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Supercritical CO, is moving towards commercialization

CO2-free na
By Carlos Anchondo, Edward Klump | 11/1
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Supercritical CO, is moving towards commercialization

8 Rivers Unveils 560 MW
of Allam Cycle Gas-Fired
Projects for Colorado,
Illinois

8 Rivers Capital, inventor of a novel supercritical carbon dioxide (CO,) cycle, plans to begin

......

operating a 280-MW NET Power natural gas-fired plant within the Southern Ute Indian ' ..._,W

Reservation in southwest Colorado by 2025. The company on April 15 also said it will team = s Ak oportionelto Mase | &

with agricultural and processing firm Archer-Daniels-Midlands Co. (ADM) to locate a 280-MW sCO,+ SCO,+

NET Power facility in Decatur, lllinois. ~0.1 %HzO ~3%HZQ
"““]%Oz + add ~]%OZ

The first clean fossil energy: integrated CO, capture
BUT, burning natural gas in sCO, creates impuirities...
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Impurities differ in indirect- & direct-fired sCO, cycles
(I.e. closed vs. open)

Closed cycle: Open cycle:
“pure” CO, 100-300 bar sCO, + impurities (O,,H,0...)
Power
Out
The Allam Cycle
The new power cycle - cheaper, cleaner and better.
s | Le/m o o
e e o e
Hgm,er ‘ gg 3 PR — o
Medium 2 . AIR SN ANEED EXCHANGER
Recycle | 2 SEPARATION OIL RECOVERY S cweaomms
SC-CO2 Recycle UNIT
Fossil: 2013-2015 general study
Solar: 2015-2018 700°-800°C Fossil: 2015-2018 750°C

Fossil: 2019-21 Cermets 1000+°C  Fossil: 2020-2022 steel project
éé PA-E: 2019-22: 2800°C HX
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CO, compatibility evaluated three ways at 400°-1200°C

Autoclave: 300 bar sCO, Tube furnace: 1 bar CO, “Keiser” rig: above 800°C
500-h cycles (400°-800°C) 500-h cycles SOO h cycles 1-43 bor CO,

Box furnace:
- Lab. Air

j 500-h cycles
(baseline)

Studies at 1-43 bar

4-5 cm? alloy coupons

Baseline of research grade (RG) CO,: <5 ppm H,O and <5 ppm O,
¥ 0AK RIDGE industrial grade (IG) CO,: 1816 ppm H,O and < 32 ppm O,



sCO, compatibility: broad range of conditions considered

>800°C: challenging for
650°-800°C: Ni-based alloys

« Well-known issue from CO,- « Noissues for Ni-based alloys « Initial results at 0.1 & 2 MPa

superalloys/cermets/FeCrAl

cooled reactors

- Low C solubility, protective - Subcritical P effect observed
- Grade 9 steel current issue Cr,0O3 formation .
. o . « Mo/W cermets need coating
« 550°-600°C transition « Similar rates for air, CO, and .
temperature for normal sCO, « Accelerated attack of Ni-
austenitic steels _ no P effect based superalloys
S —~ O T755° 30 MPa 16 500, ] « SiC promising, but not MoSi,
X 90 O " 550°C 130 MPa sCO, § 097]dashed line:0.1 MPaCO, " PR
O 80 “Tsh‘,’n%r_r;?l.999?999#!'.& ..... e S 0g-dotline: laboratory aif, o fH » FeCrAl aftacked at 1200°C
g\l oxide scale. ... .:\. N 316H: open symbol - 0_7_- ............. ............. il ! AT £ .:-/
‘g o0 Jes0° gfaf. 65600 o O SORLITRG. ((5% 06 o g 740H 0.1 MP - AI203 supposed protective?
5 | gosl LT --
© : o 650°C E’ 037 v - = L o N I R TS e Y
° ul = 0.2—_ 4 . 5 ““““. ,,,,,,,,,,,,, ............. g
a T ‘ (%_ 0_1_°‘.......:.............:..'.-.-_-_ ....... .............
. . 0 v r : . 5 , : H
Specimen Mass Change (mg/cmz) (') 2,ooo 4,ooo 6,000 sooo 10,000
%OAK RIDGE Exposure Time (h) b APMT

National Laboratory

2 MPa CO,



ORNL steel project started in August 2019

Initial test matrix is complete Focus on four steels
RG sCO, +17%0,%0.17%H,0 » Four primary alloys in test matrix

450°C (842°F) 2000 h 1000 h - 191 (9Cr-1Mo)
550°C (1022°F) 2000 h 1000 h - VMIZ (~T1Cr) |
650°C (1202°F) 1000 h 1000 h - 316H (conventional s’roml'e?s steel) |
- NF709 (advanced austenitic, 20Cr-25Ni+Nb)
Autoclave: 300 bar sCO, .
500-h cycles « 10 specimens of each alloy

« With & without impurities (open vs. closed cycle)

e e L e e L o

Gr.91 K90901 0.9M0,0.2V
VM12 12CCoW 115 04 0.4 04 .12 .04 1.6W.1.5Co
Y/ 0.48 cm
$S-3 dogbone tensile 316H S31609 16.3 100 0.8 05 .04 .04 20Mo03Co

NF709 $31025 20.1 252 09 0.4 06 .15 1.5Mo02Nb

~5 cm? alloy coupons + tensile specimens

Baseline of research grade (RG) CO,: <5 ppm H,O and <5 ppm O,



Pure sCO,: Cr,O; scale prevents C ingress

~~

Total Elongation 22°C (%

%OAK

100

550°C ............ 30 MPa SC02
90_- 450°C sQTk GOOd ductlllty ..... .......................
80 i Thm 'CI"‘I’ICh . .\ .. ...............................................
70_ oxide scale......j}.\ ......... 316H: open symbol
450°C . iy 709: closed symbol
60'. _______ o 650°C \\ .......................
504 - 4 550°C - g \.\. ..... TP 215 £ 3 5 8 SRR
ol Nl
i A Embrittled:
30_- ................. Lo g C mgreSS
20_- ....................... 6500C 1kh
= . Thick Fe- r|ch oxide
o] ot o
0.01 0.1 1 10

RIDGE
1 Labor:

Specimen Mass Change (mg/cm?)

¢ 25mm long dogbone
specimens

« 316H (16Cr-10Ni)

— Cr-rich oxides = low mass
gain + good ductility

— Fe-rich oxides = high mass
gain + embrittlement
e 709 (20Cr-25Ni):

— no loss in ductility in this
experiment

Pint, 2021, ECS Interfaces



Adding impurities caused accelerated attack in SS:

o8 650°C, 300 bar ........... ......... T .......
box: RG sCO
24 - T91 open . 2 o~
20 - VM2 | SE0eC 20 TR TS g, | Minor changes
; ' : : for 9-12Cr steels:
g 1==1 /A Thick scales in all
""" . : - cases

............................

f Increase for 709

IR ; ............... s4q  Spallation for 316H

0 200 400 600 800 1000
Exposure Time (hr)

sCO,+1%0,-0.1%H,O per NetPower

Specimen Mass Change (mg/cm?)
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Matrix complete: Acceleration evident for 316H and 709

—_ 1000°C  800°C 600°C 500°C  400°C
< L. 1, IR B |
-10 : : : 3 : :
E 10 _opennoaddsj\ ..... §:95 < §T91 316H and 709 rates above
@ 10 = Q- | the metric at 550°C
4 100 kh CSP metrlc ¥ :
% 10712 ,_- Bad
@ T hilled: 1%0, ST o m - Longer exposures may be
g 10—13_ ..... 'I|',0e-1%|':|202'é"\"-“'ém"": . .v ...... S Good needed to obtain more
&) : r \55 RN ¢ : accurate steady-state
D 10_14 ................... ANEERTRERPY h;'..‘ rG_I_eS in _I_his en\/ir _I_
© N e L onmen
0L 10-15. 0 N e TS
© N| based alloys N N -» What about 600°C?
B 1076 fX\ .316H S8 .
o N0 709! -> What about coatings?
510-17‘.:.:.::..\':.'
o 08 09 1.0 11 12 1.3 14 15 ~> Can we do better than k;,
metric assessment?
1000/T (K )
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Increased C ingress with impurities

Determined by combustion analysis (bulk measurements)

0.55 —
0504 0 650°C, 1000 h exposures .

0.45 — SO () as-rec
0.40 — S 9 @ RG sCO,
0.35 - =2 [:] SCOz+02+H20
0.30 - :
0.25 -
0.20 =
0.154--2
0.10-
0 |
Gr.91 12Cr 316H 709

0.51

......

C Content (wt.%)

Need to repeat 709 measurement
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25°C tensile properties with impurities: similar effect on all

188 | QUE+YSastec RSNy 1 300 bar
o 8030 UE +YS550°C G g SCO2+imp
> 79 885*5322828 L | )
S 60 =¥Erg¥gzggggannea ] SR All steels show loss In
T S0 QIErUISsOC | g1 ductility after 650°C sCO,+imp
§ a0 j@rErusesccamea; - fi foown i i compared fo 650°C Ar anneall
Ll o004 gl ........... ........ . ........

104 ........ . ........ ........

0

Stress (MPa)

' Gr.91 12Cr 316H 709



sCO, 600°C: one more RG sCO, experiment

 Previously 450, 550 and 650°C
- 30 MPa, RG CO,,

- Fillin gap + add new materials
o 825: industry interest
o 253MA: suggestion at NACE 2021
o CF8C-Plus: code case in progress

« Mass change: 15 indications
- 4-6 specimens of each alloy
- Box plot: median value shown
- Higher mass gain: Fe-rich oxide
- 709+825 showed low mass gain

- 253MA+CF8C-Plus: accelerating
mass gain = FeO, nodules...

— Tot : : : '
025_ ....... ........... .......... 024
020~ CF8C+ |...... ,z ......... 016"
015_ ........... ’56-15 ......... ......... SRR

0.104—— TSP ........... et ........... .........

pecimen Mass Change (mg/cm?)

S
o
o
a
1

T T T
0 200 400 600 800 1000
Exposure Time (h)

o
|

« 825: 40Ni-31Fe-23Cr-3Mo-1.7Cu-1Ti-0.5Mn-0.3Si
« CF8C-Plus: Fe-12.5Ni-19.5Cr-4Mn-0.7Nb-0.7Si-

0.5Cu-0.3M0-0.25N (ASTM spec.)

« 253MA: 65Fe-11Ni-21Cr-1.58i-0.7Mn-

0.3M00.15N-0.03Ce-0.01La



sCO, 600°C: 2021 explored some additional candidates

* 550°-600°C critical temperature ~ . I T Ra sco, 600°C, 300 bar
E T : : : 0.24
- 30 MPO, RG C02 Lé’ E —;19;H ;///,’
. 4'6 SpeCimeﬂS O.I: eGCh CI”Oy \a; 0_20_- ;(23528'5'); ...... ........... ...... ///; ........... 019
O f T
» Ni-based alloy 825 (Ni-31Fe-23Cr) g 015825 | .. E’cﬁs .................... o
- Small mass change (as expected) § 010
E . _- .................. / ................................. .........
- & ]
% 0.05 ri O = = 1 012 5 RN et 0.04
e 4 o z
« 253MA: higher Cr, Si + Ce/La R == |
T — 1 r 1 r T r T
- accelerating mass gain = FeO, 0O 200 400 600 800 1000
nodules... Exposure Time (h)
: +  825: 40Ni-31Fe-23Cr-3Mo-1.7Cu-1Ti-0.5Mn-0.3Si
» CF8C-Plus (cast 347): high Mn - CF8C-Plus: Fe-12.5Ni-19.5Cr-4Mn-0.7Nb-0.7Si-
. . 0.5Cu-0.3M0-0.25N (ASTM spec.
- Higher strength version of CF8C . 253MAL GoFa T2 ICr T S8 0 -

_ Also accelerating mass gain 0.3Mo0.15N-0.03Ce-0.01La



Rate from 2 data points provides a comparison

° T9'| Iﬂ |Iﬂe Wl-l-h SC02 + SHQO o 1000°C 800°C 600°C 500°C 400°C

. I T R BT

. c 0O [ ® .
» 316H: faster than literature & 1@ o w7 §\ 9-12Cr steels
- Due to heating in sCO,2 S 10"y e | :%-Q.,. ---- - S
S oozl wpadt Ll RIS
« 709: low as measurable (R i Eggganl\__\‘___i* S
, , : . S
~ 20Cr/25Ni: value of higherNi & 10 13-1'(,6'kh'ésﬁ‘,ﬁét',',é“z‘\'g253MA o RV
. . @) A : CF8C+
« 310SS: 25Cr/20Ni, much weaker @ 107 R - OG% 318 stainless
. © f : CA O N S :
e 253MA/CF8C+: some benefit % 10-15 4 .N.l.b.a._s.;d.éiig;\;; ..... L \st\eel
- Looking for cheaper than 709 'E, 10-16 2l o\\
© . o
» 825:0.0lmg/cm?mass loss & 1077 30 '\f":f‘ F.‘G,sf:oz T
_ Average of 3-4 specimens 08 09 1.0 1.1 12 13 14 15
1000/T (K
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EPMA: measurements of C ingress for modeling
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0.95

0.90-
0.85-
20.80

So075

5 0.70

€0.65

5 /
00.60_ /
0.55-

-0- 450°C
: : : : . A - 550°C
...... _A_55000+02

..........................

v ) IR 050 = -t bl T
05 ; ; S0 % % 4 w0 8 70 80 90 100
: Depth below oxide (um)
0 ' I L L I L L L | 25
50 100 150 200 250 ' 316H 5
Depth bG'OW oxide (um) ?2_0 ......... .........
Massive C uptake at 650°C for both alloys :
Very little uptake at 450°C for both alloys ;
Collecting more EPMA data to feed modeling task

GDOES now operational: beginning measurements ot a1
Depth below oxide (ym)

-O- 450°C
-+ 550°C :
- 550°C+0; |




Initial steel modeling (Pillai): Calculated average C

profiles and carbide fraction

0.9
0.8
0.7
0.6

—T91 after 1000h at 650 °C
——316H after 1000h at 650 °C

0.5
0.4

C concentration (wt%)

033
023

Initial C concentration T91

0.1

J Initial C concentration 316H

0

50 100 150 200 250 300 350 400 450 500 550 600

Depth from spinel/substrate interface (1um)

Carbide fraction (mol/mol)

0.2

0.1+

0

——M,;C6 in T91 after 1000h at 650 °C
—M,,C, in 316H after 1000h at 650 °C

\

0

50 100 150 200 250 300 350 400 450 500 550 600
Depth from spinel/substrate interface (1m)

Goal: predict 100,000 kh C ingress as a function of temperature for 791 and 316H



Collecting C profiles using GDOES at 450°-650°C

GDOES: Glow discharge optical emission spectroscopy
1 5

316H-600 C-1000h

—o— Measured (GDOES)
Calculated

0.9 -

GDOES C profiles

(in progress)

- Effect of temperature
- Effect of impurities

- 316H/709 comparison

1 Initial C concentration 316H

Carbon concentration (at.%)

0 100 200 300 400 500 600
Distance from oxide/alloy interface (I'm)

%.0AK RIDGE Last task is to complete modeling work

ional Laboratory



Summary: sCO, is a challenging environment for steels
« At 650°-800°C, Ni-based alloys appear compatible

 Steels have problem forming protective sca
- 9-12%Cr may be limited to ~500°C i
* Fe-rich oxide formation observed in sCO, Ng

— 316H at 600°-650°C in RG sCO, =
o Carbon ingress + embrittlement ‘é
- /09 formed Cr-rich oxide in all cases e
* Longer times at 650°C¢ &:
« 310HCbN/alloy 25: no C ingress at 750°C g
« Accelerated attack at 650°C with impurities 8

1000°C  800°C 600°C 500°C  400°C
[P 1 - I
10—10_4..3...4...3......45.}‘ ................... To1
open:noadds -~ ¥, 812 ‘ mﬁ
10—11_..............‘...,.‘.;..o_;...o‘{-.s.t.e.el.s... 9 |
100 kh CSP metnc“ ! T
10-12 e W ORI
43 | i filled: 1/02 Y \I :
10 ..... +01/H20 “‘...,.v ..... o
: L NN € :
10714y ORI G SO TS RN
‘o ~ .
10715 \ [EUTTOTE AU A L S
N| based alloys N O N :
10—16_4..: ....... L L e H ..4....3.16HSS
N : : : : 0 :
107" I

« All of these steels are affected by impurities!

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
1000/T (K™
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-
o

1

Carbon activity (ag)
i

] Cry03 Pyy=1bar
10°

Fe3O4 Ptot=1 bar
...................... gpeseesonsaseasesce

metal dusting criteria

Fe,O3 Pyi=1bar

10710

RG sCO,+1%0,+0.25%H,0 or

282

or

247

(Fe,Cr)304
Cr-coated T91

>100pm Fe-rich duplex scale

bare T91 SOLm

550 600

All 650°C, 500 h, sCO,

epoxy
Fe;0,

ey e L & F L
650 700 750
Temperature °C

Cr-rich scale

Cr-coated T91
10um

800




