective method for 

commercialization of this technology in the future. 

Furthermore, the optimization procedure used in this paper 

is carried out for the first time regarding NOx treatment by 

NTP DBD reactors. 
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