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e ] Share of industrial GHE emission
Motivation and objectives

23%

iron & steel

pulp & paper 2% mew.

Motivation

high purity

refineries cement

Objectives

¢ ~25% of CO, emissions are from hard-to-abate industries:
cement, iron/steel, ethylene, hydrogen, and others, with
variable emissions characteristics: concentration (CO, %),
temperature (~300 - ~1500 °C), flow rate, etc.

e The most mature CO, capture techs are based on temperature-
swing separation with amines and are optimized for ~40-120
°C. Cost and system efficiency are major challenges.

Determine the emissions, efficiency,
and cost impacts of temperature-
matched capture.

. Captl:re based on molten salts: 550-775 °C . Develop a universal comparison to

e e e cross-compare across different

system energy emissions types and capture
Z ) o
J) Capture efficiency? technologies.

(e.g., molten salt vs.

Heavy others) . ldentify applications with largest
/ olvent $/tCO,? Energy use? potential (efficiency/emissions
INGUSEAIES J savings x scale of industry) to guide
future technology development.

______ 1 Regeneration R @ Fyel use

M IT ) ".T'ﬁ Reference: EPA, 2021. "Facility Level Information on Greenhouse Gases Tool”. 3 I I I I I
€1 NETL 2022 CO2 Report




¢ MEA (Monoethanolamine)
In progress industries and technologies ~ * "™

U Industries

e Cement, steel

1 Carbon capture technologies

* Molten salt, solvent based (MEA), adsorbent based (calcium looping)

1 In progress combination

* Cement + CC (molten salt, MEA, calcium looping)
e Steel + CC (molten salt, MEA)




Cement + carbon capture (Molten salt, MEA)



* MEA (Monoethanolamine)
Capture CO, from Cement Plant " MS (Molten sal

* Cement plants decarbonization using Molten Salt (MS) & MEA carbon capture

Lean flue gas Rich CO;_Lg .F r"DCOE export

Aspen Plus & HYSYS Model Cooling watey . COOlmg%, Comp and dryer train
Capturing CO, from Cement plant flue gas j o
. 1) 2) Steam turbine
Process Evaluation MS MEA G Desorber\ | e
Clinker Production, M tonnes/yr 2.06 5!
5
Cement CO, Emissions, M tonnes/yr 1.41 gny
CO, Capture Rate, % 95 :
Cross HEX
Molecular formula (Li; cNa, c)BO, C,H,NO z
Heat of reaction, kJ/molCO, 21213 95+25 Coment 1 z|
cment riue gas g < \
Temperature, °C 500—800 40—120 £
Working capacity, molCO,/L 12 1—2 KI'Q Lean solvent \I”/ .
Kinetics, mins for full uptake Fast (~1) Moderate (~10) Flue gas from CC Boiler
HP water

* Molten salt input information from Mantel Capture Co.
* Two column basis (Absorber and Desorber), Temperature swing
* Regeneration needs additional heat

Waste heat can be recovered to generate steam and power (byproduct)

1) Halliday et al. 2020 Applied Energy

- }i\» I -
MiTe; 2) NETL, CCSI 2 model.




Two types of MS regeneration

Steam Stripping (SS) Thermal Regeneration (TR)
Lean flue gas Rich CC:;_E —{:;E CcO, ?égort Lean flue gas &CO&:Q_L)E Mﬂt

HP water HP water E é HP water HP water
14 L :}’
HP steam ) V L Flue gas from CC

L A v
T:600 /Tg Water out £ T:550 FIP steam SIS l Water out
Absorber Desorber .- L{C}]—D Absorber /]l — -!:HEI]—D
<l — o = L o
£ / 2
5 | 5
.§DE I “ §n
14 4
z I 2
s ™ i £
/ \ I Fined heater I
1 | i
gement g | Cement . - |
e gas _ vV flue gas T:775
; — | == \ ? /
E I
3 \ 4 L .
o Lean solvent ' Rich solvent Lean solvent .
l — Fuel + Air Fuel + Air
Flue gas from CC i
HP water




Two types of MS regeneration

Steam Stripping (SS) Thermal Regeneration (TR)

Lean flue gas Rich CO, CO; export Lean flue gas Rich CO CO; export
= —= —=> — _L;-,E l_?,_.
HP watl:er EE 3 Q U HP water HP watE' Ef 3 Q—l
fl‘) T\[’ L Flue gas from CC T }
A Y
HP steam
T:650 . ,:ﬂm T:550 J . Gm}g—_
= g1 = 5
14 14
2 =
-5 =~ o> :
5
gc]ncut ; Cement L
ue gas \vi flue asj‘ -7_%
§ E e T— Z T. 5
I E Lean solveut\—l—/ I Rich solvent Lean solvent -] { L
= Fuel + Air L Fuel + Air
Flue gas from CC
HP water
Steam-to-carbon ratio: 8, Wet rich CO, No need for steam boiler, Dry rich CO,

Operates at 600—650 °C Operates at 550—775 °C
Generate electricity Generate more electricity




* SS(Steam Stripping)
* TR(Thermal Regeneration)

Operating Performance . MS(Molten salt)

* MEA(Monoethanolamine)

CO, amount Heat duty for regeneration Power balance
2.5 300 140.0
265
120.0
250
2.0 100.0
8 206
— S 200 80.0
>
> 15 s 171 s
g g S 60.0
g £ 150 <
s I 2 40.0 —
g 10 £ 5 Iota: auxiliary powzle\;l\[/C/IW]
o [
© += 100 20.0 3.1 otal gross power [ ]
1.4 1.4 1.4 O Net power [MW]
0.5 - - 0.0 ]
. B CO2 from NG heater [Mt/yr] 50 19.3 17.5 262
CO2 from Cement [Mt/yr] -20.0 '
O Total CO2 to capture [Mt/yr] ©-26.2
0.0 0 -40.0

SS-MS TR-MS MEA SS-MS TR-MS MEA SS-MS TR-MS MEA




I
Cost and GHG results

200

160

120

N
o

o

Levelized cost of clinker ($/tonne-clinker)
(0]
o

A
o

Reported No-CC range

No CC SS-MS TR-MS MEA
m Capital ® Fixed O&M = Variable - Feedstock
Variable - Fuel ® Variable - Electricity = Variable - Others
o Total

WTG GHG emission [kgCO2e/tonne-clinker]

* CC(CO, Capture)

* SS(Steam Stripping)

* TR(Thermal Regeneration)
*  MS(Molten salt)

1000
800
Reported No-CC range
600
400
e
200 ~gptes a7
119 18464 120
0o 4 14__- »
-200
No CC SS-MS TR-MS MEA
m Upstream - Feedstock Upstream - NG
u Upstream - Electricity u Direct CO2
o Total

Assumptions (U.S. 2022 average):
* NG: $4.6/mmbtu, 14.2 kgCO,e/mmbtu
*  Grid electricity: $67.3/MWh, 439 kgCO,e/MWh




Cost of CO, avoided (mCOA)

150
20225

100

Modified Cost of CO2 avoided
($/tC0O2)
N
o

coc: COA ' Modified COA |

[ I
L i
| E | COStcapture case COStbase H

CO0, captured i — CO, from additional NG use | — Upstream CO, of NG and electricity !

__________________________________________________________________

2 93

31

34

SS-MS

TR-MS

MEA

m Capex

= Fixed Opex

= Var Opex

Fuel (NG) mElectricity ®@Total

Molten Salt (MS) capture technology appears to
be comparable with the Amine capture
technology under the same TEA assumptions

High temperature operation
- high quality of waste heat
= high amount of gross power generation

- SS(Steam Stripping)

- TR(Thermal Regeneration)

- MS(Molten salt)

Assumptions (U.S. 2022 average):

* NG: $4.6/mmbtu, 14.2 kgCO,e/mmbtu

*  Grid electricity: $67.3/MWh, 439 kgCO,e/MWh




Steel plant



BF-BOF: Emissions originate from various sources

\ﬂ & ‘ feedstock supply

o

— %o —m -

-

lime production sinter production coke oven other feedstock
steel production +ladle post-processing
+desu|fur|zat|on metallurgy
hot iron steel
hot blast air  blast furnace basic oxygen furnace cast steel

from hot stove 4 — 0‘ E—

continuous casting reheating & hot rolling  hot rolled
Hooey, L. et al. Iron and Steel CCS Study (Techno-Economics Integrated Steel Mill). (2013). coil




BF-BOF: Emissions originate from various sources

\d & ‘ feedstock supply
o flue gases
— — - ‘\ >1 t CO, per t hot rolled coil
lime production sinter production coke oven other feedstock
u post-processing
cast steel
4 —) 0‘ —)
continuous casting reheating & hot rolling  hot rolled
Hooey, L. et al. Iron and Steel CCS Study (Techno-Economics Integrated Steel Mill). (2013). coil

MITe;



BF-BOF: Emissions originate from various sources

coke oven

power plant

steel production u o +ladle steel mill gases
+desulfurization metallurgy .
‘ ‘ >1 t CO, per t hot rolled coil
4

hot blast air  blast furnace basic oxygen furnace
from hot stove @ »

hot rolled
Hooey, L. et al. Iron and Steel CCS Study (Techno-Economics Integrated Steel Mill). (2013). coil

MITe;

hot iron steel




e
BF-BOF: Where to capture?

steel mill gases flue gases
from blast furnace/basic oxygen furnace/coke oven from feedstock supply / post-processing
0.25 0.3
2
§ 02 T L IS 0-25 T coke ovens
© 0.15 Dblast furnace cor;pletﬁe g 0-2 hot stove
Hi—) gas combustion % 0.15
@)
£ 04 £ 01 lime kilns
O O
0 0
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

cumulative CO, emitted in t per t hot rolled coil cumulative CO, emitted in t per t hot rolled coil

Hooey, L. et al. Iron and Steel CCS Study (Techno-Economics Integrated Steel Mill). (2013).

MITe;



Capture technologies o

size the capture plant (Aspen Plus)

Amine-based CO,, see a a

L?Jgggg D determine electricity and natural gas consumption, as
- well as amount of carbon dioxide captured
flue gas
— o
p= Y regeneration estimate component cost based on [3-4]

— ) f—
| A 4 l heat
absorption at ~40-70 °C,

desorption at ~100-150 °C, anmfinn at ~580_750 °C
representative solvent:
monoethanolamine in aqueous solution’ cost of carbon avoided cost based on [5]

1 Rochelle, G. T. Thermal degradation of amines for CO2 capture. Current Opinion in Chemical Engineering 1, 183-190 (2012).

2 Halliday, C. et al. Bench-Scale Demonstration of Molten Alkali Metal Borates for High-Temperature CO2 Capture. Ind. Eng. Chem. Res. 59, 8937-8945 (2020).

3 Seider, W. D. et al. Product and Process Design Principles: Synthesis, Analysis, and Evaluation. (John Wiley & Sons Inc., New York, 2017).

4 Electric Power Research Institute & Elliott, W. Front-End Engineering Design (FEED) Study for a Carbon Capture Plant Retrofit to a Natural Gas-Fired Gas Turbine Combined Cycle Power (2021).

5 Hughes, S. & Zoelle, A. Cost of Capturing CO2 from Industrial Sources. National Energy Technology Laboratory. (2023). 17




cost of CO, avoided PREL i,
COStcapture _ COStbase Vary

CO, captured — CO, from additional NG — upstream emissions of NG and electricity

steel mill gases

$120.00 " o4t via natural gas Main assumptions:
$1oﬁ.  BEC based on [1-2], TEA
$100.00 1 methodology based on
[2]
$80.00 — * NG: $4.6/MMBtu, 14.2
S $30.30 kgCO,e/ MMBtu
= $60.00 « Grid electricity:
a $67.3/MWh, 439
D kgCO,e/MWh
$40.00 _
* Repurposing of steam
results in loss of
$20.00 electricity generation,
compensated by the
electricity grid
$0.00

» Electricity generation lost = Electricity Fuel (NG) mVar Opex mFixed Opex m Capex 18




cost of CO, avoided PREL i,
N,
COStcapture _ COStbase Ay

CO, captured — CO, from additional NG — upstream emissions of NG and electricity

steel mill gases

$120.00 ~ heat via natural gas via repurposed steam Main assumptions:
$104.3 -15.7 %
e | « BEC based on (1-2),
$100.00 1 TEA methodology based
$88.0 | on (2)
$80.00 — * NG: $4.6/MMBtu, 14.2
5 $30.30 kgCO,e/ MMBtu
< $60.00 » Grid electricity:
(% $67.3/MWh, 439
D kgCO,e/MWh
$40.00 :
* Repurposing of steam
results in loss of
$20.00 electricity generation,
compensated by the
electricity grid
$0.00

» Electricity generation lost = Electricity Fuel (NG) mVar Opex mFixed Opex m Capex 19




e
BF-BOF: Where to capture?

steel mill gases flue gases
from blast furnace/basic oxygen furnace/coke oven from feedstock supply / post-processing
0.25 0.3
2
§ 02 T L IS 0-25 coke ovens
© 0.15 Dblast furnace cor;pletﬁe § 0.2
Hi—) gas combustion % 0.15
@)
£ 04 £ 01 lime kilns
O O
O 0.05 © 0.05 -
0 0
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

cumulative CO, emitted in t per t hot rolled coil

cumulative CO, emitted in t per t hot rolled coil




cost of CO, avoided PREUM//VARY

COStcapture _ COStbase
CO, captured — CO, from additional NG — upstream emissions of NG and electricity

$120.00 ~ steel millgases hot stoves ;
' heat via natural gas ' via repurposed steam | Main assumptions:
104.3 0 0 ‘
P43 [ ——-15.7 % Hr2 v | - BEC based on (1-2),
$100.00 1 9943 TEA methodology based
$88.0 | 7/ on (2)
$80.00 , , - NG: $4.6/MMBtu, 14.2
S Geheld kgCO,e/ MMBtu
= $60.00 : : I « Grid electricity:
a $67.3/MWh, 439
D kgCO,e/MWh
$40.00 _
« Repurposing of steam
results in loss of
$20.00 electricity generation,
compensated by the
electricity grid
$0.00

» Electricity generation lost = Electricity Fuel (NG) mVar Opex mFixed Opex m Capex 21




e
BF-BOF: Where to capture?

steel mill gases flue gases
from blast furnace/basic oxygen furnace/coke oven from feedstock supply / post-processing
0.25 0.3
0.25
5 02 ] 5 T s
So1s blastiumace | complete E %2 hotstoy
5 gas combustion s 0.5
o
£ o1 EN 0.1 lim
o o
0 0
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

cumulative CO, emitted in t per t hot rolled coil

cumulative CO, emitted in t per t hot rolled coil




cost of CO, avoided PREUM//VARY

COStcapture _ COStbase
CO, captured — CO, from additional NG — upstream emissions of NG and electricity

$120.00 ~ steel millgases hot stoves _ lime kilns/coke ovens
' heat via natural gas ' via repurposed steam | Main assumptions:
104.3 0 0 0
$1043 ———-15.7 % *7.2% +11.0 67@4'7 « BEC based on (1-2),
$100.00 1 | 3943 ! | y TEA methodology based
$88.0 - | 7/ on (2)
$80.00 — ; * NG: $4.6/MMBtu, 14.2
S $30.30 kgCO,e/ MMBtu
< $60.00 » Grid electricity:
a $67.3/MWh, 439
D kgCO,e/MWh
$40.00 _
* Repurposing of steam
results in loss of
$20.00 electricity generation,
compensated by the
electricity grid
$0.00

» Electricity generation lost = Electricity Fuel (NG) mVar Opex mFixed Opex m Capex 23




e
The cost increases with the degree of CO, emissions avoided

PREL/M/NARy
120.0

i
steel mill gases hot stoves :
100.0 (combusted) l T |
|
. l ! lime kiln/ '
8 80.0 coke oven' @
5 | 3
n ' 2
D 60.0 ' I=
: g
I AN
O
g 400 : O
S J approx. 83 % of total J o
20.0 direct CO, emissions | ©
| g
I i)
0.0 | '
0 0.5 1 1.5 2

CO, treated in MtCO,/Mt hot rolled coill

*assuming heat from repurposed steam




e
Summary and future work

Cost and GHG results

Levelized costof clinker (S/tonne-clinker

5 o

+ CC(CO, Capture)
+ ss(steam Stripping)

* TR(Thermal Regeneraf

*  MSs(Molten salt)

tion)

200

WTG GHG emission [kgCO2e/tonne-clinker]

The cost increases with the degree of CO, emissions avoided

mCOA in USDItCO,*

120.0

100.0

®
o
o

@
o
o

steel mill gases

|

e e |
— I IT
lime kiln/ |

T

| s

coke oven|

N 1 total direct CO, emissions

0.5

1
CO, treated in MICO,/Mt HRC
“assuming heat from repurposed steam

15

=

Summary
Cement:

* Molten salt results in lower capture cost than the amine-based capture
under the same TEA assumptions

* Cost savings are driven by high-temperature waste heat production, which
allows for power generation

Steel:
* Flue gases are distributed and vary in CO, concentration

* Cost is lowest, when targeting large flue gas sources using locally available
heat sources.

* Cost of carbon avoided increases with the degree of CO, avoided




COStcapture _ COStbase

cost of CO, avoided

CO, captured — CO, from additional NG

combusted steel mill gases
$120.00 heat supply via natural gas

&
w

$100.00 .
$84.3
$80.00 -
$30.30
$60.00 - $24.50

$18.59 - .
$40.00
$20.00
$0.00
mCOA

COoC COA

USD/teg,

157 % +72%
1(14. § §

— upstream emissions of NG and electricity

. hot stoves
via repurposed steam

lime kilns/coke ovens
+11.0 %

$94.3

\\\W

@
N
N
w

=
__H

COA mCOA | COA

= Electricity generation lost ® Electricity = Fuel (NG) = Var Opex m®Fixed Opex mCapex
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