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A Challenge: CO, emissions from industry

Challenge

* CO, arises from the production
process, not only from heating
- Steel: C as reducing agent
- Cement: CO, from calcination

Electricity Industry; Iron and

and heat ; steel;
28%

petrocremi CCS as opportunity
cal

« Carbon capture and storage (CCS) is
one of the few mitigation options

Global energy-related

o * Industry provides large point sources
CO, emissions

with high CO, concentrations

By industrial sector

Data for 2014: Energy Technology Perspectives 2017, IEA
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Carbon capture and storage

) CO, transport: ship or pipeline

~ N ¢
Electricity

S e I L
1) |

CO, source

1

Heat E

CO, capture:
Amine absorption, membranes, adsorption

CO, storage in geologic
formations:
aquifers, depleted oil fields

Technology readiness level (TRL)

TRL 9| commercial
TRL 7| demonstration

IChemE Energy Centre. A Chemical Engineering Perspective on the Challenges and
Opportunities of Delivering Carbon Capture and Storage at Commercial Scale; 2018.
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CCS —acost problem?

Status of large-scale CCUS units Required to meet 2C Challenges:

18 in operation ~ 40 Mt CO, p.a. Thousands of units * Legal & Regulatory
5 under construction

20 in development * Public acceptance

 Policies & Financin
1990 2000 2010 2015 2019 olicies & Financing

—_—
L} I evl ‘L:é;%ﬁ&i

Large scale Carbon Capture Utilization and Storage (CCUS) facilities > 400 kt p.a. (in operation); commissioned after 1990

e Cost

Dedicated storage v Gas processing v Power v Industry

Enhanced Oil Recovery . Gas processing O Power ‘ Industry
Global CCS Institute. The Global Status of CCS: 2018
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AIms

...to support a rapid and sustainable transition of carbon-intensive industries to
function in a carbon-constrained society.

$@

I Contribute to the cost-effective design of amine absorption cycles for partial CO, capture
from industrial processes

NS
(@)
@]
N

e

ii.  Evaluate how cost, energy need, and capture rates are related for CCS in integrated steel
mills

lii. Assess the near-term implementation of partial capture in integrated steel mills

Ilv. Construct a perspective of partial capture in synergy with and in transition to other
mitigation options for steel industry

So & 5
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Partial capture - a CCS concept

ldea: only a fraction of the accessible CO, is captured for storage.

This fraction is determined by

« Economic factors (cost reduction)

» Policy requirements (capture what is required)
100 %

Partial capture compared to full capture:

* Lower absolute energy need
* Lower absolute investment cost

* May beat economy of scale (€/t CO,) for:

* Plants with multiple stacks
* Plants with excess/low cost heat

« Plants that can that can vary their product
portfolio flexibly to meet market conditions

CO, emission reduction potential

A

Bio-Energy CCS
(BECCS)

Full capture
CcCs

Carbon-free
technology sites

Hydrogen as fuel/
reductant
electrification)

Partial capture
ccs

Electrification

Biomass

Energy change
efficiency

Legend

)

]

Main mitigation
technology

Potential evolution
towards full capture/
BECCS

Possible contributing

technology

Time of deployment
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Primary steelmaking

Primary Steelmaking Secondary Steelmaking
- i | |
Carbon is used as reducing agent p N/ \
Commelrcial Concept
Integrated Steelworks Direct reduction Hydrogen Direct Electric Arc Furnace
. . . . BF-BOF route DRI-EAF route Reduction H-DR EAF-route
primary steelmaking widely applied e o NeURIgES e Serapsce
in 21st century, because of: 3 e
i. Globally rising steel demand Sinerpelet e
. . . _ DRI shaft Hyd
ii. Long blast-furnace lifetimes ~40-60 yrs g‘:l‘v‘;k:ed et E@.‘_—”‘gm
. . . . Ch
iii. Purity demands for high quality steel cod Hot meta Dt e ik
Slag foaming
Legend agent

Recarburiser

" = Metal phase

— Reducing agent/fuel

Metallurg Metallurg
Carbon source

Liquid steel Liquid steel

- Primary steelmaking has to be decarbonized
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Scope of work

Paper | Paper I Paper Il
capture rate from
*L/IG CO, sources
=>I heat sources «———» €€€

» OPEX &
* 1low
+ CO, concentration CAPEX

Design of amine absorption Partial capture from steel-mill off-gases Techno-economic assessment of

cycles for partial capture with excess heat at constant load partial capture from steel mill off-gases

Paper A

Dynamic performance of partial capture from a steel-mill
off-gas at varying load of excess heat and gas flow

[
»

Time — hour/season

Heat / Gas flow
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Overview on methods

Va N\
Paper | Cost estimation
Absorption cycle design (SINTEF Industry)
— techno-economic evaluation
. . - Aspen In-Plant
CO, absorption model in Cost Estimator
Aspen Plus
- . - Rate-based mass and heat -~
aper transfer i
Capture from steel mill off-gases Steel ml” model
with excess heat i X L (Swerlm AB)
- Detailed reaction kinetics -
- 30.wt% aqueous - LR £ GE)
Monoethanolamine (MEA) BELEEES 1) S Aty i
@ mill process units - Detailed installation

solvent | factors
el - Opimization after heat ¢ el Lrom In-house data
Techno-economic evaluation of partial furnace, burden and ase
co p demand through

, capture from steel mill off-gases X X L. hot stove D : b ti
manlpL'JIatlon of liquid-to- | calculations -+ 40% uncertainty ynamic absorption |_j
gas ratio model - Dymola
- GLC library by

Paper A Modelon
Dynamic modelling of capture from a - Rate-based mass and
steel mill off-gas; control structure, heat transfer
load change, capture performance - Equilibrium reactions |
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Design of partial capture " e

—a—Full Capture ——SRP - - -SSP
T A 47
28
4 -
Full capture Solvent  mmbr—y o0, 2233
co, 23
separated o E I
100% Gas 3
¥ I
8 el
Two principle paths for partial capture design: S0 60 \/
58
: Solvent A 00% © 50 | | ' '
Split Stream Path co, ++ Lower 20 40 60 80 100
(SSP) Split flow }rT separated oo ific CAPEX capture rate in [%]
Separation Rate Path Solvent —t <<909%  ** Flexibility: : .
P co, variations and - The choice of design path affects
(SRP) 100% Gas separated increase capture heat demand and specific cost

T later on
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Design of partial capture re
Impact of changing separation rate depends on CO, concentration

Separation Rate Path relevant for high CO, concentrations!
lower L/G - maximum T in liquid phase lowered 457

\O
-

N
(e
l/ '
‘0 ',
/

———
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——

0
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| NN
35 Rt »-—
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~~~~~

=
S

301
Steel mill off-gases

D
=

— Standard design
- = -Lit: Kvamsdal 2008
®m full capture
® partial capture 45% (SRP)

257 ® SRP capture rate 45%
= SRP capture rate 67%
A SSP capture rate 90%

W
S
reboiler heat demand [MJ/kg CO 2]
¢
]

maximum temperature
liquid phase absorber [°C]

2.0

N
S

1 2 3 4 3 6 0 5 10 15 20 25 30
CO 5 concentration in absorber inlet [vol.%]

L/G [ke/kg]
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Design of partial capture o

> CO2 TO STORAGE
How to bring down heat demand? cw.&) T ABSORBER STRIPPER
A~ A
- High CO, concentrations: separation rate path CW. .
CO2-RICH

- Process modifications: GAS ! HX

Rich solvent splitting (RSS) — — —) ) .

Absorber intercooling (ICA)

REBOILER

—> Design choice for partial capture at a steel mill: Separation rate path + ICA + RSS
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Steel mill CO, sources

Reference steel mill in Luled: 3 major sources investigated

71.8% || Coal to coke Coke plant

25.0% I Burden material to BF

02% — Input material BOF
09% — Desulfurization agent
0.2% — Input material steel plant

1.9% = Limestone

2019-05-29

Blast furnace gas Hot stoves Im%

CHP plant | |s9.49%

BF
BOFG []
Des D Flare D 104%
0 CcoG ~ Coke plant support firing = 2.9%
BOF D Coke plant steam boiler — 0.3%
Losses — 07%
Steel plant = Of-gas — oo
Slabs — 03%

Lime kiln = 2.3%

Licentiate Seminar, 24t May 2019, Chalmers University of Technology
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High- or low-level integration?

4.0
Capture from blast furnace gas requires less 'g e BFG
heat compared to capture from atmospheric g ON = CHP flue gas
flue gases SO 350 e ¢ hot stoves flue gas
. . = &0 0.90
The LHV of blast furnace gas increases with = 0.77 054 o
CO, capture o S 30 0.90 '
« Gas management on-site can be changed = = '\019\0;16
to supply more excess heat to CCS at the 3
expense of electricity production 7

2.5 R
0 005 0.1 0.5 02 025 03

Peo in absorber top gas in bar
2

2019-05-29 Licentiate Seminar, 24t May 2019, Chalmers University of Technology



CHALMERS

UNIVERSITY OF TECHNOLOGY

Excess heat at an integrated steel mill

60 —
. — L 1
Assumption: constant heat load (yearly average) | - CapEx e
I Biomass
] Other OPEX
« 5 sources of excess heat to supply steam 40 — “
of 3 bar investigated S
= 30—
8 A
* Most are implementable and low-cost £ 20
. . [+
compared to steam supply via combustion 2
of external fuel 10—
. N i
| .
-10 — e o Q{b{\‘\% o q@d Cx‘&% \(&{\00 60‘38
o o § o &
eﬁ’c"’ €} bev\‘ 0})‘ ‘é{b«‘\ %,{\‘
&,Q'ﬂ . %‘&% \© 6‘% %\‘b‘% \6\06@1%
o o GRS e External

energy

2019-05-29 Licentiate Seminar, 24t May 2019, Chalmers University of Technology




CHALMERS

UNIVERSITY OF TECHNOLOGY

0
/OCO2

Emissions reductions and capture cost

50 1
-§ Full capture
—
E 40 \-0
« Capturing from blast furnace gas 5
IS most economic S 30l
- 20%-38% less CO, emissions 8
S .
= 20 Extra combustion
z Excess heat
Q
« Partial capture with excess heat costs less % 10
than full capture with external energy S HS ——BFG =-==CHP - BFG+HS+CHP
Q
0 1 1 1 1 1
0 0.5 1 1.5 2 2.5

captured CO,, [Mt/a]
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Cost structure

100%
@ Steam
i) Partial capture with excess heat is dominated by % 80% . m Cooling
CAPEX; §
é 60% | m Power
; m Chemical
(@}
N : : . S 40%
i) Full capture is dominated by steam cost and is o @ Labour
thus more sensitive to changes in energy markets E
é 20% B Maintenance
m CAPEX

0%
Partial Full
capture  Capture
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Dynamic partial capture from BFG

Hourly changes can be coped with well

—Heat ---BFG Flow
150

2150 _ —_
roy <

%110 4 H__J_Jum—r fﬂjw o 3

L g0 JU U i U™ FJ 50 o

5 70 A . . . . A . Lo 3

% 0 2 4 6 8 10 12 14 2

-3 Time (days)

E 50

e : S 1 e WY |1 | ars

T w4 HF[JWWF o N |/ = Iﬁwwﬁh‘u—rj{?ﬂf’—uﬂ—u

5 20

'§ 10 \ —Dynamic Plant ---Steady Plant |

o

S \ |

v 0 2 a4 6 8 10 12 14

Time {days)

- Capture performance similar to steady-state if:
the unit is designed to manage the entire span of experienced loads in heat and gas flow;
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Carbon versus energy intensity?

2 2000 x _
= X Integrated steel mill
= x &
g v -X # Partial capture (excess heat)
< |soo |BE-BOF technical limit % ..
Partial capture with excess heat o) IR Wl capture
can reduce CO, intensity of primary steel ... Eﬂ o'
2 .
...without affecting significantly the energy 'Z 1000
]
demand! E
= U
S
% = s
‘2 500 <
:
e m
“ L
es}
0
10 15 20 25 30

Energy demand GJ/t steel slabs
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Near-term implementation

150 - full capture
Full chain cost = capture + transport! + storage partial capture
versus - = WEQO 2°C
CO, price scenarios ON 1250 WEO&NEPP L~
% 1001 —EUETS forecast - :;j/
g | EU ETS extrapolated _ - ’/,/'
Partial capture with excess heat requires a carbon 2 75 s . ,,/,
price of 40-60 €/tonne CO, 3 P
Q“ - - &"‘
W 50 = ’,a"' X
S - .:‘""." .............................
w 25 ;__ﬁ;"" e
Window of opportunity: coming 5-15 years Window of opportunity
Later: economic lifetime of partial capture unit would . . . . .
be too short before policies will require close to 100% 2020 2025 2030 2035 2040
emission reduction year

LAssuming ship transport to storage
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Transition to low-carbon technologies

I. Accumulated emissions are relevant! 2
Partial capture could de-risk late arrival )
of HDR %
£ 1.5
Or\l
ii. CCS infrastructure could be used in HDR ©
+—
concepts N _ o 1
- capture remaining fossil & "o
biogenic emissions =
- produce "blue” hydrogen § 05
from fossil fuels =
=
iii.  Partial capture could evolve .% 0
- co-mitigation with biomass A
- solvent improvement g
-0.5

2020 2025 2030 2035 2040

—BAU - HDR

—PCC

- = PCC /PCC on POX
= = PCC + biomass
......... PCC + adv. solv.

18 Mt CO,

Crrono T

Zero 2050 target

Blast furnace relining lifetime
Capture plant lifetime

2045 2050 2055 2060

year

Integrated steel works with 2Mt steel slabs p.a.

2019-05-29
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Conclusions

« Amine absorption cycles can be designed for separation rates << 90%
—>save energy and possibly cost compared to full capture; target: industry with CO, conc. > /@’
20 vol.% @
« Steel mill: Partial capture powered by excess heat is more cost-efficient than full capture that %
relies on external energy V2NN

« Steel product: Partial capture can reduce CO, footprint without significant energy penalty

« Partial capture may allow for synergies with other mitigation options (biomass, electrification)
and could be a step toward the transition to low-carbon economies

* Near-term implementation in 2020s: possible if policies value carbon at 40-60 €/t CO,
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