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: @ . Realizing this vision will
08@) require re-imagining the
industrial sector, identifying
multiple technology pathways
that can be pursued in
parallel, and ambitious action
to catalyze innovation.

SUSTAINABLE FUTURE



CEMENT AND CONCRETE

Aggressive Turnover with
CCS & Moderate SCM Use
Pathway
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Aggressive Turnover with CCS &
Moderate SCM Use Pathway
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Moderate Increase in SCM Use
Clinker-to-cement ratio drops to 0.6,
about 0.3 kg LC3/kg cement, and LC3
Cl reduces by 50% by 2050

Clean Clinker Production

Fuel Switching
Coal & petcoke phased out, natural gas
= 78% and biomass = 13% of thermal
input by 2050
i High Turnover with Limited CCS
! Incumbent clinker technologies = 20%
market share by 2050, shift to dry kilns
with CCS (mostly conventional, some
fuel-based indirect heating), only half the
CO, is captured and stored, minimal
calciner/kiln electrification
/Aggressive Turnover with Unlimited CCS
/ Incumbent clinker technologies phased out ,
/] dry kilns with CCS = 60%, and calciner/kiln
electrification = 40% of market share by 2050,

95% of the CO, is captured and stored
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“Electric Grid Decarbonization
Net zero GHG grid by 2050
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Aggressive CCS-Enabled

SCM Use & Moderate

Turnover with CCS Pathway
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High SCM Use

Clinker-to-cement ratio drops to 0.4, about 0.5
kg LC3/kg cement, and LC3 ClI reduces by
50% by 2050

Near Zero SCMs
LC3 ClI reduces by 90% by 2050 through CCS
and electrification

Clean Clinker Production

Fuel Switching

Coal & petcoke phased out, natural gas = 78%
and biomass = 13% of thermal input by 2050
High Turnover with Limited CCS

Incumbent clinker technologies = 20% market
share by 2050, shift to dry kilns with CCS (mostly
conventional, some fuel-based indirect heating),
only half the CO, is captured and stored, minimal
calciner/kiln electrification

Unlimited CCS
95% of CO, is captured and stored




CHEMICALS

Core Near Zero Pathway
(Excludes Ethanol and Rest of Chemicals)*
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Core Near Zero Pathway
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Demand Reduction
Chemical demand decreases due to increased recycling & greater material efficiency

Technology Transition
Adoption of BAT, electric heating tech., & low-carbon routes (incl. electrified & bio-based);
simultaneous grid decarbonization to zero by 2050

Autonomous Improvements & Fuel Switching

Automatic tech. improvements ranging from 0.03% to 0.5% per annum; While the fuel mixes
in technology transition overlap with fuel switching, this refers specifically to the increased
use of biofuels

Alternative Clean Production Routes
Approaches can include CCS and/or emerging chemical production processes that reduce
GHG emissions compared with incumbent approaches



FOOD AND BEVERAGE

Core Near Zero Pathway
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Fuel intensity reductions with
high electrification:

Steam

74% - SGHPs (91-94% adoption); 19% -
boilers EE; 6% - electric boilers (6-8%
adoption)

Hot Air

76% - SGHPs (81-98% adoption); 14% -
dryers/ovens EE; 12% - advanced
electroheating technologies (11-17%
adoption)

;Hot Water
/ 74% - HWHPs (91-94% adoption); 19%
" - boilers EE; 12% - advanced
/' electroheating technologies (11-17%
' adoption)
Other End Uses
/Facility HVAC: boilers EE; HWHPS (94%
/ adoption)
/ Machine drive: fans, motors, etc. EE;
Process cooling & refrigeration: chillers
EE; process integration
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Fuel intensity reductions with
increased onsite use of low-carbon
fuels:

Steam
42% -SGHPs (53% adoption); 37% -
LCFFES; 18% -boilers EE

Hot Air
45% -SGHPs (53% adoption); 41% - LCFFES;

/| 13% -dryers/ovens EE

I,Hot Water
;| 41% - HWHPs (52% adoption); 37% -
LCFFES ; 18% - boilers EE

;,Other End Uses
// Facility HVAC: boilers EE; HWHPs (52%
adoption)
Machine drive: fans, motors, etc. EE;
Process cooling & refrigeration: chillers EE;
process integration



IRON AND STEEL

H2-DRI Pathway Integrated Mill - CCS
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Clean the grid
Net-zero by 2050

Annual GHG Emissions (MMT CO,e)
(o]
o

Annual GHG Emissions (MMT CO,e)

60 Adopt clean ironmaking technologies
Primarily transition ironmaking to clean H,- 60 Adopt clean ironmaking technologies
DRI and electrolysis processes Approaches include transition to CCS-integrated
blast furnace and natural gas DRI, clean H,-DRI,
40 and electrolysis processes
40
Adopt clean-EAF & clean-finishing Adopt clean-EAF & clean-finishing
20 .
i 20 Address the remaining 30% of
integrated mills emissions (finishing
. . v
H,-DRI Pathway Yv Maximize use of H, as a fuel Integrated Mill — CCS Pathway ~ Stages)
0 0
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PULP AND PAPER

Core Near Zero Pathway
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S Electrify 20% of auxiliary boilers, clean grid by 2050.
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= Fuel switching to biomass, e.g., wood chips and other solid biomass, and some RNG.
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¥ Carbon capture of fossil-based emissions. Limited to 33% of remaining emissions in 2050.
0 Core Near Zero Pathway
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REFINING

Core Near Zero Pathway
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8 150 Energy Efficient Technologies
LIEJ Advanced Heat Exchangers, Waste Heat Recovery, Cogeneration, Advanced Furnace Design,
O Digitalization
& 100
= I,'Low Carbon Utilities
2 Decarbonized Grid, Purchased Low Cl Hydrogen, RNG/Biogas
C 4
<5 e Carbon Capture

Retrofit of Onsite H2 SMR Plants (or alternatively, electrolytic production routes, Cogeneration,
Other Individually Large Combustion Sources
Core Near Zero Pathway ™™~ Biofuels
0 Renewable Diesel/SAF, Coprocessing Bio Oils
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INDUSTRIAL DECARBONIZATION

Decision Tree

Apply alternate
approaches
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Are further low-carbon
non-fuel feedstocks
(including circularity) viable*?
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* Viable implied currently available, cost-effective, and that the measures are deemed effective through societal and environmental criteria and necessary
** Morrow, William Ill et al. 2017, “U.S. Industrial Sector Energy Productivity Improvement Pathways.”
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