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e ] chare of ndustrial GHG emission
Motivation and objectives

23%

iron & steel

pulp & paper 2% mewe.

Motivation =
high purity 0%
* ~25% of CO, emissions are from hard-to-abate industries: .
erineries cement

cement, iron/steel, ethylene, hydrogen, and others, with
variable emissions characteristics: concentration (CO, %),

temperature (~300 - ~1500 °C), flow rate, etc. Objectives
 The most mature processes are based on temperature-swing . Determine the emissions, efficiency,
separation with amines and are optimized for ~40-120 °C. Cost and cost impacts of temperature-

and system efficiency are major challenges. matched capture.

Capture based on molten salts: 600-650 °C . Develop a universal framework to
O cross-compare across different

W emissions types and capture
]ﬁ efﬁci p— technologies.
7~ (e-g., mor']ten salt vs. . Use model outputs to identify
Heavy - : /tCOZ(?)tE:;;y o applications with largest potential
Industries J (efficiency/emissions savings x scale
of industry) to guide future

technology development.

M IT of Reference: EPA, 2021. "Facility Level Information on Greenhouse Gases Tool”. 3 IIIII
el NETL 2022 CO2 Report
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Targeted industries and technologies

O Industries

* Cement, steel, chemical, power

1 Carbon capture technologies

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

 In progress
 Cement + CC (molten salt, MEA)
* Steel




Cement + carbon capture (Molten salt, MEA)



I
Capture CO, from Cement Plant

* Case study: Cement plants decarbonization using Molten Salt carbon capture
Aspen HYSYS Model

. o, Rich Base case: Capturing CO, from Cement plant flue gas
ean Gas Gas
B| estrecovery ()| o oOn [1.78 M tonnes/yr cement production]
Wl @ Process Evaluation Note
Inter-cooled
with water HEE . 75% from Cement,
eam and Coolin .
st @ g CO, Emissions, M tonnes/yr 1.61 55% NG fired heater
v 50, Product CO, Capture Rate, % 95 /
s -1 NG HHV Thermal Input, MW, 224 1.35 kWh,/kgCO,
T egstom jF Total Gross P MW 35 0.21 kWh_/kgCO
I v gs o otal Gross Power, MW, /kgCo,
Rich Gas (CO2 ~22 mol %) ( Energ\élnput ) Net Power, MWe 19 0.11 kWhe/kgCOZ
From Cement NG Fired Heater
_ Recycle _ Steam and Power CO, Handling Total Auxilia ry Power, MWe 16 0.098 kWhe/kgCOZ
. Pumps, MW, 4 0.025 kWh_/kgCO,
* “Temperature-Swing” carbon capture _
Compression, MW, 12 0.073 kwh_/kgCoO,

* Desorption needs high-quality heat by NG fired heater
» Steam is used as a sweep gas for desorption
* High-quality heat can be recovered to generate steam and power (byproduct)

The simulation results were based on molten salt data from Mantel Capture Co.

\//

N
M ITel'& Reference: Halliday et al. 2020 Applied Energy



TEA Results

2022S
COC: Cost of CO, Capture T 150
| s
COA: Cost of CO, avoided E
3 100
Modified COA: well-to-gate system boundary 2 N
O
(O
§@ 50
Molten Salt capture technology appears to be 5
comparable with the Amine capture technology § 0
under the same TEA assumptions
-50
coc COA  Modified CO coc COA  Modified CO
Molten Salt Amine
m Capex m®Fixed Opex = Var Opex Fuel (NG) m=Electricity ®Total
IO coc: COA ' Modified COA
: E ' COStcapture case COStbase X : E
! E CO, captured ' — CO, from additional NG use | — Upstream CO, of NG and electricity |

-\\\f//
M ITél.:f Reference: NETL 2023 Cement Report



Heat Integration (HI) with Cement Plant Low HI - 10%

i —_— o
: : L Steam _ggy, power Mid HI — 20%
Raw I\/llaterlals Crushing & Grinding

t High HI — 28%
v 50°C
Raw _ Flue Gas . Flue Gas
Materials —¥ | " (~350°C) | Heatrecovery T 160°C)
~300°C Hot air to Calciner
Preheater Lower Heat integration: 10% heat requirement of desorption
(Cyclones) Not affecting the Cement main process, but slightly affecting the steam bottoming cycle
T Kiln Exhaust Hot air to Kiln Hot air to Env
~B30°C I Q. (1500°C) (1100°C)
700°C T ~gp0° P o
o 900°C v T 50°C
880°C Calciner Clinker Cooler
, 900°C) (Air-Cooled)
Calciner ( Kiln Hot Cold
Feed T Feed Clinker T Clinker
Fuel Fuel Cold Air
(Natural gas) (Natural gas)

This process contributes to >90% of total emissions from the entire cement production
* 90% CaCO; is calcinated in Calciner

Emissions = 60% from Calcination + 40% from fuel combustion
Fuel consumption: ~60% in Calciner ~40% in Kiln

Clinker Grinding +
Additives

Cement

.\\\,4 Reference: Atsonios et al. 2015. Fuel
M ITe“l‘\i’ Benhelal et al, 2012. Energy Science and Technology

Nwaoha et al. 2018. International Journal of Greenhouse Gas Control



Effects of Heat Integration (Molten Salt)

200
20225 2.4% reducti
l' o reauetion 5.0% reduction 7.6% reduction
150 2153 #7150 l - i . Assumptions:
e i * Heat integration (HI): taking heat from
the calciner outlet flue gas stream
§ 100 * TEA for the Molten salt capture system
5 § only, not including changes in the
£3 Cement plant
o
= * Account for power loss in the Cement
plant (as extra auxiliary load in the
capture process)
0
* Low and Mid HI doesn’t affect the
Cement main process, but High HI affect
-50

No HI Low HI Mid HI High HI

m Capex ®Fixed Opex = Var Opex Fuel (NG) mElectricity ®@Total




Effects of Fuel Switching (Molten Salt)

250
20225

200

150

Modified COA
($/tCO2)
[N
o
o

50

-50

02
9190
9169
—@152

ﬁ 142 ® 147

I 48

High HI High HI High HI High HI High HI High HI High-HI
(NG) (RNG) (H2-Gray) (H2-Blue) (H2-Green) (Elec-Grid) (Elec-Renew)

mCapex ®Fixed Opex ®=VarOpex = Fuel (NG) m=Electricity ®Total

Assumptions:

Fuel switching: changing fuel for heat-up the
desorber (for endothermic rxn)

High HI

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

RNG: $15.0/mmbtu, 10.2% kgCO,e/mmbtu
H,(Gray): $1.5/kgH,, 11.0 kgCO,e/kgH,
H,(Blue): $2.75)/kgH,, 3.4 kgCO,e/kgH,
H,(Green): $5°/kgH,, 0.0 kgCO,e/kgH,

Grid electricity: $67.3/MWh, 439 kgCO,e/MWh
Renewable E: $29.19/MWh, 0 kgCO,e/MWh

a) Assume landfill gas and no GHG accounting for combustion
b) Apply $0.6/kgH, additional credit assuming Tier 4(45V credit)
c) Apply $3.0/kgH, additional credit assuming Tier 1(45V credit)
d) LCOE of onshore wind. Transmission cost not included.




Steel plant



e
Steel industry: BF-BOF pathway dominates today

Global steel production

direct reduction (5%):
reliant on reducing gases
still scaling

electric arc furnace (24%):
reliant on electricity
dominant for steel recycling
limited by availability of scrap

Blast furnace-basic oxygen furnace (71%):
reliant on coal
dominant pathway for primary steel production

Decarbonizing steel must target capital-intensive legacy infrastructure while scaling new processes.

Fan, Z. & Friedmann, S. J. Low-carbon production of iron and steel: Technology options, economic assessment, and policy. Joule 5, 829—-862 (2021).




BF-BOF: Emissions originate from various sources

eedstock suppl

. R p ekl
S
Ty — — fomn -
o

lime production sinter production coke oven other feedstock

steel production +ladle post-processing
+desu|fur|zat|on metallurgy

hot iron steel
blast furnace basic oxygen furnace cast steel
4 —) “ —
continuous casting reheating & hot rolling  hot rolled

Santos, S. Iron and Steel {CCS} Study (Techno-Economics Integrated Steel Mill): 2013/04. (2013). coil




BF-BOF: Emissions originate from various sources

eedstock suppl
. RN N f PRY
e flue gases
— — . ‘\ >1 t CO, per t hot rolled coil
lime production sinter production coke oven other feedstock

I

post-processing

cast steel

—

continuous casting reheating & hot rolling
Santos, S. Iron and Steel {CCS} Study (Techno-Economics Integrated Steel Mill): 2013/04. (2013).

hot rolled




BF-BOF: Emissions originate from various sources

-
— e

coke oven

power plant
jl |
steel production o +ladle steel mill gases
+desulfurization metallurgy .
‘ ‘ >1 t CO, per t hot rolled coil
hot iron steel
blast furnace basic oxygen furnace

Santos, S. Iron and Steel {CCS} Study (Techno-Economics Integrated Steel Mill): 2013/04. (2013).

-8

hot rolled
coil




BF-BOF: Where to capture?

flue gases
from feedstock supply / post-processing

steel mill gases
from blast furnace/basic oxygen furnace/coke oven

0.3 0.25
S 0-25 T coke ovens c 0.2 T L
& 02 hot stove & 0.15 blast furnace complete
= “ combustion
% 0.15 kS gas
@]

E 01 lime kilns £ 01 l )
O o >
© 0.05 - O 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

capture from steel mill gases
- prior to combustion
- post combustion
- after water-gas shift reaction

capture from flue gases
starting with highest concentration source




Waste heat integration may reduce energy demand
B S

Ty —

lime production sinter productio coke oven othgr feedstock

u +ladle post-processing
+desu|fur|zat|on metaIIurgy
hot iron steel I

blast furnace basic oxygen furnace cast steel

)

feedstock supply

S

steel production

continuous casting reheating & hot rolling



Summary and future work

Updated ‘

Effects of Heat Integration (Molten Salt) l

(H1): taking heat from
et flue gas stream

H

« TEAfor the Molten salt capture system
only, not including changes in the

8

Cement plant

Gostof €02 Caplured/Avoided
(SACO2)

= Account for power loss in the Cement
plant (as extra auxiliary load in the
captu

« Low and Mid HI doesn't affect the

a

50 Cement main process, but High HI affect ®
COC  COA Moafi COC  COA Moddi COC  COA  Moadi COC  COA Moo
COA COA COA COA
o I i e
aCapex FiedOpmt s Var Cpex #Fus (NG] BBkl @Taial
- - - .
BF-BOF: emissions from various sources
— ¢
coke oven

“desulfurizaton
hot i

‘ blast furnace

steel production

o,
‘Separation

€O, Compression
Steam and Cooling

3

€0, Product

S— ‘.:;>

Inter-cooled
with water

uuuuuuuuuu

Energy Input
(NG Fired Heater)

_ Steam and Power CO, Handling

Rich Gas (CO2 ~22 mol %)
From Cement

Recycle

Summary cement

Molten Salt shows slight lower capture cost than the Amine-based capture
technology under the same TEA assumptions

Heat integration reduce overall systems’ energy consumption and costs

Fuel switching to non-fossil gas reduce CO, emission and resultant CO,
capturing CAPEX, but current clean fuel price is high

Future work

Extension to other industries (e.g. steel process)

Include additional CCS technologies (e.g. calcium looping)




Q&A and Project Discussions
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Techno-Economic Analysis

TPC ($758 MM) Fixed Operating Costs Variable Operating Costs

2022% ($24 MM) ($36 MM)
0%
25

= Absorber 30.0 40.0

Desorber+Heater
25.0 77
= Molten Salt HX 30.0
20.0 -
= Sorbent Pump o
150 ©7% 16.1 20.0

= HRSG+Steam
Turbine 10.0 72% - 26.2
= Cooling System '

20%
10.0
= CO2 Compression 5.0 - 1.3
L 1.0
CO2 Cooler 0.0 13 0.0

1% 2%
Major Drivers Property Taxes and Insurance Maintainance Material
= Admin and Support Labor NG Use
» Capture System (Absorber+Desorber w/ Heater): 24+20 = 44% = Maintenance Labor Water
e HRSG+Steam Turbine: 30% m Operating Labor = Sorbent Replacement
Key Takeaways * Fixed OPEX: $24 MM/year
Main driver: Property Taxes and Insurance (2% of TPC), followed
* TPC for molten salt capture system: $758 MM ($470/tCO2/year) by Maintenance Labor (0.65% of TPC)

* The system is capital-intensive, approximately equivalent to 1/3 of TPC fora 770- Variable OPEX: ~$36 MM/year

MW NGCC power plant (52,300 MM).
P P (5 ) Main driver: NG Consumption, followed by Regular Maintenance

* The use of HRSG + Steam Turbine to improve overall energy efficiency Material (0.96% of TPC) and Sorbent Replacement Cost

/

';\‘\\f// TPC: Total Plant Cost
) '

™~

NGCC: Natural Gas Combined Cycle Power Plant



