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U.S. Cement industry: At a glance

* The U.S. produced 95 million metric tons of Portland
and masonry cement in 2022, ranking as the world's
fourth-largest cement producer.

* Most U.S. cement plants utilize dry process kilns, with
two-thirds featuring modern pre-heater and pre-calciner.

* The U.S. cement industry, with 96 plants and two in
Puerto Rico, generated $14.6 billion in value of
shipments and employed about 13,000 people.

* The clinker-to-cement ratio in the United States has
slightly decreased over the past five years.

* Ready-mixed concrete producers are the primary
consumers of U.S. cement, accounting for 75% of
domestic shipments.

* U.S. cement production is projected to grow by 43% by
2050 compared to 2018 level.
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U.S. Cement industry: Energy use and emissions

U.S. cement plants consume about 2% of the
total fuel used in U.S. manufacturing industry.

Coal is the predominant fuel source for U.S.
cement plants, accounting for 43% of total fuel
consumption, followed by natural gas (22%) and
petcoke (19%).

The production of clinker, an intermediate
product in cement manufacturing, is the most
energy-intensive process, consuming almost all
fuels and about 60% of a plant's electricity.

The U.S. cement industry contributes
approximately 66 million metric tons of CO,
annually, representing about 1% of total U.S. CO,
emissions.
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Figure: Share of energy consumption by fuel type for the
U.S. cement industry in 2018 (source: USGS 2022)
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Decision tree for U.S. cement decarbonization

CEMENT
DECARBONIZATION

Decision Tree
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Emissions reductions by decarbonization pillar

Energy efficiency, electrification, LCFFES, and CCUS respectively contribute to about 6%, 9%, 41%, and
44% of emissions reduction between 2018 and 2050.

Annual Emissions Cumulative Emissions 2018 to 2050 Net Zero GHG
100 3000 100 28.6
90
s
80 2500 80 I -7.9

2000 70 664
560 60
§ 1500 50

-35.3

§40 40

1000

30

20 500 20
10 9.0
0 0 5 37.7 -

>
S i X 2T ¥ 5 @ 9 8
@) ®© o =] L (&) S
N £ 5 8 & ©
Energy Efficiency 8 = = 3 o
mmm E fe ctrification + H B )
wem L CFFES S &% 9 <
mmm CCUS g o Ll o
udt C <

a L

mmm Net Zero GHG Scenario
—Stagnant + Production Volume

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | INDUSTRIAL EFFICIENCY & DECARBONIZATION OFFICE



Production routes & fuel mix
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Energy efficiency pillar contributes to about 6% of emissions
reduction from 2018 to 2050
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Electrification pillar contributes to about 9% of emissions
reduction from 2018 to 2050

» Electric Limestone Calcined Clay Cement is modeled under electrification pillar,
* Fuel-Based Limestone Calcined Clay Cement is modeled under LCFFES pillar.
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LCFFES pillar contributes to about 41% of emissions
reduction from 2018 to 2050
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Figure : Energy mix projections for the U.S. cement industry under the Net Zero GHG scenario, 2018-2050
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LCFFES: Clinker to cement ratio and supplementary

cementitious materials (SCMs)
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Utilizing SCMs like fly ash, blast furnace slag, ground
limestone, calcined clay, etc. in cement reduces energy
use and CO, emissions per ton of cement produced.

The LCFFES pillar contributes to 41% of CO2 emissions
reduction during 2018-2050 under the Net Zero GHG
scenario and clinker-to-cement ratio reduction is a key part
of that.

Limestone Calcined Clay Cement is an emerging
commercialized blended cement where up to 50% of
clinker is substituted with calcined clay and limestone,
maintaining performance while reducing emissions.

Limestone Calcined Clay Cement is gaining momentum in
the U.S. and globally.

Clay calciner can use either fuel or electricity for heating.
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LCFFES: Alternative binding materials/Alternative cement

* Included only 3 alternative cements
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CCUS pillar contributes to about 44% of emissions reduction
from 2018 to 2050
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Challenges

Energy Efficiency

* Tradeoffs in efficiency improvements. Changes to a single unit process may affect upstream or
downstream efficiency or energy consumption.

Electrification
e Technological Challenges.

o High heat demand of cement processes. Electrified alternatives to incumbent technology must
meet process temperature demands (850°C - 1500°C), have comparable product throughput,
and retain product performance characteristics.

o Retrofitting existing facilities with electrified alternatives.

 Need for Additional Electric Infrastructure.
* Availability of a Large Amount of Clean Electricity.
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Challenges

LCFFES

* Availability of SCMs and clinker alternatives, including regionality and supply chain.

* Unproven performance and safety (durability) characteristics of SCMs and alternative binders
* Limited access to low carbon fuels

* Regulatory/standards
o Regulations - prescriptive building codes and standards.

o Regionality of performance requirements of SCM-blended cement
o Regulations around criteria air pollutants and solid waste
* Retrofitting existing equipment to accommodate low carbon fuels

* Cost - limited large scale production of SCMs and alternative binders = higher cost.
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Challenges

CCUS

e No one size fits all solution - Unique geographical features and regionality of each facility may require a
different set of approaches.

e Scale-up and cost reduction for cement/concrete products that leverage carbon utilization and mineralization.
e Uncertainty around the impact of carbon capture technologies on the product quality

e Energy and physical footprint needs.
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Challenges

Sector-wide, pillar/technology agnostic

e Corporate inertia
e Risk adverse to implement new technologies
e Unpredictability of future regulatory landscapes and the complexities of permitting processes may
increase cost and delays.
e Cost
o CAPEX - upfront cost of installing new technologies, including energy efficiency, electrification,
low carbon fuels and feedstocks (SCMs), CCUS.
o OPEX, especially for electrified technologies compared with natural gas, CCUS.
o limited large scale production of SCMs and alternative binders = higher cost
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Context and framing for the Chemicals Sector

High level description of the industry

 The U.S. chemical industry contributed over 25% to 180

the total GDP in 2022, valued at $486 billion. ;; 160 Soda ash
* |t manufactures 70,000+ distinct products across = 140 - Chlorme.
11,000+ facilities. 2 190 “ Ammonia
* In 2022, the U.S. ranked as the world’s second- § 100 W Methanol
largest chemical producer, meeting nearly 13% of E 30 M Ethanol
global demand. S 60 B BTX Aromatics
* The sector employs approx. 4.1 million individuals, s Butadiene
: . S 40
directly or indirectly. S - p |
. _ . _ S 20 ropylene
e It consumes 25% of total primary and 26% of final a
. . 0 m Ethylene
energy within U.S. manufacturing.
* Responsible for 28% of overall and 31% of onsite ,19'\9

GHG emissions in U.S. manufacturing.

* Historical data shows a 16% growth in chemical
production from 2010 to 2020.

* Projections suggest a further 20% growth in basic
chemical production between 2020 and 2050.
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Chemical Sector
Decarbonization Decision Tree

Do plants have access to
CO, transport and
utilization/storage

infrastructure?

Apply CCUS Are there high-purity CO,
measures (e.g. emissions (e.g., process
amine scrubbing) emissions) available?

Note: Are there
The shaded region represents the scope unabated Net Zero
of the chemical industry. emissions?
Build clean electricity
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Is it worthwhile to Binaltey | b Have all accessible low- Appl Do plants have access
capture biogenic mploy fow-carbon PPl Have all possible loads P

) i carbon fuels been ificati e ici i
€O, resulting from fuels to theur fullest I electrification e alasiiaen to clea‘n electricity grids
the use of LCFFES? potential utilized? measures and infrastructure?

Develop and deploy new Is achieving Net Zero
pathways, incl. those possible using incumbent Are there
based on low-carbon technology and existing Net Zero unabated
feedstocks capital equipment? emissions?

Biogenic
emissons

Apply energy and material efficiency measures throughout

Apply resource efficiency Have all possible resource

(e.g. plastics recycling, efficiency measures been Apply alternative
fertilizer use efficiency, applied beyond the approaches (e.g. DAC)
etc.) boundaries of the plant? |:YEZ|

Have any alternative
decarb approaches been
identified forany
remaining emissions?

DEPARTMENT OF ENERG OFFICE OF ENERGY EFFICIE RENEWABLE ENERGY | INDU DECARBONIZATION OFFICE




Chemicals Waterfall Chart
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Steam-methane reforming (SMR) > For most studied pathways:

Coal gasification Fuel and electricity intensities disaggregated by:
Ammonia synthesis only - unit operation

Autothermal reforming (ATR) - energy carrier

Water electrolysis - end use applications
Methane Pyrolysis
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Chemicals Waterfall Chart

Preliminary results for nine large-scale energy-intensive chemicals manufacturing

2018 to 2050 Net Zero GHG
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Ethylene Production Routes
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e Future will be a mix of both thermochemical cracking
and alternative processes (e.g., electrified cracking,
ethanol dehydration, and methanol-to-olefins).
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Material
efficiency

Major
assumptions

Assuming a 50%

plastics recycling
rate by 2050
could ultimately
impact the future
demand for
ethylene in
relevant plastics
manufacturing.

Low carbon
Ener “. fuels, Ca.rl.)on.cature
efficienc _EE Electrification  feedstocks, and  utilization, and
efficiency - £= energy sources - storage - CCUS
LCFFES
Major Major Major Major
assumptions: assumptions: assumptions: assumptions:
*Up to 75% of *Impact from *Transition 16% | Capture 70% of
NGL steam electricity grid to ethanol all direct CO,
cracking to adopt | decarbonization. | dehydration and emissions by
BAT by 2050. *Transition 14% 6% to MTO in 2050.
*Phase out AGO to electrified 2050.
and naphtha steam cracking | *Use of byproduct Impact:
steam cracking | by 2050, starting fuels. A 33% reduction
by 2050. from 2030. *Up to 10% RNG | in projected CO,
*0.8% p.a. in the fuel mix by emissions in
autonomous Impact: 2050. 2050.
improvement. | A 15% reduction
in projected CO, Impact:
Impact: emissions in | A 7% reduction in
A 24% reduction 2050. projected CO,
in projected CO, emissions in
emissions in 2050.
2050.
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Ammonia Production Routes
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* Hydrogen feedstock production remains primary
decarbonization lever for ammonia in 2050

e Future will be a mix of thermal reforming and
alternatives (e.g., water electrolysis (35%),
methane pyrolysis (10%), and some direct
ammonia synthesis.
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Material

efficiency

Major
assumptions

A 10% reduction

in demand by
2050 is assumed
due to ammonia
use efficiency
measures, with
fertilizer use
efficiency
contributing
significantly at
75%.

Low carbon
Ener “_ fuels, Ca.rt.)on.cature
efficienc _EE Electrification  feedstocks, and utilization, and
ercieney - == energy sources - storage - CCUS
LCFFES
Major Major Major Major
assumptions: assumptions: assumptions: assumptions:
*Up to 80% of *Impact from | *Switch entirely to | Capture 90% of
conventional electricity grid NG where all direct CO,
SMR-HB to adopt | decarbonization. renewable emissions by
BAT by 2050. *Transition 10% | alternatives are 2050.
*Transition 5% to to methane not applicable.
ATR in 2050. pyrolysis and *Up to 10% RNG Impact:
*0.8% p.a. 35% to water | in the fuel mix by | A 25% reduction
autonomous electrolysis in 2050. in projected CO,
improvement. 2050. emissions in
Impact: 2050.
Impact: Impact: A 2% reduction in
A 15% reduction | A53% reduction | projected CO,
in projected CO, | in projected CO, emissions in
emissions for emissions in 2050.
2050 due to EE 2050.
measures.
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Chemicals-Specific Challenges and Drivers

Manufacturing Transition Challenges: Integrated Process Adaptation:
° Complexrty of Sh|ft|ng to low-carbon ° RetrOﬂtUng Cha”enges for Complex plants.
processes. * Costliness of adapting highly integrated
Processes.

* Concerns over co-product yields and

athway maturity.
P y y Electricity Demand and Infrastructure:

* |ncreased demand and need for

Feedstock Dynamics: infrastructure upgrades.

* Market shifts affecting availability and * Reliance on renewables for sustainability.
pricing.

« Impact of declining fuels demand on Economic Constraints and RD&D:
petrochemical feedstock market. * Challenges in justifying low-carbon

alternatives economically.
* Importance of research for cost-competitive
alternative pathways.
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Context and framing for the Petroleum Refining Sector

200-300 MM MTA

Self-Generated
Fuels

st BT el ﬁ L] Gasoline
Sustainable = — : A S
Feedstocks ﬁ

Electricity Natural Gas

~ 125 operating refineries in the U.S.

Process ~16 million barrels of crude oil per
day. 18.7% of global refining capacity.

Over 85% of product slate is gasoline, diesel,
and jet fuels

Over 50% of sector fuel self-generated

Generate nearly 300 billion gallons of
refinery products per year

~20-30 Process units per refinery

Over 20 % of the manufacturing industry CO,,
emissions

Over 3 % of US total CO, emissions

Minor products include LPG, butane, petrochemical feedstocks, coke, asphalt, and fuel oil.
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Refining Decarbonization Technology Decision Tree

Unabated
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Long term transport?
solution

Send off-gas
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H, C3 separation -
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Scope 1 and 2 Refining Waterfall Chart

2018 to 2050 Near Zero GHG d A t'

and Assumptions

250
s
S - Product Ener
o' 200 Scenario "°'8Y  Electrification  LCFFES
') Demand Efficiency
|_
=
= 130 AEO ~30% capture
0 ~20% ~30% Reference > cap
o reduction in electrolysis H2 case from H2
@ 100 Near Net- lants, ~50%
s e;;roe crude 1.0%/year | feedstock, 10- planned P anfrsc')m 0
L

feedstock 15% electrified | capacity cozeneration
50 throughput boiler duty BD :.amd ani ~10% FCé
biodiesel
0
Product Demand Electrification CCUs
2018 Energy Efficiency LCFFES 2050

Scenario Grid electricity Hydrogen supply Alternative feedstocks Crude Reduction CO, infrastructure

AEO Reference case planned Reduction in petroleum crude
capacity renewable diesel and consistent with the potential National CO, pipeline
Larger buildout within OCED biodiesel, plus slight additions availability of feedstocks in expansion, leveraging
Near Net-Zero Decarbonized grid by 2050 Regional Hydrogen Hub based on IEA and NREL the DOE Billion Ton Study and | pipeline networks proposed
regions SOUrces goals set in the Sustainable by the Carbon Capture
Aviation Fuel Grand Coalition (2021)
Challenge.

PRELIMINARY DATA. DO NOT CITE.
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Petroleum Refining Production Routes
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* Near net-zero 2050 conventional refining and dedicated FOG pathways improve carbon intensity by over 50% and 70%, respectively,

relative to 2050 BAU.
* Significant growth in advanced pathways (~15%), such as biomass-derived pyrolysis oils and CO, utilization, will require development of

cost-competitive processing and conversion technologies.
* Modest decarbonization of refinery products results in significant downstream decarbonization of transportation sector.
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Petroleum Refining-Specific Challenges and Drivers

Conventional Refining Challenges:

* Extensive, multi-scale efficiency improvements CapEx
constrained.

e Gradual improvements tied to end-of-life equipment
replacement.

Dedicated FOG based SAF/RD Plants Challenges:
* FOG feedstock availability constraints.
* Dependence on financial incentives for competitiveness.

* Requirement for new feedstocks, low-cost pre-treatment
technologies, and advanced catalysts/process designs.

Co-Processing of Bio-based Crude

Substitute Challenges:

* Limited availability and logistics of
biobased feedstocks.

* Requirement for spare capacity in
existing assets.

Advanced Fuel Pathways Challenges:

* Developmental stage with limited cost
competitiveness.

* Focus on advanced process designs,
new catalysts, and pre-treatment
technologies.

* Potential long-term support for circular
economy initiatives.

*Access to low cost, low Cl H,*
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U.S. Food & Beverage Manufacturing

. . . Components of food and beverage manufacturing:
U.S. Food & Beverage Manufactu rngin 2021. Sales, value of shipments, or revenue by industry, 2021
o . 1 Meat processing (26 percent) and dairy product manufacturing (13 percent) are
° $ 1 tri | | 1oNn SaleS/Va | ue Of Sh | pmen‘tS/ fevenue the largest components of the food sector's sales
. Sugar and confectionery
« 16.8% of manufacturing sector's sales? | L ceafood
Animal food ': ’ eatoo
- $463 billion value added? sakeriesand S| Veats
o 1 tortilla products ™. 4 : .

1.7 million workers °

 15.4% of all manufacturing plant employees v;léittai?:s ________ .

 1.1% of all U.S. nonfarm employment

L

¢ 417080 pla nts Grain and oilseeds Dairy

e California (6,301)

Beverages ‘Other food
 Texas (2,782)
Source: USDA, Economic Research Service using data from U.S. Department of
Commerce, Bureau of the Census, 2021 Annual Survey of Manufactures; data as of
* NeW York (2’662) December 2022.
Sources: 1. U.S. Census Bureau. "Annual Survey of Manufactures." 2022. https://www.census.gov/programs- Figure source: USDA 2023. https://www.ers.usda.gov/topics/food-markets-
surveys/asm.html. 2. U.S. Census Bureau. "County Business Patterns." 2022. https://www.census.gov/programs- prices/processing-marketing/food-and-beverage-manufacturing/; Data source:

surveys/cbp.html

Data summarized on USDA. "Food and Beverage Manufacturing." 2023. https://www.ers.usda.gov/topics/food-
markets-prices/processing-marketing/food-and-beverage-manufacturing/

U.S. Census Bureau. 2022. https://www.census.gov/programs-
surveys/asm.html
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https://www.ers.usda.gov/topics/food-markets-prices/processing-marketing/food-and-beverage-manufacturing/
https://www.ers.usda.gov/topics/food-markets-prices/processing-marketing/food-and-beverage-manufacturing/
https://www.ers.usda.gov/topics/food-markets-prices/processing-marketing/food-and-beverage-manufacturing/
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GHG Emission in Context: Significance of Supply Chain Emissions

U.S. Greenhouse Gas Emissions in 2018 (million metric tons CO,eq)

0 200 400 600 800 200 400 600 800

o

Chemical products
Petroleum and coal products
Paper products
Construction
Primary metals
Nonmetallic mineral products
Oil and gas extraction

( Food and beverage and tobacco products |
Mining, except oil and gas
Wood products
Motor vehicles, bodies and trailers, and parts
Plastics and rubber products
Fabricated metal products
Computer and electronic products
Machinery
Textile mills and textile product mills
Electrical equipment, appliances, and components
Miscellaneous manufacturing
Other transportation equipment
Printing and related support activities
Support activities for mining
Apparel and leather and allied products
Furniture and related products
Forestry, fishing, and related activities

@ Scope 1 (Site
Emissions)

B Scope 2 (Offsite
Electricity Emissions)

OScope 3 (Upstream
Supply Chain
Emissions)

ﬂ“i!!!I!H!

Scope 1l &2

Scope 1 & 2 only and upstream Scope 3

=DD=DDDDED!DD

Data Source: DOE EEIO-IDA tool
For more information, see Strategic Analysis poster on the EEIO-IDA tool
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https://www.energy.gov/eere/iedo/articles/environmentally-extended-input-output-industrial-decarbonization-analysis-eeio
https://www1.eere.energy.gov/iedo/downloads/2023/peer_review/Liddell_IEDO_Strategic_Analysis_EEIO-for-Industrial-Decarb_POSTER-VERSION.pdf

CQ
)
@

B

Food and beverage and tobacco products A:

EEIO-IDA United States Base Case Results

Total Emissions (2018) Other real ostate

78 Other Scope 3 Emissions of the Food and
Chemical products Ind6u05t6ries

'sh Beverage and Tobacco Products

105 726 d ' Electl:icity SeCtor

Coal
4.6 Petroleum

2.2

Primary metals
6.7

Scope 1, Scope 2, and Upstream

Biofuels

roducts
million metric tons CO,eq *36s 2018 Base Case
Truck (million metrics tons CO,eq)
transportation
Top 5 upstream (source) sectors for >8.8
inherited embodied emissions:
. ;zg(stransportation S @cope 1 (onosite combustion.) emissions \
«  Paper products 5% represent 8% of the embodied
. Chemical products emissions of this sector’s products
. Other real estate
Scope 2 (offsite electricity generation)
emissions represent 7% of the embodied
Top 5 downstream (destination) sectors for Farms emissions of this sector’s products
this sector’s products: 434.8 \ /

° * an a a 0
Food and beverage and tobacco products The remaining 85% of embodied emissions
State and local general government

Food services and drinking places FOOd and beverage and are Scope 3 (upstream supply chain)

Social assistance

Hospitals to bacco prOd UCts All emissions shown are cradle-to-gate and do not include

downstream impacts of product distribution or use
* Destination is end-users of this sector’s products (NAICS 311’ 312) For more information, see Strategic Analysis poster on the EEIO-IDA tool
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U.S. Food Supply Chain Mass Flow

Export
159.4

Import Export Import
29.5 11.2 14.8

A

Manufacturing Distribution
1924 196.9

FLW = food loss and

< '\ c 11.7
FLW

63.4 waste
' 213 96 R&R = recycled and
4.6 recovered

1.8

0.9
R&R z 7.6 ‘ 5.6
140.2 FLW 0.4
w ] Food Donation 8.1
: Current modeling

FLW 12.8 focuses on

~— Ending Stock 106.4 manufacturing stage =

!

Initial Stock 88.5
M On-Farm M Manufacturing B Distribution B Wholesale & Retail M Consumed M R&R M Waste M Water Food Donation

Values in MMT (million metric tons)
Figure 16 from DOE Sustainable Manufacturing and the Circular Economy Report, 2023
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Manufacturing Energy Consumption Survey (MECS)
historical data

Food & beverage manufacturing energy consumption

400

350

300

250

200

150

100

Energy Consumption (trillion BTU)

50

by subsector (trillion BTU) 2006-2018 Food & beverage manufacturing total energy
consumption (trillion BTU) 2006-2018

1,400
= 1,200
|_
oM
S 1,000
\ E
c 800
=)
a
1]
=
8
400
2_/ ———— @
()
[ o
w200
> — - — — 0
2006 2010 2014 2018 2006 2010 2014 2018
—8—Grain and Oilseed Milling —8—Sugar Manufacturing B Natural Gas mNet Electricity mCoal mOther Fuel mFuel Oil mHGLs
=—@-Fruit and Vegetable Preserving and Specialty FOod ==@==Dairy Product
=—@=—Animal Slaughtering and Processing =@-—Rest of Food
- Beverages —@— Tobacco
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Food & Beverage Manufacturing Energy & Carbon Footprint (2018)

Manufacturing Energy and Carbon Footprint Onsite Energy Use: 1,262 TBtu

Sector: Food and Beverage (NAICS 311, 312) Onsite Emissions: 45 MMT COe

Onsite Energs Onsite Process Nonprocess
2018 Generation

;; Conventional
Boilers

44

Process Heating Facility HVAC

: -
_ Facility Lighting
CHP/ and Refrigeration 33 =
Cogeneration ﬁ [126 | 02 a2
17.6 )

4. Other Process Uses

23

% of
Fuel Type Total Other - 1.2
::::::;: " s:: (I}EIectric_ity Electro-Chemical
eneration .
Coal 5% 0.0
Distiliate Fuel Ol | 2% (excgg"lj:;:ﬁfgam - Transportation

Coke and Breeze | < 1%
HGL (excl. natural

non-combustion B - 0.2
electricity output) Machine Drive -

1% 4
. 1 Pumps
Waste Gas
(oyproductfuehy | < 1% Nonprocess
Other Fuels <1% 46 Fans - o
Fuel Types

46 Compressed Air

0 Electricity Export*

9 Materials Handling -
22 )
25 Materials Processing Energy use data source:
2018 EIA MchsD (with adjustments);
See r details
Energy Greenhouse Gas (GHG) 93 5 Other Systems Last Revised: December 2021
(TBtu = Trillion British Emissions Steam Notes:
Thermal Units) (MMT CO:e = Million Metric Tons Distribution - 08 Sector-wide aggregate data for year 2018;
Carbon Dioxide Equivalent) Losses energy ','al"'es and fuel type percentages
Euie] 1 to nearest whole number
- Onsite Process Offsite generation shown on net basis
(purchases, sales, and transfers
Total Emissions = accounted for) and includes onsite non-
Offsite Combustion Emissions + ‘_“’"'b"sm" renewable output
m Onsite Combustion Emissions + Refers to sales and transfers offsite of
Process Emissions electricity to utilities and other entities
" Refers to sales and transfers offsite or
Combined Onsite Emissions = Onsite ing of lus st
Cuinilisy Combustion Emissions + ?'gmlngpck :::,P usex:::ed
~p Losses Process Emissions oy
Page 2 of 3

Prepared for the U.S. Department of Energy, Advanced Manufacturing Office by Energetics

https://www.energy.gov/sites/default/files/2021-12/2018 mecs _food beverage energy carbon_footprint.pdf
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Better understanding of processes to better define
decarbonization opportunities

250
—~
- —
2 3007 2 200 -
Z 2
= foa
g t’ 150 -
‘g_ (O]
£ 200+ =2
2 0N
S = 100 -
= >
] e
< 2
= 1001 W 501
/2]
o
(I8
0 -
_ Steam Hot water Hot air
0- T T T
<100°F 100°-212°F 212°-400°F 400°-800°F
Operating Temperature (F)
Fossil Fuel Type Distillates HGLs . Coal . Natural Gas
Process . Drying . Evaporation . Heating . Separation Sterilizing '

Food and beverage thermal process fossil fuel consumption by temperature
range/heating medium demand for six modeled subsectors, 2018

Developed from EIA MECS data and multiple sources:Abed, Kurji, and Abdul-Majeed 2015; Bar and Voigt 2019; Beer Judge Certification Program 2008; Bostick 2018; Brush, Masanet, and Worrell 2011; Clottey 1985; Craft Beer and Brewing n.d.; Cresko, Thekdi, et
al. 2022; Ensinas et al. 2007; EPA 1995; Sheehan et al. 1998; Masanet et al. 2008; Ramirez, Patel, and Blok 2006; Kalogirou 2003; Hurburgh, Misra, and Wilcke 2008; Dunford 2019; Mosenthin et al. 2016; Kemper 1998; Sugarprocesstech 2017;
Sugarprocesstech 2021; Hugot 2014; Practical Action 2009; Safefood 360° 2014; Wiese and Jackson 1993; Siddig and Uebersax 2018; Amit et al. 2017; Rotronic n.d.; Santonja et al 2019; Verheijen 1996; Sheridan and FAOQ 1991; Maribo et al. 1998;
Dharmadhikari 2016; Stika 2009; Stier 2020; Ziegler 1979. “Sugar Boiling the Syrups in the Vacuum Pans.” The Sugar Journal 42: 27.
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https://doi.org/10.4236/msce.2015.38006
https://doi.org/10.1007/s12393-019-09195-y
https://legacy.bjcp.org/course/Class7Lesson3Malting.php
https://www.homebrewersassociation.org/tutorials/partial-mash-homebrewing/partial-mash-homebrewing/
https://www.osti.gov/biblio/1171534
https://www.fao.org/3/X6552E/X6552E00.htm
http://beerandbrewing.com/dictionary/RZV7tB05MV/
https://www.osti.gov/biblio/1871912
https://www.osti.gov/biblio/1871912
https://doi.org/10.1016/j.enconman.2007.06.038
https://www3.epa.gov/ttnchie1/ap42/ch09/final/c9s08-1.pdf
https://www.osti.gov/biblio/1218369
https://doi.org/10.2172/927884
https://doi.org/10.1016/j.energy.2005.08.007
https://doi.org/10.1016/S0306-2619(02)00176-9
https://www.extension.iastate.edu/grain/files/Migrated/soybeandryingandstorage.pdf
https://extension.okstate.edu/fact-sheets/print-publications/fapc-food-and-agricultural-products-center/oil-and-oilseed-processing-i-fapc-158.pdf
https://doi.org/10.1186/s40104-016-0095-7
https://lipidlibrary.aocs.org/edible-oil-processing/meal-desolventizing-toasting-drying-and-cooling
https://www.sugarprocesstech.com/raw-sugar-making-process/
https://www.sugarprocesstech.com/sugar-drying-mechanism/
https://www.sciencedirect.com/book/9781483231907/handbook-of-cane-sugar-engineering
https://www.ctc-n.org/sites/www.ctc-n.org/files/resources/4f7cd73d-af10-4c0f-a3fe-64851661b3dc.pdf
http://www.tiselab.com/pdf/Thermal-Processing-of-Food.pdf
https://doi.org/10.4315/0362-028X-56.7.608
https://doi.org/10.1002/9781119098935
https://doi.org/10.1186/s40066-017-0130-8
https://www.rotronic.com/media/news/files/1466670855_FF-Milk-Powder.pdf
https://data.europa.eu/doi/10.2760/243911
https://books.google.com/books?id=Ke0ucgAACAAJ
https://www.fao.org/3/t0279e/T0279E00.htm
https://doi.org/10.1016/S0309-1740(98)00029-1
https://www.extension.iastate.edu/wine/wp-content/uploads/2021/09/Red-Wine-Production-PDF.pdf
https://byo.com/article/controlling-fermentation-temperature-techniques/
https://www.foodengineeringmag.com/articles/98657-the-basics-of-cleaning-and-sanitation-in-food-plants

Food & Beverage Sector Modeling Additions

* Expanded range of food/beverage products & total sector coverage

* Updated energy intensity, energy mix, and emissions

* Better understand the major processes and decarbonization options
* Detailed breakdown of process heating and other end uses

* Improve electrification assumptions/estimates

* Find better information on reducing food waste and how that will influence the future
demand

-

6 subsectors
~18% of energy
consumption

~79% of emissions
\_ ’ Y,

~31% of energy
consumption

[ products ]
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Basic Breakdown of the Models

Sector Food & Beverage

Manufacturing Each subsector has

separate Excel model

Grain & , : ,
SUbseCtOr I — Fruit & veg Dairy Animal . Al other
milling preserving products slaughtering
€ 4
SnSIte gt(en (boﬂer: C?P) * Onsite gen * Onsite gen * Onsite gen * Onsite gen * Onsite gen
rocess (process heating, ) .
E N d USG mach drive, etc.) Process * Process * Process * Process Process
Nonprocess (e.g., HVAC) * Nonprocess * Nonprocess * Nonprocess * Nonprocess * Nonprocess
€ 4
Fuel * Fuel * Fuel Fuel * Fuel * Fuel
E n e rgy ty pe Electricity * Electricity Electricity Electricity * Electricity Electricity
Steam * Steam * Steam Steam * Steam * Steam w
€ 4

U.S. DEPARTMENT OF ENERGY = OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | INDUSTRIAL EFFICIENCY & DECARBONIZATION OFFICE




Net-Zero Pathway: Food & Beverage

2018 to 2050 Net-Zero

100
90 9%
e 18% &
< 80 Example net-zero
§“ 70 decarbonization pathway
Q 50 showing the impact of
E decarbonization pillars on
s 50 72% CO,e emissions
E 40 (million metric tons
S 2 (MMT)/year) select U.S. food
2 and beverage manufacturing
£ 20 subsectors. 2018-2050
10 17%
1% 1%
0
> o) o0 S S
B < e N RS (5’@ OO & .
0@. ‘«\ (&\ v \'@,ﬂ '\
5 6\}6& eﬁ%\\ (_’\e,d W Q(O?’C'
QN <& o

PRELIMINARY DATA. DO NOT CITE.

This representation is based on preliminary modeling and does not rely on actual facility data. The subsectors modeled are grain and oilseed milling; sugar manufacturing; fruit and vegetable preserving
and specialty food manufacturing; dairy product manufacturing; animal slaughtering and processing; and beverage manufacturing. These subsectors account for 79% of energy consumption and 78% of
emissions for food and beverage manufacturing in 2018. This figure was created by applying energy efficiency and industrial electrification technologies first in each subsector. This figure may differ to
the associated Roadmap figure due to additional modeling considerations included here. Source: This work.
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Modeled Technologies: Food & Beverage

Technolog) Process

Energy Efficiency
Boiler energy efficiency measures Facility HVAC
Air Compressors energy efficiency
measures
Chillers energy efficiency
measures (Motors/VFD)
Dryers/ovens energy efficiency
measures
Fans and Blowers energy
efficiency measures

Machine Drive

Process Cooling and Refrigeration

Low/High temp Convective hot air dryers

Machine Drive

Low/High temp Convective hot air dryers
Process Integration Low/High temp Direct/Indirect hot water
Process Cooling and Refrigeration

Pumps energy efficiency Machine Drive

measures
LCFFES
Low-carbon fuels switching Processes with remaining fuel demand
CCUS

Post-combustion carbon capture  Remaining combustion emissions (grain and
and storage (amine absorption) oilseed milling, beverages only)

Subsectors modeled:
e @Grain and oilseed milling
e Sugar
* Fruit and vegetable preserving and specialty food
* Dairy products
* Animal slaughtering and processing
* Beverages
Account for 78% of energy and 79% of emissions total
for food & bev subsector

Technolog) Process

Electrification
Low/High temp Direct/Indirect hot

water/Steam
Facility HVAC

Low/High temp Direct/Indirect hot water

Electric Boiler

Hot water heat pump

Membrane Pre-concentrators _ _ _
Low/High temp convective hot air dryers
Low/High temp convective hot air dryers

Steam generating heat pum
g g A Low/High temp Direct/Indirect steam

Advanced electroheating

Low/High temp Convective hot air dryers
technologies /Hig > %
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measures? [e.g., process LCFFES (e.g.,
START }——— iategration (P1)[2 m RNG) available

Net zero emissions \

YES

Are there
still

unabated
emissions?

3

Apply
alternate
approaches

Are alternate
approaches needed
to abate remaining
emissions (e.g.,
alternative protein
production?

Is the
remaining
emissions
stream
>100,000 per
year?

NO

YES

Apply CCUS
(requires supporting
infrastructure, etc.)

to replace
existing fuel
sources?

Replace fuel with
LCFFES
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FOOD & BEVERAGE
MANUFACTURING
DECARBONIZATION
Decision Tree

y

Apply those advanced
opportunities (e.g., PI,

Apply electrification (e.g.,

electric boilers, additional

heat pump opportunities,
heat exchangers)

Apply energy efficiency waste heat utilization, heat
measures pumps)
= . Have you
electrified
NO all possible
= loads?

I

o]

Net zero emissions \

Have you

applied all any available

possible energy YES advanced
efficiency opportunities
measures?

[e.g., process
igtegration (P1)]2

Apply
alternate
approaches

YES
Are alternate
approaches needed
to abate remaining
emissions (e.g.,
alternative protein
Are there production?
still
unabated
emissions?

3

ave you applied

YES

Is the
remaining
emissions
stream
>100,000 per
year?

NO

YES

Apply CCUS
(requires supporting
infrastructure, etc.)

YES

Is there
sufficient
LCFFES (e.g.,
RNG) available
to replace
existing fuel
sources?

Replace fuel with
LCFFES
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FOOD & BEVERAGE
MANUFACTURING
DECARBONIZATION
Decision Tree

y

Apply those advanced
opportunities (e.g., PI,

Apply electrification (e.g.,

electric boilers, additional

heat pump opportunities,
heat exchangers)

Have
electrified

Apply energy efficiency waste heat utilization, heat
measures pumps)
'y y
NO

I

o]

Net zero emissions \

Have you

applied all any available

possible energy YES advanced
efficiency opportunities
measures?

[e.g., process
igtegration (P1)]2

Apply
alternate
approaches

YES
Are alternate
approaches needed
to abate remaining
emissions (e.g.,
alternative protein
Are there production?
still
unabated
emissions?

3

ave you applied

all possible
loads?

YES

Is the
remaining
emissions

stream
>100,000 per
NO year?

Apply CCUS
(requires supporting
infrastructure, etc.)

YES

Is there
sufficient
LCFFES (e.g.,
RNG) available
to replace
existing fuel
sources?

Replace fuel with
LCFFES
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MANUFACTURING
DECARBONIZATION
Decision Tree
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Apply those advanced
opportunities (e.g., PI,

Apply electrification (e.g.,

electric boilers, additional

heat pump opportunities,
heat exchangers)

Have
electrified

Apply energy efficiency waste heat utilization, heat
measures pumps)
'y y
NO

I

o]

Net zero emissions \
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applied all any available

possible energy YES advanced
efficiency opportunities
measures?

[e.g., process
igtegration (P1)]2

Apply
alternate
approaches

YES
Are alternate
approaches needed
to abate remaining
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alternative protein
Are there production?
still
unabated
emissions?

3

ave you applied

all possible
loads?

YES

Is the
remaining
emissions

stream
>100,000 per
NO year?

Apply CCUS
(requires supporting
infrastructure, etc.)

YES

Is there
sufficient
LCFFES (e.g.,
RNG) available
to replace
existing fuel
sources?

Replace fuel with
LCFFES
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FOOD & BEVERAGE
MANUFACTURING
DECARBONIZATION
Decision Tree

y

Apply those advanced
opportunities (e.g., PI,

Apply electrification (e.g.,

electric boilers, additional

heat pump opportunities,
heat exchangers)

Have
electrified

Apply energy efficiency waste heat utilization, heat
measures pumps)
'y y
NO

I

o]

Net zero emissions

Have you

applied all any available

possible energy YES advanced
efficiency opportunities
measures?

[e.g., process
igtegration (P1)]2

Apply
alternate
approaches

YES
Are alternate
approaches needed
to abate remaining
emissions (e.g.,
alternative protein
Are there production?
still
unabated
emissions?

3

ave you applied

all possible
loads?

YES

Is the
remaining
emissions

stream
>100,000 per
NO year?

Apply CCUS
(requires supporting
infrastructure, etc.)

YES

Is there
sufficient
LCFFES (e.g.,
RNG) available
to replace
existing fuel
sources?

Replace fuel with
LCFFES
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Food & beverage subsector barriers and challenges

* Smaller companies-low profit margins and less capital access

Institutional * Meet food safety requirements (sometimes regulatory)

e Consumer sensitivity to product changes
* Lower associated quality (color, taste, etc.) with certain techs

End Products

Infrastructure » Supply chain constraints
. * Low cost of natural gas/elec. compared to limited and expensive
Economic low-carbon fuels or clean elec.
e Safety and performance issues associated with hydrogen and/or
Process

hydrogen/natural gas blends in existing equipment

e Impacts outside industry bounds - difficult to alter/impact

Material Efficiency consumer behavior

* Infeasibility of carbon capture technologies for small, distributed
facilities with limited carbon emissions

Carbon Capture

ASNANASNASAANAS
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U.S. Pulp and Paper Sector

* Pulp and Paper sub-sector produces multiple product types
ulp and Pape P piep yP Proportion of total energy consumption by

* Graphic paper, hygiene products, packaging products, subsector (%) MECS 2018
pulp, etc.

* Represents 4% of manufacturing GDP
 Employs ~400,000 workers in high-paying jobs

all other
subsectors, 23%

chemicals, 37%

19,436

trillion British
thermal units (TBtu)
total U.S. consumption

paper, 11%

primary
metals, 8%

* Energy, emissions, other relevant details:

* Accounts for 11% of total energy consumption in the
manufacturing sector

* Accounts for ~7% of energy related emissions from petraleum and coel
. products, 22%
manufacturing sector

e Utilizes ~50% of harvested timber in the U.S.

-MECS 2018, NCASI 2023,
Fischer International 2020
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U.S. Pulp and Paper Sub-sector

Unit processes assumed for different product types

Wood Preparation Pulping Paper Making
Debarking R o ¢ Forming & R . R o
Chipping > Digestion Pressing > Drying > Finishing
y Chemical - - 1
Recovery > Lime Kiln
Evaporators M oo (P (W.lth
{ boiler) causticizer) l
Screening, Unbleached pulp
Washing
_ Stock Paper Products
| Preparation
Bleached pulp £ -
4
Bleaching —> Washing —il Drying
M » Market Pulp >
Fluff and
dissolving pulp
Paper Pulplqg,
. | Screening,
collection, -> :
sorting Cleaning,
De-inking
Paper Recycling Adapted from: U.S. DOE 2015 Pulp

and Paper Industry Bandwidth Study
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Typical energy (fuel and electricity) Consumption for the Pulp
and Paper SeCtor *Recovery boiler uses black liquor as fuel

_
different processes GJ/t

Wood preparation 0.33
E t Digestion 5.91
vapora el Washing & Filtering 0.26
Evaporators 6.30
Chemical Recovery
(recovery boiler) -19.18
Lime Kiln (with
caustisizer) 2.20
Screening &
Bleaching 7.92
Washing 0.32
Forming & Pressing 1.28
Drying 11.09
Finishing 0.20

Lime kiln

.. | Was...

(with
Was...
Screening & Bleaching caustisizer) | pressi... | |
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Typical Scope 1 CO, emission from Pulping

equipment total emissions
Recovery boiler 65.80%
Auxiliary boiler 26.30%
Lime Kiln 7.90%

= Recovery boiler = Auxiliary boiler = lime kiln

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | INDUSTRIAL EFFICIENCY & DECARBONIZATION OFFICE



PULP & PAPER SECTOR
Implement alternative process, such DECARBONIZATION

Can the mill be
converted to a

Is this an

integrate biorefinery with o ) . -~
d or pulp multiple value- as lignin extract|on_from black liquor, Decision Tree
mill? added deep eutectic solvents
products?

Is there a
potential
market for
value-added
products (e.g.,
lignin, fuels)?

Alternative process

implementation can
depend on market trends

Is the current
product
market

declining?



Can the mill be
converted to a
biorefinery with
multiple value-

Is this an
integrated
or pulp
mill?

added
products?

Is there a
potential
market for
value-added
products (e.g.,
lignin, fuels)?

Is the
current
product
market
declining?

Implement alternative
process, such as lignin
extraction from black liquor,
deep eutectic solvents

Are
equipment
at EOL?

Y

Is there

PULP & PAPER SECTOR
DECARBONIZATION
Decision Tree

Can the
process be
electrified?

access to
renewable

_rConsider similar equipment
L with higher EE, fuel flexibility

electricity?

A4

e Implement electrification
of process

Electrification is a
decarbonization pillar, especially

when existing equipment are at
end of life (EOL)

Options available:

*Drying process changes

*Electric boilers

*Steam-generating heat
pumps



PULP & PAPER SECTOR

Can the mill be
converted to a
biorefinery with
multiple value-
added
products?

Is this an
integrated
or pulp
mill?

process, such as lignin
extraction from black liquor,
deep eutectic solvents

Decision Tree

mpmﬁ]i DECARBONIZATION

Is there a
potential
market for
value-added
products (e.g.,
lignin, fuels)?

Is the
current
product
market
declining?

Are
equipment
at EOL?

A 4

Is there
access to
renewable
electricity?

Can the
process be
electrified?

Consider similar equipment with higher
EE, fuel flexibility

Options available:

@ *Waste heat recovery
*Drying process changes
*Advanced monitoring
controls, digitalization
*Combined heat and power
technology

*Membrane Concentration
of BL

G Options available:
« Drying process changes
« Electric boilers
« Steam-generating heat pumps

mplement electrification
of process

Can any EE
measures
be
applied?

Apply EE measure or replace
with higher efficiency
equipment as applicable

Energy efficiency (EE), the foundational
pillar for decarbonization, will reduce the

energy consumption and decarbonization
pathways necessary




PULP & PAPER SECTOR
DECARBONIZATION
Decision Tree

Can the mill be
converted to a
biorefinery with
multiple value-
added
products?

Implement alternative
process, such as lignin
extraction from black liquor,
deep eutectic solvents

Is this an
integrated
or pulp
mill?

Procure low-

Can the Is there
access to Consider similar equipment with higher ca rbon fueIS
Is there plr °°te§_,5 ';?) renewable EE, fuel flexibility
rsg:iglfaolr electrified electricity?
value-added Options available:
* Waste heat recovery

products (e.g.,

lignin, fuels)? « Drying process changes

» Advanced monitoring controls, digitalization
* Combined heat and power technology
* Membrane Concentration of BL

9 Options available:
« Drying process changes
* Electric boilers
« Steam generating heat pumps

Is there
access to
low-carbon

mplement electrification
of process

Is the
Apply EE measure or
current Are Can any EE o . . .
product equipment measures eﬁriii‘zslggfxmphr;\g;iras fue |S? OptlonS avallable-
market at EOL? be applied? applicable

declining?

@ Switching coal, oil, etc. to
natural gas (NG)
*Switching NG to renewable NG

Can the

process

use low- *Switching to green H, (if

carbon available)

fuels? *Switching to solid biomass, if
available

Low-carbon fuels can be
considered when electrification is

not an option or due to ease of
access




Can the mill be
converted to a
biorefinery with
multiple value-
added
products?

Is this an
integrated
or pulp
mill?

Implement alternative
process, such as lignin

extraction from black liquor,
deep eutectic solvents

Is there a
potential
market for
value-added
products (e.g.,
lignin, fuels)?

Is the
current
product
market
declining?

Are
equipment
at EOL?

Can the
process be
electrified?

Is there
access to

renewable
electricity?

Consider similar equipment with higher
EE, fuel flexibility

Can any EE
measures
be applied?

Carbon capture can play a crucial

role for reducing carbon
emissions for the sector

mplement electrification
of process

Apply EE measure or
replace with higher
efficiency equipment as
applicable

Can the
process use
low-carbon
fuels?

Is there
access to
low-carbon
fuels?

PULP & PAPER SECTOR
DECARBONIZATION
Decision Tree

®

Options available:
* Waste heat recovery

« Drying process changes
« Advanced monitoring controls, digitalization
« Combined heat and power technology

Procure low-carbon
fuels

*Po

Is there
access to
Co,
pipeline or
torage?

Cco

Can CO, be
utilized in any
existing or
Nnew process?

* Membrane Concentration of BL

available:

Options
« Drying process changes

« Electric boilers
« Steam generating heat pumps

avallable:

Options
« Switching coal, oil, etc. to natural gas (NG)

* Switching NG to renewable NG
« Switching to green H, (if available)
« Switching to solid biomass, if available

Options available:

st-combustion

amine-based CCS
Calcium looping
*CCS for lime kiln
alone
*Multiple stacks

nsidered together

A 4

Capture CO, emissions;
either store or utilize




Can the mill be
converted to a
biorefinery with
multiple value-
added
products?

Implement alternative
process, such as lignin

extraction from black liquor,
deep eutectic solvents

Is this an
integrated
or pulp

mill?

Can the Is there
rocess be access to Consider similar equipment with higher
; ther? aI zlectrified'? renewable EE, fuel flexibility
rsg:iglfaor ) electricity?
value-added

products (e.g.,
lignin, fuels)?

Is there
- access to
I Implement electrification low-carbon
of process fuels?

Is the
current Are Can any EE Apply EE measure or Canthe
d ! replace with higher A process use
pro Ll(Jct equnpme?nt measu_res’P efficiency equipment as low-carbon
market at EOL? be applied? applicable fuels?

declining?

PULP & PAPER SECTOR
DECARBONIZATION
Decision Tree

Options available:

* Waste heat recovery

« Drying process changes

» Advanced monitoring controls, digitalization
* Combined heat and power technology

* Membrane Concentration of BL

Procure low-carbon
fuels

Options available:

« Drying process changes

C * Electric boilers

« Steam generating heat pumps

@ O

Options available:
« Switching coal, oil, etc. to natural gas (NG)
« Switching NG to renewable NG

Is there + Switching to green H, (if available)
access to C0, « Switching to solid biomass, if available
pipeline or
storage?

Options available:
 Post-combustion amine-based CCS
« Calcium looping

* CCS for lime kiln alone

© @

Utilize alternative fibers Can

content

process?

use alternative
fibers/ more

Are there (NOJ recycled
still ) ontent?
unabated
emissions?

. process be Can CO, be
or increase recycled . utilized in
modified to any existing

* Multiple stacks considered together

=1

Capture CO, emissions; either
store or utilize

Alternative or recycled fibers
can be considered with careful
analysis as a decarbonization

measure



Can the mill be
converted to a
biorefinery with
multiple value-
added
products?

Is this an
integrated
or pulp
mill?

Implement alternative
process, such as lignin
extraction from black liquor,
deep eutectic solvents

Is the

current Are

product equipment

market at EOL?
declining?

Can the
Is there a process be
potential electrified?
market for
value-added
products (e.g.,
lignin, fuels)?

PULP & PAPER SECTOR
DECARBONIZATION
Decision Tree

Is there
access to

renewable
electricity?

Consider similar equipment with higher

EE, fuel flexibility

mplement electrification

Can any EE
measures
be applied?

Are there still
unabated
emissions?

of process

Is there
access to Procure low-carbon
low-carbon fuels

fuels?

C

Utilize alternative fibers
or increase recycled
content
content?

Can the process be
modified to use
alternative fibers or
increased recycled

Apply EE measure or Can the
replace with higher A process use
efficiency equipment as low-carbon
applicable fuels?
No Is there
access to CO,
pipeline or
NO storage?
NO

)

@ @06 O

Can CO, be
utilized in
any existing
or new
process?

Capture CO, emissions; either
store or utilize

__J

Options available:

* Waste heat recovery

« Drying process changes

« Advanced monitoring controls, digitalization
* Combined heat and power technology

* Membrane Concentration of BL

Options available:

« Drying process changes

* Electric boilers

« Steam generating heat pumps

Options available:

« Switching coal, oil, etc. to natural gas (NG)
* Switching NG to renewable NG

« Switching to green H, (if available)

« Switching to solid biomass, if available

Options available:

 Post-combustion amine-based CCS
« Calcium looping

* CCS for lime kiln alone

* Multiple stacks considered together



Assumptions in the Sector Modeling

Market Pulp
1 Mill(non- Fluffpulp
integrated)
Tissue Mill : i
tissue, hygiene
2 (non- roducts
integrated) P
Specialty Mill Specialtypaper
3 (non- and others
integrated)
Recycled Mill Recycled paper
4 (non- and paperboard
integrated) PEP

Bleached Mill Paperand
(integrated) paperboard
Unbleached Py

o paperboard

Assumptions considered play an extensive role in the results obtained.

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | INDUSTRIAL EFFICIENCY & DECARBONIZATION OFFICE



Assumptions in the Sector Modeling

Increased recycled
content, plan to add

Market Pulp :
deep eutectic solvents
1 Mill (non- Fluffpulp
et and membrane
g separation once
Energyefficiencyappliedto  adoption is estimated
Tissue Mill : : .SpeCIﬁ.C eliolgies, No imported pulp, but
tissue, hygiene including: ; :
2 (non- . : can include this and
: products debarking upgrades, chip -
integrated) : o other alternative pulps
screening &conditioning,
Specialty Mill : advanced digestion additives, No imported pulp, but
Specialtypaper ) . .
3 (non- and others waste heat recovery, high can include this and
integrated) efficiencyrefiners, lime kiln ~ other alternative pulps
Recycled Mill Resyalledlimis: mod1f1cat10n, high c.0n51stency
4 (non- and panerboard forming, press section None
integrated) pap upgrades, improved drying
technologi i i
Bleached Mill Paperand cCHNOIogIes Cloristtloricel 1.mported
(integrated) aperboard pulp, potential for
g pap alternative pulp
Unbleached Considered imported
6 By ulp, potential for
paperboard pub, p

(integrated) alternative pulp

Assumptions considered play an extensive role in the results obtained.
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Assumptions in the Sector Modeling

Market Pulp
Mill (non-
integrated)

Tissue Mill
(non-
integrated)

Specialty Mill
(non-
integrated)
Recycled Mill
(non-
integrated)

Bleached Mill
(integrated)

Unbleached
Mill
(integrated)

U.S. DEPARTMENT OF ENERGY

Fluffpulp
Energyefficiencyapplied to
specific technologies,
tissue, hygiene including:
products debarking upgrades, chip
screening &conditioning,
Specialtybaper advanced digestion additives,
pan d O'[};II;I‘E waste heat recovery, high
efficiencyrefiners, lime kiln
Feation. hi :
Recycled paper 1;1od. cation, high c.ons1stency
orming, press section
and paperboard . :
upgrades, improved drying
technologi
Paperand echnologies
paperboard
Paperand
paperboard

Increased recycled
content, plan to add
deep eutectic solvents
and membrane
separation once
adoption is estimated

No imported pulp, but
can include this and
other alternative pulps Electric boiler
modification for
auxiliaryboiler, can
include steam-

generating heat pumps

No imported pulp, but
can include this and
other alternative pulps

None

Considered imported
pulp, potential for
alternative pulp
Considered imported
pulp, potential for
alternative pulp

Switch to 100% biomass in
lime kiln, and 80% in
auxiliary boiler

Switch to 80% biomass for
through-air drying, 70% in
auxiliaryboiler, 12%
hydrogen

Switch to 80% biomass in
auxiliary boiler

Switch to 80% biomass in
auxiliary boiler

Switch to 100% biomass in
repulping and lime kiln,
and 80% in auxiliary boiler

Switch to 80% biomass in
auxiliary boiler

Assumptions considered play an extensive role in the results obtained.
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Assumptions in the Sector Modeling

Market Pulp
Mill (non-
integrated)

Tissue Mill
(non-
integrated)

Specialty Mill
(non-
integrated)
Recycled Mill
(non-
integrated)

Bleached Mill
(integrated)

Unbleached
Mill
(integrated)

U.S. DEPARTMENT OF ENERGY

Fluffpulp

Energyefficiencyapplied to

specific technologies,
tissue, hygiene including:
products debarking upgrades, chip
screening &conditioning,
Seelypamer advanced digestion ad.ditives,
and others waste heat recovery, high
efficiencyrefiners, lime kiln
Resallclimis: ;nodi'ﬁcation, high c.onsistency
and paperboard OTTINE, Press section :
upgrades, improved drying
Paperand technologies
paperboard
Paperand
paperboard

Increased recycled
content, plan to add
deep eutectic solvents
and membrane
separation once
adoption is estimated

No imported pulp, but
can include this and
other alternative pulps Electric boiler
modification for
auxiliaryboiler, can
include steam-

generating heat pumps

No imported pulp, but
can include this and
other alternative pulps

None

Considered imported
pulp, potential for
alternative pulp
Considered imported
pulp, potential for
alternative pulp

Switch to 100% biomass in
lime kiln, and 80% in
auxiliary boiler

Switch to 80% biomass for
through-air drying, 70% in
auxiliaryboiler, 12%
hydrogen

Switch to 80% biomass in
auxiliary boiler

Switch to 80% biomass in
auxiliary boiler

Switch to 100% biomass in
repulping and lime kiln,
and 80% in auxiliary boiler

Switch to 80% biomass in
auxiliary boiler

Assumptions considered play an extensive role in the results obtained.
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Assumptions in the Sector Modeling

Market Pulp
Mill (non-
integrated)

Tissue Mill
(non-
integrated)

Specialty Mill
(non-
integrated)
Recycled Mill
(non-
integrated)

Bleached Mill
(integrated)

Unbleached
Mill
(integrated)

U.S. DEPARTMENT OF ENERGY

Fluffpulp

tissue, hygiene
products

Specialtypaper
and others

Recycled paper
and paperboard

Paperand
paperboard

Paperand
paperboard

Energyefficiencyapplied to
specific technologies,
including;

debarking upgrades, chip
screening &conditioning,
advanced digestion additives,
waste heat recovery, high
efficiencyrefiners, lime kiln
modification, high consistency
forming, press section
upgrades, improved drying
technologies

Increased recycled
content, plan to add
deep eutectic solvents
and membrane
separation once
adoption is estimated

No imported pulp, but
can include this and
other alternative pulps Electric boiler
modification for
auxiliaryboiler, can
include steam-

generating heat pumps

No imported pulp, but
can include this and
other alternative pulps

None

Considered imported
pulp, potential for
alternative pulp
Considered imported
pulp, potential for
alternative pulp

Switch to 100% biomass in
lime kiln, and 80% in
auxiliary boiler

Switch to 80% biomass for
through-air drying, 70% in
auxiliaryboiler, 12%

0
hydrogen et

combustion

Switch to 80% biomass in carbon capture in

auxiliaryboiler boilers and lime
kiln, as applicable

Switch to 80% biomass in

auxiliary boiler

Switch to 100% biomass in
repulping and lime kiln,
and 80% in auxiliary boiler

Switch to 80% biomass in
auxiliary boiler

Assumptions considered play an extensive role in the results obtained.
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Net-Zero Pathway: Pulp & Paper

2018 to 2050 Net-Zero

200 Example net-zero
180 decarbonization pathway
— 160 19% showing the impact of
< 140 40% decarbonization pillars on
9: 190 25% CO,e emissions
S 100 (million metric tons
= g (MMT)/year) U.S. pulp and
0 paper manufacturing.
o o 2018-2050
240
5 20
0 LCFFES and Electrification
220 (electricity grid decarbonization)
he o} ~N o0 © play key role in for reaching Net
Q> o e X0 <
k o= &<© & NS Zero emissions in 2050
06\}0& (%\\ e@c

PRELIMINARY DATA. DO NOT CITE.

This representation is based on preliminary modeling and does not rely on actual facility data. Source: This work.



Sector-specific Challenges

By Decarbonization Pillar

Energy Efficiency

Alternative
Processes

Alternative Fibers/
Increased Recycled
Content

Low cost of
purchased energy

Cost of technology
and availability of
capital funds

Market trends

Technical knowledge

U.S. DEPARTMENT OF ENERGY

High capital cost and
technology cost

Low selling price for
fuels, poor return on
investment

Market trends

Lack of expertise in
processes, products,
markets

Availability of
alternative fibers

Impact of declining
market on recycled
fiber availability

End-product quality
impacts

Storage and
transport constraints

Uncertainty around
carbon accounting
and biogenic
emissions

Potential increase in
energy use
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Sector-specific Challenges

Energy Efficiency

Low cost of
purchased energy

Cost of technology
and availability of
capital funds

Market trends

Technical knowledge

By Decarbonization Pillar

Alternative

Processes

High capital cost and
technology cost

Low selling price for
fuels, poor return on
investment

Market trends

Lack of expertise in
processes, products,
markets

Alternative Fibers/
Increased Recycled
Content

Availability of
alternative fibers

Impact of declining
market on recycled
fiber availability

End-product quality
impacts

Storage and
transport constraints

Uncertainty around
carbon accounting
and biogenic
emissions

Potential increase in
energy use

Electrification

Availability of
renewable electricity

Need for additional
electric infrastructure

Limited applicability

Cost of technology
and renewable
energy
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LCFFES

Low-carbon fuel
availability

Technical barriers =>
process efficiency
impact

Uncertainty of costs

Storage and
transport constraints

Uncertainty around
carbon accounting
and biogenic
emissions

Cost and technology
choice

Scale and multiple
sources of emissions

Efficacy of storage

Infrastructure for
transport, storage,
utilization
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Iron & steel at a Glance

* Iron and steel manufacturing is one of the most energy- and emissions-intensive industries worldwide

* The iron and steel industry accounts for around a quarter of greenhouse gas (GHG) emissions from the
global manufacturing sector

 The U.S. steel subsector produced 82 MMT of crude steel in 2022
* 4% of global production and the fourth-largest producer of steel in the world
 U.S. steel production methods:
 29% made using BF-BOF (blast furnace-basic oxygen furnace)
 71% made using EAF (electric arc furnace)
* Energy and emissions profile:
* In 2018, U.S. iron and steel manufacturing emitted a total of 200 MMT CO.,e
 In 2018, U.S. iron and steel manufacturing consumed 1,076 TBtu of energy
 37% Natural Gas
 28% Coke and Breeze
e 17% Electricity
 16% Blast Furnace & Coke Oven Gases
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U.S. Steel Production by Route

American production has 120
been predominantly via the

electric arc furnace since the

early 2000s 100
DRI production has been
expanding rapidly in the last
10 years with major
installations coming online in
LA, OH, and TX.

Alongside growing domestic
production, the U.S. is a major
importer of DRI/HBI and
imported an estimated 1.6
MMT in 2019 for consumption
primarily in EAFs (MIDREX, 20 -
[IMA 2020)

It seems that further

(0]
o

N
o

Annual U.S. Production (MMT)
o
O

penetration of EAFs into the 0 ===

Total Domestic Crude Steel Production
= = BF-BOF

= - =DRI Production

.—-—.—.—.—°

U.S. production mix is
contingent on increasing
supply of ore-based metallics.

T T T L T T T
2006 2011
Year
World Steel Association Production Statistics 2022-1991



Pillars of industrial decarbonization must be pursued and
evaluated continuously

Are alternate

Apply approaches (e.g.,
alternate negative
approaches emissions tech)
viable*?

Are low-carbon

duction pathway
Are there unabated ] weal pro : x non-fuel feedstocks Apply low-carbon
. START ‘ emissions? l LYES) > bigfor?grgi:;?g]e (including circularity) feedstock measures
viable*?

pathway?

v =3

ply CCUS
easures
Apply efficiency
measures

|
i
I
1
1
1
I
I
I
I
1
1
I
I
1
1
I
I
I
1
1
I
: Could the current
1
1
1
I
I
1
I
1
I
1
I
1
i
[
|
|
|
I
|
[
|
|
I

Net-Zero! continuously, different A 4
Continue production route Is electrification and/or
evolving & ultimately required low-carbon fuels or energy NO| Is CCUE)
improving** sources viable*? viable*: )
‘ .
| Apply Efficiency
1 (energy efficiency.
| energy storage, and Apply electrification and/or
IND U STR| AL ! materials efficiency) low-carbon fuels or energy PRI o
1 Measures & Principles sources measures cost-offective, and that the measures are
DECARBONIZATION | S

Decision Tree

** Morrow, William Il et al. 2017. “U.S. Industrial Sector
Energy Productivity Improvement Pathways.” U.S,
Industrial Sector Energy Productivity Improvement
Pathways (aceee.org)



Iron and Steel
DECARBONIZATION

]

Decision Tree |
Greenfield E

s high gangue ore for EAF

acceptable?

Build

Net zero emissions,

A

Is DRI
grade ore
available?

Are there
still

}_@ .

Is
renewable

H,-DRI to EAF * NH,-DRI to EAF ¥

A A

Are low-carbon fuels
and reductants
viable (clean H,,

Electrolysis Production Route (molten
Oxide, Aqueous, and Molten Salt)

Aqueous & (to a lesser degree) Molten Salt
routes can accommodate intermittent

supply
*

Is clean

clean ammonia)?

Apply
alternate
approaches

Design to
accommodate
evolution of
fuels/reductants

b

Are alternate

electricity
viable?

NG-DRI to EAF with
ccs *

' NG-DRI to EAF

approaches

biochar
viable?

Biomass

Ironmaking *

based

Is CCUS
viable for
DRI
production
routes?

L

needed to abate
remaining
emissions?

unabated
emissions?

Continue evolving and
improving \
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~k Potential zero-emission
Production Route

to be checked for unabated emissions

Non-biogenic carbon-
based ironmaking with

ccs *

r Unabated
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Net-Zero by 2050 Scenario

Example of a net-zero decarbonization pathway showing the impact of decarbonization pillars on CO,e
emissions (million metric tons (MMT)/year) for U.S. iron and steel manufacturing, 2018-2050

2018 to 2050 Net-Zero

100

90 13% 18%

80

70

60

50

40

30

50%

Emissions [MMT CO,e/yr]
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Production Routes in a Net-Zero Scenario

1%

* Modeling assumptions

e US electric grid CO2 emissions
reduction to zero in 2050

« Slight increase in natural gas usage
and doubling of electricity usage

e Net Zero Scenario:

 BF-BOF substantial phase out by
2050

» Scrap-based EAF bulk of production
route

* Small portion with clean hydrogen
based DRI-EAF processes and iron
ore electrolysis

Share of Total Steel Production

5% 1% .

2018 2020 2

— 19
7%
030

3% 20%
-sx .
8%
2040

1%
9%
9%
2050

W BF-BOF W Scrap-EAF NG-DRI-EAF Green Hydrogen DRI-EAF

¥ Electrolysis of Iron Ore H Blue Hydrogen DRI-EAF Scrap-EAF with
electric rolling & finishing
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Sector-specific challenges

Energy Efficiency:
e Initial investment cost

* Harsh environment prohibitive to waste heat recovery technologies, smart manufacturing, and next gen
information technology solutions

Industrial Electrification:
* Harsh environment not immediately conducive to electrical heating equipment longevity

e Electric heating may not have the bandwidth to support high processing temperatures (reheating, large
scale batch/continuous furnaces)

Low-Carbon Fuels, Feedstocks, and Energy Sources (LCFFES):

» Better understanding of available quantities, cost, and life cycle assessments of alternative fuels (biomass,
H2, green electricity)

Material Efficiency:

* Recycling manufacturing byproducts requires added focus on product quality, availability of scrap, and
complex steel alloy preparation
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Copper Accumulation in Scrap Supply

6.0

55 Copper in supply Copper tolerable by demand

Estimated

High/low tolerances L
+/-30% total demand quantity -~ .~
Higher/lower construction ,,' i

- == Estimated

5.0 = — = High/low concentrations
= — = +/-30% total scrap quantity
45 - Higher/lower construction

Copper tolerable
by demand

w 4 ti
e proportion proportion
S = 40
= =
5 E&’ 3.5
Q 8
CO}_ s 30
o
=
(_.) 2.5
o :
= ~~ Copper in supply -
'_
- 15
,.,.»—*f""dj’ 10
H-M
— 05
p— '
. 55
1 950 2050 1950 1970 1990 2010 2030 2050 2070 2090

Katrin E. Daehn, André Cabrera Serrenho, and Julian M. Allwood
Environmental Science & Technology 2017 51 (11), 6599-6606 DOI: 10.1021/acs.est.7b00997

» Copper cannot be refined oxidatively from steel during typical production and is commonly intimately mixed with scrap steel
due to its inclusion in many steel products.

* Excessive copper can compromise the quality of steel, typically the surface quality in deep drawing applications (food
packaging, automotive etc.)

* Typical management of copper levels is done by dilution and scrap mixing, as such virgin iron units must continue to enter the
system to manage the increasing copper level.

* This has the potential to become a major barrier for increasing recycling levels, as markets for less copper tolerant (flate, plate)
products appear to be growing far faster than copper tolerant market segments (bars etc.)
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Sectors in Other Industries

Manufacturing Non-manufacturing

e Aluminum e Agricultural

* Glass e Construction

 Fabricated metals + Mining

* Transportation  Data centers
manufacturing e Water

* Plastics « Wastewater

 Foundries
* Electronics
e Textiles
 Machinery

The bigger picture:

Other manufacturing industries are:

* 85% of manufacturing establishments

* 63% of manufacturing revenue/value of shipments
* 79% of manufacturing employees

«  50% of manufacturing energy costs DRAFT Do Not Cite
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The emissions implication

Cement and Lime

Energy Consumption
9y P 396 (1% of Industrial)

Food Products

Commercial 1,629 (5% of Industrial)

16,684
18%

Iron and Steel
1,422 (5% of Industrial)

Residential
20,782 Industrial
22% 31,183

33% Refining
4,735 (15% of Industrial)

Bulk Chemicals
7,519 (24% of Industrial)

All Other Manufacturing

Transportation :
7,941 (25% of Industrial)

24,690
27%

7,540 (24% of Industrial)

Other industries encompasses 44% of industrial emissions

Non-Manufacturing Industrial
(Agriculture, mining, and construction)

Cement and Lime

CO, Emissions -
22 (2% of Industrial)

Food Products
78 (6% of Industrial)

-~ "million
MTCO,

Commercial
718

Iron and Steel
90 (7% of Industrial)

Residential
894
19% Industrial
1,360
30%

Bulk Chemicals
274 (20% of Industrial)

Refining

235 (17% of Industrial)
Transportation
1,591

35%

All Other Manufacturing
425 (31% of Industrial)

Non-Manufacturing Industrial
(Agriculture, mining, and construction)
236 (17% of Industrial)

*Pulp and paper: 6% of
industrial energy use and
4% of industrial energy-
related CO, emissions

US DOE. Industrial Decarbonization Roadmap. September 2022.
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Emissions from Other Industries
40

In descending order of Scope 1 emissions

35
30
©
225
)
o
Q20
o
)
S 15
=
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5
0
O X &)
Q @ o
& N4 &
o’ N ) {00
B R « &
<& e O
Sources: Non-manufacturing:
USDOE Manufacturing Energy Footpri
USDOE E.Z’l\“n25;?;’;%@3"'5?“02?23’;; W Process  © Scope 1 combustion mScope2  Ag: 80 MMT CO,
G e o duction. *estimated emissions using multiple sources ~ Construction: 82 MMT CO,,
Siddik et al. 2021. Environmental Research Letters. DRAFT DO NOt Clte Mining: 81 MMT CO2
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Transportation Equipment deeper dive

Manufacturing Energy and Carbon Footprint Onsite Energy Use: 345TBtu 150
Sector: Transportation Equipment (NAICS 336) Onsite Emissions: 9 MMT COze
Onsite Ener -
2018 oy Onsite Process Nonprocess « 120
Generation Energy Energy <
4
| Conventional 7. Process Heating . Facility HVAC Gg\l 9 O
—— el e e e | | O —
. Process Cooling . ighti O
1 Coggr:-cl:elntion m and-Refrig‘::aﬁon " : = 60
(06" o8 ' W Other Facility =
‘. Other Process Uses Support >
| G [Ad o2 108 oa 30
Electricity . T
FuelType  1oof ! Electro-Chemical Onsite —
:T.:":L Gasd 91% (23,23:%'3;.‘“ - 0.0 ¢ Transportation O —
£ le an renewable,
i ™ SeEE X" Wachine Drive == & > 5
gasoling) | 26 = . Other . ) 2 o Q&
- I Nonprocess & & Ng N K& &
Other Fuels 3% 22 Fans - 01 Q\Q} . Qg} %9 \(\Q) QQJ %Q/
Fuel Types m 2 9\\\ C,QJ 0;) ‘(\\ Q}(O
15 Compressed Air QQ Q~® Q\O (‘)\S Q}o 00
i i o S < & o8 N o
345 0 Materials Handling , oo\\ o $o
23 Materials Processing Energy use data source: &
. 2018 EIA MECS (with adjustments); (2]
See webpage for details <
Energy Greenhouse Gas (GHG) 5 0 Other Systems Last Revised: December 2021 oc’
(TBtu = Trillion British Emissions o Stebam — Notes: Q*
i = Milli i istributi Sector-wids ate data for 2018; A1
T e e o | Lo [1037 o3 Erry vt o o b Electricity ™ Fuels and Steam
zuel % " . "
' IR O] Process e
iei = accounted for) and includes onsite non-
Offsite %ﬁ%ﬁissions+ f‘;’":;“s‘:"" 'Ie"e‘"":l:_:“z"' eite of
Onsite Combustion Emissions + eters to sa'es and transters offsite H
T | oo o oy s o s Of the total 345 TBtu supplied to the sector, 158
Combined %:sioo::i}-e purging of surplus steam
1SS Feedstock energy excluded O/ =
~p  Losses | ProcessEmissins TBtu are lost (46%; largely as heat).
Prepared for the U.S. Dep: of Energy, A ing Office by Energetics

Source: USDOE Manufacturing Energy Footprints
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Glass deep dive

Manufacturing Energy and Carbon Footprint

Sector: Glass and Glass Products (NAICS 3272, 327993)
Onsite Energy,
2018

Process

Onsite
Generation

~ Conventional
Boilers

Energy

77 Process Heating

oA o4

0 Process Cooling
CHP/ and Refrigeration
I Cogeneration [oe7 o0

00 'L Other Process Uses

Other

Electrlc_lty Electro-Chemical
Generation 0.0
(excludes 0.1 TBtu -

renewgblet,‘

non-combustion H H
e,gd:igity output) Machine Drive

Fuel Type :;::I

- 0.0 3 Pumps
Natural Gas 99%

Other Fuels 1%

Fans
Fuel Types

6 Compressed Air

2 Materials Handling

“Jka‘j
3 Materials Processing
Energy Greenhouse Gas (GHG) 0 0 Other Systems
(TBtu = Trillion British Emissions Steam —
Distribution

Thermal Units) (MMT CO,e = Million Metric Tons

! Carbon Dioxide Equivalent)
Euel
- Onsite Process

[Ectriciy 2
[_Steam 4

aan o2

Losses

Total Emissions =
Offsite Combustion Emissions +
Onsite Combustion Emissions +

Process Emissions

Onsite Emissions:

185 TBtu
9 MMT COZE

Nonprocess
Energy

Facility HVAC

o 03

4

Other Facility
Support

Onsite
Transportation
0.0

Other
Nonprocess

(> Electricity Export*
0 _Excess Steam”

Energy use data source:

2018 EIA MECS (with adjustments);
See webpage for details

Last Revised: December 2021

Notes:

Sector-wide aggregate data for year 2018;
energy values and fuel type percentages
rounded to nearest whole number
Offsite generation shown on net basis
(purchases, sales, and transfers
accounted for) and includes onsite non-
combustion renewable output

* Refers to sales and transfers offsite of
electricity to utilities and other entities
" Refers to sales and transfers offsite or

R o Ty ey purging of surpus stearn
~ Losses Process Emissions Feedstock energy excluded
Page 2 of 3
P d for the U.S. D of Eneray. Ad d M. Office bv i

Source: USDOE Manufacturing Energy Footprints
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Of the total 185 TBtu supplied to the sector,
103 TBtu are lost (56%; largely as heat).
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Opportunities for Other Industries

INDUSTRIAL
DECARBONIZATION i .
Decision Tree m Transportation Equip.
alternate
approaches

Energy Process efficiency; Furnace and burner
J Efficiency motor system efficiency; control & design;

Are there unabated
emissions?

o ey HVAC efficiency Oxygen-lancing;
Use of post
consumer cullet;

viable*?

_ __J' Apply Efficiency (energy efficienc
energy storage, and materials
efficiency) Measures & Principles

Apply efficiency
measures
continuously, different
production route
ultimately required

Is electrification

Could the current
production pathway
become a viable*

zero-emission
pathway?

Electrification Electroheating technologies; Electroheating
mﬁ,_effevlvf.eg;ggks] Load control; technologies
(including circularity) Energy Storage

Apply

ele(;tm(/:grtlon and/or
Jow-carbon low-carbon

fuels or energy
sources
viable*?

fuels or energy
sources
measures

viable*?

&

[A — j LCFFES Onsite renewables Onsite renewables;
feedstock measures B i Ofu e IS;

Is CCUS
viable*? i

Apply CCUS
measures

H,

CCUS Likely not viable Difficult due to other
contaminants in
stack
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Challenges for Other Industries

Energy Efficiency
* Materials constraints, specifically for
harsh environments
* Capital investments
e Timing
* Magnitude

LCFFES
* Costs
* Regulatory uncertainty
» Storage
* Availability and lack of infrastructure

Electrification
 “Spark Gap”
Electroheating technologies
* have smaller thermal output than
fossil fuel fired
* heat materials differently with
different capabilities
Risk (to production, safety)
Supply chain delays
Lack of clean electricity supply

Non-manufacturing emissions
* Fugitive emissions (starting with tracking)
* Electrification of mobile sources, including
partial electrification
* Feed additives for livestock

Non-technical challenges
* Small-to-medium manufacturers
* Broader workforce issues
* Diverse and distributed
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