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1. CO2

1.1 CO2
CO2 CO2
2
CO2
1 COz
CO,
CcO
CO
mineralisation
CO,
EOR
EGR
ECBM
CO2




2 COq2 CO2
CO,
e CO: CO;
* [MtZyr]
TRL 5-7| 1-5 >300
TRL5 [ 5-10 Uncertain >300
TRL 3-5| 1-5 Uncertain >300
TRL 3
1-5 1-5
TRL 3-5 1-5 Uncertain 530
TRL 3-5 Uncertain
TRL 9 5-30 6
TRL 9 1-5 1-5 6
TRL 5 Uncertain
TRL 5 30 - 300
zraTiI::tri TRL 8 5-30
on TRL 3-7| 1-5 >300
CCs
TRL 4 | 5-10 5-30
CO; TRL 3 <1
CCs
EOR Highly 30 - 300
variable
EGR
CCSs
ECBM 1-5 30 - 300
Zep E'neer:'ge”t ICO.N |ECOFYS ELee”:gem ECOFYS |ECOFYS |zep
(2015) |07 4;' (2014) |2013) |0 4;’ (2013) |(2013) |(2015)
1 3 4 4 4 1
p.14 p.59 2 p.2 p.61 p.59 2 p.33 p.33 p.14
CO2 CO,
* : TRL(Technology Readiness Level) 1( ) 9( )

1 Zep (2015): CCU - carbon capture and utilization
2 Element energy (2014): Techno-economics of ICCS and CCU in UK. Demonstrating COz capture in

the UK cement, chemicals, iron and steel and oil refining sectors by 2025: A Techno-economic Study

Final report.

3 ICO2N (2014): Carbon Capture and Utilization.

Pembina Institute
4 ECOFYS(2013): Implications of the Reuse of Captured COz2 for European Climate Action Policies

ICO2N Integrated CO2 Network




1.2

COg
COz
1.2.1 CO2 CO2-EOR 56
EOR
CO2-EOR CO2
CO2
CO2
2 3
CO2-EOR 6
CO2-EOR
1970 COz
COz
JX 7 2016 12
EOR
COz
10 CO2 100
COg
COz COz
5 JOGMEC
6
47 (2017 11
7T JX 2017 4 17

CO2

COz

CO2
300

160

EOR

’

15 -2017 11
2017 10 25

EOR
COg
CO2-EOR
EOR
12,000
COz
16 )



1.2.2

CH4 + H20 — CO + 3H2
CO + 2H2 —» CH30H

H2 CO 2 1
He CO2

COz + 3H2 — CH3OH + H20

500 / CO2

2NHs+ CO2 -~ NH2)2C0 + H20

COz
CO2

CO2
2012 3 15

Hz CO

COz

5179

1 mol

COz

COz

3

1

,Vol.55No.1 (2018)



2. CO2

COz “ ”
CO2

1 CO:2

COz

10

9 DECHEMA (2017): Low carbon energy and feedstock for the European chemical industry
10 . (

,38(3),p126-130 (2017)



CO2

CO2

CO2

, 38(3), p126-130 (2017)10

CO2

11

11

, 38(3), p126-130 (2017)10

CO2




2.1 CO2

2.2

11



3 CO:2

10

CO; CH4 + CO; —» 2CO + 2H; 600-900 Ru/MgO CO;
Cco AH= 247 kJ/mol Ni/BasAl,Og ( / CO;
H, CO
FT
JAPAN-GTL
CO; +H; - CO + H,0 600-700 CuZnOx Water-Gas Shift CO
AH= 41.2 kJ/mol H2
CHs4 + 0502 - 2H2+ CO 800 Pd Pt Rh Ni
AH = -35kJ/mol *
Direct-Catalytic Partial H, CO
Oxidation
[ ] CO,
CH4 + H,O - CO + 3H; 800 Ni
AH=206kJ/mol
CcO
CH4 + 20, - CO; + 2H,O |900-1100 CO;
AH= -802kJ/mol
CH4 + Hzo - CO + 3H2 COz
AH=206kJ/mol
CHy4 + CO; —» 2CO + 2H;
AH= 247 kJ/mol
CH4 + 0502 - 2H2+ CO 1200-1500 H,/CO 18
AH= -35kJ/mol FT
Partial Oxidation H,
Ha
* a a




CO; + 2H*+ 2" -~ CO + H,0 CO;
CO Ru Re Pd
Ni Mn Fe
CO; +2H*+2e" - CO + H,O TiO,, CdS, CO;
Zn0,
Re CO; Cco
CO; + 3H, — CH3OH + H,0 | 250 Cu/Zn0O CRI
AH= -49.4 kJ/mol
CO; + 3H; + CH;=CHR - 200 Cu/Zn0/Zr0O;
RCH,CH,0H +CH3;0H Cu/Zn0/Al,03
CO; + 3H, — CH3OH + H,0 Ru
CO; + 3(RsSIH) + H.O - Ni Ru CO;
CHsOH + R3SiOH + (RaSi)zO NHC
etc.
CO; + 6H* + 66~ » CH3OH + CO;
H,O EO0=-0.38V
CO;
CO; +NADH - CHOH +NAD* FDH AIDH ADH CO, NADH FDH AIDH ADH
etc. 3
2C0O7 + 6H2 — Cu Fe Mo Rh
CH,CH,OH( ) + 3H,0 Ru
AH=-348kJ/mol
DMC 2CH3;0H + CO, - 65-180 CeO2 Sn Ti CO, CH3OH2 DMC
(CH30),CO + H,0 25-300bar A
CO,; + COCR - 300 DMC A
-[CRCOCOO0]-
CO, + 4H, — CH4 + 2H,0 300-350 Pd-Mg/SiO, CO
AHr =-165kJ/mol Ni Ru Power to Gas

11




CHs + 2H,0 - 4H, + CO, 800 Ni CO
AH = 165kJ/mol
CH4 + H,O - CO + 3H, AH=206kJ/mol
CO + H,0 - CO; + Hy AH=-41kJ/mol
CHs - C(s) + 2H> 700-1000 Ni/AlL O3
AH = 75kJ/mol Fe,03 1200
Pd/Al,0Os
H,O - H, + 1/20; 50-80 KOH
AH=285.8kJ/mol
70-80
HZO - H2 + 1/202 —90 H+
PEM AH=285.8kJ/mol
90-91
H,O - H, + 1/20; 700-1000 SOFC
AH=285.8kJ/mol
13V
. . (LSM)

H,O - H, +1/20,

12




H0 — Ha + 1/20; 900
IS
1000
+
2NHs(g) — Na(g) + 3Ha(g) | 450 Fe;0s Ni
AH=92.4kJ/mol
30
2017 5
— S&T (2016)
V13006 2014 2
2008
NEDO 2010
ATOMICA
NEDO 27 /
NEDO 2015
2011
Vol.36 No.4(2011)
JOGMEC GTL
JP2010124815A
WO02012039183A1
JP2013132248A
2 6

13




4 COg2 (1/5)
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5 CO:2 (2/5)
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6 CO:2 (8/5)
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7 CO:2 (4/5)
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8 CO2 (5/5)
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CO2

COz

3.1 CO2

COz

COz

3.1.1
COz

11

COg
COz

CO2

CO2

CO2
COz

100

[CO2

22

COz



ID
(SOEC)
B
(DRM)+
(SRM) C
ccu D
E
co: (SOEC) F
G
3.1.2
i iz ~@1 " @ v

- Vel

F TR T
Ew-Ra Ce—=T BiE-mEa
Jink 23 EREM
{CHs, CO;; -
Hs, Os) —
(ERL T L F—]
12
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3.1.3

G))
1)
2) 100
3) COz
4) CO2 CO2
CO2
5)
(2
6
CO; 20GJ/ -CO;
26 12

40GJ/ton-CO, 2014 RITE CCS

15GJ/ton-CO; 2020 1

RITE 20 GJ/ton-CO;

2013
CO, 0.055 CO./ -LNG
CO;
ver. 4.01 (
CO; )
0554
CO./ -LNG 2016
12
CO;
12 CSR

24




60
GJ

0.06
/MWh

-CO/GJ 022 -CO2

26

60

0.25 -CO/ -

CO2
ver.4.01 (

60

0.58 kg-CO,/KWh (0.58
-CO,/MWh)

0.000579 -CO2/kWh

26
H27.11.30

5MPa)

2.22kWh/kg-H,

ARPChem

CHs;+ H,O -~ CO+3H;
CO+H,O - H,+CO,

543 CO/54 -
100
54
Table3

Ref.3

Zhang Y. et al. "Steam and dry
reforming processes coupled with
partial oxidation of methane for
CO. emission reduction™ Chem.
Eng. Technoal, 37(9), p.1493-1499
(2014)

1.8075MWh/ -CH,

2bar - 100bar

Ref.4

Financial and Ecological Evaluation
of Hydrogen Production
Processeson Large Scale.

SOEC

31IMWh/
900

-H,

36GJ/ -Hz

Ref.5

Life Cycle Analysis of Emerging
Hydrogen Production
Technologies (2016 DOE
Hydrogen and Fuel Cells Program
Annual Merit Review)

SOEC

35.1IMWh/
41GJ/

-H>
-H,

115MWh/ -H

CSIRO 2016
Assessment-of-the-cost-of-hydr
ogen-from-PV

50-78MWh/ -H;

CSIRO 2016
Assessment-of-the-cost-of-hydr
ogen-from-PV

PEM

50-83 MWh/ -Hz

CSIRO 2016
Assessment-of-the-cost-of-hydr
ogen-from-PV

25




43 MW

126 MW

Ref.6

Fakhrian A. "*Preliminary study of
gas-to-liquid (GTL) plant
developmentin Indonesia™
Conference on Energy Finance
2012 (2012)

CO+2H; - CH:OH
A H=-90.6 k3/mol

323  Mwh
100
2857

Ref.8

M. Minutillo etal. **A novel
approach for treatment of CO.
from fossil fired power plants. Part
B: The energy suitability of
integrated tri-reforming power
plants (ITRPPs) for methanol
production® 35, p.7012-7020
(2010)

COZ'I' H2 —

0.02MwW/ -
0.15MwW/ -

Ref.1

I.L. Wiesberg et al., " Carbon
dioxide management by chemical
conversion to methanol:
HYDROGENATION and
BI-REFORMING™, Energy
Conversion and Management 125
(2016) p. 320-335.

CH4 + HZO -

—

042Mw/ -
191MW/ -

Ref.1

I.L. Wiesberg et al., " Carbon
dioxide management by chemical
conversion to methanol:
HYDROGENATION and
BI-REFORMING™, Energy
Conversion and Management 125
(2016) p. 320-335.

MTO

3.825kg-steam/kg-

Process Economics Program
Report 261 METHANOL TO

0.0931kWh/kg OLEFINS, 2007
H; +CO; - - - MTO 1.29GJ/ - ARPChem
H>.+ CO; - CO+H0 0.61MWh/
CO+2H; -~ CH:3OH
CH:OH -
100 135 -C02/100 ARPChem
CO; 135
CO; 63
CO; 72
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15kg-CO/ kg-

CO;

ver. 4.01 (

(3

SOEC

4

CO2

27
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3.14

13

COz

D,E F G

A B
C
COg
CO2
CO2 CO2
COg
F A E B A
F E
7
1,000 COsg
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AB

13

31

D,E F G



7 CO2
CO;
ID ( )
A 116
(SOEC) SOEC 962
(2bar - 100bar
63
B
162
69
c (DRM)+
(SRM) 118
187

244

D ccu 57
98
(2bar - 100bar
63
E
162
CO;
E 116
(SOEC) SOEC 962
+

G 338

141

32
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3.15

3.1.6
D
CO2 CO2
- 600
550
400
CO2
CO2

200
COz
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(2

+ 13

SiC-Ni Ni—-Al203-SiC

14

150 200

. Pd/CeO2 150

Electreforming

H+

13 Wei, Q. et al. Designing a novel Ni-Al203-SiC catalyst with a stereo structure for the combined
methane conversion process to effectively produce syngas, Catalysis Today, 265(1), p.36-44 (2016)

14 Manabe, R. et al. Surface Protonics Promotes Catalysis, Scientific Reports, 6, Article number: 38007
(2016)
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Feng Jiao 15

. ZnCrOx/mesoporous SAPO zeolite
« CO C2-C4 94% C2=-Cs= 80%
. 2% 110
Liangshu Zhong 16
. 250 1 bar
. C 60.8% 5%
600
Zelong Li 17
»  7Zn0O-ZrO2 Zn SAPO-34 ZnZrO/ SAPO
CO2
80-90%
. 2 Zn0-ZrO2 COz2
SAPO

15 Jiao, F. et al. Selective conversion of syngas to light olefins, Science, 351, p.1065-1068 (2016)

16 Zhong, L. et al. Cobalt carbide nanoprisms for direct production of lower olefins from syngas,
Nature, 538, p.84-87 (2016)

17 Li, Z. et al. Highly Selective Conversion of Carbon Dioxide to Lower Olefins, ACS Catal, 7(12),
p.8544-8548 (2017)
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3.2

4
C-H
C-H
SOEC
3.2.1
8
SOEC
SMR)
(SMR) ATR
(ATR) ATR

(DRM)

DRM
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(1) PEM SOEC 18

DOE “Final Report: Hydrogen Production Pathways Cost Analysis
(2013-2016) DOE Strategic Analysis 6231-1” PEM SOEC
16

m $5.12/kg-Hz (50,000kgiday. 2025%) lal=lsll  $3 83/kg-Hoz (50.000kgyday. 2025%)

Ao, 378 wt  TOUTER oam
' iy r ! e
. i

oo
16 PEM SOEC
DOE 18
PEM
: BOP ( )
SOEC
. $2.34/50t/ 47 (2025 ) $2.49/50t/ 65

18 Brian, D. et al. Final Report: Hydrogen Production Pathways Cost Analysis (2013-2016) DOE
Strategic Analysis 6231-1.
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(2) PEM 19

Fuel Cells and Hydrogen Joint Undertaking(FCHJU) “ Study on
development of water electrolysis in the EU, Final Report for the Fuel Cells and
Hydrogen Joint Undertaking” PEM

17 PEM
17 PEM
FCHJU 19
9
PEM
9 PEM
PEM
25% 51%
24% | MEA 10%
Structual Rings 14% 9%
Pre electrode 8% 8%
7% 6%
7% 5%
PTFE 4% 3%
4% 3%
3% 2%
2%
1%
FCHJU 19

19 Luca, B. et al. Study on development of water electrolysis in the EU, Final Report for the Fuel Cells
and Hydrogen Joint Undertaking (2014)
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(3 20
University of Queensland Parkinson “Techno-Economic Analysis

of Methane Pyrolysis in Molten Metals: Decarbonizing Natural Gas”

18 19

Parkinson 20
1500 800kt/ 6400
Electric Arc Heater 5000 T7%
PSA 800 13%
Heat Exchange 600 9%
Pyrolyzer 16 0.25%
Carbon Bed 16 0.25%
6400
19
Parkinson 20
1000

fired heater
SMR

20 Parkinson, B. et al. Techno-Economic Analysis of Methane Pyrolysis in Molten Metals:
Decarbonizing Natural Gas., Chem. Eng. Technol, 40, p.1022-1030 (2017)

41



1kg 0.1 0.15

SMR 1.1
/kg- CO2
4 SMR ATR 21
Lehigh University Jonas Baltrusaitis “Methane Conversion to

Syngas for Gas-to-Liquids (GTL): Is Sustainable CO2 Reuse via Dry Methane
Reforming (DMR) Cost Competitive with SMR and ATR Processes? ”

4 5
1) SMR
2) DMR
3) ATR
4) RWGS
10
21 / -CO2
Baltrusaitis 21

21 Jonas, B. et al. Methane Conversion to Syngas for Gas-to-Liquids (GTL): Is Sustainable CO2 Reuse
via Dry Methane Reforming (DMR) Cost Competitive with SMR and ATR Processes?, ACS
Sustainable Chem. Eng., 3, p.2100-2111 (2015)
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3.2.2 CH
(1)

CHs - C(s) + 2H2 AH = -37.4kJ/mol-H2
CHs - C(s) + 2H2 AH = -75kJ/mol-C

11.5 COz
COz2
22
20 23
0
80% 600
ARLMAEFRALLIUASBEOETTHE
TR AR L 2 T BT B (A
=l
e
. PEPES 403
T CH, + H,0g) = CO 4 34, -205.0 &)
BE SR ZBN AR RN W
¥ 0N B d
3 ':f R ST Bt ETS OO = DBy =COL + M, + EL1 Kl
- - e | MEOARSRELS
o L by P AR A s
Emﬁ . f_. B e SRR | A5 S
i : /’ - kEEe CHy=E w2H, -78.6%
g™, ...:i‘ﬁ'- L8 WA P T AT L — i 1
] =] 1500 1500 AETRE LU
E-1: T3]
20
C-H 440kd/mol
1200 Ni/Al20s3

Fe20s Pd/Al20s3

22 CSF Roadmap: Appendix , Review of the Current Status of Solar Thermochemical Fuels Production

Technologies, ARENA Project Solar Hybrid Fuels (3-A018) (2016)
23
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24

(chemisorption)
2.
800 1000 Ny, Co, Fe, Pt
500 1100
850 950 [ ] 25,26
(2
CO2
22,24
1
|
1
|
PAH
500 600
1200
N1 500 700
700 950 850 950 Co, N1, Pd, Pt, Cr, Ru, Mo, W

24 Zhang, J. Hydrogen production by catalytic methane decomposition: Carbon materials as catalysts
or catalyst supports, International Journal of Hydrogen Energy, 42(31), p.19755-19775 (2017)

25 Yan, W. et al. Production of CO2-free hydrogen from methane dissociation: A review. Environ. Prog.
Sustainable Energy, 33, p.213-219 (2014)

26 Wang, H.Y. et al. Hydrogen Production by Thermocatalytic Methane Decomposition, Heat Transter
Engineering, 34(11-12), p.896-903 (2013)

45



700 1000

SOLHYCARB

COz

25

850 900

27,28

CO2

CO2

27 Muradov, N. et al. Thermocatalytic decomposition of natural gas over plasma-generated carbon
aerosols for sustainable production of hydrogen and carbon, Applied Catalysis A’ General, 365,

p.292-300 (2009)

28 DOE: An Overview of Natural Gas Conversion Technologies for Co-Production of Hydrogen and

Value-Added Solid Carbon Products (2017)
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1175 78% 29,30
31 Ni-Bi
27%-Ni 73%-Bi 1065 95%

32

25 Hazer

29 GeiBler, T. et al. Hydrogen production via methane pyrolysis in a liquid metal bubble column reactor
with a packed bed, Chemical Engineering Journal, 299, p.192-200 (2016)

30 “Crack it! Energy from a Fossil Fuel without carbon di-oxide”, KIT Press Release 139 2015 11 16 ,
Stiickrad, S. Methane Decarbonisation, IASS Potsdam

31 Plevan, M. Thermal cracking of methane in a liquid metal bubble column reactor: Experiments and
kinetic analysis., International Journal of Hydrogen Energy, 40(25), p.8020-8033 (2015)

32 Upham D. C. Catalytic molten metals for the direct conversion of methane to hydrogen and
separable carbon., Science, 358(6365), p.917-921 (2017)
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(3

11 Monolith Hazer
11
Nebraska Monolith 2020 2016
Project
Methane Hazer 2017 2010
Cracking
GtF&S- Gas BASF Linde €9.2M 2013
to Fluids ThyssenKrupp (BASF 7
and Solids ( ) 0 carbon formulation )
for applications in 3
coke and steel
production
Combustion 2012
of Methane
without CO; 1ASS 2016
Emissions
EU-Project ETH € 2,329 | 2006
SOLHYCARB - | CNRS, N-GHY, 80% M
Solar CREED ( 2010
Cracking of ), DLR ( 75%
Methane ), Weizmann 3
( ), standard
Abengoa Solar mé/h
( ),
Timcal ( 1kg/h
), CERTH ( s
), PSI ( 1500-2300K
)
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start-up Monolith Materials

Mines
ParisTech ~ Fulcheri Aker Solutions
(NPPD: Nebraska Public Power District)
1256MW 2016 2018
initial production capacity online 2020 33,34
Kvaerner CB&H Kverner carbon black
and hydrogen process 1999 2004
1 1000 Nm? 270 kg
35
Hazer 36

Hazer 2010 University of Western Australia (UWA)

2017
37 30 H2
Hazer 38
{
i 800
0 55-65
{ Spherical Graphite
University of Sydney Kemplant

33 Hardman, N. J. The new carbon black and its role in the United States manufacturing renaissance,
Reinforced Plastics, 61(3), p.145-148 (2017)
34 Monolith 2016 9
35 TPCC Special Report on Carbon Dioxide Capture and Storage IPCC, 2005
36 Grad, P. Making H2 and Graphite from Methane, Chemical Engineering 2016 4
1
37 Hazer Group
38 Williamson, D. et al. Hazer Group (HZR) Initiation-Cracking the Code, Hazer Group
2017 3 2
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Pan American Hydrogen

GtF&S- Gas to Fluids and Solids

BASF Linde ThyssenKrupp BMBF “Technologies
for Sustainability and Climate Protection - Chemical Processes and Use of CO2”
GtF&S Gas to Fluids and Solids
39,40
CO2
3
formulation
Hazer
38
i
{ 1200
i
{ Amorphous graphite
IASS-KIT 293041
The Institute for Advanced Sustainability Studies (
IASS) Karlsruhe Institute of Technology ( KIT)
KIT
i
{ 1175
{ 78%

39 Technologies for Sustainability and Climate Protection — Chemical Processes and Use of COg,
Research for Sustainable Development (FONA), Federal Ministry of Education and Research
(BMBF) 2015 4

40 BASF 2013 7 2

41 “Hydrogen from Methane without CO2 Emissions”, KIT Press Release No.041 2013 3 21
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{ Amorphous graphite
EU-Project SOLHYCARB - Solar Cracking of Methane 42
EU SOLHYCARB

2006- 3 2010 2 4

10kW 10kWh 50kWh

Heat -transfer

50kWh
10MWh

50kWh 1600-1930K  72-100%

residence time PAH 100 ms

CeHz2

200g/h  88% 330g/h 49%
C2H2  340g/h 43

42 ETH ziirich
43 Rodat, S. et al. A pilot-scale solar reactor for the production of hydrogen and carbon black from
methane splitting., International Journal of Hydrogen Energy, 35(15): p.7748-7758 (2010)
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3.23 C-H

G))
Partial Oxidation: POX

CHs 0502 - 2 H2 CO AHz298=-36 kd/mol

He/CO 1.7 1.8
1000

CPOX Catalytic Partial Oxidation

2 GTL

46 9
“direct mechanism”
“combustion-reforming mechanism”

CO2

CHs 3/202 -~ CO 2H20 CHs4 02 - CO2
2CO - C CO2 Boudouard
CO

Pd, Pt, Rh
Ni

44 a a

44

45 Shell

H2/CO

CO He
H20 CO2
CO He

2H2

45 Wright, H. A. et al. ConocoPhillips GTL Technology: The COPox™ Process as the SynGas Generator,
Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem., 48(2), pp791-792 (2003)
46 Al-Sayari, S. A. Recent Developments in the Partial Oxidation of Methane to Syngas, The Open

Catalysis Journal, 6, p.17-28 (2013)
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(2

CPOX COg GTL
CO/Hz2
POX 1000
CPOX
500-600
Cu/(NiMg)Al 750 47 Rh/CaMnOs 500 900 48
Ni/CeOz2-ZrO2/ 400 700 49 Ba/Bi-Co-Nb-O/Ni
650 750 50
Duan
LaNiOs
51 Kim Ni
52

47 Kaddeche, D. et al. Partial oxidation of methane on co-precipitated Ni-Mg/Al cataly sts modified with
copper or iron, Int J Hydrogen Energy, 42(22), p.15002-15009 (2017)

48 Shafiefarhood, A. et al. Rh-promoted mixed oxides for low-temperature' methane partial oxidation
in the absence of gaseous oxidants, J Mater Chem A, 5, p.11930-11939 (2017)

49 Osman, A. L. et al. Enhanced catalytic activity of Ni on n-Al203 and ZSM-5 on addition of ceria
zirconia for the partial oxidation of methane, App! Catal B-Environ, 212, p.68-79 (2017)

50 Wang, Z. et al. Low temperature partial oxidation of methane via BaBi0.05C00.8Nbo.1503-5-Ni
phyllosilicate catalytic hollow fiber membrane reactor, Chem Eng J, 315, p.315-323 (2017)

51 Duan, Q. et al. Partial oxidation of methane over Ni based catalyst derived from order mesoporous
LaNiOs perovskite, Fuel 193, p.112-118 (2017)

52 Kim, D. et al. Effective suppression of deactivation by utilizing Ni-doped ordered mesoporous
alumina-supported catalysts for the production of hydrogen and CO gas mixture from methane, In¢
J Hydrogen Energy, 42(39), p.24744-24756 (2017)
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POX

Kado
53
3
CPOX
12
54
12
) (&Y (€)) 2003
) (CPOX) 2015
(JOGMEC) | JOGMEC
(2)GTL (2)D-CPOX
(©)
(€))
“
4 0%
)
) (5)0.
(6)D-CPOX
@) /
D-CPOX
(€))
ConocoPhill 200 !/ 1997
ips 2007
(

53 Kado, S. et al. WO 2016/152151
54 . (GTL )  GTL JAPAN-GTL L)
,p.1-19(2013)
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JOGMEC

2003 2015
0.1 / 3000
JOGMEC
2020
ConocoPhillips
ConocoPhillips COPox™ process
200 [ x 2
45
2003 16 !/ GTL
2007 GTL

SCT-CPO Short Contact Time-Catalytic Partial Oxidation

2011

55

55 “Eni-in-2011”, Eni 2011

55

Pt, Rh

2006

1/100



3.2.4 HTEL SOEC

PEM
13
\ PEM SOEC
KOH
(LSM)
(NVYSZ)
50 80 20 700 1000
<30bar <165bar
3.2MWe 1.56MWe kWe
760 Nm?3/h 285 Nm3/h 1 Nms3h
0.2 0.6A/cm? 1.0 2.0A/cm? N/A
35.1 kWh/kg
50 78kWh/kg 50 83kWh/kg (3.15kWh/Nm?3)
(4.5 7.0kWh/Nm3)| (4.5 7.5kWh/Nm3) 11.5 kWh/kg
(1.0 kWh/Nm?3)
99.5-99.9998% 99.9-99.9999% N/A
20 20 N/A
<90,000 <80,000 N/A
US$ 850 1500/kW | US$ 1500 3800/kW N/A

Cost assessment of hydrogen production from PV and electrolysis (CSIRO:
) (21March 2016)
CO2 H29 3

SOEC
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(1)
High Temperature Steam Electrolysis: HTEL

Solid Oxide Electrolysis Cells: SOEC Solid Oxide
Fuel Cells: SOFC

56
SOEC
SOFC SOEC
SOFC 57 SOEC SOFC
58
1970
SOEC
1980
Dornier Westinghouse YSZ CSZ
2000 59
SOFC
H20 + 2e- - Haz2+ O
02- — 1/202 + 2e-
H20 - H2+ 1/202 AH=AG+ TAS
AH AG
TAS
21
56 , ,vol.68, No.7,

p.35-38 (2013)

57 Laguna-Bercero, M. A. Recent advances in high temperature electrolysis using solid oxide fuel cells:
A review, Journal of Power Sources, vol.203, p.4-16 (2012)

58 Mocoteguy, P. et al. A review and comprehensive analysis of degradation mechanisms of solid oxide
electrolysis cells, International journal of hydrogen energy, vol.38, p.15887-15902 (2013)

59 . , ,8(2),p.122-141

(2009)

57



21

[ 06-093481
AG
57
SOEC
60
SOFC
SOEC

60
71(5), p.41-45 (2016)

58

AH

TAS
SOEC
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(2

SOEC SOFC 57,58
3
SOEC
DOE 2020 $2/kg-H2  $0.18/Nms3-Hz
61, ) SOEC
Ni/YSZ Ni NiO Ni(OH)z
YSZ
14
Ni Fe Sm CeO2 SDC
Ni
Ni
Ni
Ni
Ni
La-Sr-Mn LSM
ZrO2
Y203 CaO MgO
Sc

61 DOE Hydrogen and Fuel Cells Program: 2016 Annual Progress Report

)
$4/kg  $0.36/Nm3

$2/kg

59



LSM YSZ
YSZ Zr

Si02 YSZ

SOEC

SOFC SOEC

56

60



(3

SOEC 14
14 SOEC
NEDO (¢H) / (1)0.5A/cn? 1 2014
1.3V 2000h 4
/ 2018
0.5%/1000h 2
2013 2.76
(2 ) 2014 3.08
4kWh/Nm®
2015 3.21
3) (3)SOFC-
-SOEC
NEDO (1) SORC (1) 200mA/cm? 91 2013
0.5V 500 9
2018
2
@ @
©) ©)
110mmol-H,
/kg-Fe/min
62
DOE USA Fuel Cell Energy (¢H) (1)3A/cm? $1,254,552 | 2015
Solid Oxide Subcontractor: 1000h 7
Based Versa Power Systems, 2017
Electrolysis Ltd. (2)1.6V ) 78% LHV 12
and Stack
Technology
with
Ultra-High
Electrolysis
Current
Density and
Efficiency

62

61




DOE USA Fuel Cell Energy (1)SOEC (1)>95% $3.75M 2016
Modular SOEC 10
System for Partners >90% 2019
Efficient H Versa Power Systems, 9
Production at National Energy
High Current Technology ) (@)

Density Laboratory 1%/1000h
2%/1000h
©) €))
>75%

DOE USA Ceramatec, Inc. (€Y) (1) $2/kg($0.18 | $1,875,101 | 2016
Multi-Scale /Nm®) 10
Ordered Cell Partners 1.2V 1A/cm? 2019
Structure for | PARC PaloAlto 9
Cost Effective | Research Center , | (2) )

Production of | GAIA GaiaEnergy
Hydrogen Research Institute
by HTWS
©) €))

62




EU
Horizon2020
funding EU
BALANCE

VTT TECHNICAL
RESEARCH CENTRE OF
FINLAND OY

DTU TECHNICAL
UNIVERSITY OF
DENMARK

CEA  FRENCH
ALTERNATIVE
ENERGIES AND ATOMIC
ENERGY COMMISSION

ENEA  ITALIAN
NATIONAL AGENCY FOR
NEW TECHNOLOGIES,
ENERGY AND
SUSTAINABLE
ECONOMIC
DEVELOPMENT

UNIVERSITY OF
BIRMINGHAM

DELFT UNIVERSITY OF
TECHNOLOGY

EPFL ECOLE
POLYTECHNIQUE
FEDERALE DE
LAUSANNE

INSTITUTE OF POWER
ENGINEERING

(€))
Reversible
Solid Oxide
Cells ReSOC

)

) SOFC
SOE

(C))

ReSOC

(DN/A

(2)0.2Q cn?
700

0.5%/1000h

700 +1.25A/cm?

SOE
(€)]
20% SOE
2%/1000h
(4)SOFC

50%
kW

90%
2500h

€2._5M

2016
12

63




EU Foundation for (¢)) (DNi €2,939, 655 | 2015
Horizon2020 Research and H:0 11
funding EU Technology Hellas, 4
Development of | (FORTH), /
new electrode | Greece, (Coordinator)
materials and
understanding | Centre for Research | (2)SOEC ) 3000h
of degradation | & Technology Hellas,
mechanisms on (CERTH), Greece 3000h
Solid Oxide
High Forschungszentrum
Temperature Juelich GMBH, (3)SOEC 3)

Electrolysis (Juelich), Germany

Cells,

SElySOs Vysoka Skola SOEC
Chemicko-Technologi
cka V Praze,
(VSCHT), Czech
Republic
Centre National de
la Reserche
Scientifique,
(CNRS), France
Prototech AS (CMR
Prototech ), Norway
PyroGenesis SA
(PyroGenesis SA),
Greece

ANR The CEA (CEA Grenoble) | (1) (1)1%/1000h €655,901 2014
French 42
National CTI (Céramiques (2) 2 800
Research Techniques et
Agency Industrielles SAS)

Electrodes /

electrolyte ICMCB (Institut de (3)Ln2Ni 04 3)

interfaces Chimie de la Matiere

optimization Condensée de

for the Bordeaux)

durability of

Solid Oxide 4) 4)

Electrolysis 100cm?

Cells,

DJANGO
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NEDO

63

o
2016 2017
2016
1000 Co
Ni
2
8
10Nm3/h
4.88kWh/Nm3
3
NEDO
64
(DSORC Solid Oxide Reversible Cell
SOFC Fe
2
NiO-10wt% CMF Ce Mn Fe , Ni-Fe(9:1)
(2
LSGM La-Sr-Ga-Mg
SOFC/SOEC Ni Ti-CMF
Ni 600 500
63 NEDO 29 No.H203,
(2015)
6¢ NEDO 29 No.F202, NEDO 28 No.F202,

No.F2-3-1

65

27



®3)
SORC SORC /

CMF
Fe

DOE USA Solid Oxide Based Electrolysis and Stack Technology with
Ultra-High Electrolysis Current Density and Efficiency,

Fuel Cell Energy, Subcontractor: Versa Power Systems, Ltd. 65
HiPoD 3 A/em?
1000 h 1.8%/1000h <4%/1000h
6A/cm? 78% LHV
2A/em2  1000h

250g/h  2.78 Nm3h 2A/cm? 1000h

DOE USA Modular SOEC System for Efficient H2 Production at High Current
Density
Fuel Cell Energy Partner Versa Power Systems National Energy Technology

Laboratory 66

/ /
350
44cm 10L 38kg/ 1.5A/cm?
20 2 5kg/ 018 0.45kg
750 1A/cm?2 2300h
1.3%/1000h 2A/cm2  2400h 3.5%/1000h

65 2017 DOE Hydrogen and Fuel Cell Program Review, Project ID: PD124
66 2017 DOE Hydrogen and Fuel Cells Program Review, Project ID# TV041

66



DOE USA Multi-Scale Ordered Cell Structure for Cost Effective Production of
Hydrogen by HTWS
Ceramatec, Inc., Partners PARC Palo Alto Research Center , GAIA Gaia Energy

Research Institute 67
DOE $2/kg $0.18/Nm3

3D
2017

2018 0.4Q cm?2 2019
1kg/

EU Horizon2020 funding(EU BALANCE
VTT TECHNICAL RESEARCH CENTRE OF FINLAND OY 8 68

(1 Reversible Solid Oxide Cells ReSOC

ReSOC

@

700 0.2Q cm?2
1.25A/cm? 0.5%/1000h
3 SOFC SOE

20%
SOE 2%/1000h

67 2017 Annual Merit Review Proceedings, Project ID: PD144

2017 Annual Merit Review and Peer Evaluation Report
68 BALANCE

67



(4) ReSOC
SOFC 50% kW 90%
2500h
SOCTESQA Solid Oxide Cell and Stack
Testing, Safety and Quality Assurance 2014 5 2017 4
B %H - K9€1.6M  SOFC SOEC
BALANCE

EU Horizon2020 funding(EU Development of new electrode materials and

understanding of degradation mechanisms on Solid Oxide High Temperature
Electrolysis Cells,

SElySOs
Foundation for Research and Technology Hellas, (FORTH) 7 69

SOEC

NV/YSZ LSM 2

5%/1000h H20/CO2 SElySOs

4 H20/CO2

6]
Ni @) ®3)
3000h
2000h

ANR The French National Research Agency Electrodes / electrolyte interfaces
optimization for the durability of Solid Oxide Electrolysis Cells, DJANGO
CEA (CEA Grenoble) 3 70

1%/1000h
2 3%/1000h

ICMCB Ln2NiO4
CTI 100 cm?

69 SElySOs )

Funded Projects under Horizon 2020, Secure, clean and efficient energy, Fuel Cells and Hydrogen
Calls 2014, FCH 2 JU, institutional PPP

0 The French National Research Agency

68



3.3

3.3.1 CO2

(1

CO2

CO2

(2) CO2
COz

71

COz

(3 CO:2

U CO2
i COz2

CO

COz

1 CO2
72

LCA

69

,p.157(2017)

CO2
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e

Mpa)

2685130

Control Technol, p.331-336 (1999)

(Cu:Zn:Al: K 1:2

CO2
Fe
Fe (Fe :Cu:Al: K) Cu
330 CO2 31.1
73
Fe-K Cu-Zn CO2/H2=1/3, (
CO2 44.4% 19.5%
Fe Cu K 74
CO2
H202 Fe(ID) /
H202  Fe(D 1 2 OH
CO2 H H*- HCOOH
HCOOH H- H*- CH20 H:20
CH20 H- H+*- CHsOH
CO2 CHs H*- CH3COOH
CHsCOOH H- H+*- CHsCHO H20
CH:CHO H- H+*- C2Hs0H
Cu
Fe
Fe Cu
476 gl h1
76

,60(1), p.22-27 (2013)
76 a) Inui, T. Highly effective conversion of carbon dioxide to the valuable compounds, Greenhouse Gas

COz

574g 11 hl

300 7.2
8.6%

75 Yamagishi

Cu
Pa-Ga
54.5%

73 Inui, T. et al. Highly effective synthesis of ethanol by CO2-hydrogenation on well balanced
multi-functional FTtype composite catalysts, Applied Catalysis A: General, 186, p395-406 (1999)

75 Yamagishi, F. et al. Fundamental Study on the Reduction of Carbon Dioxide to Methanol/Ethanol
Using a Cyclic Fenton Reaction,

b) Inui, T. et al. Highly effective synthesis of ethanol by CO2-hydrogenation on well balanced

multi-functional FT-type composite catalysts, Appl Catal A, 186(1-2), p.395-406 (1999)

70



Cu K/Cu-Zn Fe Fe
BET CuZnFeo.5Ko.15 C2+OH 7

Chen , Chinese Academy of Sciences

Cu carbon nanospike COz2

78 Yang Song , Oak Ridge National Laboratory

2C0Oz  9H20 12e¢ - C2Hs0H 120H E° 0.084V vs. SHE

carbon nanospike 50 80nm 2nm
63+7.1(1.2Vvs RHE ) 84
15 carbon nanospike CO2 78
V vs RHE CcO CHa4 Ethanol | He
-1.2 5246.1 | 6.8+4.1 | 63=£7.1 13+5.2
Cu-Pd
( 15%) Cu C2
Cu CO 9 Ma, )
Pd-Cu 92.0%
80  Shuxing Bai , Soochow University,
(Cu,M) (O, S) M=Ni, Sn, Co COz2 81 12.1%

Xiaoyun

Chen , National Taiwan University of Science and Technology

77 a) Guo, H. J. et al., Roles Investigation of Promoters in K/Cu—Zn Catalyst and Higher Alcohols
Synthesis from CO2 Hydrogenation over a Novel Two-Stage Bed Catalyst Combination System,
Catal Lett., 145, p.620-630 (2015)

b) Li, S. G. et al. Effect of Iron Promoter on Structure and Performance of K/Cu-Zn Catalyst for
Higher Alcohols Synthesis from CO2 Hydrogenation, Catal Lett., 143, p.345-355 (2013)

8 Song, Y. et al. High-Selectivity Electrochemical Conversion of CO2 to Ethanol using a Copper
Nanoparticle/N-Doped Graphene Electrode, ChemistrySelect, 1, p.6055-6061 (2016)

 Ma, S. et al. Electroreduction of Carbon Dioxide to Hydrocarbons Using Bimetallic Cu-Pd Catalysts
with Different Mixing Patterns, Journal of the American Chemical Society, 139(1), p.47-50 (2017)

80 Bai, S. et al. Highly Active and Selective Hydrogenation of CO2 to Ethanol by Ordered Pd—Cu
Nanoparticles, J. Am. Chem. Soc., 139, p.6827-6830 (2017)

81 Xiaoyun Chen et al ,Formation in Ethanol from COz over (Cu,M)(O,S) Catalysts with M = Ni, Sn,
and Co, SCIENTIFIC REPORTS, 7,1.10094 (2017)
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Mo

MoS2 Dow Chemical Company  Union Carbide Corporation
CO C2+OH 82
CO2 C2+OH
6%
Ru/Co
n- Rus(CO)1z2 Co/Ru=3 Co
CO2 41.9% 29.2% 83
Ru/Co CO2 He 84
Ruacac);-CoBrs-Lil

(CH;0), + CO;+ H; *=CH;CH,0H + H;0

2140 °C, in DMI
Lil 50.9 C-mol% (Jingjing
Zhang , Chinese Academy of Sciences)

Ru/Co  30/70(qmol) Lil(mmol)
73.3 C-mol % 8  Qinghi Qian

b

Chinese Academy of Sciences

Ru(PPha wCle/Colz-Lal
CH,OCH, (g) + 2CO, (g) + €H, (g)

> 2CH,CH,OH (1) + 3H,0 (I]

2 150°C, in TIMT
AH 398,= -840.6 k - mol?
NG90 = -158.3 kI - mol !
Ru/Co  60/30 (umol) LiBr bis(triphenylphospho-
ranylidene)ammonium chloride
(STY)  30.5C-mmol L'1h 86 Meng Cui , Chinese Academy of

Sciences

82 Prieto, G. Carbon Dioxide Hydrogenation into Higher Hydrocarbons and Oxygenates:
Thermodynamic and Kinetic Bounds and Progress with Heterogeneous and Homogeneous Catalysis,
ChemSusChem, 10, p.1056-1070 (2017)
2664046

84 Zhang, J. et al. Synthesis of ethanol from paraformaldehyde, CO2 and H2, Green Chem., 19,
p.4396-4401 (2017)

85 Qian, Q. et al. Synthesis of ethanol via a reaction of dimethyl ether with CO2 and H2, Green Chem.,
20, p.206-213 (2018)

86 Cui, M. et al. Bromide promoted hydrogenation of CO2 to higher alcohols using Ru—Co homogeneous
catalyst, Chemical Science, 7, p.5200-5205 (2016)

72



Rh
Rh Co CO

Rh Co
Na, K Rh C2

Rh-Co/SiO2 Na

Na/Rh 0.1 30.5%
8.7% 87
Ce Rh/SiO2 CO
Rh-Co-Na/SiO2
CH4 CO
Rh-Mn-Li/SiO2 2.6%
Fe Li Rh-Li-Fe/SiO2 34%
Pt/Co304 89
1wt% Pt
Z.He Chinese Academy of Sciences
Pt Pt/Co304 CO2

0.56 mmol/g-cat h (200°C 2 MPa)

University for Nationalities, China

Au/Ti102 COz

Rh

87

87

COz
Na/Rh 0.5

87

17.2%
88

Co304
29.0 (100xmmol g-cat'th'1)

90

Bi Ouyang South-Central

91 100mg 5ml

DMF(N,N-dimethylformamide) 45 bar Hz, 15 bar COg2, 10 h

STY 635.4 mmol/g-metal h

, (1), p.107-110 (2002)
2611184

Wang Chinese Academy

8 He, Z. et al. Water-Enhanced Synthesis of Higher Alcohols from CO2 Hydrogenation over a Pt/Co304

Catalyst under Milder Conditions, Angewandte Chemie International Edition, 55, p737-741 (2016)

% Quyang, B. et al. The study of morphology effect of Pt/Co304 catalysts for higher alcohol synthesis

from COz2 hydrogenation, Applied Catalysis A, General, 543, p189-195 (2017)

Chemical Communications, 52(99), p.14226-14229 (2016)

73

91 Dong, W. et al. Direct synthesis of ethanol via CO2 hydrogenation using supported gold Wecatalysts,



of Sciences

COz2 CHu« 30 92
CH4/CO2 31 18% (Li Wang )
(5)
COz2 16
1990
2015
1990 2015
16
Fe-K  Cu-Zn CO. 44 4%
F 1
¢ 19.5% 8.6% 995
Fe
(Fe :Cu :Al : K) Cu | CO; 31.1 1999
Cu: Zn : 574gLth?
Al - K) 1:2
Fe Cu 4769 L?
Cu Pa-Ga hot 1999
CuZnFeo.sKo.1is  Co+OH Chen , Chinese 2013
0.16g/ml-h Academy of Sciences
Cu Yang Song , Oak
carbon nanospike 63+ 7.1% Ridge National 2016
Laboratory
Shuxing Bai ,
Pd-Cu 92.0% Soochow University, 2017
Xiaoyun Chen ,
National Taiwan
(Cu, Ni)(0, S) 5.2 mg/20h 0.2g Un!ver5|ty of 2017
Science and
Technology
Dow Chemical Company
Mo MoS> Co+OH 6% Union Carbide 2017
Corporation
= 0
RU Rus(CO0)1z  Co/Ru=3 CO, 41.9% 1994
Co 29.2%
Ru/Co  60/30(u mol) B _
_ STY 30.5]| Meng Cui , Chinese
LiBr _ 2016
C-mmol Ltht Academy of Sciences

92 Wang, L. et al. One-Step Reforming of CO2 and CH4 into High-Value Liquid Chemicals and Fuels at
Room Temperature by Plasma-Driven Catalysis, Angewandte Chemie International Edition, 56(44),
p-13679-13683 (2017)
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Jingjing Zhang ,
Ru/Co 50.9 C-mol% Chinese Academy of 2017
Sciences
RU/COL-| 30/7I0(p mol) Qingli Qian
11 (mmol) 73.3 C-mol % | Chinese Academy of 2018
Sciences
Rh-Mn-Li/Si0; Li
Rh 34Y ’ 1994
Rh-Li-Fe/Si0, °
Rh-Co/Si0 N Na/Rh 0.1 Co;
To/srR e 30.5% Na/Rh 0.5 ’ ’ 2002
8.7%
29.0[100 | Zhenhong He ,
Cos0. lwt% Pt
= ' x mmol g-catth1] Chinese Academy of 2016
82.5% Sciences
Wang Dong ,
Au/TiO; 635.4 mmol/g-metal h [ Chinese Academy of 2016
Sciences
Bi Ouyang
Pt P1/Coi0 0.56 mmol/g-cat h | South-Central 2017
Rl e 200 2MPa) | University for
Nationalities,
93 (acetogen) CO, CO2
94 22,500
t/ CO
CO2
9 (2015 3 3

94 LanzaTech
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3.3.2

COs2
2017 17
G))
95 1998
2015 9% 2016
97
JST CREST
2013 2018
D2o/H2 13CH4/12CH4
98
9% NEDO. . TSC
Foresight. Vol.14, 18p. (2016)
9% 2015 12 3
97 2016 7 14
9% JST CREST

27
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NEDO 2014-2021
CO2 C2 Cu
MTO Methanol to Olefins
Cu-Zn CO He
H:20
99,100
NEDO
2014 2021
/ (c2,
C3) (C2, C3)/ MOR IPA/
/ MOF C2 C3
101,102
JST
, 2015 2018
C-H
103
JST A-STEP
2011
40% 0.5% 104
% NEDO ,
100 NEDO. 28 (
20170000000843)
100 NEDO ,
102 NEDO. 27
20160000000247
103 JST ,
104 A-STEP,
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ACS GCI the American Chemical Society Green Chemistry Institute =~ AIChE the

American Institute of Chemical Engineers

(AltSep)

105

DOE Department of Energy AMO: Advanced Manufacturing
Office SBIR Phase IIB (Novel

Membrane Systems for Olefin/Paraffin Separations) Newport, DE
2016

IRR Internal Rate

of Return 110 160% 85 trillion BTU/yr 106
DOE-EERE The Office of Energy Efficiency and
Renewable Energy 2006 2011 ITP: Industrial Technologies
Program
2007 2017
25% 3M ADM Archer Daniels Midland Company
(MSE) 2008
2012 107,108
EU Horizon2020 MEMERE (MEthane
activation via integrated MEmbrane Reactors) 2015 2019
MnNaz2WO4 /SiOz CO2
5000€/ m2 MEMERE

105 AltSep, Sustainable Separation Process: Accelerating Industrial Application of Less

Energy-Intensive Alternative Separations
106 Small Business Innovation Research (SBIR), Office of Energy Efficiency and Renewable Energy
(EERE) , U.S. Department of Energy

107 DOE-AMO, Advanced Water Removal via Membrane Solvent Extraction
108 Final Report - Energy Reduction and Advanced Water Removal via Membrane Solvent Extraction

Technology, Report No. DOE-3M-G018134
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40%) LCA MEMERE
25% 35 40%

-50% -60% 109,110
Horizon2020 ROMEO (Reactor optimisation
by membrane enhanced operation) 2015 2019
ROMEO
CO CO ROMEO
SILP
two-in-one
78% 90% 11
H2020 PROMECA 2017 2020
112
FP7 CO2

CARENA 2009 2011

DEMCAMER 2011 2015

MEMBRIDGE 2009 2011

113

109 MEthane activation via integrated MEmbrane Reactors, H2020-SPIRE-2015

110 SPTRE-05-2015 - New adaptable catalytic reactor methodologies for Process Intensification

111 ROMEO, H2020-SPIRE-2015

112 H2020, PROMECA(PROcess intensification through the development of innovative MEmbranes

and CAtalysts)

113 NEDO. , TSC

Foresight, 14, p.18 (2016)
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(2)

22 IPA

IPA

IPA-

114,115

113

5% EE I

22

114 ) , ,59(7), p.6-11 (2017)
115 . - , SCEJ
82nd Annual Meeting, D216 (2017)
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(3

116
EU Horison 2020 MANGANOXI
CH The development of manganese-based

alkene epoxidation, cis-dihydroxylation and alkane C-H oxidation catalysts 2015

2017 MnTMTACN
117
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