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@ Typical CO, Corrosion

JFE
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@ CO2 Corrosion Mechanism

JFE
@ CO, corrosion phenomenon is defined as Anodic Reaction.

(1) CO, gas makes low pH in solution.

(2) Fe is corroded into Fe?* at low pH.

(3) FeCO; is formed on surface

(4) FeCO; is partially removed by flowing production fluid.
(5) Corrosion proceeds only on peeled-off area.

. Dissolution
CO, Corrosion Steel 2) of Iron H,0
Fe Anode Fe > Fe* (1)
(2) Corroded by Ny e- Ty
CO, environment e- ' AN ;. ;HzO
: 3
o FeCOL & _§ JFeCO;y  H,C0,
(3) FeCO5is formed Cathode | 2e-| + 2H* “i | 4
@ l ? ............ i: H* + HCO3
(4) Partially removed I H+H T
. B . H,0
i 2
(5) Corrosion proceed % \ e *gas)'l‘ J
[ ] .o H.O
A2z Evolution of H, 2 9 ?
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@ Method to have Corrosion Resistance

JFE

@ There are several way to prevent from corrosion.
@ Cr material is the one of method to have Corrosion resistance.

*Coating

. Connection consideration
protectlon
*Inhibitor (Chemical Control)

Active management

(Operating / cost)

*Cr material (include CRA)

(Passivation Film etc.)
(High Cr,Ni etc. 2 Noble)
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@ Characteristics of Cr Material

JFE

@ Crin steel makes Cr-Oxide/Hydroxide on surface. (Passive film)

Cr Steel
Cr Cr
Cr
Cr Cr
Cr
Cr
Cr
Cr
Cr
Cr
Cr
Cr

»Thin Layer (Passivation : nm @ ambient)
»Strong & Tight protective layer

Passive film

(Passivation at RT to about 100C)
(Oxide-based layer at higher temp) AEEr IR 6

\ /

— O—Cr — OH2

b o

— O—Cr — OH2

/\

O OH

\ /

— O—Cr — OH2

/\

passive
film of stainless steel

3¥4nm

d [[Passive
film

Stes|

SUS304

Observation condition:
- FIB sample preparation
- Cs-corrected TEM

E. Hamada et al. @JFE: Corrosion Sci, 52
(2010) pp3851-3854.

> Even if it’s removed, Cr in the steel naturally re-makes protective layer,
provided that the protective layer is stable in the condition.
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@ Carbon Steel vs L80-13Cr in the Same Environment

JFE

@ CO, corrosion of the tubing in hydrocarbon and CO, injection wells could happen.
@ 13+% Cr steel have better CO, corrosion resistance compared to carbon steel.

No corrosion
(JFE’s 13% Cr steel)

/ CO, corrosion
(Conventional carbon steel)

AT P e

After 1 year operation After 1 year operation

Hydrocarbons Hydrocarbons\
(Oil & Gas) (Oil & Gas)
Temperature : 118°C (244°F), Temperature : 120°C (248°F),
AN
2

.|  co,pressure: 0.2MPa (29psi) CO, pressure: 0.73MPa (109psi)

\
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Corrosion in CCS environment
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@ Corrosion of tubing in CCS well

JFE

CO, injection tubing risks contact with formation water during shut-in
Autoclave simulates shut-in conditions for corrosion testing

[During Injection]

v' CO, flow and supply

v No water |:> No corrosion

Co, CO, + Impurities + H20 ‘
Source

Water removed

No corrosion

4 —>

Saline'Aquifer !

CO,+ impurities

y
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[During shut-in]

No free water,

v" No CO, flow nor supply :> Corrosion risk shall be
v' Formation water evaluated using autoclave

CO, + Impurities + H20
Water removed I Super
Critical
CO, CO, +
o - @ ) .
impuri les(\,‘M L impurities
\ /
Back Liquid
Saline’Aquifer, flow, H,0

Closed vessel
(HPHT)

. 1 ’
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O Material Selection

JFE

Important to select appropriate material to reduce the initial cost.

Pricet A

Nickle based Alloy //\/

Duplex stainless steel (22CR, 25CR) /
- [17cRrR i:::;//
Martensitic| [ 15CR

Stainless —
Steel 13CR Modified

13CR (API)
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@ Difficulty of material selection

JFE

» Several impurities might be included in CO, depends on its source.
* Appropriate evaluations are needed for each risk.

CO, Source
evaluation /|  Test
SECE A Criteri UGS | O] Bic[m:;s Cement | BlueH e
riteria method production| plant ’ 2 | & Cluster
Ethanol
S0, General l“gass I;ss v v v
; orr. Rate .
NO, | Corrosion | <go7mmy | Crevice v v v
: Corrosion
Crevice depth Test
O, [Pitting Risk |/25um as per 4 v v
ASTM G48
Corrosion H Hydrogen v v
= | ] 2 Emybritt?eme Crack/ Four-Point
HZS t No crack Bend v v
n

1 ’
Copyright © 2026 JFE Steel Corporation. All Rights Reserved. Dream for your FUture’ Steel takes you Further. l -



O Agenda

1. Corrosion Test
-Materials, Test Method and conditions
-Results (Corrosion rate, Crevice corrosion, SCC susceptibility)

2. Domain Maps
-How to make?
-17Cr domain map examples
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@ Materials and Methods

JFE Materials used for corrosion tests
Sample ID m-mmmm SMYs<ks->
13CR S42000 0.20 13.0 0.22 - 13.0
Mod. 13CR S41426 0.01 12.5 6.0 2.2 0.09Ti 19.8 95
15CR S42625 0.03 14.7 6.3 2.0 1Cu added 21.7 125
17CR S42825 0.03 16.7 3.9 2.5 1Cu and 1W added 27.2 110
S25CR S32760 0.02 25.3 7.2 3.7 0.54Cu-0.54W-0.25N 42.3 80 For comparison
PREN=Cr+3.3X(Mo+0.5W)+16N
[Test Method] 1 - d ol
; — 1. Four-Point Bend Test | .
‘| supercritical CO, phase _ m
(s-CO,) Specimens:L115 x W15 x TS mm
; STD:NACE TM0316-2016 AYS100% Four-Point Bend _
\W‘ | | Number of Tests:2 for each material our-roint Bend specimen
2. Crevice Corrosion Test
= | | Specimens:L50 x W20 x T3 mm
STD:ASTM G48
NaCl solution (liquid) Load :3.0 N/mm2 L L L K
Number of Tests:2 for each material Crevice fixtures (P’I‘n&

Copyright © 2026 JFE Steel Corporation. All Rights Reserved. Dream for your FUtures Steel takes you Further. £ J 13



@ Testing condition

JFE
Amount of impurities
N CO; stpzc(s: (o)r Temp. Pressure 5 Cr
” e e~ | CC/P) | (MPalpsi) | SOz | NO; | O H2S Hz
(ppm) | (ppm) | (ppm) (Ppm) (ppm) (mg/L)
1 90/194 | 20/2900 | 10 10 20 10 10000 121,200
2.1 AMPP Guide 21532 | 90/ 194
2072900 | 10 10 20 10 10000 180,000
2-2 (2023) 2475
3 120/248| 40/5800 | 10 10 20 10 10000 65.000
4 ISO 27913 (2016) | 150048 4075800 | 50 50 50 20 7 500 65.000
(modified) (modified)
5 Oil & Gas 120/248| 40/5800 | O 0 0 25 0 65.000
6-1 Oil & Gas
6.2 (0 days)|  with oxvesn 90/194 | 20/2900 | 0 0 68 244 0 19,600
71 120/ 248
4 2 2
- Blue hydrogen |- -~ "1 40/5800 | 0 0 0 00 0,000 65.000
8 0, (50 ppm)  |120/248| 40/5800 | O 0 50 0 0 65.000
9 SO, Ne(;iso PPM | 450/ 248| 40/5800 | 50 50 0 0 0 65.000

Copyright © 2026 JFE Steel Corporation. All Rights Reserved.
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O Test results of corrosion rate

JFE

* Higher Cr concentration gives lower corrosion rate.
* Mod.13Cr or higher grades have enough general corrosion resistance.

Corrosion rate (mm/y)
NG CO, specs or
' expected C02 source 13Cr MOd 13CI’ 15CI’ 825CI’
s-CO; liquid s-CO; liquid s-CO; liquid s-CO; liquid s-CO; liquid

1 . - - 0.0014 0.1023 0.0020 0.0048 | 0.0007 0.0021 0.0005 0.0003

2 AMPPSB;; 21532 - - 0.0016 0.0233 0.0023 0.0056 | 0.0010 0.0026 - -

3 - - 0.0054 0.0090 0.0025 0.0059 | 0.0009 0.0014 - -

4 ISO 2791.3. (2016) - - 0.0023 0.0314 0.0021 0.0037 | 0.0005 0.0008 0.0010 0.0003

(modified)

5 Oil & Gas - - 0.0007 0.0038 0.0002 0.0028 | 0.0002 0.0013 - -
6-1 Oil & Gas - - - 0.007 - 0.006 - 0.002 - -
6-2 with oxygen - - - 0.0013 - 0.0010 - 0.0003 - -

7 Blue hydrogen - - 0.0003 0.0096 0.0002 0.0055 0.0 0.0021 - -

8 O, (50 ppm) 0.109 0.266 0.015 0.002 0.007 0.003 0.003 0.001 - -

9 (SO, NO;, (50 ppm each)| 0.012 0.214 0.004 0.010 0.003 0.002 0.002 0.002 - -

©AMPP2025

[ 1: Lower than 0.127 mm/y (5 milsly)
[__1:Larger than 0.127 mm/y (5 mils/y)

Copyright © 2026 JFE Steel Corporation. All Rights Reserved.
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@ Test results of crevice corrosion

JFE

 Crevice corrosion occurred on most of the specimens (even S25Cr)
« 17Cr steel was acceptable in all conditions when judged as per ASTM G48.

CO, specs or

Maximum depth of corroded part (um)

No. expectod CO. SoUrce 13Cr-80 Mod. 13Cr-95 15Cr-125 17Cr-110 S25Cr-80
B 2 s-CO, liquid s-CO,
1 AMPP Guide 21532 = £ Lo
2 (2023) 53 40 39
3 57 110 No depth
ISO 27913 (2016) No localized
4 oo 36 .
(modified) corrosion
5 Oil & Gas 35 No Ioca!lzed No Ioca!lzed No Ioca!lzed
corrosion corrosion corrosion
6-1 Oil & Gas
6-2 with oxygen
7 Blue hydrogen 27 No Ioca!lzed localized No Ioca!lzed No Ioca!lzed No Iocal_lzed
corrosion ) corrosion corrosion corrosion
corrosion
8 05 (50 ppm) 99 284 78 No Iocal_lzed 9 No Iocal_lzed No Iocal_lzed No Ioca!lzed
corrosion corrosion corrosion corrosion
9 SO5, NO; (50 ppm each)No Iocal_lzed 62 No Ioca!|zed 105 30 No Iocal_lzed No Iocal_lzed No Ioca!lzed
corrosion corrosion corrosion corrosion corrosion

Copyright © 2026 JFE Steel Corporation. All Rights Reserved.

No localized corrosion: No localized corrosion was observed.
No depth: Localized corrosion was observed, but depth of the part was not detected by optical microscope.

[T : No localized corrosion or No depth [_] - Depth larger than 25 pym (1 mil)
e Depth lower than 25 ym (1 mil)

Dream for your Future, Steel takes you Further.
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O Evaluation of shallow crevice-corrosion stability
JFE

 Maximum depth of crevice corrosion did not increase by test duration.
= Shallow crevice-corrosion (depth<25um) would be stable and harmless.

After 30 days
Maximum depth of = : '—;_; s ,
N CO; specs or Te;t corroded part (um) = _.7' e _ﬁ__ ===
o. duration e e
expected CO, source ) 17Cr T : e R T
¥$) ["s-cO, | liquid g i
6-1 Oil & Gas 30 : 20 Concave’ A_,,/ ==/
6-2 with oxygen 90 - 8 _ ,,-;_” 'Tff;_ff'_-_".-'_‘;-._‘ =
—~ 30 — :
w £ Triplicates in each test ’
°c=
£s !
o= 20 o
o8 . depth20pm
O T e e e . . . . .
E 8 10 Fig. Microscope images of the crevice corrosion after 30days test.
X O B
®© < -~
=S *
(@)
0 oy L 9 ©AMPP2025
0 20 40 60 80 100
Test period (days) . v
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@ Test results of SCC susceptibility

JFE

» 17Cr steel passed all conditions.

Occurrence of cracking on FPB specimens
CO, specs or
No. expected CO, source 13Cr Mod. 13Cr 15Cr 17Cr S25Cr
s-CO; liquid s-CO; liquid s-CO;, | liquid s-CO; | liquid | s-COy liquid
1 AMPP Guide 21532 - - No crapk Cracking Crack!ng Crack!ng No crack |No crack|No crack | No crack
2 (2023) - - Cracking | No crack | Cracking | Cracking | No crack [No crack - -
3 - - No crack | No crack | No crack | No crack | No crack |No crack - -
4 ISO (ﬂggiﬁg;) 16) - - Cracking | Cracking | Cracking | Cracking | No crack |[No crack|No crack | No crack
5 Oil & Gas - - Cracking | No crack | No crack | No crack | No crack [No crack - -
6-1 Oil & Gas - - - No crack - No crack - No crack - -
6-2 with oxygen - - - No crack - Cracking - No crack - -
7 Blue hydrogen - - No crack | Cracking | No crack | Cracking | No crack |No crack - -
8 O, (50 ppm) No crack | No crack | No crack | No crack | Cracking | No crack | No crack |No crack - -
9 SO, NO, (50 ppm each)| No crack | No crack | No crack | No crack | No crack | No crack | No crack |No crack - -
©AMPP2025

Copyright © 2026 JFE Steel Corporation. All Rights Reserved.
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@ Test results of SCC susceptibility at 24°C

JFE

* 17Cr steel passed 4PB tests at 24°C

CO, specs or : Occurrence of cracking on FPB specimens
No. Applied stress
expected CO, source s-CO, liquid
AMPP Guide 21532 441 MPa (64 ksi)*
2-2 (2023) at 24°C No crack No crack
441 MPa (64 ksi)*
7-2 Blue hydrogen at 24°C No crack No crack

Copyright © 2026 JFE Steel Corporation. All Rights Reserved.

* 80% of 80ksi, fit for purpose test

¢
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@ Making domain maps based on corrosion test results

=N Table: Test results of 17Cr at high temp.
EAC Risk Highest | no. | cojspecs | Tomp- |Pressure|  Cf Results of 17Cr
by H /H S (mg/L) corrosion rate|crevice corrosion|4PB test
2'7 72 1 AMPP Guide 21532 —20 20 121,200 Pass Pass Pass
2-1 (2023) 90 20 180,000 Pass Pass Pass
3 120 40 65,000 Pass Pass Pass
140 // Green: Applicable in whole well part
120 0"40/I\/IPa / / 268 : Further evaluation is needed
iR g100 | w 20 MPa 20 I\%Pa 2180
Evaporationll £ % 80 F17Cr steel is appllcable - 168:%_,J
5 60 fupto 20 MPa o
g 40 | 4PB testis needed| 1 118 ¢
| | '920'.....;".’./. -~ 20 MPa 68'9
0 50,000 100,000 150,000 200;6Q0
/ Concentration of chloride ion (mg/L)
G | : Table: Test results of 17Cr at 24 °C
eneral corrosion No Coa. Pl Sireas Results of 4PB specimens
Crevice corrosion | i s-CO; liquid
by COZ etC 20 AMPP Guide 21532 441 MPa (64 ksi)

(2023) At 24°C No crack No crack "
Copyright © 2026 JFE Steel Corporation. All Rights Reserved. Dream for your FUture’ Steel takes you Further. ‘ 2



@ 17Cr Domain maps for Mixed CO,

JFE

[ ] :Acceptable up to 40MPa

[ ] :Acceptable up to 20MPa

‘NG

[ ]:Not tested

(a) Mixed contaminant (AMPP Guide)

(b) Mixed contaminant (1ISO27913:2016-modified)

Amount of impurities
CO2 spec SO; [ NO; [ O [ HS | Hy
(ppm) | (ppm) | (ppm) | (ppm) | (ppm)
AMPP Guide 21532 o
(2023) 10 10 20 10 {10000
Update
30MPa, 120C, 121,200mg/L
140 \
NG 268
12 40 MPa )L
S| m
< 100 | 20 MPa 20 MPa] ?1®
o - - D o
-}
& 80 ] 1 168 =
o) Acceptable ®
g' 60 Update I Q.
5 “40MPa ! *20MPa | {118 §
= 40 ¢ . o =
at 2400% at 24 C\
oLl O D g
0 50,000 100,000 150,000 200,000
(Cl- mg/L)

Copyright © 2026 JFE Steel Corporation. All Rights Reserved.

Amount of impurities
S0 SEEE SO, [ NO; | 0p [ HsS [ Ho
(ppm) | (ppm) | (ppm) | (PPM) | (PPM)
ISO 27913 mod. %2 «3
(2016) 50 50 | 50 20*% | 7,500
Update
30MPa, 120C, 121,200mg/L
140 3\

NG

40 MPa \ilc
— 120 D
%J
‘a;,’ 100
=)
=80
S &0 | Acceptable
CIEJ Update
— 40 *40MPa at 24°C
20 S S
0 50,000 100,000

150,000

200,0

1 268

N
-
oo

5 3
Temperature (°F)

68
00

(Cl- mg/L)

>
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@ 17Cr Domain maps for CO, ,H,S, H,

JFE

[ ] :Acceptable up to 40MPa

[ ] :Acceptable up to 20MPa ‘NG [ ]:Not tested

(c) CO, +H,S from oil and gas production

Amount of impurities
CO, specs SO, [ NO; | Op [HoS | Hy
(ppm) |(ppm) | (ppm) | (PPM) | (PPM)
Oil & Gas 0 0 0 25 0
Oil & Gas with Oxygen 0 0 68 244 0
140
I 1 268
__ 120 l(')
(@] L
&/ Acceptable 40 MPa, 120C | —
o 100 R H,S 25ppm 218 '5'\',
= 80 c)\ o
: {1 5
[} 2 ppm ©
g. 60 02 68ppm Ugdate GLJ
40 MPa,24C| 4 118 &
'9 40 H,S 25ppm S
2 \( lG_J
20 Vb 1 68
0 50,000 100,000 150,000 200,000

Concentration of chloride ion (mg/L)

Copyright © 2026 JFE Steel Corporation. All Rights Reserved.

(d) CO, from "Blue-Hydrogen" production

Amount of impurities
CO2 specs SO, | NO2 | 0, | HS | H,
(ppm) | (pPm) | (ppm) | (PPM)| (PPM)
Blue hydrogen 0 0 0 0 (20,000
140
40 MPa 40 MPa 268
:L-J\ 120 _ — o ™
< 100 | Acceptable 1 218 o;
=) 5
o 80 T Acceptable 1 168 ©
S ol 40M!3a *4A0MPa { 118 o
| at24°Cy at 24°Cy
20 Lot o . . . . .. ... U
0 50,000 100,000 150,000 200,000

Concentration of chloride ion (mg/L) . Y
Dream for your Future, Steel takes you Further. 4 22



@ 17Cr Domain maps for CO, 0, NO, O,

JFE

H,, H,S are not included, and all 4PB specimens were free from cracking.
= 17Cr steel is applicable down to RT.

[ ] :Acceptable up to 40MPa

[ ] :Acceptable up to 20MPa

‘NG

[ ]:Not tested

(e) O,
Amount of impurities
COZ SR SOQ N02 02 st H2
(ppm) | (ppm) | (ppm) | (ppm) | (PPM)
DAC 0 0 50 0 0
Update
140 40MPa, 120C, 121,200mg/L
4 1
. L \)L NG { 268
© 120 P
~ 40 MPa
) 1 218
5 100 0, ’SOppm (pp 0.002 MPa)
% 80 r 1 168
Q - Acceptable
E 60 |
2 ' 1 118
40 |
20 Lo v 1 e 0 168
0 50,000 100,000 150,000 200,000

Concentration of chloride ion (mg/L)

Copyright © 2026 JFE Steel Corporation. All Rights Reserved.

Temperature (°F)

Temperature (°C)

(f) SO, and NO,

Amount of impurities

C02 SIREES SOZ NOz 02 HQS H2
(ppm) | (Ppm) | (ppm) | (PPM) | (PPM)
SOz, NO; 50 50 0 0 0
140
1 268
120
4OTMPa 1 218
100 SO:2 50ppm (pp 0.002 MPa)
80 - NQO, 50ppm (pp 0.002 MPa) | 168
- Acceptable
60 |
1 118
40
20 L e 168
0 50,000 100,000 150,000 200,000

Concentration of chloride ion (mg/L)

Dream for your Future, Steel takes you Further. ;
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@ Conclusion

Corrosion behavior of martensite-based stainless steels in NaCl solutions saturated
with CO, containing various impurities was studied.

v' General corrosion rates for the martensite-based stainless steels Mod.13Cr or
nigher grades were below 0.127 mm/y. —to be candidates for COZ2 injection tubing

v' Most specimens experienced crevice corrosion. 17Cr and S25Cr showed shallow
crevice corrosion with depths under 25 pym.
—17Cr is suitable for all tested conditions.

v 17Cr showed no cracking under any tested conditions.

v' Based on the results, 17Cr applicability range in CCS was illustrated in Domain Map.
We are trying to expand the range by adding future testing results.

Copyright © 2026 JFE Steel Corporation. All Rights Reserved. Dream for your FUture’ Steel takes you Further. J &
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