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Fig.  1-1 CCS process overview (Based on reference 3))
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Fig.  1-3 An example of power generation system combining CO2 methanation,

water electrolysis and SOFC (based on reference 6))
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Fig.  1-4 Double tube reactor (Based on the reference 14))
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Fig.  1-5 Multi-stacked catalyst (Based on reference 15))
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Fig.  1-6 Temperature distribution in the catalytic packed bed in gas flow direction of 

tubular reactor (Based on reference 14))
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(a) Temperature distribution in the center and on the wall surface

(b) Temperature difference between the center and the wall

Fig.  1-7 Temperature distribution in the direction of gas flow in  reaction tube

(Based on reference 15))
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 Fig.  1-8 Current and target temperature distributions for tubular reactor
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Table 1-1 Advantages and disadvantages of reactors with hot spots and reactors with 

isothermal catalysts

Type of reactor Advantages Disadvantage

Reactor with heat 
spots due to 
exothermic reactions

Improvement of the reaction 
rate up to a certain temperature

Decrease of the amount of 
active catalyst by sintering

Increase of GHSV due to 
decrease of active catalyst 
quantity

Performance degradation due to 
increase of GHSV

Reactor with nearly 
isothermally 
controlled internal 
catalyst temperature

Reactor performance can be 
adjusted by controlling the set 
temperature

Adjustment of the set 
temperature is necessary to 
maintain the prescribed 
performance

Difficult to cause local 
degradation of catalyst 
performance by sintering
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Fig.  1-9 Temperature distribution of adiabatic reactor
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1.2 

Ni
28) Sabatier Fischer-Tropsch

Ni-Fe CO2

Rh, Pd, Ni Ru Al Ti Zr Ce

Ru CO2  1 
28) CH 4

/ 28)

TiO2 CeO2
28) Pd

29) Pd/ -Al2O3 SV=5000 -1 300℃

86 CO2 - Al2O3 300

400℃ Rh>Pd>Ni>Pt 29) Rh

TiO2 CH4

30)

Ni CH4 Rh, Pd

Ru
28) Al2O3 SiO2

CeO2 ZrO2 Ce-ZrO2
28)

Ni/Al2O3 Al2O3 CH4

CO2 CO2 Ni

CH4
12)

-Al2O3 Ni 10 25 

wt CO2 Ni 20 wt%

200 350℃
31)

Al2O3 ZrO2 CeO2 CO2

9), 10) ZrO2 Ni-Zr

Ni/t-ZrO2 200

300℃ 100 CO2
9)



17

ZrO2

Sm CaO 32), 33)
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Table 1-2 Prices of metals that are catalyst components

(Based on average price data for April 2024 )

Pd Rh Ru Ni Unit

Average Price
(March, 2024) 5019 24975 1905 2.89 ¥/g

Relative price based on 
equal weight Ni 1737 8642 659 1 -

Ni price is based on the price list of Tajima Steel Co., Ltd.

Prices of Pd, Rh and Ru are based on the precious metal market prices of Tanaka 

Kikinzoku Kogyo Co., Ltd.
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CO2

(2)

2

9) CO2

2.2 

2.2.1 

CO2 Table 2-1

METH®134 135(Clariant ) 3 6 mm

2 mm 1 mm

( 8 mm)

( 3 mm) (2.5 mm) Ni/Y-ZrO2
3), 

15) (

99.9%) (

99.9%)

650℃ 3 h 1 mm

Ni/CeO2
6)

( 1 mm )

600℃

3 h 1 mm

NiO

NiO (NiO 30.0%)

2 Ni/Y-ZrO2 XRF( X

ZSX PrimusII) BET (Micromeritics

1 ) XRD(X

UltimaIV) (1)NiO Y ZrO2 (2)Y2O3
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Ni/Y-ZrO2

Ni/CeO2 1 2 mm

1.5 mm

20 mm

METH®134 1 2 mm

Table 2-1 Catalyst compositions of samples and their preparation conditions

Sample name Manufacturer
/Reference Composition NiO [weight%]

METH®134 Clariant Ni/Al2O3 21.5
METH®135 Clariant Ni/Al2O3 39.6
Ni/Y-ZrO2 Reference 3) Ni/Y-ZrO2 45.9
Ni/CeO2 Reference 6) Ni/CeO2 12.7 or 30.0
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2.2.2 

Fig 2-1 ( )

( ) Fig. 2-2

1 2 mm

Sv(=

) Sv 582(m-1)

( =0) Sv 111 143 (m-1)

4.1 5.2 Fig. 2-2

(K )

(

400) Fig. 2-1

( KCOII-4018HHa)

(TESCOM 44-2363-24-009

1.72 MPa 200℃) H2

CO, CO2 CH4 2 (H2

GC-8A GL GC-4000)

CO2 CO2 ( model4300)

5℃

Table 2-2(a) (b)

(100 mL/min) (Ni)
4) 300℃ 6 h GHSV

5000(h-1) 300℃ CO

(CH4 H2 CO2) ( 234 

ppmv 55 ppmv)
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Table 2-2 Experiment conditions by using  tube type reactor

(a) Setting conditions of reactor and catalyst types

Sample name METH®
134

METH®
135

Ni
/Y-ZrO2

Ni(12.7%)
/CeO2

Ni(30%)
/CeO2

NiO [weight%] 21.5 39.6 45.9 12.7 30
Amount of catalyst [g] 9.37 9.3 12.46 12.45 11.52
Length of catalyst bed [mm] 295
Apparent density of 

catalyst bed [×103kg/m3]
735 730 978 977 904 

Gas Pressure [MPa] 0.10, 0.50

Setting temperature of 
heating medium [℃] 180, 200, 230, 260, 280, 300

(b) Gas flow conditions of raw material gas

GHSV [h-1] 5000 10000 15000
Gas flow rate [NL/min] 1.06 2.12 3.18

LV [Nm/min] 24.6 49.2 73.8
H2/CO2 mole ratio[-] 3.0, 3.5, 4.0
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2.2.3 

Fig. 2-3 (Fig. 2-3(a)) (Fig. 2-3(b)

(c))

(AM Additive Manufacturing)

60 mm 3 mm 62 mm

Sv 700 (m-1)

(

0.5 mm, K ) Fig. 2-4 ( 9 )

31 mm 5

5 mm 7 Table 2-

3
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Table 2-3 Experiment conditions by using  crossflow reactor

(a) Setting conditions of reactor and catalyst types
Sample name METH®134

Ni [weight%] 16.9
Amount of catalyst [g] 61
Length of catalyst bed [mm] 62

Apparent density of catalyst bed [×103kg/m3] 607 
Gas Pressure [MPa] 0.10
Setting  temperature of heating medium [℃] 260, 280, 300

(b) Gas flow conditions of raw material gas

GHSV [h-1] 6173 4630 3086
Gas flow rate [NL/min] 10.0 7.5 5.0 
LV [Nm/min] 6.17 4.63 3.09 
H2/CO2 mole ratio 3.5,  4.0,  4.5,  5.0
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2.3 

2.3.1 

Table 2-4 Ni/Y-ZrO2 XRF

(A) (B) Y-ZrO2
3)

Y/Zr =1/2 Ni/(Ni+Y+Zr)

0.576 0.500

XRF NiO

Ni/Y-ZrO2 XRD Fig. 2-5 Y2O3

2θ=29°

Y-ZrO2 NiO

Y-ZrO2

Al2O3 Ni (METH®134)

Table 2-5 2 BET

METH®134
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Table 2-4 Catalyst compositions of calcined Ni/Y-ZrO2 powder by XRF

(a) Molar ratio of metal elements

Metal 
element

Molar ratio of metal element

Estimation from 
amount of raw 
materials (A)

Measured value 
(B) B/A

Ni 1.000 1.358 1.358 
Y 0.333 0.351 1.054 
Zr 0.666 0.649 0.974 
Ni/(Ni+Y+Zr) 0.500 0.576 1.151 

(b) Composition of the Oxide

Oxide

Concentration of oxides (wt%)

Estimation from 
amount of raw 

materials
Measured value

NiO 38.4 45.9
Y-ZrO2 61.6 54.1

Fig.  2-5 XRD intensity for calcined Ni-Y-Zr oxides powder
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Table 2-5 Physical characteristics of catalysts

Catalyst Volume 
(mL)

Amount of 
Catalyst 

(g)

Apparent 
density
(kg/m3)

Specific 
surface area 

(m2/g)
METH®134 21.6 18.92 876 95.9
Ni/Y-ZrO2 6.40 6.505 1016 35.2
Ni/CeO2 6.90 5.970 865 60.8
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2.3.2 

2.3.2.1 CO2

Fig. 2-6(a) 0.10 MPa H2/CO2

=4.0 GHSV(Gas Hourly Space Velocity)=5000 (h-1)

CO2

Table 2-2(a) CO2 CO2

CO2 CO CH4 ( QCO2 QCO QCH4 )

Eq. 2-(3)

ηCO2= 1 QCO2/( QCO2 QCO QCH4) 2-(3)

0.10 MPa( ) CO2

METH®134(NiO 21.5%) METH®135(NiO

39.6%) 280℃

METH®135 Ni(12.7%)/CeO2(NiO 12.7%) CO2

Ni/Y-ZrO2(NiO 45.9%) CO2 260℃

METH®135 Ni(12.7%)/CeO2

230℃ Ni(30.0%)/CeO2 (NiO

30.0%) 230℃ 300℃

CO2 230℃

CO2 2

1

CeO2 Al2O3 CO2 Ni/CeO2

CO2 CO CO 11)

Y-ZrO2 CO

CO2
3),

Al2O3 CO2

CO2 2 NiO Ni

Sabatier

NiO CO2
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(a) Pressure=0.10 MPa

(b) Pressure=0.50 MPa

Fig.  2-6 Relationship between CO2 conversion rate and 

preset temperature of heating medium
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2.3.2.2 CO2

0.50 MPa ( )

CO2 Fig. 2-6(b) GHSV H2/CO2

(Fig. 2-6(a))

CO2

230℃, 260℃ 300℃ 3 Fig.

2- 6(b) 5 CO2 Fig. 2-7

300℃ CO2 90%

METH®134 METH®135 Al2O3

CO2 Ni/Y-ZrO2 (NiO 45.9%)

Ni(30.0%)/CeO2 (NiO 30.0%)

CO2

Freundlich

CO2

NiO

Sabatier

Ni NiO

NiO

CO2

Fig. 2-7

GHSV=5000 (h-1) 230℃

( 83.7%)

19.7% NiO Ni/Y-ZrO2 (NiO

45.9%) Ni(12.7%)/CeO2 (NiO 12.7%) METH®134 (NiO

21.5%) METH®135 (NiO 39.6%)

CO2

260℃ (

49.8%) 15.3% METH®134 4

( 10.3%) 4.4%
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CO2

300℃

4.4% CO2

CO2 100%
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Fig.  2-7 Dependence of pressure on CO2 conversion characteristics

at the same set temperature for each catalyst
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2.3.2.3 H2/CO2 CO2

H2/CO2 CO2

Fig. 2-8(a) H2/CO2 4 CO2

GHSV=5000 (h-1) 300℃

Outokumpu (HSC Chemistry 5.11)

CO2 H2

CH4 H2O CO 5 H2/CO2 Sabatier

Eq. 2-(1) CO2

CO2 H2/CO2

Fig. 

2-8(b) 0.10 MPa 260℃ 380℃

CO2

H2/CO2

300℃ Fig. 2-8(c) 0.03 1.00 MPa

CO2 H2/CO2

Fig. 2-9 H2/CO2

4.0 CO

Sabatier CO2 H2 4.0

2.0

Sabatier H2 NiO
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(a) Calculated values at thermal equilibrium and experimental values

Stoichiometric reaction rate of CO2
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(b) Calculated values for different temperatures at 0.10 MPa

Stoichiometric reaction rate of CO2
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(c) Calculated values for different pressure at 300

Fig.  2-8 Relation between CO2 conversion rate and molar ratio of H2/CO2
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2.3.2.4 GHSV CO2

300℃ H2/CO2 =4.0

GHSV CO2 Fig 2-10 GHSV 5000 (h-1)

15000 (h-1) CO2

3

10%

METH®135 300℃ H2/CO2

=4.0, CO2 =98% (1)

CO2 GHSV

(2)GHSV 2.3.2.3

H2/CO2 =4.0

Fig. 2-10 GHSV 15000 (h-1) CO2

86.0%

H2/CO2 =4.0 H2

CO2 98.0%

GHSV 5000 (h-1) CO2 GHSV

GHSV 0 95%

CO2

Fig. 2-6(a) (b) 0.50 MPa CO2

CO2

GHSV GHSV CO2
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Fig.  2-10 Relation between CO2 conversion rate and GHSV of raw gases
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2.3.2.5

Tce Fig. 2-11

x=0 mm 5 mm Tce

300 260℃
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300℃ 260℃

METH®135> Ni/Y-ZrO2>Ni(12.7%)/CeO2>METH®134

x 300℃

x=10 30 mm 260℃ x=10 40 mm

Ni(12.7%)/CeO2 CO2

4 METH®135 Ni/Y-ZrO2

Ni(12.7%)/CeO2

3

Fig. 2-11

Ni(12.7%)/CeO2

260℃ 300℃ Ni(12.7%)/CeO2

Sabatier

CO2 H2

Ni(12.7%)/CeO2 METH®135

Sabatier

Sabatier 4

METH®135

x=17.5 mm 260℃ 337℃

300℃ 404℃ Ni/Y-ZrO2
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300℃ Sabatier

METH®134 3
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50℃

40 mm H2/CO2 4.0

GHSV=5000 (h-1) Fig. 2-6(a) METH®134 CO2

260℃ 3 40% Table 2-5 300℃

2% CO2 METH®134

300℃

25℃ 95℃

CO

CO2 CH4

8 mm 3 mm

METH®134



52

(a) Preset temperature= 260  

(b) Preset temperature= 300

Fig.  2-11 Relationship between temperature at the center of 

the reactor tube and distance from the reactor inlet 
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2.3.3 

2.3.3.1 CO2

H2/CO2

GHSV 2.2.3 Table 2-3(a) (b)

300℃, H2/CO2 4.0

GHSV 6172 (h-1)

CO2 Fig. 2-12 Fig. 2-12(a)

260℃, 280℃ 300℃ (b) H2/CO2

3.5, 4.0, 4.5 5.0 (c) GHSV 3086 

(h-1) 4630 (h-1) 6172 (h-1) CO2

GHSV METH®134

CO2

2.3.2.1 Fig. 2-6(a) Fig. 2-

12(a) 300℃, 280℃ 260℃ CO2

4.1% 27.5% 15.6% CO2

Fig. 2-12(b) H2/CO2 CO2

2.3.2.3 Fig. 2-8 H2/CO2

3.5 5.0 Fig. 2-12(b)

Sabatier Eq. 2-(1) CO2

Fig. 2-8 Fig. 2-12(c) CO2 GHSV

2.3.2.3 Fig. 2-10 GHSV

GHSV=5000 (h-1) CO2

86.5% Fig. 2-12 2.9%
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(a) Effects of preset temperature

(b) Effects of molar ratio of H2/CO2
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(c) Effects of space velocity

Fig.  2-12 Effects of preset temperature, H2/CO2 ratio and space velocity 

on the CO2 conversion rate of the crossflow reactor
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2.3.3.2 

Fig. 2-13(a) Sabatier

N2 Fig. 2-13(b)

Fig. 2-13(b) 5 5 mm

288℃ 298℃ 299℃

Fig. 2-13(c) Fig. 2-13(a) (b)

Fig. 2-13 Table 2-6 5

5 mm Sabatier 22.7℃ 2.7℃

7.8℃

26 mm

40 mm 48℃
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Fig.  2-13 Temperature distribution of METH®134 catalyst in the crossflow reactor
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Table 2-6 Temperature distribution of catalyst in the reactor

(a) GHSV= 6173 h-1, H2/CO2= 4.0, Preset temperature= 300

Position Flow path stages
1st 3rd 5th 7th 9th

Near the gas inlet (x=5) 320.9

Center (x=31) 304.1 304.8 301.3 302.4 302.8

Near the gas outlet (x=57) 295.3

(b) GHSV= 6173 h
-1

, N2 gas only, Preset temperature= 300℃

Position Flow path stages
1st 3rd 5th 7th 9th

Near the gas inlet (x=5) 298.2

Center (x=31) 298.3 298.2 298.6 298.5 298.3

Near the gas outlet (x=57) 287.5

(c) Distribution of temperature difference ΔT

Position Flow path stages
1st 3rd 5th 7th 9th

Near the gas inlet (x=5) 22.7

Center (x=31) 5.8 6.6 2.7 3.9 4.5

Near the gas outlet (x=57) 7.8
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2.4 

(1) Ni/Y-ZrO2 Ni(12.7%)/CeO2 Ni(30.0%)/CeO2 METH®134

METH®135 5

3

1-1) NiO CO2

1-2) Ni(30.0%)/CeO2 NiO

1-3) 143℃

(2) 3 mm

METH®134

2-1) 23℃

48℃

2-2)
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CO2

3.1 

CCS

CCUS 1), 2), 3) CCUS

Eq. 3-(1)

Sabatier CO2
2), 3)

CO2+4H2→CH4+2H2O   ( H=-165.0 kJ/mol, 25 )  3-(1)

CO2 Eq. 3-(1) 4

2

3), 4), 5), 6), 7)

400
4)

1 2 mm

6)

100
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0.5 MPa

AM Additive Manufacturing

/ 9%

CO2 CO2

3.2 

3.2.1 

Fig. 3-1

10 mm 200 mm AM
8)

Fig. 3-1(a) (b) 3.0 mm 3 1.5 

mm 1

0.5 mm
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Fig. 3-1(c) (ii) SUS304 2

10 mm 8 mm 200 mm 140 mm Swagelok

SUS316 540 mm Fig. 3-

1(c) (i) 27.2 mm

400
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(a) Geometrical shape of the reaction tube  (b) Actual reaction tube cross section

(c) Tubular reactor with catalyst coated inner surface

Fig. 3-1 Tubular reactor with reaction tube fabricated by AM method
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3.2.2 

AM

30

150℃ 30

500℃ 2

45 wt% METH 135 Clariant

3 6 mm

3000 1 mm

Table 3-1 Table 3-1(a) 33  

g/m2

CR-50 N

Table 3-1(b) 254 g/m2

9)

CO2

CO2

250 nm 10 nm 10
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200 mm

30

150 30

500 2

Table 3-1 Composition of catalyst slurry and its post-fired catalyst

(a) Catalyst loading 33 g/m2

Item
Weight percentages (wt%)

Actual initial value After firing at 500℃
(Estimated value)

Water soluble binder 5.6 -
Colloidal silica 44.9 32.3
METH®135 13.2 47.4
TiO2 5.6 20.3
Water 30.7 -
Total 100.0 100.0

(b) Catalyst loading 254 g/m2

Item
Weight percentages (wt%)

Actual initial value After firing at 500℃
(Estimated value)

Water soluble binder 4.6 -
Colloidal silica 16.2 10.0
METH®135 29.2 90.0
Water 50.0 -
Total 100.0 100.0
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3.2.3 

200 mm 100 

mm 2 10 mm 4

1

2

SEM: 

Scanning Electron Microscope BSE: Backscattered Electron

X EDX: Energy Dispersive X-ray Spectroscopy

S-3400N +EDAX EDX

BSE

EDX

BET Micromeritics 1

3.2.4 

CO2 Fig. 3-2

Table 3-2

400 KCOII-4018HHa

TESCOM 44-2363-24-009 :1.72 MPa :200

H2 CO CO2 CH4 2

H2 : GC-8A : GL

GC-4000 CO2 CO2

model4300

100 5

0.5 

MPa 300
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Fig. 3-2 Evaluation equipment for CO2 conversion by catalytic reaction
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Table 3-2 Conditions for evaluation of catalytic reactor

Catalyst type METH®135

Catalyst loading [g/m
2
] 216, 248, 291

Length of 
preheating section [mm] 90

Length of 
coated catalyst [mm] 200

Inner diameter of 
reaction tube [mm] 3.0 

Number of reaction tubes 3
GHSV [/h] 17,952
H2/CO2 molar ratio 4.0 
Gas Pressure [MPa] 0.5
Setting  temperature of

300
heating medium [℃]
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3.2.5 

METH®135

10 mm 8 mm Fig. 3-3

Table 3-3

3 mm 2 mm
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Fig. 3-3 Tube reactor packed with granular catalyst

Table 3-3 Specifications of catalyst packing layer

Item Value Unit

METH®135
1.20 g
126 numbers

α-Al2O3
4.00 g
240 numbers
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1.0 2.0 mm

2 mm 1.5 

mm 2.0 mm GHSV 17,953 h-1

AV Table 3-4(a) AV

Eq. 3-(2)

ܸܣ  (௠௛௥) =  (ே௠య௛௥ )  (݉ଶ)൘  3-(2)

Table 3-4(b)

200 mm GHSV 17,953 h-1 AV

GHSV 17,953 h-1

Re

H2/CO2 =4.0 300 0.50 MPa

AM Re 101

6  CO2

GHSV [4] Table 1 Ni

CO2 GHSV 2,400 20,000 h-1

Ru [10]

GHSV 500 2,000 h-1

GHSV
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Table 3-4 Operating conditions for catalytic reactors

(a) Length of catalyst layer =100 mm

Catalyst type Gas flow rate
(NL/h)

GHSV 
(h-1)

Mass of
catalyst (g)

AV 
(m/h)

Amount of coated 
catalyst (g/m2)

Granular 76.1 17,953 1.20 85.5 -
(b) Length of catalyst layer =200 mm

Catalyst type Gas flow rate
(NL/h)

GHSV 
(h-1)

Mass of
catalyst (g)

AV 
(m/h)

Amount of coated 
catalyst (g/m2)

Coating on 
inner surface

of tube
77.6 17,953 1.65 13.7 291
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3.3 

3.3.1 

1 2

d50 Fig. 3-4

Fig. 3-4(a) METH 135

100 μm 1 mm Fig. 3-4(a)

1 10 μm Fig. 3-

4(b) 1 17 μm 2 12 μm

METH 135

1 10 μm 100 μm
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Fig. 3-4 Size distributions of catalytic particles

(a: frequency distributions  b: cumulative distributions and median diameter )
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3.3.2 

Fig. 3-5

33 g/m2 Fig. 3-6

BSE

50 100 μm

Fig. 3-5(a) (b) p1 EDX

Fig. 3-5(c) AM

Fig. 3-6(a) 33 g/m2 SEM Fig. 3-5(a)

50 μm Fig. 3-6(b)

p2

p3

AV

AV Eq. 3-(2)



79

Fig. 3-5 Surface states of porous metal layer (before coating)
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Fig. 3-6 Surface states of catalyst coated on porous metal layer
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3.3.3 

254 g/m2

4

Fig. 3-7 4 SEM BSE EDX

BSE Fig. 3-5(b)

Table 3-1(b)

Fig. 3-7 Surface states and composition of catalyst coated on porous metal layers 

after several coatings at different locations
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3.3.4 CO2

Ts 260 280 300℃ 3

GHSV=17953 h-1 0.50 MPa

291 g/m2

Fig. 3-8 CO2 Fig. 3-9

Fig. 3-8(a) 260℃

30℃ CO2

300℃ Fig. 3-8(b) +

1.7℃

Fig. 3-9 GHSV 17,953 h-1 CO2

GHSV

290 310 291 g/m2

CO2

300 CO2



83

(a) Granular catalyst reactor

(b) Coating catalyst reactor

Fig. 3-8 Temperature distributions along gas flow direction 
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(a) Relationship between preset temperature and CO2 conversion

 

(b) Relationship between maximum measured temperature and CO2 conversion

Fig. 3-9 Comparison of CO2 conversion using granular catalyst-filled or catalyst-

coated reactors under the same GHSV condition 
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3.3.5 

EDX

Fig. 3-10

Fig. 3-10(a)

10%

EDX Fig. 3-10(b)

Ni

CO2
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(a) Specific surface area of catalysts

(b) Analysis results of catalyst surface

Fig. 3-10 Surface content analysis and specific surface area of coated

and granular catalysts
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3.4 

(1) AM

291 g/m2

(2)

254 g/m2

(3) 260℃

30℃ CO2 300℃

+ 1.7℃

(4)

CO2
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Nomenclature

H : enthalpy of reaction in Eq. (1) [kJ/mol]

Ts : preset temperature [℃]

GHSV : gas hourly space velocity [h-1]

AV : area velocity [m/h]

d50 : median particle size [μm]

Subscript
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CO2

4.1 

2015
1)

CO2

CO2
2)

H2 CO2

3) CO2

H2 CO2

Sabatier Eq. 4-(1)
4) ,5), 6), 7)

ଶܱܥ + ଶܪ4 ⇌ ସܪܥ + ଶܱ  4-(1)ܪ2

CO2 90%
4) CO2

4-(1) CO2 98%

CH4 90.7

CO2 H2 1.7 7.4%

CO2 H2

CO

Table 4-1 95% CH4

CH4 CO2 H2  CO2
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CO H2

Table 4-1 Target values for gaseous product
Item Target value Standard

Gauge pressure / Temperature 0.9 MPa/35 ℃ -

Gas 
composition

CH4 ≥ 95 vol% DVGW G262

CO < 30 ppm MAK

CO2 ≤ 5 vol% DVGW G262

H2 < 2 vol% DIN EN 16723-2
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4.2 

4.2.1 CO2

CO

DFG MAK

DVGW (Deutscher Verein des Gas-und Wasserfaches)

 Deutsche Industrie-Norm 8)

8), 9) Table 4-1

Fig. 4-1 Highly purified CO2 methanation system

4.2.2 

Fig. 4-1 CO2 H2

CO2
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CO2

10)

GHSV AV

CO2 5 vol%

CO2 95 vol

O2 CH4

CO H2

Table 4-1
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Fig. 4-2 Experimental tubular reactor



95

4.3 

4.3.1 

CO2 Fig. 4-2

CO2 METH®134 Clariant

1 2 mm 7)

Table 4-2

Table 4-2 Experimental conditions of primary reactor

Catalyst type METH®134

Amount of catalyst (g) 9.37 18.91

Length of packed layer 
(mm) 295 520

Gas flow rate (NL/min) 1.06 3.74 5.62 1.12

GHSV (h-1) 5000 10000 15000 3000

LV (Nm/min) 24.6 86.7 130.0 26.0

H2/CO2 mol ratio 4.0

Setting Temperature (℃) 300

Pressure (MPa) Atmospheric Pressure, 0.50
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Fig. 4-2

5℃ 2

H2 : GC-A : GL

GC-4000 CO2 CO2

model 4300 H2

100 mL/min Ni
11) 

300 6

4.3.2 

Table 4-3(a) (b)

Fig. 4-2

Table 4-3(a) 230 300℃ CO2

CO2 93 CO

Eq. 4-(1) CO 500 ppm

5000 h-1 0.5 MPa CO2
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Table 4-3 Experimental conditions of two stage process

(a) Primary reactor

Catalyst type METH®134

Length of packed layer (mm) 295

Gas flow rate (NL/min) 1.06

GHSV (h-1) 5000

LV (Nm/min) 24.6

H2/CO2 mol ratio 4.0

Setting Temperature ℃ 230~300

Pressure (MPa) 0.50

(b) Secondary reactor

Catalyst type METH®135

Amount of catalyst (g) 10.2

Length of packed layer (mm) 295

Gas flow rate (NL/min) 0.424 0.742 1.06

GHSV (h-1) 2000 3500 5000

LV (Nm/min) 9.8 17.2 24.6

H2/CO2 mol ratio 3.4~4.2

Inlet gas composition

H2 19.3~22.6 vol%

CO2 5.36~5.59 vol%

CH4 72.0~75.1 vol%

CO 499~528 ppm

Setting Temperature (℃) 230, 250, 260, 280, 300

Pressure (MPa) 0.50
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7) CO2

METH®135 Clariant 1

2 mm Table 3(b)

2.1

4.3.3 

Fig. 4-2 Table 4-4

PROX: Preferential Oxidation TSSA-5

H2 CO CO2 CH4

O2 N2 O2 : 11.99%

Table 4-4 Experimental conditions for gas purification reactor

Catalyst PROX (TSSA-5, Particle size 2 mm)

Amount of Catalyst (g) 17.5
Length of packed layer 
(mm) 445

Gas flow rate (NL/min) 1.61

GHSV (h-1) 5000

LV (Nm/min) 37

O2/CO molar ratio (-) 0.50 10

Preset temperature (℃) 100

Pressure (MPa) 0.10, 0.50

Gas composition at reactor 
inlet

H2:   4 6 vol
CO2:  1.5 1.6 vol%
CH4: 92 95 vol%
CO:  850 1400 ppm
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4.4 

4.4.1 

CO2 CO CH4 CO2

QCO2 QCO QCH4

Eq. 4-(2)

η =1 QCO2/( QCO2 QCO QCH4) 4-(2)

CO2

GHSV (Gas Hourly Space Velocity)

Fig. 4-3

CO2 GHSV 0.5 MPa

Fig. 4-3 300℃ 1.0 atm 0.5 

MPa GHSV

5000 h-1 GHSV

GHSV 3000 h-1 295 mm 520 mm

89.4 91.4 0.5 MPa

95.1 95.6
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Fig. 4-3 Relationship between superficial velocity of 

tubular reactors and CO2 conversion rate
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Equilibrium at 0.1 MPa
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CO2 95.6 Eq. 4-(1) CH4 CO2

H2 CH4 81.3

CO2 3.7 H2 15.0

GHSV CH4 Table 4-

1 95 80

CH4

Fig. 4-1

Fig. 4-2 230 300℃

CO2 Fig. 4-4

CO2 Fig. 4-4(a)

300℃ 95.1 280℃ 93

H2/CO2 4.0 H2 CO2 CO H2O

CH4 CO2 Fig. 

4-4(a) Outokumpu HSC Chemistry 5.11

Table 4-5
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Fig. 4-4 CO2 conversion rate and product composition of 

primary reactor
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Table 4-5 Calculation conditions

Species (phase)
Initial amount

kmol %

CH4 (g) - -

CO (g) - -
CO2 (g) 20 20
H2 (g) 80 80

H2O (g) - -

Temperature range (℃) 200~300

Number of steps 11

Equilibrium pressure (MPa) 0.50

Fig. 4-4(a) CO2

CO2

CO2 Fig. 4-4(b)

CO2 CO Sabatier Eq. 4-(1)

CH4 H2 CO2 CO2 Sabatier

Fig. 4-4(b)

CO 56 412 ppm
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4.4.2 

4.4.2.1 CO2

GHSV 5000 h-1 CO2 η

Fig. 4-5(a) 1 η 93%

CO2 Fig. 4-5(b) 250 300℃

98%

Fig. 4-5 Relationship between CO2 conversion rate and 

preset temperature of heating medium 

(a) 2nd reactor, (b) Total
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CO2 H2

Fig. 4-6(a) CH4 CO Fig. 4-

6(b)

CO2 230 300℃

5% H2 260 280℃

2% Fig. 4-6(a)

CH4 260℃ 96

CO 250 280℃

30 ppm

CO2 93

H2/CO2 3.9 GHSV 5000 

h-1 260 280℃ Table 4-1
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Fig. 4-6 Relationship between outlet gas composition and 

preset temperature in the second reactor

  (a) Concentration of CO2 and H2

  (b) Concentration of CH4 and CO 
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Fig. 4-1

CH4

HSC Chemistry 5.11

CH4, CO2 H2

CO2 93% Eq. 4-(1) CH4: 

72.66%, CO2: 5.47%, H2: 22.88%

5, 20 100 ℃ 4

CH4

Fig. 4-7

Fig. 4-7 Effect of moisture in source gas on 

thermal equilibrium CH4 concentration in products gas
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5℃ 20℃

CH4 100℃

10), 12), 13), 14) 5℃

Fig. 4-6 CH4

Fig. 4-1
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4.4.2.2 

Sabatier 4.4.2.1

Fig. 4-8

13℃

150℃7)

CO2 H2 25

Fig. 4-8 Temperature distribution in the gas flow direction

 along the central axis of the reaction tube
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4.4.2.3 H2/CO2

300℃ CO2

GHSV 5000 h-1 0.50 MPa H2/CO2 CO2

Fig. 4-9 H2/CO2 3.9 3.5

98

Fig. 4-9 Total performance of two stage reactors
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CO2 H2 H2/CO2

Fig. 4-10(a) CH4 CO H2/CO2 Fig. 4-10(b)

CO2 5%

H2 H2/CO2 3.4 2

CH4 95

H2/CO2 CO

300℃ 30 ppm

CO

CO CO CO H2/CO2

Fig. 4-11 CO 85
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Fig. 4-10 Relationship between outlet gas composition and 

H2/CO2 molar ratio in the second reactor

  (a) Concentration of CO2 and H2

  (b) Concentration of CH4 and CO
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Fig. 4-11 Relationship between CO conversion rate and 

H2/CO2 molar ratio in the second reactor
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4.4.3

CO2 93%

260℃ 280℃ Table 4-1

H2 CO

CO

4.4.3.1 O2 CO H2 CH4

O2 CO H2 CH4 Fig. 4-12



115

Fig. 4-12 Relationship between O2 addition conditions and 

changes in gas composition after oxidation treatment

O2 O2/CO

% x0 x1

100{1-(x1/x0)}

Fig. 4-12(a) 100 GHSV 5000 h-1 O2/CO

CO CO 0.10 0.50 MPa

O2/CO 2 CO

30 ppm 10 ppm

CO 99%

H2 Fig. 4-12(b) H2 CO

0.10 MPa 20 0.50 MPa 30

O2/CO 6 10 H2

O2/CO 6 H2

H2 4 6

CO H2 1 vol%
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Fig. 4-12(c) CH4 O2/CO 10

CH4

4.5 

CO2

(1) CO2 CH4

0.50 

MPa CO2 95.6%

(2) CO2

H2/CO2 3.9

CO2 93

260 280℃

PROX

CH4 95% CO 10 ppm

CO2
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5.1 

a)

b)

Ni/Y-ZrO2

Ni(12.7%)/CeO2 Ni(30.0%)/CeO2 Ni/Al2O3 METH®134

METH®135 5

3

(1) NiO CO2

(2) Ni(30.0%)/CeO2 NiO

(3) 143

3 mm

METH®134

(4) 23℃

48℃

(5)

(6) AM 
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 291 g/m2 

(7)

 254 g/m2 

(8)  260℃ 

 30℃  CO2  300℃ 

+  1.7℃ 

(9)

 CO2 

CO2

(10) CO2 CH4

0.50 

MPa CO2 95.6%

(11) CO2

H2/CO2 3.9

CO2 93

260 280℃

PROX

CH4

95% CO 10 ppm

CO2 H2

CO CH4 CO2
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CO2 : 5.5 Nm3/h

5.2 

(1)

CO

(2)

CO2
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