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Abstract 
Nitrogen oxides (NOx) and sulfur oxides (SOx) emitted from thermal power plants are hazardous pollutants causing acid 
rain and air pollution. To meet the respective emission regulations, NOx is treated using the selective catalytic reduction 
(SCR) method, while SOx is treated using the lime gypsum method before being discharged via a flue-gas stack. Recently, 
some local governments and companies have signed environmental protection agreements that impose stricter limits than 
national emission regulations. Moreover, existing technologies, such as low-NOx burners and SCR, exhibit limitations in 
achieving further NOx reduction. Therefore, further pollutant reduction measures are required, particularly NOx treatment 
methods that can be retrofitted into existing flue gas treatment systems in thermal power plants. A plasma-chemical hybrid 
process (PCHP) offers a promising solution for simultaneous removal of NOx and SOx and can be retrofitted. In this study, 
laboratory-scale experiments were conducted to evaluate the simultaneous removal of low-concentration NOx and high-
concentration SOx using ozone (O3) injection and absorption towers, simulating the integration of PCHP into the 
absorption tower of flue gas treatment equipment in a coal-fired power plant. The results show that PCHP enables 
simultaneous removal of low-concentration NOx and high-concentration SO2, although water spray impacts NO oxidation. 
. 
 
Keywords: Low-concentration NOx, plasma-chemical hybrid process, SOx, limestone-gypsum desulfurization.  
 

 
1. Introduction 
 
In recent years, the demand to reduce carbon dioxide (CO2) emissions, a major contributor to global warming, 
has led to the consideration of large-scale renewable energy integration into power generation [1–5]. However, 
the power output from renewable energy sources fluctuates depending on the time and weather conditions, 
resulting in significant unstable electricity supply. Therefore, it is necessary to stabilize the power supply with 
thermal power generation, which can readily adjust electricity output [4, 5]. Nitrogen oxides (NOx) and sulfur 
oxides (SOx) emitted from thermal power plants are hazardous pollutants causing acid rain and air pollution. 
Their emissions are regulated under air pollution control laws [6]. For these emissions, NOx is treated using 
the selective catalytic reduction (SCR) method [6–11], and SOx is treated using the lime gypsum method [12–
14] to meet the respective emission regulations. Recently, some local governments and companies have signed 
environmental protection agreements that impose stricter limits than the national emission regulations, 
requiring further pollutants reduction. However, existing technologies, such as low-NOx burners and SCR, 
have limitations in achieving further NOx reduction. Additionally, the anticipated large-scale introduction of 
renewable energy will require thermal power plants to readily adjust the electricity output, resulting in reduced 
NOx emissions. Therefore, there is a need for NOx treatment methods that can be retrofitted into the existing 
flue gas treatment facilities in thermal power plants. 
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Fig. 1. Flue gas treatment flow in thermal power plant after the introduction of PCHP. 

 
Many energy-saving and highly efficient NOx treatment methods using atmospheric pressure and low-

temperature plasma have been reported [6, 15–18]. Previous studies have shown that the plasma chemical 
hybrid process (PCHP) technology, which combines a plasma method for oxidizing nitric oxide (NO) in boiler 
flue gas to nitrogen dioxide (NO2) a subsequent reaction process for reducing and removing NO2 produced 
through oxidation using sodium sulfite (Na2SO3) solution, can achieve highly efficient treatment [19–18]. If 
NO2 can be removed using calcium sulfite (CaSO3), which is produced by the reaction between a calcium 
carbonate (CaCO3) slurry and SOx, it could be used in the flue gas treatment systems of coal-fired power plants 
[19–24]. Fig. 1 shows the flue gas flow in a coal-fired power plant after introducing PCHP. Typically, NOx 
treatment is first performed on flue gas from a boiler in the denitration equipment at a coal-fired power plant. 
The gas is then cooled in a heat exchanger, dust is removed in a dust removal tower, passed through a mist 
removal system, and then subjected to SOx treatment in an absorption tower, where a CaCO3 slurry is used to 
remove not only SOx but also NOx, and simultaneous removal of NOx and SOx is achieved. PCHP has been 
applied to glass melting furnaces, efficiently treating NOx and SOx [23–25]. The reaction of O3 with SO2 
(reaction rate constant k = 1.92 × 10–22 cm3 molecule–1s–1, 25 °C) is much slower than its reaction with NO (k 
= 1.7 × 10–14 cm3 molecule–1s–1, 25 °C). Consequently, O3 selectively oxidizes NO [25–27], with no effect of 
SOx on NO oxidation observed for glass melting furnace exhaust gases containing equal amounts of NOx and 
SOx [23, 24]. However, as shown in Fig. 1, when PCHP is introduced, high concentrations of SOx are present 
relative to low concentrations of NOx, SO2 may have inhibited NO oxidation, resulting in inadequate NOx 
treatment. In addition, it is necessary to investigate the performance of O3 oxidation by water spraying, because 
O3 injection involves spraying with a two-fluid nozzle to diffuse O3 into the flue gas. To evaluate the NO 
oxidation performance in the presence of low-concentrations of NOx and high-concentrations of SO2, NO 
oxidation experiments were conducted using an O3 injection tower. Furthermore, we evaluated the 
simultaneous removal of NOx and SO2 by combining O3 injection under water spray conditions in the O3 
injection tower and CaCO3 slurry injection in the absorption tower, assuming that the PCHP was introduced 
into the dust removal and absorption towers in the flue gas treatment flow of a coal-fired power plant. In 
previous simultaneous NOx and SOx removal experiments using PCHP, O3 was injected at the same 
concentration as NO, and sufficient NO oxidation and NOx treatment were achieved [23, 24]. However, when 
PCHP is introduced at low NOx concentrations, the O3 concentration is also low, making it susceptible to the 
inhibition of oxidation by the water spray. Therefore, we evaluated the appropriate O3 concentration for low-
concentration NOx treatment to improve removal efficiency. 
 
 
2. Chemical reactions in PHCP 
 
When PCHP is integrated into flue gas treatment in thermal power plants, NO in the flue gas is oxidized by O3 
to form NO2 during the plasma process. During the chemical process, SO2 and NO2 are absorbed by the CaCO3 
slurry, resulting in desulfurization and denitrification. When CO2 is included in the simulated flue gas, the 
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reaction of the CaCO3 slurry with CO2 increases SO3
2– owing to the absorption of SO2. The main chemical 

reactions by PCHP are shown in reactions (1)–(10) [19–32]. 
 
  NO + O3 → NO2 + O2                 (1) 
 
  NO2 + O3 → NO3 + O2                 (2) 
 
  SO2 + O3 → SO3 + O2                 (3) 
 
  H2O + SO2 → H2SO3                 (4) 
 
  2NO2 + 4SO3

2– → N2 + 4SO4
2–              (5) 

 
  O2 + 2SO3

2– → 2SO4
2–                 (6) 

 
  CaCO3 + SO2 → CaSO3 + CO2              (7) 
 
  CaCO3 + CO2 + H2O → Ca2+ + 2HCO3

–            (8)  
 
  SO2 + HCO3

– → HSO3
– + CO2               (9) 

 
  HSO3

– → H+ + SO3
2–                 (10) 

 
 
3. Experimental 
 
3.1 O3 injection and absorption towers  
 
Fig. 2 shows a schematic diagram of the O3 injection and absorption towers. The O3 injection tower was a 
cylindrical vessel made of SUS304 with an inner diameter of 56 mm and height of 980 mm. The z-axis was 
set in the vertical direction (upward: +) of the O3 injection tower and z = 0 mm was set at the inlet of the 
simulated flue gas.  
 

 
Fig. 2. Schematic diagram of the O3 injection and absorption towers. 
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A 420 mm long heater (Eikou Electric Co., Ltd.: Voltage 100 V, Power 500 W) was installed on the upper 
wall of the O3 injection tower, and a 400 mm long heater (Eikou Electric Co., Ltd.: Voltage 100 V, Power 450 
W) was installed in the lower section. In the previous study [33], the effect of gas temperature on NO oxidation 
by O3 was not observed under 100 °C. Therefore, the O3 injection tower was not heated, resulting in the gas 
temperature of approximately 20. At z = 100 mm, the tip of the O3 injection tube was placed at the center of 
the reactor, and O3 was injected in a counterflow direction to the simulated flue gas flow. A Poppett check 
valve (SS-6C-25, Swagelok Company; cracking pressure of 0.18 MPa) was installed at the top to prevent 
pressurization inside the tower. The gas temperature was measured using thermocouples installed at z = 0, 100, 
200, and 600 mm. The absorption tower has an inner diameter of 52 mm and a total length of 916 mm. The 
length from the inlet to the outlet of the absorption tower was 600 mm, which was the same as that of the O3 
injection tower. In an actual plant, a CaCO3 slurry is sprayed using a spray nozzle; however, it is difficult to 
use a spray nozzle in laboratory-scale experiments due to the clogging of spray holes. Therefore, CaCO3 slurry 
was sprayed from the top of the absorption tower using a 1/8-inch SUS tube and a rectification cap. In addition, 
Glass Raschig rings (FC-4, Asahi Glassplant Inc.: borosilicate glass, φ4 mm × 5 mm) were used as packing 
material. The porosity of the packed bed is approximately 50%. The sprayed CaCO3 slurry collided with the 
packed bed and diffuse the CaCO3 slurry into the packed bed, thereby promoting gas-liquid contact.  
 
3.2 Experimental setup overview  
 
A schematic of the experimental apparatus used in this study is shown in Fig. 3. The experimental apparatus, 
consisted of a simulated flue gas flow, O3 flow, water spray flow, and lime slurry flow, and treats NOx and 
SO2 in the simulated flue gas using the combination of O3 injection and absorption towers. A dust removal 
tower was not prepared in this study because the simulated exhaust did not contain dust. However, Some of 
NOx and SO2 is absorbed by water spray in the dust removal tower in the actual apparatus. Mass flow 
controllers (SFC280E, Hitachi Metals, Ltd.) were used to adjust the flow rate and concentration of N2-based 
NO (NO = 200 ppm), N2-based SO2 (SO2 = 2000 ppm), synthetic air (O2 = 21%, N2 = 79%), and a CO2 cylinder 
(99.5%). The mixed gas was introduced into the lower part of the O3 injection tower, where the flue gas flowed 
 

 
Fig. 3. Schematic diagram of the experimental setup. 
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upward from the bottom to the top and reacted with the O3 in the cooling water spray area. O3 was generated 
using a surface discharge-type ozonizer (OZS-OP60-12V, Masuda Research Inc.). The concentration of the O3 
generated was measured using an ozone monitor (EG-610, Ebara Jitsugyo Co., Ltd.), and the O3 flow rate was 
adjusted using a flow meter before injection into the O3 injection tower. Water in a stainless steel pressurized 
tank (TM18SRV, UNICONTROLS Co., Ltd.: 18 L) up to 0.45 MPa using an N2 cylinder, and pumped to the 
top of the O3 injection tower and sprayed from a one-fluid nozzle (UNIJET TIP-130783 TN SS0.11, Spraying 
Systems Co., Japan: full-cone type, spray angle 20º). The spray flow rate was set to 10 mL min–1 (standard 
temperature and pressure) using a flow meter (RK1250 SERIES, KOFLOC Corp.). The sprayed water that did 
not evaporate was discharged from the bottom of the O3 injection tower through the valve. Following this 
treatment, the flue gas was discharged from the top of the O3 injection tower and introduced at the top of the 
absorption tower. In the absorption tower, the flue gas flows downward from the top to the bottom and reacts 
with the CaCO3 slurry. The CaCO3 slurry was stirred using a magnetic stirrer (CT-3A, AS ONE Corporation), 
pumped using a tube pump (ST-1N, ELEPON E.C.A.P. Corporation: 72 mL min–1), and sprayed from the top 
of the absorption tower. The CaCO3 slurry absorbed SO2 and NO2 from the flue gas and was stored at the 
bottom of the absorption tower. Consequently, the flue gas was discharged from the bottom of the absorption 
tower. The concentrations of NO, NOx, O2, SO2, and N2O were then measured using a gas analyzer (PG-350, 
chemiluminescence analyzer for NO and NOx, paramagnetic analyzer for O2, non-dispersive infrared 
absorption analyzer for SO2, Horiba, Ltd.) and an N2O analyzer (VIA-510, non-dispersive infrared absorption, 
Horiba, Ltd.) before the exhaust. 
 
3.3 NO oxidation by O3 injection 
 
To evaluate the NO oxidation performance in the presence of low concentrations of NO and high 
concentrations of SO2, NO oxidation experiments were conducted using an O3 injection tower. The 
experiments were conducted in two patterns: with and without water spraying. Without water spraying, the 
simulated flue gas was used for the following conditions: an initial NO concentration = 15 ppm, an initial SO2 
concentration = 150, 300, 450, and 690 ppm (SO2/NO = 10, 20, 30, and 46), O2 concentration = 6%, a simulated 
flue gas flow rate flowing in O3 injection tower Q1 = 10 L min–1, O2 flow rate = 0.20 L min–1, O3 concentration 
= 15 ppm after mixing. The O3 injection into the O3 injection tower began 5 min after the start of the experiment, 
and the experiment continued for a total of 10 min. The NO, NOx, SO2, and N2O concentrations were measured 
every 5 min. For water spraying, the simulated flue gas was mixed at an initial NO concentration of 15 ppm, 
initial SO2 concentrations of 0, 300, 450, and 690 ppm (SO2/NO = 0, 20, 30, and 46), O2 concentration = 6%, 
Q1 = 10 L min–1, and O2 flow rate = 0.20 L min–1, O3 concentration = 1.6 g m–3, and O3 concentration = 15 
ppm after mixing. The water spray flow rate  q1 was set to  7.0 m L min–1. Water was sprayed into the O3 
injection tower 5 min after the start of the experiment, and the O3 injection began 10 min later. Measurements 
were conducted for 20 min. The NO, NOx, SO2, and N2O concentrations were measured every 5 min. 
 
3.4 Simultaneous removal of NOx and SO2 using CaCO3 slurry 
 
The simultaneous removal of NOx and SO2 was evaluated by combining O3 injection under water-spray 
conditions in the O3 injection tower with CaCO3 slurry injection in the absorption tower, assuming that the 
PCHP was installed between the dust removal and absorption towers in a coal-fired power plant. The simulated 
flue gas was used for the following conditions: the initial NO concentration = 15 ppm, the initial SO2 
concentration = 690 ppm (SO2/NO = 46), O2 concentration = 6%, Q1 = 10 L min–1, O2 flow rate = 0.20 L min–

1, O3 concentration = 1.6 g m–3, and O3 concentration after mixing = 15 ppm. q1 was set to 7.0 mL/min. The 
CaCO3 slurry spray flow rate, q2, was set to 36–72 m L min–1, and the CaCO3 slurry concentrations were 10% 
and 30%. Experiments were also conducted by varying the residence time in the packed bed of the absorption 
tower, by varying the simulated flue gas flow rate in the absorption tower Q2 = 3, 5, and 10 L min–1and packing 
heights Hr = 100, 200, and 250 mm. The equation for residence time Tr (s) is as follows: 
 𝑇௥ = ஑గுೝ஽మమସொమ                                                              (11) 
 
where α (-) represents the porosity of the packed bed, D2 denotes the inner diameter of the absorption tower. 
Water spraying on the O3 injection tower was started 5 min after the start of the experiment, and O3 injection 
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was started 10 min later. In addition, the CaCO3 slurry was sprayed into the absorption tower 20 min after the 
start of the experiment. Measurements were conducted for 85 min. The NO, NOx, SO2, and N2O concentrations 
were measured every 5 min. 

For the low-concentration NO treatment, the O3 concentration after injection was also low, and thus 
susceptible to oxidation inhibition by the water spray. Therefore, experiments were conducted by varying the 
O3 concentration to improve NOx removal efficiency. Moreover, experiments using simulated flue gas 
containing 13% CO2 were conducted because flue gas from a thermal power plant contains approximately 13% 
CO2. The initial NO and SO2 concentrations were 15 ppm and 690 ppm, respectively (SO2/NO = 46). The O2 
and CO2 concentration are 6% and 13%, respectively. The simulated flue gas flow rate in the O3 injection 
tower was set to 10 L min–1. The O2 flow rate is 0.20 L min–1, O3 concentration is 1.6–2.4 g m–3 (15–23 ppm 
after mixing). The water spray flow rate is 7.0 m L min–1, CaCO3 slurry spray flow rate is 36 m L min–1, CaCO3 
slurry concentration = 30%, the simulated flue gas flow rate flowing in the absorption tower is 3 L min–1, and 
the packing height is 250 mm. Water spraying on the O3 injection tower was started 5 min after the start of the 
experiment, and the O3 injection was started 10 min later. In addition, the spraying of the CaCO3 slurry into 
the absorption tower started 20 min after the start of the experiment. Measurements were conducted for 85 min, 
and NO, NOx, SO2, and N2O concentrations were measured every 5 min. 
 
 
4. Results and discussion 
 
4.1 NO oxidation by O3 injection  
 
Fig. 4 shows the NO, NOx, N2O, and SO2 concentrations in the NO oxidation experiment at SO2/NO = 30. Fig. 
4 (a) shows the results of O3 injection only, and Fig. 4 (b) shows the results of O3 injection and water spraying. 
Fig. 4 (a) shows that NO concentration decreased by 13.4 ppm and NOx concentration decreased by 1.6 ppm 
before and after O3 injection, while SO2 concentration did not change. The O3 injection was effective for NO 
oxidation, whereas water spraying was effective for SO2 removal. Fig. 5 shows the effect of SO2 concentration 
on ΔNO/O3, NOx removal efficiency, and SO2 removal efficiency in the NO oxidation experiment. Fig. 5 (a) 
shows the results of O3 injection only, and Fig. 5 (b) shows the results of O3 injection and water spraying. Fig. 
5 (b) shows that the initial SO2 concentration did not affect NO oxidation, even when O3 injection and water 
spraying were performed. However, the NO oxidation efficiency was lower than that of O3 injection alone. 
This was due to the reaction between water and O3. Under SO2/NO = 46, which is the flue gas condition of the 
actual plant, the NO oxidation efficiency was 70% on average, and SO2 was removed by about 10% under the 
influence of sprayed water; the reaction of SO2 with water produced SO3

2–. The NO2 produced by NO and O3 
is absorbed more rapidly as the SO3

2– concentration increases, which may explain the increase in NOx removal 
efficiency as the SO2 concentration increases [34]. The absorption is accelerated; thus, the NOx removal 
efficiency is considered to increase with increasing SO2 concentration [34]. 

 

 
Fig. 4. Gas concentration when the O3 injection tower was used under the condition of SO2/NO = 30  

(a)Without water spray, (b)With water spray. 
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Fig. 5. ΔNO/O3 and the removal efficiencies of NOx and SO2 when O3 injection was conducted 

 (a)Without water spray, (b)With water spray. 
 
4.2 Simultaneous removal of NOx and SO2 by CaCO3 slurry 
 
Experiments were conducted on NO oxidation by O3 injection and the simultaneous removal of NOx and SO2 
by a CaCO3 slurry under water-spraying conditions using both O3 injection and absorption towers. In actual 
equipment, the CaCO3 slurry is sprayed using a spray nozzle, whereas at the laboratory scale, the spray nozzle 
is clogged and cannot be sprayed. Therefore, we evaluated the denitrification performance under conditions in 
which the packing material was used to promote gas-liquid contact and achieve a desulfurization efficiency 
close to that of an actual plant. In this experiment, the residence time in the packed bed of the absorption tower 
varied according to the packing height and flue-gas flow rate in the absorption tower.  
 

 
Fig. 6. Gas concentrations when the O3 injection and absorption towers were used under the condition 
of SO2/NO=46 and CaCO3 = 30% for various flue gas flow rates and packing heights, with residence 

time of: (a) 2.4 s, (b) 4.8 s, (c) 8 s and (d) 16 s. 
 



Int. J. Plasma Environ. Sci. Technol. 19(1) e01005 (11pp) 2025                                                                                         T. Itagaki et al.  

8 

 
Fig. 7. NOx and SO2 removal efficiencies when the O3 injection and absorption towers were used. 

 

 
Fig. 8. Gas concentrations when the O3 injection and absorption towers were used under the condition 
of SO2/NO=46, CaCO3 = 30%, CO2 = 13%, residence time 20 s and O3 concentration (a) 1, (b) 1.3 and 

(c) 1.5. 
 

Fig. 6 shows the NO, NOx, N2O, and SO2 concentrations at SO2/NO = 46 and CaCO3 slurry concentration 
of 10% for residence times of (a) 2.4 s, (b) 4.8 s, (c) 8 s, and (d) 16 s in packed bed of the absorption tower. 
Water spray, O3 injection, and CaCO3 slurry injection were started 5, 10, and 20 min after the start of the 
experiment. The NOx and SO2 concentrations decreased before and after CaCO3 slurry injection. This is 
because the absorption of NO2 was enhanced by the SO3

2– produced by the reaction of SO2 with the CaCO3 
slurry [34]. Fig. 7 shows the removal efficiencies of SO2 and NOx as a function of residence time in the packed 
bed of the absorption tower. The NOx and SO2 removal efficiencies increased with the residence time. At a 
residence time of 20 s, a SO2 removal efficiency of 99% was achieved, which is equivalent to that of an actual 
plant. The NOx and SO2 removal efficiencies increased with increasing CaCO3 concentrations. This was due 
to the increase in CaSO3 produced as the CaCO3 concentration increased [29]. SO3

2–, which is effective for 
NOx removal, is formed by the reaction of SO2 with slurry. In previous studies, SO3

2– was oxidized by O2 in 
flue gas when SO2 was absorbed into water in the presence of SO2 and O2. This reaction occurs strongly when 
the pH of the absorbent is approximately 7 and the sulfite produced is almost zero. Conversely, the highest 
amount of sulfite is produced when the pH is approximately 4 [32]. In this study, the pH of the CaCO3 slurry 
was approximately 7, regardless of the residence time; therefore, reaction (6) took priority over reaction (5), 
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and NOx removal was inhibited. For further NOx removal, it is necessary to decrease the pH of the CaCO3 
slurry and increase the amount of SO3

2– produced. The actual flue gas from a thermal power plant contains 
approximately 13% CO2, and the pH of the CaCO3 slurry is reduced by absorbing CO2. The Ca(HCO3)2 
generated by CO2 absorption has a higher solubility in water than CaCO3. Therefore, the addition of CO2 to 
the simulated flue gas brings the gas conditions closer to those of an actual plant and promotes NOx and SOx 
removal through gas-liquid contact with the slurry. In addition, because NO does not react with CaCO3 slurry, 
the NO oxidation efficiency must be increased to improve the NOx removal efficiency. Fig. 8 shows the NO, 
NOx, N2O, and SO2 at SO2/NO = 46, CaCO3 slurry concentration of 30%, and residence time of 20 s in the 
absorption tower with (a) O3/NO = 1, (b) 1.3, and (c) 1.5. Water spraying, O3 injection, and CaCO3 slurry 
injection were initiated at 5, 10, and 20 min after the start of the experiment. The results show that CO2 is 
effective in increasing NOx removal while increasing O3 concentration is effective in increasing NO oxidation 
and NOx removal. 
 

 
Fig. 9. NO oxidation rate and NOx and SO2 removal efficiencies when the O3 injection and 

absorption towers were used. 
 

Fig. 9 shows the NO oxidation efficiency and SO2 and NOx removal efficiencies versus O3/NO. The NOx 
removal efficiencies were 50, 62, and 75 for O3/NO = 1, 1.3, and 1.5, respectively. Under the present 
experimental conditions, the NO oxidation efficiency was 96%, with the highest NO oxidation efficiency 
observed at O3/NO ratios greater than 1.3. This was due to the formation of NO3 by Reaction (2). Although the 
electric power required to generate O3 is high, the NOx removal efficiency can be increased without modifying 
the equipment, and the system can respond to changes in NOx emissions owing to changes in the amount of 
electricity generated by thermal power plants. Therefore, PCHP can be retrofitted to thermal power plant flue-
gas treatment facilities to comply with strict NOx emission regulations. 
 
 
4. Conclusion 
 
The simulated flue gas containing high-concentration SO2 and low-concentrations NO was subjected to NO 
oxidation using an O3 injection tower and simultaneous removal of NOx and SOx using an O3 injection tower 
and an absorption tower with CaCO3 slurry, assuming that PCHP would be introduced into the thermal power 
plant flue gas treatment. The main results are summarized as follows. 
 
(1) Experiments on NO oxidation by O3 injection into flue gas containing low-concentration NO and high-

concentration SO2 in an O3 injection tower showed that O3 sufficiently oxidized NO without reacting with 
SO2. O3 injection resulted in NO oxidation of approximately 90% without water spraying and 
approximately 70% with water spraying, regardless of the initial SO2 concentration. The NO oxidation 
efficiency with water spray was lower than that without water spray because O3 was absorbed by water. 
Without water spray, the NOx removal efficiency was approximately 10%. This is because some of the 
injected O3 reacts with NO2 at O3/NO = 1. However, with water spray, the NOx removal efficiency 
increased as the SO2 concentration increased, and some of the SO2 was absorbed by the water and 
decreased by approximately 10%, suggesting that SO3

2– corresponding to the decrease was generated, and 
NO2 was reduced to N2. 
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(2) The simultaneous removal of NOx and SO2 was performed using the O3 injection and absorption towers 
together and by varying the residence time in the packed bed of the absorption tower to make the reaction 
time closer to that of the actual system. A SO2 removal efficiency of 99% was achieved when the residence 
time was 20 s, which was the same as that of the actual plant. The NOx and SO2 removal efficiencies 
increased with increasing CaCO3 concentrations. This was due to an increase in the amount of CaSO3 
produced as the CaCO3 concentration increased. 

(3) To approximate the gas conditions to those of an actual plant and to accelerate NOx and SOx removal by 
gas-liquid contact with the slurry, experiments were conducted by adding 13% CO2 to the simulated flue 
gas and varying the O3 concentration. As O3/NO increased from 1 to 1.3, the NO oxidation efficiency 
increased from 78% to 96%. At O3/NO = 1.5, the NO oxidation efficiency was 95%, which is almost the 
same as that at O3/NO = 1.3. The NOx removal efficiencies were 50, 62, and 75 for O3/NO = 1, 1.3, and 
1.5, respectively. Under the present experimental conditions, the NO oxidation efficiency was 96%, with 
the highest NO oxidation efficiency observed at O3/NO ratios greater than 1.3. Although the power 
required to generate O3 is high, the NOx removal efficiency can be increased without changing the 
equipment, and it is possible to respond to changes in NOx emissions due to changes in the amount of 
electricity generated by thermal power plants. Therefore, PCHP can be retrofitted to thermal power plant 
flue-gas treatment facilities to comply with strict NOx emission regulations. 
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