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Carbon capture is applicable for arange of large
stationary combustion and process emitters

Industrial: Concentrated CO,

Industrial: Dilute CO,

Petrochemicals
Byproduct from production of
0 methanol, carbon black, etc.

i Ammonia

Byproduct from use of fossil fuels
g@ to produce hydrogen for ammonia

s=<. Ethanol
Vs~  Byproduct of fermentation of
glucose for ethanol production

Nearly all applications also
produce combustion emissions
for industrial heating

ols

Refining
Mostly fuel combustion for boilers &
furnaces to refine raw materials

Cement
Byproduct of calcination of limestone
to produce clinker

Iron & Steel
Several sources of CO, including
coking coal, blast furnaces

Aluminium
Reduction process creates CO, from
alumina electrolysis

List not exhaustive, many smaller
emitting industrial sectors also
appropriate for CCUS




CCUS captures up to 90% of CO, from stationary
emitters and transports it for storage or utilisation

<9(0o
Dilute CO, streams CO, capture (<90%)

Sell CO, to

- .
> industry
—— EOR Chemicals
Industrial Power Oil and Gas ’—> g.é é
T l “ L e

Industrial thermal and
process emissions

CO, compression  Jnlla

Concentrated CO, streams (process emissions) I i i Bi- 'aggft‘:asctfsfage

C,HsOH — NH3; — H,

Storage
Ethanol Ammonia Hydrogen

&——— CO,-Emitting Activittes ———@ o Destinations for CO,

o)




Four main drivers determine the technical and economic
viability of CCUS for thermal combustion applications

Concentration Location Source of Heat Process Emissions
« Costof carbon capture « CO2source location « Regenerationof « Opportunity to
inversely correlated important for: carbon capture simultaneously
with level (i.e., partial - aggregating solvent typically capture non-
pressure)of CO2 in emission streams requires low-cost combustionprocess
capture stream - transport of captured heat at ~120°C emissions
CO2

- storage or use of
CO2
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Concentration
Level of CO2in flue gas is a key cost driver

$/ton captured

100
Costof carbon capture : :
increases with decrgasing 0 Pl g i mdustnal
CO, concentration (i.e., thermal combustion
partial pressure)in flue gas typically contains <10%
CO2, resulting in higher
carbon capture costs
relative to process
emissions
_ Note: Cost of CO, capture
=loRe ($/ton) is independent of
emissions intensity (kg
Cement CO, per MMBtu) and fuel
l costs
0 ; ; ; .
T TZO 40 60 T80 T T 100
Gas power  Iron & Steel Nat gas processing PetChem Ammonia

CO, concentration in flue gas (%)

Note: Assuming 8% WACC, 85% utilization rate, 20-year lifetime
Source: Industry Sources, NPC, IEAGHG, BCG Analysis




Location

Carbon capture costs increases proportionally with CO2

transportation distance, but decline with increasing pipeline capacity

Trunk pipeline total cost ($/tCO,)

2.0 -
« $/tCO, declining rapidly with CO, pipeline capacity
» At scale, costs rise linearly with distance transported
» Proximity to pipeline network is important driver of total CO, transport cost
1.5
Pipeline capacity
= 1 MTPA
10 — 2 MTPA
== 5 MTPA
-~ 10 MTPA
05 - -
0.0 m—

0 5 10 15 20 25

Distance transported (miles)

Source: Zero Emissions Platform (ZEP); Global CCS institute; BCG analysis
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Pipeline network
development is likely
necessary to unlock CCS
potential for a wider set of
industrial players.

Joint or national
development of CO,
pipeline will accelerate
CCS for industrials, who
may be currently
geographically challenged
to deploy CCS
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Location
Viable geologies for CO2 sequestration available in large

portions of North America, providing potential sites for carbon
capture and storage

7] Saline aquifers Coal/l0&G Basalt deposits?
Proven technology, I_ikely solution Uncertain storage durability Emerging o
for shortto medium term technology

1. Not yet fully proven but with high expectation as a form of permanent CO2 sequestration given the chemical reactions within basalt to form solid carbonates
Source: USGS, NETL NATCAB
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Location
Similar to storage, utilization of captured CO2 also depends on

proximity between source of emissions and end use location

End use

) Building
Conversionroute — | ieriais

Mineralisation
patrway |
synthesis of methanol,

Chemical
synthesis syngas, urea, ethylene,
N Fuels ethanol, formic acid etc
—b
Algal synthesis
CO, -
- . Artificia ]
Utilisation photosynthesis Biological
material

| Animal Feed
: Food &
B Direct use, no Beverage
conversion :
., Enhanced oil

recovery

— 5 Polymers

Currentkey pathway,

» Chemicals
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Source of Heat
Thermal energy used to drive carbon capture

IS a major component of CCUS cost

‘ Forms of regeneration
. CO .

< Coyinsobent | rectiuale g 3| heat (in order of

,Tm Flue gas > or sorbent Separator CO, Geological storage descendi ng COSt)

sss

cénr?wlt;itsnt?clm ;kl;l; @ \OZA Electric resistance

Heat Utilization Low temperature steam
« Existing CCUS systems typically use a solvent (e.g., MEA) to capture CO,, while
novel CCUS systems are being developed using pressure-swing or electrification Hot water
processes
* Heat at approximately 120°C is applied to the solvent to release CO, Waste heat streams

» Depending on flue gas CO, concentrations, source of heat, and other factors, cost
of solvent regeneration heat can constitute 20-50% of total carbon capture costs
per ton of CO,

 Waste heat streams is the most effective way to provide heat to drive the carbon
capture process

Source: Global CCS Institute




Process Emissions @

Beyond thermal-related CO2 capture, CCS is likely required to
decarbonize process emissionsin various hard to abate sectors

Range of costincrease per ton of material produced, with coal or natural gas as original heatsource

. 113-284
$/ton production 300 - 115-285
200 -
54-135
43-105 40-99

100 ~ 32-79 3381
0 g
Thermal Full Facility Thermal Full Facility Thermal Full Facility Thermal Full Facility Thermal Full Facility $
Only CCS Cccs Only CCS Cccs Only CCs! Cccs Only CCS Cccs Only CCS Cccs 2
Ammonia Steel Cementclinker Glass Methanol $
Baseline commodity %
cost ($/ton) 500 400 100 300 430 §
Original heat 2
. Natural gas Coal Coal Natural gas Natural gas §
CCUS as part of sector Required in Required in short to Reaquired L : ; L : ; 2
decarbonization short term medium term equire oW requiremen sl il H

1. Cement clinker production likely not able to separate thermal vs full facility emissions in kiln | Source: Columbia University
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Inflation Reduction Act increases 45Q tax credits to ¥85/t making
CCUS potentially viable for refining, hydrogen, cement, & steel sectors

$85/ton incentives significantly expand CCUS commercial ...and further costreductions of ~12% are expected as
viability deploymentdoubles, making coal+CCUS potentially viable
150 — Cost scaling factor
—~ Aluminum 1.75 -
(O]
c
S
> 1.50 - \
~ Gas to power \
; e
; 100 - Refining Coal to power 1.25 - \
2 \
53 100 Current cost ~12% is the expected cost
2 ’ trend, with 5% and 20%
o . T \ added for reference
— Iron & Steel 0.75 A
g [ ] Cement & Lime New commercial viability threshold Q
- Prior commercial viability threshold 0.50 -
(O]
g
= _ 0.25 - 12%
w Natural gas processing ~
Ammonia & Ethanol - 20%
0 T T T T T T 1 0-00 T 1
0 250 500 750 1,000 1,250 1,500 1,750 0.01 1.00 100.00 10000.00
US CO; emissions per sector (MTPA) Current capacity CCUS capacity
B power generation M Hard-to-abate sectors [ Low-cost sectors Potential cost in
(high CO, concentration) 2030 @ 461Mtpa

Source: BCG Analysis
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Three broad strategies can increase the viability of
CCUS for industrial heating decarbonization

Reduce cost by investing in
$/ tCO; technologies, ventures and e

4 projects across value-chain to
reduce cost to capture, 4
transport, store or use CO,

Increase demand to create revenue
stream for captured CO, by
developing new or cheaper CO,
recycling methods or increasing
policy support

_________ Viability threshold

Create enabling environment to
support deployment of CCUS

4 applications by developing
infrastructure and demonstrating
business models

A\ 4

Emissions



CCUS for industrial heating decarbonization has many advantages and
unique features, but faces several key barriers to adoption
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No major modification required May be more cost effective than Technical capacity to store CO2 Can simultaneously capture CO2
to the industrial process alternative renewable heating underground is functionality from process emissions
options unlimited
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Cost can be high and does not Extensive supplemental Non-renewable and not a Does not capture 100%
add value unless there is a infrastructure required long-term solution of CO2 emissions

price on carbon




Disclaimer

This document has been prepared in good faith on the basis of information available at the date of publication without any independent
verification. The drafters do not guarantee or make any representation or warranty as to the accuracy, reliability, completeness, or currency of the
information in this document nor its usefulness in achieving any purpose. Readers are responsible for assessing the relevance and accuracy of the
content of this document. It is unreasonable for any party to rely on this document for any purpose and the drafters will not be liable for any loss,
damage, cost, or expense incurred or arising by reason of any person using or relying on information in this document. To the fullest extent
permitted by law, the drafters shall have no liability whatsoever to any party, and any person using this document hereby waives any rights and
claims it may have at any time against BCG with regard to the document. Receipt and review of this document shall be deemed agreement with
and consideration for the foregoing.

This documentis based on a primary qualitative and quantitative research. It does not provide legal, accounting, or tax advice. Parties responsible
for obtaining independent advice concerning these matters. This advice may affect the guidance in the document. Further, the drafters have made
no undertaking to update the document after the date hereof, notwithstanding that such information may become outdated or inaccurate. The
drafters have used data from various sources and assumptions provided to the drafters from other sources. The drafters have not independently
verified the data and assumptions from these sources used in these analyses. Changes in the underlying data or operating assumptions will clearly
impact the analyses and conclusions.

This documentis not intended to make or influence any recommendation and should not be construed as such by the reader or any other entity.

Apart from any use as permitted under the US Copyright Act 1975, no part may be reproduced in any form.



