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1.1  NOx  
1.1.1 NOx  

NOx SOx VOC
NOx NO

NO2 N2O N2O5

NO NO2
1) NOx N2O

 
NOx NO  

NO NO2 NO2

NO2

VOC
PAN 2)  

NO
NO2

1)  
 

1. 1. 2 NOx  
NOx 1 Thermal NOx 2

Prompt NOx 3 Fuel NOx
3)   

 
1 Thermal NOx 

Thermal NOx N2

Zeldovich NOx 1500 ºC
Thermal NOx  

N2 + O = NO + N       (1-1) 
N + O2 = NO + O       (1-2) 
N + OH = NO + H       (1-3) 

1-1 NO
1-1 N O2 OH

NO 1-1

Thermal NOx  

       (1-4) 
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k = 1.8×1012exp(–38388/T) Thermal NOx N2

O2
4)  

 
2 Prompt NOx 

Thermal NOx N2

Prompt NOx
3)

N2  
CH + N2 = HCN + N       (1-5) 
CH2 + N2 = HCN +NH       (1-6) 
HCN + O = NCO + H       (1-7) 
NCO + H = NH + CO       (1-8) 
NH + H = N + H2       (1-9) 
N + OH = NO + H       (1-10) 

Thermal NOx

(750 ºC ) 4)  
 

3 Fuel NOx 
NO

Fuel NOx
4) HCN CN NHi NO  

 

1. 1. 3 NOx  
NOx

NOx NOx

Table 1-1 5)-7)   
NOx 50 ppm

Selective Catalytic Reduction : 
SCR

Selective Non-Catalytic Reduction : SNCR  
 

Table 1-1 NOx regulations and DeNOx techniques in Japan 

NOx  NOx    

 50 ppm  SCR or SNCR 

( ) 0.08 g/km from 2005  

 0.4 g/km from 2016 SCR+DPF 

 250 ppm 50–100  

) 80 %  from 2016 NOx  
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NOx 0.08 g/km
 Pt  Pd  Rh 

SCR Diesel particulate 
filter : DPF 8)9)  

NOx 250 ppm
NOx

NOx 9)

NOx NOx

SCR
 

NOx

International Maritime Organization IMO MARPOL73/78
NOx Tier Ⅲ 2016 7

80 %
SCR  

 

1. 1. 4  
NOx SCR SNCR

10   
 

1 Selective Catalytic Reduction : SCR  
Fig. 1-1 SCR NH3

NOx N2 H2O 11)   
4NO + 4NH3 + O2  4N2 + 6H2O      (1-11) 

NO2 20 %
  

NO + NO2 + 2NH3  2N2 + 3H2O     (1-12) 
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Fig. 1-1 Basic concept of NOx removal process by SCR 
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Temperature window
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900–1000 ºC Fig. 1-2 15) Temperature window

 NH3 NOx

Temperature window
Temperature window

SNCR
 

 

 

Fig. 1-2 Temperature window of SNCR process using NH3 at molar ratio (NH3/NOx) = 1.5 
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14 Wenli H2/NH3  = 
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OH 17) Cooper
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18) Wenli CH4 C2H6 H2O
19) Lyon Longwell CO 20)  
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Salimian Hanson 21)  
Arand CO(NH2)2 /NOx  = 0.5

1015–1060 ºC 67 % NH3
22) Perry Siebers

C3H3N3O3
23)
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SNCR
NO NO2

24)
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Lyon 14)20)  

Wallace SNCR SCR
25) Matzing

NOx SOx
26)

Boyles NH3
27) Boyle
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1. 2  
1. 2. 1  

CO2 
28)

100 1

 
Fig. 1-3
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6 29)
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1981

2015

 
 

 
Fig. 1-3 Energy consumption of the transport sector 
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1  
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28)

50 %
CO CO2

H2 /CO

H = –206.2 kJ /mol
 

CH4 + H2O  CO + 2H2      1-13  
Ni 700–900 ºC

30)

 / 3.0

31)  
 

2  

1100–1500 ºC 2–6 MPa
CO H2

28)  
CnHm + n/2 O2  nCO + m/2 H2      1-14  

H2 /CO = 2
FT

31)
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Table 1-2 Classification of hydrogen production technology. 

 
3  

29)  

9 10 Nm3

 
2NaCl + 2H2O + electricity  2NaOH + H2 + Cl2    1-15  

1000–1100 ºC
COG

COG 
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CH0.8O0.2  0.8C + 0.2CO + 0.4H2     1-16  

28)

 

29

CO2 CO2

 
 
4  

32)

 

33)

 

34)

35)  
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0
4000 ºC

IS 36) UT 3 37)

29

43 %
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WE NET
38 1

10 MPa

39)

 
 

1  
17.8 wt%

40) 1 MPa
1.5–2.2

5

 
NH3  1.5 H2 + 0.5 N2       1-17  

41)  
 

2   

40)

42)

95–100 ºC
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43)-45)  
 

3  

40)

 
HCOOH  H2 + CO2       1-18  
CH3OH + O2  2 H2 + CO2      1-19  
 

1. 2. 3. 2  
1 2 4 46)   

 
Table 1-3 Comparison of physical properties for hydrogen carriers. 

   
 

   

 [K] 240 374 374 338 20.3 

 [mass%] 17.8 6.16 4.38 12.1 100 

 [kg/100L] 12.1 4.73 5.34 10.3 7.08 

 [kJ/mol-H2] 67.5 67.5 31.6 43.8 0.899 

 

286 kJ/mol–H2 10 %
2

24 %

100
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2. 2  
2. 2. 1  

NH3 Fig. 2-1  
61 mm t = 2 mm

54 mm t = 2 mm 490 mm 
1.5 mm SUS316 SUS316 

 
 360 mm 

NH3/Ar 

NH3 FT-IR GASERA F10 NH3 
Agilent 3000A H2, N2 

NO/O2/N2 46 mm 500 C 
NH3 600 mm 

500 800 ºC
NOx HORIBA VIA510 N2O HORIBA VIA510 O2

(SHIMAZU NOA-7000  
  

 

Fig. 2-1 Schematic diagram of experimental apparatus 
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Table 2-1 Experimental conditions 

For measurements of chemical compositions 

   Flow rate of NH3/Ar gas 0.2, 0.4, 0.8 L/min 
   NH3 concentration 4840 ppm by volume 
   Applied voltage 0–15 kV 

For de-Nox experiments 

   Flow rate of NH3/Ar gas 0.8 L/min 
   Flow rate of model gas 2.2 L/min 
   NOx concentration 500 ppm by volume 
   NH3 concentration 750 ppm by volume 
   O2 concentration 8.3 % by volume 
   Applied voltage 0–15 kV 
   Reaction temperatures 500–750 ºC 

 
 

Table 2-1 NH3 NH3/Ar 
NH3

NH3/Ar NO/O2/N2 

500 ºC 10 kHz  
 

2. 2. 2  
NH3

Ar NH3

2
OCS One-Cycle Sinusoidal Fig. 2-2

T1 T1

RR

VPP  
T0 10 μs

10)  
4ch Tektronix, TDS3034B

Tektronix, P6015A Tektronix, 
P6021   
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Fig. 2-2 Schematic waveform of voltage supplied from a one-cycle sinusoidal power source. 
 

2. 3 NH3  
Fig. 2-3 NH3 NH3/Ar 

NH3 DNH3 [%]  
 
DNH3 = ([NH3]IN − [NH3]OUT) / [NH3]IN × 100     (2-1) 
 

[NH3]IN NH3 [ppm] [NH3]OUT

NH3 [ppm]  
NH3 NH3 

N-H 450 kJ/mol e-  
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Fig. 2-3 Variation in NH3 decomposition as functions of applied voltage and flow rate of 
NH3/Ar gas. 
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Fig. 2-4 NH3 H2 H2
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NH3 + e-  1.5 H2 + 0.5 N2 + e-       (2-6) 
CH2 = [H2]/(1.5 × [NH3]IN× DNH3)       (2-7) 
CN2 = [N2]/(0.5 × [NH3]IN× DNH3)       (2-8) 
 
[H2], [N2] H2 [ppm] N2 [ppm]

 
Fig. 2-5 N2 CN2 

CN2

 (2-4) N
N2 

N2 20 % NH3 N NH2, NH, N N2

NmHn

N H H2

Fig. 2-4 Fig. 2-6 NH3/Ar 0.8 L∙min−1 
NH3, H2, N2

NH3

H2 N2 100 %
0.8 3.8% NmHn  
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Fig. 2-7 0.8 L/min
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H2 H2

H2/NO 700 ºC NH3/NO =1.5
H2/NO = 0.35 60 %  
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Fig. 2-4 H2 conversion at the ranges from 3.5 to 15 kV as a parameter of flow rates of NH3/Ar gas. 

 

 

Fig. 2-5 N2 conversion at the ranges from 3.5 to 15 kV as a parameter of flow rates of NH3/Ar gas. 

 
 

60

70

80

90

100

0 4 8 12 16

0.2 L/min
0.8 L/min

H
2 c

on
ve

rs
io

n 
[%

]

Applied voltage, Vpp [kV]

RR = 10 kHz

[NH3]0 = 4840 ppm

0

10

20

30

40

0 4 8 12 16

0.2 L/min
0.4 L/min
0.8 L/min

N
O

x 
re

m
ov

al
 [%

]

Applied voltage, Vpp [kV]

RR = 10 kHz

[NH3]0 = 4840 ppm



 

- 27 - 
 

 

Fig. 2-6 Gas composition of reforming ammonia at the plasma reactor exit. 
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H2  

 

Fig. 2-7 Characteristics of NOx removal by reforming ammonia generated by pulsed plasma. 
 

 

Fig. 2-8 Variation in H2/NO ratios at maximum NOx removal with reaction temperatures. 
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Fig.2-9 Comparison of DeNOx performances between radical injection and DBD model gas. 
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Table 2-2 Chemical compositions of simulated reforming NH3 gas. 

Vpp [kV] NH3 [ppm] H2 [ppm] NH3/NO ratio [–] 

0.0     
3.5     
5.0     
9.0     
12.0    
15.0    

750    
689    
587    
503    
406    
280    

0    
82    
206   
310   
427   
579   

1.50 
1.38 
1.17 
1.01 
0.81 
0.56 

 

 

Fig. 2-10 Comparison of NOx removal between activated ammonia injection and its 
simulation gas injection. 
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Fig. 2-11 Reaction pathways of DeNOx in the radical injection technique. 
 

2. 8  
2 SNCR Temperature window

NH3 NH3

NH3 NH3

,
 

 
1 NH3 NH3, H2, N2  H2

82 91%  
 
2 NH3 NH3 SNCR

H2 Temperature window  
 
3 NH3 NH OH

600 ºC NH3

H2  
  



 

- 32 - 
 

2. 9  
1) R. K. Lyon, “Method for the reduction of the concentration of NO in combustion effluents 
using NH3”, US. Patent 3900554 (1975). 
2) M. Jodal, C. Nielsen, T. Hulgaard, K. Dam-Johansen, “Pilot-scale experiments with NH3 and 
urea as reductants in selective non-catalytic reduction of nitric oxide”, 23rd Symp. (Int.) on 
Combust. (1990) pp.237–243. 
3) M. T. Javeda, N. Irfana, B. M. Gibbs, “Control of combustion-generated nitrogen oxides by 
selective non-catalytic reduction”, J. Env. Manage Vol.83 (2007) pp.251–289. 
4) J.-S. Chang, “Recent development of plasma pollution control technology: a critical review”, 
Sci. Tech. Adv. Materials, Vol. 2 (2001) pp. 571-576. 
5) B. M. Penetrante, M. C. Hsiao, B. T. Merritt, G. E. Vogtlin, P. H. Wallman, M. Neiger, O. 
Wolf; T. Hammer, S. Broer, “Pulsed corona and dielectric-barrier discharge processing of NO in 
N2”, App. Physics Lett., Vol. 68 (1996) pp. 3719-3721. 
6) M. Nishida, K. Yukimura, S. Kambara, T. Maruyama, “NOx removal using ammonia radicals 
prepared by intermittent dielectric barrier discharge at atmospheric pressure”, Jpn. J. Appl. 
Phys., Vol.40 (2001) pp.1114-1117. 
7) S. Kambara, Y. Kumano, H. Moritomi, I. Nagao, K. Yamamoto, K. Yukimura, T. Maruyama, 
“Optimum Conditions for NO Reduction Using Intermittent Dielectric Barrier Discharge at 
Atmospheric Pressure”, Jpn. J. Appl. Phys., Vol. 44 (2005) pp. 1427-1430. 
8) S. Kambara, Y. Kumano, K. Yukimura, “DeNOx characteristics using two staged radical 
injection techniques”, IEEE Trans. Dielect. Elect. Ins., Vol.16(2009), pp.778-784. 
9) Yamamoto, K., Yukimura, K., Kambara, S., Moritomi, H., Yamashita, T., Maruyama, T., 
“Effect of O2 on NO removal by ammonia radical injection using one-cycle sinusoidal power 
source”, Thin Solid Film, Vol. 457, No. 1 (2004) pp.39-43. 
10) I. Nagao, M. Nishida, K. Yukimura, S. Kambara, T. Maruyama, “NOx removal using 
nitrogen gas activated by dielectric barrier discharge at atmospheric pressure”, Vacuum, Vol.65 
(2002) pp.481-487. 
11) Lyon, R.K. , Hardy, J.E. ,“Discovery and development of thermal DeNOx process” 
, Industrial & Engineering Chemistry Fundamentals, Vol.25, No.1 (1986) pp.19–24. 
12) Muzio L.J., Arand J.K., Teixeira D.P., Gas phase decomposition of nitric oxide in 
combustion products ,16th Symposium(International) on Combustion(1976) pp.199 208. 
13) Skreiberg, Ø., Kilpinen, P., Glarborg, P., “Ammonia chemistry below 1400 K under 
fuel-rich conditions in a flow reactor”,  Combust. Flame, Vol.136 (2002) pp.501-518. 



 

- 33 - 
 

3 NH3

 

3. 1  

 

1)

1

kWh/kg kWh/m3

2)3)

 

4)

400–600 ºC
 

5)  

 
 

3. 2  
Fig. 3-1 NH3



 

- 34 - 
 

NH3 KOFLOC 
GB-3C

DBD
NH3 H2 H2 N2
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45 mm t = 2 mm 38 mm t = 2

490 mm 1.5 mm 2 NH3

SUS316 SUS316
 360 mm

H2 N2 TCD
Agilent 3000A GC NH3

SRS Inc. QMS200  
Table 3-1

NH3 0.5 % 100 % 10 kHz
NH3 0.5 % 0.2–2.0 L/min

3.5–15.0 kV NH3 100 %
0.3–4.0 L/min 18.0–22.0 kV

1 6)

 
 

 
Fig. 3-1 Experimental setup for hydrogen production by plasma reactor 

 
 
 



 

- 35 - 
 

Table 3-1 Experimental conditions for hydrogen production by plasma reactor 

NH3 concentration [%] 0.5 100 

Flow rate, F0 [L/min] 0.2–2.0 0.3–4.0 
Repetition rate, RR [kHz] 10 10 
Applid voltage, VPP [kV] 3.5–15.0 18.0–22.0 

 

3. 3 NH3  
Fig. 3-2 NH3/Ar 0.5 % H2 NH3/Ar

H2 CH2 [%]  
 
CH2 [%] = [H2]/([NH3]IN 1.5) 100      (3-1) 
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H NHi
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Fig. 3-2 Effects of applied voltage and gas flow rates on H2 conversion. 
 

 

Fig. 3-3 Effect of gas residence time on hydrogen conversion as a parameter of Vpp 
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Table 3-2 Input power and power consumption of PR for 0.5% ammonia gas supply 

Applied voltage, VPP [kV] 3.5 6.0 9.0 12.0 15.0 

Discharge power, DP [W] 5.2 7.7 13.4 28.9 55.6 
Power consumption, P [W] 11.4 17.0 29.5 63.6 122.4 

 
GE [mol–H2/kWh]

 
Fig. 3-4 NH3/Ar 0.5 % ED

NH3/Ar GE
ED  

GE [mol-H2/kWh] = PH2 / P      (3-4) 
ED [J/cm3] = (1000 DP) / V θ      (3-5) 

PH2 [mol-H2/h] P
 [kWh] DP [kW] V [cm3] θ

[s]  
Fig. 3-4

 
 

 

Fig. 3-4 Effects of energy density and gas flow rates for H2 production efficiency. 
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Fig. 2-6 NH3
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Fig. 3-5 Effect of plasma firing time on each partial pressure at the plasma reactor exit. 
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H2 FH2 [L/min]  
 

FH2 [L/min] = F0 [H2]OUT / 100      (3-6) 
 

F0 NH3/Ar [L/min] [H2]OUT

 
Fig. 3-6 H2 H2
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Fig. 3-2 H2
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Fig. 3-6 Effects of energy density and gas flow rates for H2 production rate. 
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Fig. 3-8 H2 FH2

NH3

 
 
FH2 [L/h] = (Hydrogen conversion, %)  [FH2]sto 60   (3-7) 
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Table 3-3
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Fig. 3-7 Hydrogen conversion as a function of applied voltage for 100% ammonia gas 
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Fig. 3-8 Variation in flow rates of H2 production with gas residence time 
 

Table 3-3. Input power and power consumption for 100% ammonia gas supply 
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Discharge power, DP [W] 46.1 105.3 163.7 212.3 
Power consumption, P [W] 100.0 200.0 300.0 400.0 

 
NH3

Fig. 3-9 H2 NH3

 Fig. 3-9 NH3 0.5 % H2 0.25 L/h
NH3 100 % H2 4.37 L/h

NH3 H2

H2 NH3 100 %
 

NH3

N H
N2 H2 2 N 1 H

NNH N2 H
 

 

0

1

2

3

4

5

0 4 8 12 16

18 kV
19 kV
20.5 kV
22 kV

H
2 p

ro
du

ct
io

n 
ra

te
 [L

/h
]

Gas residence time [sec.]

[NH3]0 = 100 %

F
0
 = 2.0 L/min



 

- 42 - 
 

 

Fig. 3-9 Comparison between low and high NH3 concentration for H2 production. 
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Fig. 3-10 NH3 decomposition reaction in plasma reactor for energy density 
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3. 5  

NH3 0.5 % 100 %
 

 
1  NH3 0.5 % 0.5 L/min 15.0 kV

H2 96.3 % H2 2.0 L/min
15.0 kV 0.25 L/h  
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300 mm
Dielectric barrier discharge: DBD

 
100%H2 Ar H2 H2/Ar 100%NH3

KOFLOC GB-3C HORIBA SEC-E450
PMR PMR PIN PMR POUT
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4. 2. 2  
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Fig. 4-2 Fig. 4-1 1.5 mm
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Fig. 4-1 Experimental setup for hydrogen separation and production by plasma membrane 
reactor. 
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Table 4-1 Experimental conditions 
Plasma conditions 

Repetition rate, RR [kHz] 10 

Power consumption [W] 100−400 

Pressure of supplied side, PIN [kPa(G)] 0−60 

Pressure of permeable side, 

POUT 
[kPa(G)] −95−0 

For H2 separation experiments 

H2 concentration (diluted by Ar) [%] 10−100 

Flow rate of H2 or H2/Ar, F0 [L/min] 0.5−2.0 

For H2 production experiments 

Ammonia concentration [%] 100 

Flow rate of NH3 [L/min] 0.5−2.0 

Gap length [mm] 1.5 or 4.5 

 
 

 
Fig. 4-2 Experimental setup for investigations of time-resolved NH3 decomposition rate. 
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PH2 [%] = FH2 / (F0 [H2]0) 100      (4-1) 
 

FH2 [L/min], F0 [L/min], [H2]0

H2 [%]  
Fig. 4-3 PIN
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J = ϕ / d × (PH
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0.5)       (4-2) 
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Fig. 4-3 Hydrogen separation characteristics of the plasma membrane reactor 
 (Supplied gas:100%H2). 
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Fig. 4-4 Effect of hydrogen partial pressure on hydrogen permeability (Supplied gas:100%H2). 
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Fig. 4-5 Variation in hydrogen concentration in supplied gas (100% NH3). 
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Fig. 4-6 Comparison of H2 conversion between PMR and PR. 
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Fig. 4-7 H2 permeable rates for H2 production by PMR. 

 

 

Fig. 4-8 The effect of H2 permeable factor for H2 production by PMR. 
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Fig. 4-9 Mechanism of H2 production in a plasma membrane reactor. 
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NH3 G-value 100 eV 
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5. 2   
CHEMKIN PRO
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1 Reactor model 
2 Experimental conditions 
3 Elementary reaction model 

Table 5-1 0
Perfectly Stirred Reactor model PSR model

NH3 0.5 % 50 % 100 % 0.2–2.0 L/min
NH3

Bai4)

Skreiberg5) GRI6) Miller and Bowman7) Glassman8) 4 H/N/O
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5. 3 NH3  
5. 3. 1  

Fig. 5-1 H2  
Glassman  

 
Table 5-1 Simulation conditions 

(1) Reactor model PSR model 

(2) 

Temperature [ºC] 300–600 

Internal surface area [cm2] 508.0 

Elect mole fraction [-] 1.00E-10 

Inlet 
mole 

fraction 

NH3 [-] 1.0 0.5 0.005 

N2 [-] 0.0 0.5 0 

Ar [-] 0.0 0.0 0.995 

Flow rate [L/min] 0.2–2.0 

 
Glassman 3

H2 3  
Glassman H2

Miller and Bowman GRI
H2 Skreiberg

 

Skreiberg 33 Glassman 41 GRI 20
Miller and Bowman 32 Skreiberg

5-1 Miller and Bowman
Skreiberg

NNH 5-1
H2 H NNH 5-2

H 5-1
Skreiberg Skreiberg

 
 
H2NN + NH2 = NNH + NH3      (5-1) 
NNH = N2 + H        (5-2) 
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Fig. 5-1 Comparison between four gas-phase reaction models and experimental value. 
 

5. 3. 2 NH3 NH3 conc. = 0.5 %  
Fig. 5-2 NH3 0.5 % NH3

Skreiberg Fig. 5-3

H2

NH3  NH3

NH3

NH3  
[NH3]in = 0.5 % NH3 H2

 
  

0

20

40

60

80

100

0 5 10 15 20

Experimental

Skreiberg

GRI

Miller and Bowman

Glassman

H
2 c

on
ve

rs
io

n 
[%

]

Applied voltage, Vpp [kV]

Flow rate = 1.0 L/min
[NH

3
]in = 0.5 %



 

- 60 - 
 

 

Fig. 5-2 Comparison between simulation results and experimental values ([NH3]in = 0.5 %). 
 

 

Fig. 5-3 Variation in NH3 concentration with residence time ([NH3]in = 0.5 %) 
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5. 3. 3 NH3 NH3 conc. = 50 %, 100 %  
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Fig. 5-5 Variation in NH3 concentration with residence time ([NH3]in = 100 %) 
 

5. 3. 4 NH3  
NH3 Fig. 5-6

NH3 NH3 [NH3]in = 0.5 %
NH2 H

H NH3 H2

NH3 [NH3]in = 100 % NH3 NH3

H H2 NH3

NH3

NH3

NH3 H2  
 

84

84.5

85

85.5

86

4

4.5

5

5.5

6

0 0.5 1 1.5 2

[NH3]out

H2 conversion

[N
H

3]o
ut

H
2  conversion

Residence time [sec.]

[NH3]in = 100 %



 

- 63 - 
 

 
Fig. 5-6 NH3 decomposition mechanisms by DBD plasma. 
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