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1. Introduction 

The air pollutions from combustion flue gas and industrial gases became worse and cause 
the environmental problem. It is difficult for the conventional methods such as selective 
catalytic reduction method and lime-gypsum method to treat exhaust gases energy 
efficiently and inexpensively. Its energy efficiency and its initial and running costs are still 
in negative situation for the backward nations. In recent years, the pollution control 
techniques using non-thermal plasmas have been widely studied because it is one of the 
promising technologies for pollution control with higher energy efficiency [1]-[7]. The non-
thermal plasma could treat multiple toxic molecules simultaneously, and it can be applied to 
locations where the conventional catalyst methods are difficult to use. In this chapter, a 
principle of air pollution control by non-thermal plasma, various methods of non-thermal 
plasma formation and those current situations are introduced. 

2. Non-thermal plasma 

Plasma, also referred to as “ionized gas” is mixed state of atoms, molecules, ions, electrons 
and radicals. Plasma has two general states: equilibrium and non-equilibrium. The 
equilibrium state indicates the temperatures of electrons, ions and neutrals become almost 
equal, and the background gas is heated from a few thousands to more than ten thousands 
Kelvin degrees. Because of this, the plasma getting equilibrium state is called as “thermal 
plasma”. On the other hand, the non-equilibrium state means that the temperatures of 
electrons, ions and neutrals are quite different, and in general the electron temperature is 
substantially higher than other particles. Therefore, the rise of background gas temperature 
is quite low in non-equilibrium state and the plasma being non-equilibrium state is called as 
“non-thermal plasma”. Figure 1 shows a typical example of non-thermal plasma [8]. This 
figure shows the background gas temperature of non-thermal plasma is enough low to 
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touch by a finger. In the non-thermal plasma, the majority of the discharge energy goes into 
the production of energetic electrons, rather than ion and neutron heating. The energy in the 
plasma is thus consumed preferentially to the electron impact dissociation and ionization of 
the background gas for production of radicals that, in turn, decompose the toxic molecules. 
In short, non-thermal plasma can remove toxic molecules near room temperature without 
consuming a lot of energy in background gas heating. 

For low pressure plasma process such as semiconductor production, the non-equilibrium 
plasma which is often named “cold plasma” is typically used. Prof. Oda [9] defined that 
non-thermal plasma is high pressure (typically 1 atmospheric pressure) non-equilibrium 
plasma. Compared with that cold plasma, the electron temperature and ionization rate are 
quite lower in non-thermal plasma. Typically, the electron temperature of cold plasma is 
tens of eV. Meanwhile, in atmospheric pressure, the electron temperature is generally 1 to 
10eV and ionization rate is around 0.1%. However, it is important for gas processing in 
atmospheric pressure because electron and molecular density is overwhelmingly high in 
comparison to low pressure condition. If the gas processing is done in low pressure 
condition, the absolute molecule quantity is low. That is, large amount of energetic electron 
having more than dissociation energy of objective molecules are need in order to generate 
more radicals and decompose more toxic molecules. Later on, the required value of electron 
energy for air pollution control is approximately 10eV. 

   
Figure 1. Typical example of non-thermal plasma demonstration [8].  

3. Formation methods of non-thermal plasma 

Non-thermal plasmas for removal of hazardous pollutants have been produced by an 
electron beam method and various electrical discharge methods.  
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3.1. Electron beam 

The electron beam irradiation is one of non-thermal plasma formation method. Figure 2 
shows schematic representation of electron beam source. In an electron beam method, the 
electrons are accelerated by high voltage in the vacuum region before being injected into a 
gas-processing chamber thorough a thin foil window. The energy of electron beam is 
directly used for dissociation and ionization the background gas. During the ionization by 
the beam, a shower of ionization electrons is generated, which further produce a large 
volume of plasma that can be used to initiate the removal of various types of pollutant 
molecules such as NOx, SOx and VOCs. This exhaust gas treatment technic by an electron 
beam has a 40 year-old history previously and a lot of pilot plants for air pollution control 
have been running today [10]-[18]. 

In particular, an Electron Beam Dry Scrubbing (EBDS) system has been mainly studied at 
present. Figure 3 shows that the typical principle of EBDS. It is a dry process and does not 
require an expensive catalyst for NOx removal. In this process, at first, many oxidative 
radicals such as O, OH and HO2 were produced by electron beam irradiation into O2 and 
H2O in exhaust gas. Following that, NOx and SOx are oxidized by these radicals to HNO3 
and H2SO4. Finally, HNO3 and H2SO4 were converted to ammonium nitrate (NH4NO3) and 
ammonium sulfate (NH4)2SO4 by added ammonia (NH3) into the treated combustion flue 
gas. These byproducts are collected by the electrostatic precipitator (ESP) and shipped to 
outside, because NH4NO3 and (NH4)2SO4 can be used to make fertilizer. Here it should be 
noted that a part of NO is reduced to N2 by N radical which produced by electron beam 
irradiation. This EBDS system has applicability to a high concentration sulfur-containing 
coal-fired boiler and a treatment of solid waste. In either case, EBDS could treat NOx and 
SO2 in high efficiency. According to the literatures [19], over 95% of SO2 and over 80% of 
NOx were removed simultaneously when the flue gas of sulfur-containing (at least 2.5%) 
coal-fired boiler was used as simulate gas.  

 

 
Figure 2. Schematic representation of electron beam source. 
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The potential of using an electron beam for removal of post combustion toxic gases (NOx, 
SO2) was recognized in the early 1970s by the Ebara Corporation (Japan) [20]. Following 
successful initial batch tests of the Ebara plant, various tests on small pilot plants have been 
conducted in the Canada [16], Korea [21], Poland [22], and Japan [23], etc. The tests 
performed in these installations proved that a significant amount of NOx (and SO2) 
exhausted from power plants, municipal-waste incinerators, and combustion boilers, etc., 
could be efficiency removed. In addition, A.G. Ignat’ev [24], B.M. Penetrante [25] and Y. 
Nakagawa [26] have indicated that using a pulsed electron beam improves the energy 
efficiency for exhaust gas treatment instead of using a DC electron beam. However, the 
electron beam methods hasn’t put into practical use yet due to the high capital cost of 
accelerators, X-ray hazard and the unavoidable large energy loss caused by vacuum 
interface. 

 
Figure 3. Principle of combustion flue gas treatment by electron beam. 

3.2. Electrical discharge 

In contrast to the electron beam which produce non-thermal plasma by supplying energetic 
electrons to objective gas, electrical discharge methods which led objective gas into plasma 
directly and generate energetic electron and radicals. Electrical discharges could produce 
non-thermal plasma in atmospheric pressure gases by various power supply such as direct 
current (DC), alternating current (AC), or pulse power sources. Among them, the dielectric 
barrier discharge (DBD) method using AC high voltage source and pulsed power discharge 
method have been developed particularly to this day. In this section, DBD and pulse power 
discharge are introduced. 
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3.2.1. Dielectric Barrier Discharge 

A schematic representation of typical DBD electrodes is shown in figure 4. The DBD is also 
called as a silent discharge. In DBD reactor, AC high voltage which is typically 10 to 20 kV 
and 50 Hz to 2 kHz are applied to electrodes, one or both of which are covered with a thin 
dielectric layer, such as glass. The gap distance between electrodes is a few hundred of m 
to several mm order. The barrier discharge is characterized by millions of small pulsed 
micro discharge which occur repetitively in gas space. The current density of the micro 
discharge is approximately 1 kA/cm2, the diameter is 0.1 mm and the pulse duration is 3ns. 
Because of energetic electrons are generated in this micro discharge, various radicals and 
ions are produced by the electron collision with gas molecules. These radicals defuse into 
the barrier discharge space and react with background gas. As a result, ozone generation 
and NOx or VOCs removal are realized.  

Dielectric barrier discharge processing is very mature technology, first investigated in 1850’s 
for the production of ozone. Ozone has some effects such as sterilization, deodorization, and 
decolorization, because of its strong oxidization power, placing it second after fluorine. 
Furthermore, ozone has no residual toxicity due to its spontaneous decomposition feature. 
Therefore, ozone has already been put to practical use in water purification instead of 
conventional sterilization by chlorine. Ozone has been used in Europe for water treatment 
since early in the 20th century. Initial applications were to disinfect relatively clean spring or 
well water, but they increasingly evolved to also oxidize contaminants common to surface 
waters. Since 1950’s, ozonation has become the primary method to assure clean water in 
Switzerland, West Germany and France. More recently, major fresh water and waste water 
treatment facilities using ozone water treatment methods have been constructed throughout 
the world. Additionally, new industrial applications of ozone such as wastewater treatment, 
exhaust gas treatment, odor elimination and semiconductor manufacturing have been 
studied recently [27-35]. However these new ozone applications demand high concentration 
of ozone, it was become possible for DBD to produce high concentration (100 to 300 g/m3) of 
ozone due to the improvement of dielectric materials and electrodes cooling function, and 
development of ultra-short gap electrodes [27]-[35]. Figure 5 shows a schematic 
representation of a cylindrical reactor which is modern shape of today’s ozonizer. 
Consequently, the dielectric barrier method is most common way of ozone generation 
today. In addition, DBD has been studied for flue gas cleaning and toxic gas decomposition. 
In the literatures, removal of various toxic molecules such as NOx in diesel engine exhaust, 
greenhouse gas and VOCs such as formaldehyde which causes a sick building syndrome, 
have been demonstrated.  

However, ozone generation by a dielectric barrier discharge is common way at today, it has 
still some agendas for industrial applications. For example, need of external cooling system 
for discharge electrodes and its sensitivity narrow gap separation take plenty operation 
costs. In addition, the narrow gap is sensitive to grit, dust and vibration. Therefore, use of 
this pollution control by ozone process is limited to a part of well-financed company or state 
and public institutions. The improvement of energy efficiency for DBD system is strongly 
demanded in order to spread the ozone processing moreover. In addition, NOx removal and 
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VOCs treatment using DBD is still in laboratory stage, because DBD could not treat those 
toxic molecules completely and its energy efficiency is unfavorable at the present stage.  

 
Figure 4. Schematic representation of dielectric barrier discharge electrode. 

 

 
Figure 5. Schematic representation of cylindrical cooled reactor. 

3.2.2. Pulse power discharge 

Pulsed power discharges have been studied for many years since it is one of the promising 
technologies for the removal of the hazardous environmental pollutants as well as electron 
beam and dielectric barrier discharge. Typically, many researchers have reported that the 
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pulsed discharge performed DeNOx process more effectively comparison with direct 
current (DC) corona discharge [3], [6, 7], [36]-[39]. Because the pulsed discharge is generated 
by intermittent pulse voltage, it is difficult to transfer to an arc discharge. Therefore, pulsed 
discharge is possible to apply an overvoltage between electrodes. Moreover, it is noted that 
the rate of over voltage (applied voltage / DC breakdown voltage) is depend on the voltage 
rise time and the pulse duration. In this way, since the pulse discharge could apply an 
overvoltage, it is possible to generate large amount of energetic electrons which have over 
10 eV in atmospheric plasma [7]. Generated high-energy electrons could easily dissociate a 
nitrogen molecule (N2) which having 9.8 eV of comparatively-high dissociation energy in 
gas. Therefore, generation of large amount of radicals that contributes to the gas processing 
become possible, and effectiveness of pulsed discharge could be obtained. 

Pulsed power is a technology that concentrates electrical energy and turns it into short 
pulses of enormous power. Pulsed power technology had been studied for X-ray generation 
and gaseous discharge from the beginning of twentieth century. At the time, a capacitor 
discharge which is output from charged capacitor thorough discharge switch has been used 
for pulsed power generation. Even now, this capacitor discharge method has been adopted 
widely because this is most simple and low cost method. However, if the operating voltage 
is critically high, the simple DC charge for the capacitor is impractical. To fix this problem, 
the Marx circuit system where parallel charged capacitors are connected in series with spark 
gap switches was invented. From the latter part of the twentieth century, the way of using a 
pulse forming line (PFL) began to use widely as an intermediate devise of energy storage. 
This is because, it is recognized that a discharge from a PFL which having constant 
impedance could obtain more stable output than direct discharge from a capacitor. 
Additionally, the output pulse duration is shortened by the introduction of PFL. With this, 
the peak of available power is significantly increased. Furthermore, during the decades, the 
development of high power semiconductor switch, magnetic core and etc. have allowed us 
to manufacture the pulse power source having higher energy transfer efficiency. As a result, 
the pulsed discharge has been recognized as one of the promised non-thermal plasma to 
practical use in this day. 

In addition, recently, it is reported by many researchers that a shorter-duration pulsed 
power with higher voltage rise time gives significant improvement of energy efficiency of 
pollutant gas treatment. In the pulsed discharge, the short duration pulse has an effect to 
prevent the energy loss due to heating by terminating the voltage before the plasma phase 
shift to thermal plasma. Additionally, it is reported that the faster rise time of applied 
voltage provides more energetic electrons and a higher energy [7], [40]-[45]. From these 
factors, it is considered that the development of a short pulse generator is of paramount 
importance for practical applications. Consequently, pulse power sources for environmental 
applications had been shifted from a simple condenser source which generates 
microseconds of pulse power to a pulse forming line (PFL) source which can output sub-
microseconds of pulse duration in 1990’s. Furthermore, the nanoseconds pulse source has 
been developed since 2000’s and the nanoseconds pulsed streamer discharge has shown 
remarkable results in energy efficiencies of pollutant control [6, 7], [46]-[49]. 
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Hereinafter, some differences of general pulsed discharge and the nanoseconds pulsed 
streamer discharge will be introduced. At first, figure 6 shows images of light emissions 
from conventional pulsed discharges as a function of time after initiation of the discharge 
current [7]. The peak voltage was +72 kV with 100 ns of pulse duration and 50 ns of voltage 
rise time. With regard to the coaxial discharge electrode, a rod electrode made of stainless 
steel, 0.5 mm in diameter and 10 mm in length was placed concentrically in a copper 
cylinder, 76 mm in diameter. The bright areas of the framing images show the position of 
the streamer heads during the exposure time of 5 ns. In a rod-to-cylinder coaxial electrode, 
the positive streamer discharge propagate straight in the radial direction from the coaxial 
electrode because the interactions between the electric fields near the neighboring streamer 
heads are the same at somewhere in the coaxial electrode geometry. The streamer heads are 
associated with a higher density of ionization due to the high electric field therein, and 
subsequently enhanced recombination, which is followed by increased light emission [7], 
[40]-[45] (Fig.6). In conventional pulsed discharge, the emission at the vicinity of the rod 
electrode is observed 10-15ns after pulsed voltage application. The streamer heads were 
generated in the vicinity of the central electrode and then propagated toward the ground 
cylinder electrode. After full development of the streamer heads between the electrodes, the 
discharge phase transformed to a glow-like discharge with a large flow of current in the 
plasma channel produced by the streamer propagation. Finally, the glow-like discharge 
finished at the end of the applied pulsed voltage [7], [40]-[45] (Fig.6, Fig.7). Therefore, two 
stages of the discharge can be clearly defined during the conventional pulsed discharge. The 
first one is the ‘streamer discharge’, which means the phase of streamer heads propagation 
between electrodes. The other is the ‘glow-like discharge’ that follows the streamer 
discharge. Here it should be mentioned that in some publications, aforementioned two 
discharge phases are collectively called as pulse corona discharge. Additionally, the track of 
the streamer head which propagates from the central rod electrode to the outer cylinder 
electrode is called as ‘primary streamer’, and the subsequent streamer head that started 
from the central electrode at 30 ~ 35 ns (Fig.6, Fig.7) and disappeared at the middle of the 
electrodes gap is called a ‘secondary streamer’. 

By the way, as I mentioned in previous section, formation of ultimate non-thermal plasma 
where only electron has energy is aspired in non-thermal plasma processing. However, 
energy loss by background gas (ions and neutral molecules) heating starts when the 
discharge phase shifts to glow-like as shown in figure 6 and 7. In figure 6 and 7, until 50ns, 
you can see that the discharge is composed with only streamer phase which is a very high 
level of non-thermal condition. Therefore, if we are able to use this phenomenon which 
happened until 50 ns, we could become produce radicals in efficiency by using over 10 eV of 
energetic electrons which are exist in streamer head without ions and neutron molecules 
heating. Based on this idea, nanoseconds pulse generator has been developed by a lot of 
researchers recently. 

Framing images and streak image of the discharge phenomena caused by a nanoseconds 
pulsed power generator (NS-PG) having a pulse duration of 5 ns and maximum applied 
voltage of 100 kV was developed by Prof. Namihira et al. in early 2000s [6, 7], [46]-[49] are 
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Figure 6. Images of light emissions from positive pulsed streamer discharges as a function of time after 
initiation of the discharge current. 

 
Figure 7. Typical applied voltage and discharge current in the electrode gap, and streak image for the 
generator with 100 ns of pulse duration. Applied voltage to electrode and discharge current through the 
electrodes were measured using a voltage divider and a current transformer, respectively. The vertical 
direction of the streak image corresponds to the position within the electrode gap. The bottom and top 
ends of the streak image correspond to the central rod and the surface of the grounded cylinder, 
respectively. The horizontal direction indicates time progression. The sweep time for one frame of 
exposure was fixed at 200 ns. 
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shown in Fig. 8, respectively [7]. In case of nanoseconds pulsed streamer discharge, the 
streamer heads were generated near the central rod electrode and then propagated toward 
the grounded cylinder electrode in all radial direction of the coaxial electrode as is the case 
in the conventional pulsed discharge shown in figure 6. The time duration of the streamer 
discharge was within 6 ns. At around 5 ns, emission from a secondary streamer discharge 
was observed in the vicinity of the central rod electrode. This is attributed to the strong 
electric field at the rod. Finally, emission from the pulsed discharge disappeared at around 
7ns, and the glow-like discharge phase was not observed. As a result, as can be seen in fig. 
8(b), energy loss by background gas heating caused by glow-like phase is suppressed 
extremely small comparison with 100ns pulsed discharge case (Fig. 7). The average 
propagation velocity of the streamer heads reported as 6.1 ~ 7.0 mm/ns for a positive peak 
applied voltage of 67 ~ 93 kV. The average velocity of the streamer heads slightly increased 
at higher applied voltages. Since the propagation velocity of the streamer heads is 0.1 ~ 
1.2mm/ns for a 100 ns pulsed discharge, five times faster velocity is observed with the NS-
PG. These characteristics comparison of pulsed discharges is summarized in Table 1. The 
streamer head always has the largest electric field in the electrode gap, and it is known 
streamer heads with higher value electric fields have a faster propagation velocity [7]. 
Therefore, it is understood that the faster propagation velocity of the streamer head means 
that the streamer head has more energetic electrons and higher energy. Consequently, the 
electron energy generated by nanoseconds pulsed discharge is higher than that of a general 
pulsed discharge. Here it should be mentioned that the voltage rise time (defined between 
10 to 90%) was 25 ns for a 100 ns general pulsed discharge and 2.5 ns for the 5 ns 
nanoseconds pulsed discharge. Therefore, the faster propagation velocity of streamer head 
might be affected by the faster voltage rise time. 

 

 
Figure 8. Framing and streak images of nanoseconds pulsed discharge in a coaxial electrode.. 

(a) Flaming images (b) Streak image
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This nanoseconds pulsed power has demonstrated extremely high NO removal efficiency 
and ozone yield [6, 7], [46], [49]. The performances of nanoseconds pulsed discharge is 
summarized in Table 2. These energy efficiencies of nanoseconds pulsed power are highest 
value in the recent literatures about pollution control by non-thermal plasma. For the future, 
nanoseconds pulse power will be expected to verify its practical effectiveness by more 
practical experiments.  
 

 General pulsed discharge 
Nanoseconds 

pulsed discharge 
Voltage rise time 25ns 2.5ns 
Voltage fall time 25ns 2.5ns 
Pulse duration 100ns 5ns 
Discharge phase Streamer Glow-like Streamer 

Propagation 
velocity 
of streamer heads 
(Vapplied-peak) 

0.1~1.2mm/ns 
(10~60kV) 

- 
6.1~7.0mm/ns 

(67~93kV) 

Electrode 
impedance 

5-17k 
(L=10mm) 

2k 
(L=10mm) 

0.3k 
(L=200mm) 

Table 1. Characteristics comparison of pulsed discharges. 

 
General pulsed

discharge 
Nanoseconds pulsed 

discharges 
Pulse duration 50ns 5ns 2ns 

Voltage rise time 25ns 2ns 1ns 
Voltage fall time 25ns 2ns 1ns 

NO removal efficiency 
 

Simulated gas: NO (200ppm)/N2 
(at 60% of removal ratio) 

0.37 mol/kWh 0.52 mol/kWh 0.89 mol/kWh 

Ozone yield 
 

Feeding gas: Oxygen 
[at 10g/m3 of O3 concentration] 

30 g/kWh 400 g/kWh 470 g/kWh 

Table 2. Gas treatment characteristics comparison of pulsed discharges. 

4. Present situation of non-thermal plasma on practical use 

As I've discussed, non-thermal plasma has been attracted attention as a new technology of 
flue gas treatment for the next generation in recent years. Among the many air pollution 
control of non-thermal plasma, NOx removal and VOCs treatment have been particularly 
considered as a promising technology. Acid rain is partly produced by emissions of nitrogen 
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oxides such as nitric oxide (NO) and nitrogen dioxide (NO2) originating from fossil fuels 
burning in thermal power stations, motor vehicles, and other industrial processes such as 
steel production and chemical plants. Non-thermal plasmas for removal of NOx have been 
produced using an electron beam, a dielectric barrier discharge, and a pulsed corona 
discharge at various energy  effectiveness. As explained in previous section, a lot of pilot 
plant employing electron beam has been running. Also, various electrical discharge methods 
have been evolved for practical use and some examples of pilot plant using discharge 
methods is reported at present situation. 

However, the energy efficiencies and its performances of air pollution control technique 
using non-thermal plasma are still unfavorable regrettably. Therefore, a plasma-catalytic 
hybrid system is currently employed in a practical sense. The complex of a non-thermal 
plasma and catalyst can be utilized these characteristics of high responsiveness to persistent 
substance of non-thermal plasma and high reaction selectivity of catalyst. Additionally, 
there are many merits of the this hybrid system from the point of view of catalyst such as 
reduction of precious metal catalyst use, regeneration effect of catalyst by plasma irradiation 
and durability improvement of catalyst by inhibition of reaction temperature etc. [50]-[60]. 
This hybrid system is commonly combined in one of two ways. The first is the introduction 
of a catalyst in the plasma discharge (in plasma catalysis, IPC), the second by placing the 
catalyst after the discharge zone (post plasma catalysis, PPC). Figure 9 shows typical process 
flow diagrams and description of main functions of IPC and PPC systems. In IPC system, 
catalyst is activated by plasma exposure. IPC system is a method to improve reaction 
efficiency and a reaction characteristic by plasma activation of catalyst. In fact, many 
researchers have reported composite effects such as improvement of decomposition 
efficiency and reduction of byproduct production by using IPC system. Moreover, it is well 
known that the catalyst become activated by plasma irradiation in low-temperature region 
where the catalyst doesn’t exhibit catalytic activity. A reactor utilizing these composite 
effects is named as Plasma-Driven Catalysis (PDC) [58, 59]. For example, however it is 
considered that the plasma methods have difficulty in treating NOx by reduction, the PDC 
can run NOx removal by reduction process. In addition, the PDC have a stimulating effect 
on VOCs decomposition and conversion of VOCs to favorable product of CO2. 

The effect of IPC system differs depending on a combination of the electrical discharge 
method and the type of catalyst. Therefore, it is considered that the combinatorial 
optimization is important for IPS system. In addition, it is reported that the influence of 
reaction field where the catalyst is placed is quite large. Typically, catalyst should be placed 
on a location where the plasma density is higher in pulse corona discharge reactor or 
dielectric barrier discharge reactor. Because, more radials and energetic electrons are exist in 
there. A packed-bed reactor is a typical example of IPC system in common with PDC. A 
typical schematic diagram and its appearance of packed-bed reactor are shown in figure 10. 
In this type of reactor, surface discharge and DBD methods is generally adopted as shown in 
figure 10. Additionally, catalyst or ferroelectric or both are employed as packing material 
between electrodes. The reason why the ferroelectric is packed is extremely high energetic 
electrons are produced near the contact points of ferroelectric pellets packed-in the plasma 
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reactor, because of a huge electric field generated near the contact points [53]. As explained 
in the previous section, the energetic electrons are employed directly to dissociate and ionize 
the pollutants as well as carrier gas molecules to produce various radicals to react with and 
convert a part of pollutants. Fundamental characteristics of a dielectric barrier discharge 
(DBD) in a ferro-electric packed bed reactor have been studied for the Barium Titanate 
(BaTiO3) based spherical-shaped pellets for the specific dielectric constant from 660 to 104 
from the viewpoint of reactor performance improvement [53]. The dielectric constant of 
pellet packed in the reactor affects discharge characteristics such as power consumption of 
the reactor, micro discharge onset voltage, number of micro discharge. As the results, the 
performance of packed bed plasma reactor depends on the dielectric constant and/or 
material of the pellet packed in the reactor. 

 
 

 
 

 

Figure 9. Typical process flow diagrams and description of main functions of Post Plasma Catalyst 
(PPC) and In Plasma Catalyst (IPC) system [55, 56]. 
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Figure 10. Schematic diagram and its appearance of packed-bed reactor (Photograph: Prof. Takaki 
group, Iwate University, Japan)[50], [53]. 
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On the other hand, in the PPC system, the two functions of plasma and catalyst is 
completely-separated. Therefore, the configuration of reactor and system configuration are 
nearly independent on each other. As can be seen in figure 9(b), pollutant gas is induced 
into plasma reactor at first and the toxic molecules are decomposed or oxidized by energetic 
electrons or radicals which are generated in plasma. After that, residual contaminants that 
plasma couldn’t treat and byproducts are removed by catalyst. Instead, this PPC system is 
sometimes used so as to extend time for replacement of catalyst. On another front, plasma 
reactor is sometimes incorporated to generate long-lived radicals such as ozone which work 
with catalyst as shown on figure 11. In figure 11, ozone was generated in plasma reactor, 
and then O radical which has stronger oxidative activity than ozone is generated by a 
reaction of ozone with catalyst. In consequence, VOC is decomposed by O radical to H2O 
and CO2. 

 
Figure 11. Example of VOC decomposition mechanism using a PPC system [62]-[64]. 

5. Summary 

Previous prodigious studies by esteemed researchers from all ages and cultures have proven 
that the non-thermal plasma makes pollution control more efficient and effective. In 
consequence, it is recognized that the non-thermal plasma is one of the promising 
technologies for pollution control. The advantages of non-thermal plasma process were 
summarized as follows. 

 Unlike conventional processes which need external combustion device or gas 
enrichment device, non-thermal plasma could treat industrial gas at ambient 
temperature and atmospheric pressure. Therefore, non-thermal plasma methods have a 
great advantage in energy efficiency. 

 Non-thermal plasma is available for various harmful substances due to its great 
flexibility for the chemical reaction process (it is mainly depends on ambient gas 
composition). Therefore, in some case, non-thermal plasma could treat multiple toxic 
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molecules simultaneously. Table 3 shows that typical harmful substances in various 
exhaust gases. It has been proved that the non-thermal plasma could treat these toxic 
molecules in the literatures. 

 Catalyst performance is highly improved by the concurrent use of the non-thermal 
plasma. The typical combined effects are increase of the reaction rate, extension of the 
catalyst lifetime and decrease of the activating onset temperature. Moreover, the 
agendas of non-thermal plasma process such as byproducts treatment could be solved 
by the combined use. 

At the present day, a lot of practical trials are being conducted by using pilot plant of 
plasma reactor and more efficient and effective plasma source is developed by researchers 
from around the world. Air pollution control using non-thermal plasma has been edge 
closer to practical use. There are great hopes that air pollution control by non-thermal 
plasma reduce the environmental cost and make environmental effort accessible to 
companies and nations. 
 

Type of Exhaust Gas Containing Harmful Substances
Combustion flue gas NOx, SOx, CO2 
Diesel gas NOx, SOx, CO2, Suspended Particulate Matter (SPM) 
Industrial gas VOCs (Aromatic series [Toluene, Benzene, acetone], 

Halogenated organics, HCHO), Dioxin, CFC-113, TCE 

Table 3. Typical harmful substances in each exhaust gas. 
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