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BETO Background
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EERE FY 2022 Request Guiding Principles

Accelerate the research, development, demonstration,

and deployment (RDD&D) of innovative technologies that will
transition Americans to a 100% clean energy economy no later than
2050 and ensure the clean energy economy benefits all Americans.

Environmental Workforce  State and Local
Justice and Equity Diversity in STEM Development Partnerships
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iorities

EERE Program Pr

100% decarbonized
electric grid by
2035

Decarbonize
transportation
across all modes

Decarbonize energy
intensive industries

Reduce the carbon
footprint of
buildings

Enable a net-zero
agricultural sector




Bioenergy Technologies Office (BETO)

Production and Harvesting

Feedstock Technologies

Lower costs
Improve quality

Increase types of feedstock
intermediates available for
conversion.

@ Advanced Algal Systems

Increase algae
productivity

Algal strain improvement
and efficient cultivation.

Conversion and Refining

Conversion Technologies

- Reduce costs of
deconstructing feedstock into
intermediate products

- Upgrade intermediates into
liquid biofuels (e.g., SAF),
bioproducts, and biopower

=h ‘ Distribution and End Use

Systems Development
and Integration

- Systemsresearch to
combine tech, operations,
subsystems developed by
R&D programs into
integrated processes.

- Integrated processes
tested (pre-pilot to demo
scale) to identify R&D
needs, readiness for scale-
up and commercialization.

U.S. DEPARTMENT OF ENERGY

Data, Modeling, and Analysis
- Track technology progress and identify opportunities and challenges related
to economic/environmental impact of advanced bioenergy systems.
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Role of Biomass in Sustainable Transportation

Projected Liquid Transportation Fuel Demand

* Transportation accounts for 34% of U.S. Current Transportation Fuel Use and Sustainable Biomass Supply
greenhouse gas (GHG) emissions. 1 billion tons of biomass, ~62 B GGE of biofuels
C0,-to-fuel remains to be explored
g 250
. - [da] N
* Biofuels are part of a sustainable @ g Others 75
transportation fuel strategy to g 200
decarbonize all modes. s | LigtOuty — nigae
5 150 I— Gasoline 50 T
?_n | — Wet Wastes
« U.S. biomass can meet the needs of = 100 o
“hard to decarbonize” modes, such as = — .— Duty Vet . B
aviation, marine and rail. 2 50 lDiese' B or-roa ] | R
‘é i Rail . I Vegetable Oil
z Aviati
g 0 !.-éﬁsidual 0il  — Mj;;in — O - Sarn
i . Current Fuel Current Fuel Future (2050) Future (2050) Potential
Focus areas for b |0fue|5. Use by Type Use by Mode AEO Reference AEOQ Reference ~ Sustainable
« Ethanol for passenger cars (2019y (2019) Scenario Scenario Supply (2030+)

a~72% of total 2019 petroleum use

* “Drop-in”fuelsthat can use existing
infrastructure such as renewable
diesel/sustainable aviation fuels

AED = annual energy outlook | GGE = gasoline gallon equivalent | MSW = municipal solid waste
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Resource Evolution

. 2026-2030
Fats, olls,

and greases | MSW and 2030-2040

Corn/corn | wood waste 2040-2050
SIEe Energy crops

.+ 4 /

and algae
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2023 Billion-ton Report, in Preparation

(FI.1 Understand resource markets and availability; PA.2 Conduct techno-economic and production potential analysi

To inform research, development, and * Policy agnostic * Not predictions
deployment strategies.  End-use agnostic  * Not targets

2023 (BT23)

2005 2011 2016 (BT16)

ENERGY

il

¥

Biomass as Feedstock for a
Bioenergy and Bioproducts Industry:

The Technical Feasibility of a
Billion-Ton Annual Supply

1

>~ ™~ o 2023 Billion-Ton Report
SUPPW | [ -.Cost... | [ ...SUStaInabllltV. | Domestic Bigrness Resources for
Decarbotiizing the Economy
Can we displace 30% of the *  County-level supplies by * 44 feedstocks w/ modeled crop -Ses{eﬁ:g?r%lilﬁ
country’s petroleum COst. yields
consumption? ¢ Economic model of ¢ Forest model
agtenergy crops. e Delivered costs

e 2 Volumes + visualization tools ) Add new feedstocks
o ’ Update waste and algae Refine
forest resources




BETO Invests from Applied R&D to Large-Scale Demonstration

TRL2-3 TRL4-5 TRL6 TRL7 TRL8-9

4— Research Development —} 4_ Engineering and _’ <_Pre—CommerciaI _’ 4_ Pre-IPO Gap _’ Banks

and Demonstration Integration Gap

| Pioneer Plant

Industry/Private
Investors/VCs
Universities/Research
Institutes

Government Demonstration Plant

(National Labs) Government/
Private Partnership
Government

(National Labs)

Pilot Plant
Process Development
Unit (PDU)

Bench Scale

Average Total $1-$5 Million $5-$10 Million $25-$50 Million $100-$500 Million $250-$500 Million
Project Cost
Av?::_ii:;::::fss Grams/Day Kilograms/Day <50Tonnes/Day 50-250 Tonnes/Day +250 Tonnes/Day
Production mL/L Liters/Gallons 0.1-1 M GPY L LwhaE sy . 50 M GPY
Volumes (batch) (batch) (campaign) (extended campaign (continuous)
continuous)

. Government . Project Recipients and Partners Banks
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SAF Grand Challenge

.
...
.

L — ,,,,,W//,W/

Legend:
= Historical Data (FAA AEDT / Aerospace Forecast)

== Frozen 2019 Technology Trajectory
= New Aircraft Diffusion Trajectory
MNew Aircraft Technologies
Operations Improvement
= SAF Uptake: 50% Emission Reduction
== == SAF Uptake: 100% Emission Reduction

450 |« Government-wide initiative led by DOE,
S USDA, and DOT to expand the domestic
§ = production of SAF to meet 100% of domestic
§, oo demand for aviation fuel.
,E * Near-term goal: 3 billion gallons by 2030
g 300 (20% CO, reduction)
w * Long-term goal: 35 billion gallons by 2050
O 250
® 2019 CO, emissions level o
T
200
s
150
100
a:gt?:;if Passenger Operators
50
0

I | 1 I |
2000 2005 2010 2015 2020

* Note: Domestic aviation from U.S. and Foreign Carriers. International aviation from U.S. Carriers.
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. Sustalnable
+ Aviation Fuel

w Grand Challenge

Roadmap Structure .

. Feedstock Innovation

- .

s Sustalnable
; Awiation Fuel [

e,

Conversion Technology Innovation

S
Building Supply Chains i

= T
Policy and Valuation Analysis SAF Grand Challenge
Roadmap

Flight Plan for Sustainable Aviation Fuel

* 26 Workstreams
» 140 Activities Okiercy Y L2 SEPA
* 2030 & 2030-2050 impact timeframes S T — L

SAF GC Roadmap CAAFI Workshop| June 16, 2(212§I
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https://www.energy.gov/sites/default/files/2022-09/beto-saf-gc-roadmap-report-sept-2022.pdf

Latest Funding Opportunity

Bioenergy Technologies Office

U.S. Department of Energy Announces
$59 Million to Expand Biofuels

Production and Decarbonize U
Transportation Sector ( _ -

JUNE 1, 2022

Bioenergy Technologies Office

U.S. Department of Energy Awards $118

Million to Accelerate Domestic Biofuel
Production

JANUARY 26, 2023
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US Biorefining Status
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Biofuels Production tallied by RIN Generation

Fuel generation with RIN D-code 3
(Cellulosic biofuel, minimum 60% GHG

reduction)
700,000,000
2 600,000,000
[=n
@ 500,000,000 —8—Renewable Compressed
9 400,000,000 Matural Gas
13
5 300,000,000 Renewable Liquefied
g 200,000,000 Natural Gas
S 100,000,000 & ; :
g 0D ® Py ° ® ° —@— Cellulosic Ethanol (EV
< 2018 2019 2020 2021 2022 1.0)
T
£ Year

EV = energy value, e.g., if EV = 1.6, then RIN = 1.6 * gallon
Source: https://www.epa.gov/fuels-registration-reporting-and-
compliance-help/spreadsheet-rin-generation-and-renewable-fuel
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Biofuels Production tallied by RIN Generation

Fuel generation with RIN D-code 4 (Biomass-
Based Diesel, minimum 50% GHG reduction)

2,500,000,000

-2 2,000,000,000
=
v ——Biodiesel (EV 1.5)
o
+= 1,500,000,000
% —@— Non-ester Renewable Diesel
= (EV 1.7)
= 1,000,000,000
-_._? —@— Non-ester Renewable Diesel
< (EV 1.6)
= 200,000,000 Renewable Jet Fuel (EV 1.6) (15
million gallons in 2022)
0 —— e
2018 2019 2020 2021 2022
Year

EV = energy value, e.g., if EV = 1.7, then RIN = 1.7 * gallon
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Biofuels Production tallied by RIN Generation

Fuel generation with RIN D-code 5 (Advanced Biofuel, minimum
50% GHG reduction)

250,000,000
Non-cellulosic Ethanol (EV 1.0)
200,000,000
=
= —@— Non-ester Renewable Diesel (EV
g 1.7)
= 150,000,000 —e— Naphtha (EV 1.5)
=20
Q
g —e— PG (EV 1.1) (4 million gallons
< 100,000,000 ethanol-equivin 2022)
=
< —@— Naphtha (EV 1.4)
©
s
>0,000,000 —@— Renewable Compressed Natural
Gas
*_
—&@— Renewable Heating Qil (EV 1.6)
() Gr—————————————— gl
2018 2019 2020 2021 2022

Year

Note: RIN generation can be nested (e.g., ethanol with 50% GHG
production can generate both D-code 5 and D-code 6 RIN)
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Biofuels Production tallied by RIN Generation

Fuel generation with RIN D-code 6
(Renewable biofuel, minimum 20% GHG
reduction)

16,000,000,000

<+ 14,000,000,000 ._\/__.
% 12,000,000,000
=
Eo 10,000,000,000 —&— Non-cellulosic Ethanol (EV 1.0)
‘g 8,000,000,000
= 6,000,000,000 _
= —@— Non-ester Renewable Diesel
= 4,000,000,000 (EV 1.7) (74 million gallons in
& 2022)
= 2,000,000,000

0 ® - — o ']

2018 2019 2020 2021 2022

Year
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Biofuels production tallied by RIN Generation

Fuel generation with RIN D-code 7 (Cellulosic
diesel, minimum 60% GHG reduction)

3,000,000
2,500,000
2,000,000

1,500,000
—@— (Cellulosic Heating Oil (EV

application required
1,000,000 P k )

Batch Volume {gal or equiv)

500,000

2018 2019 2020 2021 2022
Year
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US 2030 Outlook (operating, planned, pending)

Refinery Estimated Diesel nameplate Estimated SAF nameplate Estimated Naphtha nameplate
capacity (MGY) capacity (MGY) capacity (MGY)

Hydroprocessing of esters and fatty 5,768 1,852 549
acids

Alcohol-to-jet 13 702 67
Gas-to-liquids 39 514 16
Power-to-liquids 0 169 0
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US HEFA Operating in 2023

Estimat | Estimated SAF Estimated

ed nameplate Naphtha
Diesel |capacity (MGY) nameplate
namepl capacity (MGY)
ate

capacity

(MGY)

Refinery

690 0 30 Operations started in 2013 with capacity 290 MGY diesel, then expanded in 2021. Feedstocks include
animal fats, used cooking oil, and distillers corn oil. Estimated investment $1.1 billion.

Diamond Green Diesel (Norco,
Louisiana)

Chevron (Geismar, Louisiana) 81 0 7 Operations started in 2010. Feedstocks include tallow, soybean oil, corn oil, used cooking oil. Estimated

investment $950 million.

World Energy (Paramount, California) 13 23 9 Operations started in 2015. Feedstocks include tallow and other animal fats.
East-Kansas Agri-Energy (Garnett, 5 0 0 Operations started in 2017. Feedstocks include distillers corn oil.

Kansas

HF Sinclair (Sinclair, Wyoming) 138 0 12 Operations started in 2018. Feedstocks include soybean oil.

Marathon Petroleum (Dickinson, North [I&e] 0 14 Operations started in 2020. Feedstocks include soybean oil and others; feedstocks are pretreated at

Dakota) Marathon facilities in Beatrice, Nebraska and Cincinnati, Ohio.

Phillips 66 (Rodeo, California) 138 0 0 Operations started in 2021. Feedstocks include soybean oil. Estimated investment $350 million.
Diamond Green Diesel (Port Arthur, 450 0 20 Operations started in 2022. Feedstocks include animal fats, used cooking oil and distillers corn oil.
Texas) Estimated investment $1.88 billion.

Chevron (El Segundo, California) 23 2 0 Operations started in 2021. Feedstocks include vegetable oils. Estimated investment $365 million.
HF Sinclair (Cheyenne, Wyoming) 90 0 0 Operations started in 2021. Feedstocks include soybean oil. Estimated investment $150 million.
Marathon Petroleum (Martinez, 250 0 10 Operations started in 2023. Feedstocks include animal fat, soybean oil, and corn oil. Estimated

California) investment $1.2 billion.

Calumet (Great Falls, Montana) 125 46 10 Operations started in 2023. Feedstocks include vegetable oils, distillers corn oil, used cooking oil, tallow.

Estimated investment $415 million.

BP (Cherry Point, Washington) 109 0 0 Operations started in 2018, then expanded in 2022. Feedstocks include animal fat, waste

fats/oils/greases.

Seaboard Energy (Hugoton, Kansas) 85 0 4 Operations started in 2022.Feedstocks include tallow, soybean oil. Estimated investment $300 million.
Kern Qil (Bakersfield, California) 4 0 0 Operations started in 2009. Feedstocks include tallow.
HF Sinclair (Artesia, New Mexico) 110 0 0 Operations started in 2022. Feedstocks include distillers corn oil.
CVR Energy (Wynnewood, Oklahoma) 94 0 6 Operations started in 2022. Feedstocks include soybean oil and corn oil.
Vertex Energy (Mobile, Alabama) 115 0 12 Operations started in 2023. Feedstocks include soybean oil, distillers corn oil, tallow, yellow wax, grease,
and used cooking oil. Estimated investment $200 million.
2689 71 134
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HEFA Announced for 2030

Refinery Estimate | Estimated SAF Estimated Planned Feedstocks
d Diesel | nameplate Naphtha
namepla | capacity (MGY) nameplate
te capacity (MGY)
capacity
(MGY)

World Energy (Paramount, California) 88 148 59 Expansion of existing facility that started operating in 2015. Project is under Tallow, used cooking oil, yellow grease, distillers corn
construction, plan to start operations in 2025. Will use green hydrogen. oil
B 27

ReadiFuels (Hull, lowa)

5 2 Used cooking oil, distillers corn oil, yellow grease,
brown grease, animal fats

NEXT Renewable Fuels (Port Westward,  [(ck¥] 115 38 Renewable propane will be recycled into refinery. Project under Planning, expected  Used cooking coil, animal fats, vegetable oils, waste
Oregon) operational date 2025, originally planned to be operational in 2021. grease

Global Clean Energy (Bakersfield, 173 0 18 Offtake agreement with Exxon who will invest $125 million with option to acquire up Camelina oil, used cooking oil, soybean oil, distillers
California) to 25% equity stake, but also Exxon said if the facility is not operational by July 2023 corn oil
they would terminate the offtake agreement

Phillips 66 (Rodeo, California) 520 120 0 Expansion of existing facility that started operating in 2021. Project is in FID stage  Used cooking oil, animal fats, greases and soybean
with plans to operate in 2024. oil

Chevron (Geismar, Louisiana) 225 0 20 Expansion of existing facility that started operating in 2010. Tallow, soybean oil, distillers corn oil, used cooking oil

CVR Energy (Coffeyville, Kansas) 112 25 9 Design completed, waiting on FID to commit to construction. Soybean oil initially then distillers corn oil, used
cooking oil and animal fats one pretreatment unit is
added

405 405 186 Will use green hydrogen and CCS. Distillers com oil, tallow, camelina oil, carinata oil
0 o 10

123 0 0 Converting petroleum diesel hydrotreater to 100% HEFA capability. Vegetable oils

80 0 0 Under construction, plan to be operational in 2024 Tallow from Cargill, corn oil, soybean oil

Nebraska

58 0 20 Used cooking oil, animal fats

o
o

PBF Energy (Chalmette, Louisiana) 307 Conversion of an idle hydrocracking unit within the petroleum refinery. Plans to be  Soybean oil, corn oil, used cooking oil, tallow
operational in 2023.
Vertex Energy (Mobile, Alabama) 46 0 4 Under repair due to failure in feed pumping system. Plans to be operational in 2024. Soybean oil, distillers corn oil, tallow, yellow wax,
grease, used cooking oil

HOBO 120 0 0 Planned for 2025
Indaba (Imperial County, California) 30 50 0 Planned for 2024
Indaba (Missouri) 30 50 0

Calumet (Great Falls Montana) -105 230 23 Planning to modify HEFA facilities to maximize SAF production; operations expected

in 2025
Marathon Petroleum (Martinez, 450 0 20 Expansion of existing HEFA facility; operations starting in 2023 Animal fat, soybean oil, corn oil
California

World Energy (Houston, Texas) 0 250 0 Under construction, planned for operations in 2025
Shell (New Orleans, Louisiana) ? ? ?

Diamond Green Diesel (Port Arthur, -235 235 0 Modification of existing HEFA facility to have 50% SAF yield. Final investment
Texas) decision made, planned for operations in 2025.

Marathon Petroleum (Martinez, -116 110 6 Modification of existing HEFA facility for SAF production. In planning stage.
California

Aemetis (Riverbank, California) 5| 25 0 Will use green hydrogen. In planning stage, to be operational in 2025.

- i 2
Aemetis (Riverbank, California) 13 13 0 Planned expansion of HEFA facility under planning, to be operational in 2026.
3

TOTAL ,079 1,781 415
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ATJ for 2030

Refinery Estimated Diesel | Estimated SAF | Estimated
nameplate nameplate Naphtha
capacity (MGY) capacity (MGY) |nameplate

capacity (MGY)

Gevo (Lake Preston, South Dakota)

0 55] 7 Will use green hydrogen. Project under construction, to be operational in 2026. Using
Axens alcohol-to-jet technology.
0 0 0 ~0.1 MGY Demonstration-scale facility that has operated since 2011 and sold
commercial volumes starting in 2016. 50% of isobutanol converted to SAF and 50%
converted to iso-octane.

Gevo (Silsbee, Texas)

Lanzalet (Soperton, Georgia) 1 9 0 Operational around 2024

Summit Agriculture Group 0 250 0 To be operational 2025. Project under planning, will use corn-based ethanol imported
from Summit’s plant in Brazil, along with corn from U.S. from ethanol refineries using
the Summit CO2 pipeline. Using Honeywell UOP ethanol-to-jet technology.

Marquis SAF (Hennepin, lllinois) 12 108
Blue Blade Energy (Midwest) 0 135 0 Low-carbon-intensity ethanol from Green Plains. Project under planning, to be
operational in 2028.
Nacero (Permian Basin, Texas) 0 145 60 Project is using Renewable Natural Gas as feedstock, then converting to methanol,
then methanol-to-SAF.
13 702 67
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Gas to Liquids by 2030

Estimat |Estimated SAF

nameplate

capacity (MGY)

Estimated Naphtha
nameplate capacity
(MGY)

Northwest Advanced Biofuels (Pacific
Northwest Columbia River Corridor,
Washington)

Velocys (Natchez, Mississippi)

Fulcrum Bioenergy (Gary, Indiana)

Fulcrum Bioenergy (Reno, Nevada)

Fulcrum Bioenergy (Texas)

DG Fuels (St. James Parish, Louisiana)

DG Fuels (Aroostock County, Maine)

CastleRock Green Energy (Shelton,
Washington)

Agra Energy (New Franken, Wisconsin)
Raven SR (California)

Raven SR (California)

Strategic Biofuels (Caldwell Parish,
Louisiana

0

0

0

0

1
0
0
27
39

60

25

31

31

120

175

514

11

oo o O O

Feedstock to be wood waste and forest residue. Project in planning, operational
date 2024.

Feedstock to be wood waste and forest residue. Project in planning, operational
date 2026.

Feedstock to be municipal solid waste. Project in planning, operational date
2026.

Product is syncrude that is shipped and upgraded to SAF, diesel, and gasoline.
Feedstock is municipal solid waste. Operations started in 2022.

Feedstock to be municipal solid waste. Project in planning, operational date
2025.

Project in planning stage, operational date 2026. Feedstocks to be cellulosic
waste. Will use green hydrogen.

Project in planning stage, operation date 2027. Feedstocks to be timber and
agricultural waste. Power to be supplied by hydroelectricity. Will use green
hydrogen.

Feedstock to be cellulosic residue from industrial timber. This is possibly a
heating oil project using Ensyn technology and belongs in a pyrolysis category not
GTL.

Feedstock is biogas from dairy manure. Project under construction.

Project in planning phase for operations by 2025.

Feedstock to be wood waste. Project in planning, operational date 2025.
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Power to Liquids by 2030

Refinery

HIF Global (Matagorda, Texas)

Orsted (Gulf Coast)

HIF Global (Matagorda, Texas)

U.S. DEPARTMENT OF ENERGY

Estimat | Estimated SAF Estimated
Naphtha (MGY)

1 0
0] 0
0 0
168 0
169 0

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Project in planning stage for operations by 2026.

Project in planning stage for operations by 2027. Project will
produce LPG and 900m kg/yr green hydrogen, capture 6
million tonnes/yr CO2. Will use UOP eFining technology. Will
use wind electricity.

Project in planning stage for operations by 2025. Will produce
300,000 tonnes/yr methanol for sustainable marine fuel for
Moller-Maersk.

Project in planning stage for operations by 2030. Will be
expansion of first facility under planning.



U.S. Biorefining Status: Hydroprocessing of Esters and
Fatty Acids

| ead Partners / Vendors / End Users Status

\'4

VALERO

DIAMOND
GREEN DIESEL

sssssssssss

Honeywell

October 2021: Diamond Green Diesel completed expansion of
Norco, Louisiana biorefinery to 690 MGY renewable diesel
January 2023: Completed construction of 470 MGY renewable
diesel refinery in Port Arthur, TX. Diamond Green Diesel Port
Arthur plant is now undergoing upgrades to be completed in 2025
and will have capability to produce 235 MGY SAF from the
renewable diesel cut.

Diamond Green Diesel uses the Honeywell UOP Ecofining HEFA

technology.

world energy

Honeywell

AIR _7.
PRODUCTS 4=

UNITED 5)

PrimeAir

b

~50 MGY Paramount, California refinery, repurposed from a
former Paramount petroleum refinery and using Honeywell UOP
Ecofining HEFA technology

2019: United Airlines renews contract for up to 10 MGY SAF
over next 2 years from World Energy

July 2020: Amazon Air agreed to 6 MG SAF with World Energy
and Shell

April 2022: announced expansion plans to 340 MGY (including
250 MGY SAF) at the 50 MGY Paramount refinery

August 2022: announced plans to build a 250 MGY SAF plant in
Houston, TX for completion by 2025

MHF Smelar

2022: Cheyenne, Wyoming renewable diesel refinery completed
and operational; Artesia, New Mexico renewable diesel refinery's
pretreatment unit operational. Total output of both WY and NM is
200 MGY renewable diesel

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY
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https://www.velocys.com/
https://www.paramountcity.com/government/planning-department/planning-division/altair-world-energy-project
https://biofuels-news.com/news/united-airlines-renews-biofuels-supply-contract-with-world-energy/
https://www.shell.com/business-customers/aviation/100years/flying-together/amazon.html
https://www.airproducts.com/news-center/2022/04/0422-air-products-and-world-energy-sustainable-aviation-fuel-facility-in-california
https://www.prnewswire.com/news-releases/world-energy-to-build-its-second-saf-facility-at-its-current-houston-ship-channel-production-and-distribution-hub-301608727.html?tc=eml_cleartime
https://www.prnewswire.com/news-releases/world-energy-to-build-its-second-saf-facility-at-its-current-houston-ship-channel-production-and-distribution-hub-301608727.html?tc=eml_cleartime
https://www.bicmagazine.com/projects-expansions/downstream/valero-and-diamond-green-diesel-expansion-completed/
https://www.diamondgreendiesel.com/
https://www.prnewswire.com/news-releases/diamond-green-diesel-dgd-approves-a-sustainable-aviation-fuel-project-at-port-arthur-texas-301735194.html
https://www.hfsinclair.com/sustainability/renewable-energy/default.aspx

U.S. Biorefining Status: Hydroprocessing of Esters and

Fatty Acids (continued)
| ead Partners / Vendors / End Users Status

May 2022: Alaska Airlines signs agreement for 13 million gallons
A9 AEMETIS f.{{ﬂ.{{sﬂ jet fuel (40% SAF blend) over 7 years with Aemetis from its

planned HEFA refinery in Riverbank, California

KﬁN ENERGY Kern Energy co-processes up to 5% renewable diesel in
420,000 gallons per day CARB ULSD (~7 MGY renewable
We Fuel the Future diesel)

Montana Renewables is modifying existing assets including

: existing hydrocracker at its Great Falls, Montana facility to
MONTANA RENEWABLES ™ process up to 15,000 barrels per stream day of HEFA

feedstocks (230 MGY)

e

Il January 2022: Managing construction delays on Louisiana 82

s~ BIOFUELS MGY refinery supported from 2014 DPA Title 1l

MR ENEWABLES New Rise Renewables opens 44 MGY renewable diesel refinery
oy " in Reno, Nevada after Ryze Renewables’ construction effort
NEW RISE [ K] Fuels are being sold to Phillips 66 for the California market
RENEWABLES - RENO ‘@{@
. May 2021: Seaboard Energy announced plans to build an 85
SEAB@ARD MGY renewable diesel refinery in Hugoton, Kansas at the site
ENERGY of the Abengoa cellulosic ethanol plant site it purchased
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https://www.velocys.com/
https://www.aemetis.com/aemetis-signs-agreement-with-alaska-airlines-to-supply-13-million-gallons-of-sustainable-aviation-fuel/
https://www.beaumontenterprise.com/news/article/Emerald-Biofuels-pushes-back-construction-start-16761229.php
https://biomassmagazine.com/articles/18000/seaboard-energy-builds-renewable-diesel-plant-in-hugoton-kansas
https://montana-renewables.com/#overview
https://finance.yahoo.com/news/renewable-diesel-plant-potential-save-183000715.html
https://www.kernenergy.com/california-clean/cleaner-fuels/

U.S. Biorefining Status: Hydroprocessing of Esters and
Fatty Acids (continued)

Lead Partners/ Vendors/ End Users Status

M) nesTe

Marathon is repurposing its idled Martinez, California refinery into a renewable
diesel refinery in a JV with Neste, for 260 MGY initial capacity and future
expansion to 730 MGY

2021: Marathon’s 184 MGY renewable diesel and naphtha refinery in Dickinson,
North Dakota is fully operational

CQ—"J
@ SHELL ’RCK

Phillips 66 converted the diesel hydrotreater of their Rodeo, California refinery
into a renewable diesel hydrotreater at 120 MGY capacity

April 2021: Phillips 66 invests in Shell Rock Soy Processing in lowa for
soybean feedstock

Chevron eREG

-

BONGE

September 2022: EPA approves D-code 6 RIN eligibility for Chevron El
Segundo Soy FCC Pathway. Assessment was 52% GHG reduction for
renewable gasoline, 52% GHG reduction for renewable jet fuel, and 45% GHG
reduction for renewable diesel

June 2022: Chevron acquires biodiesel and renewable diesel producer REG
2021: Chevron invests in Bunge for soybean crushing capability

October 2020: REG announces plans to expand its 90 MGY Geismar, Louisiana
renewable diesel refinery (formerly Syntroleum/Tyson Foods) to 340 MGY

NESTE

Neste is shipping their hydrotreated FOG renewable diesel from Finland to
Texmark Chemicals in Texas who fractionate a SAF cut

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY


https://www.velocys.com/
https://www.contracosta.ca.gov/7961/Martinez-Refinery-Renewable-Fuels-Projec
https://www.marathonmartinezrenewables.com/
https://www.ogj.com/refining-processing/refining/operations/article/14280678/marathon-petroleum-on-track-for-martinez-refinerytorenewables-conversion
https://www.marathonpetroleum.com/Operations/Renewable-Fuels/
https://energy-oil-gas.com/profiles/phillips-66-san-francisco-rodeo-refinery/
https://www.phillips66.com/newsroom/phillips-66-secures-renewable-fuels-feedstock-supply-through-investment-in-soybean-processing-plant
https://www.epa.gov/system/files/documents/2022-11/chevron-el-segundo-fcc-deter-ltr-2022-09.pdf
https://www.chevron.com/newsroom/2022/q2/chevron-completes-acquisition-of-renewable-energy-group
https://www.reuters.com/business/energy/chevron-invest-bunge-soybean-crushers-secure-renewable-feedstock-2021-09-02/
https://www.regi.com/resources/press-releases/renewable-energy-group-announces-planned-expansion-of-geismar-renewable-diesel-plant-to-340-million-gallons-per-year
https://www.neste.com/releases-and-news/renewable-solutions/neste-brings-sustainable-aviation-fuel-to-Texas
https://www.epa.gov/sites/default/files/2019-10/documents/texmark-chem-neste-us-deter-ltr-2019-09-23.pdf

U.S. Biorefining Status: Alcohol-to-Jet

Lead Partners/Vendors/End Users Status
BRITISH AIRWAYS ~*  2022: Completion plans of 10 MGY SAF and renewable diesel Freedom Pines Fuels
I_ l_)— biorefinery in Soperton, Georgia
anza_le June 2020: LanzaJet was formed as a spin-off from LanzaTech. LanzaJet is
commercializing the alcohol-to-jet catalyst technology developed at Pacific Northwest
SUNCOR National Laboratory in 2010. The technology was scaled up by LanzaTech. The SAF

zzzzzz

was approved in Annex A5 of ASTM D7566 in 2018 and demonstrated in subsequent
passenger flights.

ANAAL nspiration of JAPAN January 2023: EPA approves D-code 4 RINs for sugarcane ATJ LanzaJet Soperton.
Assessment was 54-66% GHG reduction for renewable jet and diesel fuels

MARQUIS > - - i
('\ TasSEe I_an zaJ el—)- February 2022: Marquis and LanzaJet enter into MOU to construct

120 MGY SAF/renewable diesel refinery in Hennepin, lllinois

0.1 MGY SAF and renewable gasoline in Silsbee, TX
AXQI‘IS ADELTA July 2022: Gevo purchases land for planned 60 MGY SAF/gasoline
ER refinery called Net-Zero 1 in Lake Preston, South Dakota
aska August 2022: Alaska Airlines signs for 37 MGY SAF for 5 years
'\\L evoo AIRLINES July 2022: American Airlines signs for 100 MGY SAF for 5 years
(\J g " July 2022: Aer Lingus signs for 6 MGY SAF for 5 years
~7ADM AmericanAirlines "¢ June 2022: Finnair signs for 7 MGY SAF for 5 years
March 2022: Delta signs for 75 MGY SAF for 7 years
AerLingus ,‘% October 2021: Gevo enters agreement with Axens for ATJ technology
P ) October 2021: Gevo and ADM sign a MOU to support production of up to
N\ SWEETWATER 500 MGY SAF using ADM’s dry mills in Nebraska, lowa, and lllinois and
Gevo’s isobutanol technology
November 2021: Gevo signs MOU with Sweetwater Energy for producing
cellulosic biofuels

FINNAIR
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https://www.velocys.com/
https://www.lanzajet.com/where-we-operate/
https://www.lanzajet.com/who-we-are/
https://www.epa.gov/system/files/documents/2023-01/lanzajet-d-code-4-rfs-pathway-determination-letter-2023-01-12.pdf
https://investors.gevo.com/news-releases/news-release-details/gevo-closes-net-zero-1-production-facility-land-lake-preston-sd
https://investors.gevo.com/news-releases/news-release-details/alaska-airlines-and-gevo-enter-sustainable-aviation-fuel-sales
https://investors.gevo.com/news-releases/news-release-details/gevo-signs-sustainable-aviation-fuel-sales-agreement-american
https://investors.gevo.com/news-releases/news-release-details/aer-lingus-enters-new-fuel-sales-agreement-gevo-63-million
https://investors.gevo.com/news-releases/news-release-details/finnair-and-gevo-enter-sustainable-aviation-fuel-sales-agreement
https://investors.gevo.com/news-releases/news-release-details/delta-air-lines-signs-75-million-gallon-year-agreement-gevo
https://www.hydrocarbonprocessing.com/news/2021/10/gevo-and-axens-partner-on-ethanol-to-jet-technology
https://www.adm.com/en-us/news/news-releases/2021/10/adm-gevo-sign-mou-to-produce-up-to-500m-gallons-of-sustainable-aviation-fuel/
https://www.sweetwater.us/sweetwater-and-gevo-sign-mou-to-produce-cellulosic-alcohols-and-sustainable-aviation-fuel/
https://www.marquisincorporated.com/

U.S. Biorefining Status: Alcohol-to-Jet (continued)

| ead Partners / Vendors / End Users Status

June 2022: NREL’s Deacetylation and Mechanical Refining
(DMR) biomass pretreatment technology, which was developed
“'ris‘l} N R E L as an alkaline alternative to the acidic pretreatment method and
= operates under milder conditions and enables cleaner lignin
WATIONAL RENEWABLE ENERaY LASORATORY byproduct, is being scaled up by D3Max LLC in a pilot project
Lanzajet*‘ called SAFFIRE in Nevada, lowa that would produce cellulosic
E MAx alcohol-to-jet fuel. The DMR technology was developed at NREL
X through BETO support over last ~decade. Enzymatic hydrolysis
novazymes step supplied from Novozymes. Initial funding for this came pilot
project came from a FY21 BETO FOA award. The technology is
estimated to have 84% reduction in carbon intensity compared
A_UNCOLNWAY Southwests to conventional jet fuel. D3Max estimates the technology could
Qg; ENERGY produce up to 7.5 BGY SAF by 2040.

. February 2022: Vertimass enters MOU with World Energy to
” Vertimass  wordenergy develop ATJ SAF integrated with HEFA.
fransrermative funsiie biefuels The Vertimass technology was developed at Oak Ridge
National Laboratory.

UNITED % January 2023: United Airlines, Tallgrass, and Green Plains inc
announce JV called Blue Blade Energy to commercialize new
ATJ SAF tech developed at Pacific Northwest National

TAI_I_G RASS» Laboratory. Construction of pilot to proceed in 2024 with full-

scale operations by 2028 at up to 135 MGY SAF
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https://www.velocys.com/
https://www.southwestairlinesinvestorrelations.com/news-and-events/news-releases/2022/06-01-2022-180048947
https://www.nrel.gov/news/program/2022/saffire-sustainable-aviation-fuel-project-earns-government-industry-boost.html
https://www.energy.gov/sites/default/files/2021-09/2396-1541_D3MAX_LLC_Summary.pdf
https://www.vertimass.com/vertimass-and-world-energy-announce-technology-partnership-to-advance-renewable-fuels-development-and-production/
https://www.ndtahq.com/united-tallgrass-and-green-plains-form-joint-venture-to-develop-new-sustainable-aviation-fuel-technology-using-ethanol/

U.S. Biorefining Status: Gasification and Fischer-Tropsch

| ead Partners / Vendors / End Users Status

""""""""""""" CATHAY PACIFIC May 2022: 12 MGY constructed and undergoing commissioning

T UNiTED B) @ at Sierra BioFuels near Reno, Nevada, a 2014 DPA Title Ill

project. MSW gasification operating, now focusing on Fisher-

bp
M Tropsch. The Fischer-Tropsch catalyst is planned to be a Johnson
MARATHON JAPAN AIRLINES |\ gtthey / BP system.

World (2¥3)) February 2023: Fulcrum shipped syncrude from Sierra BioFuels
‘ to Marathon refinery for upgrading

JM Johnson Matthey

Inspiring science, enhancing life Marubeni

25 MGY SAF and 10 MGY naphtha facility using woody biomass
Southwests from nearby pine, completed Pre-FEED and permitting, at Bayou
- - ~ Fuels in Mississippi. The project will also include carbon capture
@ VE LOCYS oxXy and storage led by Oxy Low Carbon Ventures to enable negative
| | L - carbon emissions up to -144 gCO2/MJ
— November 2021: Southwest Airlines agrees to 219 MG SAF over
BRITISH AIRWAYS * 15 years

November 2021: British Airways agrees to 73 MG over 10 years

February 2022: Developing new partnerships and advisors in

() FRONTLINE support of constructing Oregon 12 MGY biorefinery supported by
/RED ROCK 2014 DPATitle 1ll. The gasification system is planned to be a
BIOFUELS EMERGING FUFLS Frontline BioEnergy system. The Fischer-Tropsch catalyst is
TECHNDLODGY planned to be an Emerging Fuels Technology system

August 2022: Red Rock and Frontline announce successful testing
of gasification system

qungge!ugqa? February 2022: A_nnoupces plans for 34 MGY woody biomass to
Ty e SAF/renewable diesel in Texas
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https://www.velocys.com/
https://www.fulcrum-bioenergy.com/sierra-biofuels
https://www.bp.com/en/global/corporate/news-and-insights/press-releases/bp-and-johnson-matthey-license-innovative-waste-to-fuels-technology-to-biofuels-producer-fulcrum-bioenergy.html
https://www.bp.com/en/global/corporate/news-and-insights/press-releases/bp-and-johnson-matthey-license-innovative-waste-to-fuels-technology-to-biofuels-producer-fulcrum-bioenergy.html
https://www.fulcrum-bioenergy.com/news-resources/first-fuel-railcar
https://www.velocys.com/projects/bayou-fuels/
https://www.velocys.com/projects/bayou-fuels/
https://www.bayoufuels.com/2021/06/velocys-u-s-saf-project-update/
https://www.velocys.com/2021/11/10/saf-offtake-with-southwest-airlines/
https://www.velocys.com/2021/11/10/saf-offtake-with-iag/
https://finance.yahoo.com/news/red-rock-biofuels-begins-search-144800777.html
https://www.biofuelsdigest.com/bdigest/2022/08/18/red-rock-biofuels-and-frontline-bioenergy-successfully-test-saf-technology/
https://bioenergyinternational.com/emerging-fuels-technology-licenses-ft-tech-to-red-rock-biofuels/
https://www.businesswire.com/news/home/20220818005417/en/Red-Rock-Biofuels-Frontline-BioEnergy-Successfully-Gasify-Residual-Woody-Biomass-Into-Syngas-for-Production-of-Sustainable-Aviation-Fuel
https://usabioenergy.com/usa-bioenergy-announces-first-advanced-biorefinery-in-bon-wier-texas-after-receiving-150m-in-state-and-local-incentives/

U.S. Biorefining Status: Gasification and Fischer-Tropsch

(continued)

Lead Partners / Vendors / End Users

Status

O Sun\Gas

GTlI ENERGY RENEWABLES

November 2021: Arbor Renewable

Gas announces site in Beaumont,
TX for woody biomass to gasoline

solutions that transform -
ARBOR
gil;EWABLE =
EE
TOPSOE M Ps 11
MODULAR PLANT SOLUTIONS
ADELTA September 2022: DG Fuels

DG FUELS

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

announces agreement for 55
MGY SAF for seven years
starting by 2028 with Delta



https://www.velocys.com/
https://www.arborgas.com/news-articles/arbor-renewable-gas-llc-announces-plant-site-locations
https://dgfuels.com/2022/09/02/2/

U.S. Biorefining Status: Catalytic Upgrading of Sugars

Lead Partners / Vendors / End Users Status

= December 2021: United Airlines flies a passenger
O ® UNITED % aircraft using 100% SAF (Marathon’s Virent’s

" VIRENT synthesized aromatic kerosene blended with World
Energy SAF) in one engine and petroleum jet fuel in the
other engine.
Virent’s BioForming technology takes conventional
sugars or cellulosic sugars and catalytically converts
them to hydrocarbons
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https://www.virent.com/news/virents-bio-based-fuel-used-in-historic-commercial-passenger-flight-using-100-sustainable-aviation-fuel/
https://www.virent.com/technology/bioforming/

U.S. Biorefining Status: Renewable Natural Gas /
Landfill Gas to Liquids

Lead Status

Goal is 30 MGY SAF in the Pacific Northwest by 2027
from feedstocks such as RNG and green H,. Initial
SkyNRG funding to Yerify the technolggy gnd design a
demonstration-scale facility is being supported by
BETO.

January 2020: T2C partnering with Citrus County Landfill
July 2022: The U.S. Department of Energy’s BETO
announces validation of pilot-scale production of T2C’s
renewable diesel at modeled cost of $2.91/GGE and
GHG emissions reduction of 130% compared to
petroleum diesel.

Initial funding to verify the technology and design a
demonstration-scale facility is being supported by BETO

”‘# June 2021: Agra Energy places order with Primoris
g£ g Design & Construction for gas-to-liquids facility

processing waste methane from 6,000 cows

April 2021: Nacero selects Topsoe TIGAS for upgrading

nacero TOPSOE on planned facility to use natural gas and bio-methane

the new gasoline as feedstocks
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https://www.velocys.com/
https://skynrg.com/producing-saf/skynrg-pacific-northwest/
https://www.energy.gov/sites/default/files/2021-09/2396-1570_SkyNRG_Americas_Inc_Summary.pdf
https://www.chronicleonline.com/news/business/landfill-partners-for-first-in-florida-innovative-research/article_439a3114-3700-11ea-ac4b-6bed55d456d5.html
https://www.energy.gov/eere/bioenergy/articles/department-energys-bioenergy-office-achieves-major-biofuel-technology-and
https://www.energy.gov/sites/default/files/2021-09/2396-1642_T2C-Energy_Summary.pdf
https://agraenergy.com/news/
https://nacero.co/press-releases/nacero-selects-topsoe-tigas-technology

U.S. Biorefining Status: Pyrolysis

|Lead Partners / Vendors / End Users Status
July 2022: Alder Fuels announces partnership to test
e its fuels with Boeing

w June 2022: Business aviation fuel supplier Avfuel

signs agreement for 1 billion gallons SAF over a 20-
ALDERFUELS (L BOEINEG oo period vith Aider Fusls
Honeywell September 2021: United and Honeywell invest in
3 Alder Fuels and United agrees to 1.5 BG SAF over
UNlTED% 20 years
(b FRONTLINE. 2020: Frontline building pyrolysis plant in
PBIOENERGY, LLC Redfield, lowa for bio-oil production

Capture the energy % Release the potential

Ensyn is developing a 20 MGY biocrude refinery in

MSHN Hoseymell Dooley County, Georgia, using Envergent RTP
technology co-developed with Honeywell UOP. The
feedstock is expected to be mill residues, forest
residues, and thinnings. The biocrude will be directed
to refinery co-processing and/or for a heating oil.

Anellotech is demonstrating its Bio-Tcat process to
Ane| | tech convert woody biomass to hydrocarbons at a pilot
plant in Silsbee, Texas.
August 2022: Annellotech announces successful
< N processing trial in its 0.5 ton/day TCat site that
— converted, via catalytic fast pyrolysis, post-consumer
plastic waste into light olefins and aromatics
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https://www.velocys.com/
https://biofuels-news.com/news/boeing-and-alder-fuels-expand-saf-production/
https://www.alderfuels.com/latest-news/avfuel-invests-in-clean-tech-company-alder-fuels
https://www.alderfuels.com/latest-news/united-honeywell-invest-in-clean-tech-venture
https://frontlinebioenergy.com/news/frontline-delivers-pyrolysis-plant-modules-to-stine-seed/
http://www.ensyn.com/georgia.html
https://anellotech.com/tcat-8%C2%AE-pilot-plant
https://anellotech.com/press

U.S. Biorefining Status: Algae

Lead Partners / Vendors / End Users Status

- o — March 2022: Genifuel announces partnership with AECOM for
Genlfu el A:COM developing SAF production technology by applying AECOM'’s
algae harvesting technology with Genifuel’'s algae and wastewater
biosolids conversion technology.
Genifuel’s hydrothermal processing technology was developed at

Pacific Northwest National Laboratory.
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https://www.velocys.com/
https://aecom.com/press-releases/aecom-enters-strategic-partnership-with-genifuel-to-transform-algae-and-wastewater-biosolids-into-sustainable-aviation-fuel/
https://www.genifuel.com/text/20200812%20Genifuel%20Slide%20Deck.pdf

U.S. Biorefining Status: CO, to Liquids

|Lead Partners / Vendors / End Users Status

July 2022: Twelve partners with Alaska Airlines and
Microsoft on e-SAF from recaptured CO, and renewable
ff{ﬂl-f/fsﬂ energy, including plans for future demo flight
2021: US Air Force tests Twelve’'s e-SAF
EMEREINB HJHE Twelve is partnering with LanzaTech on CO,-to-ethanol
PR and partnering with Emerging Fuels Technology to produce
SAF samples.

—twelve Lanzalech

July 2022: Dimensional Energy announces partnership to
Dimensional Helioaen - use Dimensional’s high-temperature CO, methanation
o5 2
. g UNITED % technology with Heliogen’s concentrated solar thermal
technology in Lancaster, California
June 2022: United Airlines agrees to 300 MG SAF from
Dimensional over 20 years

] R July 2021: American Airlines agrees with Prometheus
AmericanAirlines g Fuels to 10 MG SAF
The Prometheus Fuels technology was developed at
Oak Ridge National Laboratory and includes direct air
capture, electrolysis, and membrane fuel extraction.

ﬂel September 2022: Air Company entered into agreement

A | R C O M PA N Y %é BOON With Boom Supersonic for up to 5 MGY SAF

September 2022: HIF partners with Topsoe for methanol
C H’F TOPSOE synthesis and TIGAS upgrading at HIF’s planned Texas
f facility
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https://www.velocys.com/
https://news.alaskaair.com/sustainability/alaska-airlines-microsoft-twelve-new-form-of-sustainable-fuel/
https://www.twelve.co/ejet
https://www.greencarcongress.com/2022/03/20220304-12.html
https://www.businesswire.com/news/home/20211019005417/en
https://heliogen.com/heliogen-and-dimensional-energy-announce-first-of-its-kind-collaboration-to-produce-carbon-free-sustainable-aviation-fuel-from-concentrated-sunlight-and-green-hydrogen/
https://www.prnewswire.com/news-releases/transforming-yesterdays-emissions-into-tomorrows-sustainable-aviation-fuel-united-announces-agreement-with-co2-utilization-company-dimensional-energy-301568237.html?=prn
https://www.prometheusfuels.com/news/american-airlines-to-buy-10-million-gallons-of-our-jet-fuel
https://www.prometheusfuels.com/technology
https://boomsupersonic.com/news/post/boom-supersonic-signs-first-saf-offtake-agreement-with-air-company
https://blog.topsoe.com/hif-global-partners-with-technology-supplier-topsoe-for-efuels-facility-in-texas

U.S. Biorefining Status: Oilseed Cover Crops for HEFA

Lead Partners Feedstock Status

Gl ® bCII ExgonMobil Camelina oil March 2022: Global Clean Energy announced $145M

clean energy financing completion from ExxonMobil

February 2022: Nuseed enters 10-year strategic partnership
bp with BP for purchasing carinata oil for biofuels

’ {::} Nuseed estimates that planting its carinata as cover crop on

: : 1.5% of all existing farmland in the Americas and Europe
NUSEED Carinata il (~6.3 million acres) would be sufficient feedstock for 1 BGY

SAF by 2030
June 2022: EPA approves carinata pathway for jet fuel, LPG,
naphtha, and renewable diesel RINs

August 2022: Bayer AG acquires 65% controlling interest in

CoverCress, with remaining interest held by Chevron and
Pennycress oil Bunge

CoverCress says the 2030 target is 3 million acres

CoverCress

-

March 2022: Yield10 Bioscience announces its CRISPER-
: Camelina oil designed Camelina line E3092, designed for renewable diesel,
‘? TIEld 10 demonstrated 5% increase in oil content. USDA said the line
# Bioscience Canola oil does not meet the definition of a regulated article
March 2022: Yield10 Bioscience announces its C3020 line
demonstrated 9% increase in oil content and its C3007 canola
line demonstrated 5% increase in oil content
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https://www.gceholdings.com/news-media/press-releases/detail/37/global-clean-energy-holdings-closes-145-million-equity
https://www.upstreamonline.com/energy-transition/bp-to-build-market-for-biofuel-with-non-food-cover-crop-feedstock/2-1-1161189
https://nuseed.com/carinata/sustainable-production/
https://www.epa.gov/system/files/documents/2022-07/reg-geismar-carinata-deter-ltr-2022-06-30.pdf
https://www.covercress.com/pressrelease/CCI_Exit_Press_Release_2022.pdf
https://seekingalpha.com/news/3864336-bayer-inks-deal-with-chevron-for-majority-stake-in-oilseed-producer-covercress
https://www.farmweeknow.com/profitability/covercress-bunge-unveil-farm-to-fuel-venture/article_53bbc394-c571-11ec-af89-4bcfa590629d.html?utm_medium=social&utm_source=twitter&utm_campaign=user-share
https://www.yield10bio.com/press/yield10-bioscience-announces-an-update-on-the-camelina-line-e3902-development-program-for-producing-low-carbon-feedstock-oil-for-renewable-diesel
https://www.yield10bio.com/press/yield10-bioscience-field-test-results-show-seed-oil-content-increase-in-camelina-and-canola

U.S. Biorefining Status: Cellulosic Crops

L ead

Feedstock

Status

CE+P

Sugarcane

January 2021: California Ethanol + Power
announces engagement with Imperial Valley,
California farmers to grow 20,000 acres sugarcane
for Sugar Valley Energy, the company’s planned 68
MGY sugarcane ethanol and 49 MW biomass power
generation facility. Eventually 48,000 acres are
planned.

M. GENERA Switchgrass

2021: Tennessee-based Genera offers a
Switchgrass Establishment Assistance program
offering up to $200/acre for growers committing to 5
years of production from at least 15 acres

forestconcepts  woody biomass

2021: Forest Concepts installs its M24M modular
Crumbler system for biomass size reduction at the
Biomass Feedstocks National User Facility at Idaho
National Laboratory

)

U.S. DEPARTMENT OF ENERGY

Woody biomass

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

September 2022: Enviva and Alder Fuels sign
contract for up to 750,000 metric tons per year of
sustainably sourced woody biomass for Alder in the
southeastern U.S.



https://www.californiaethanolpower.com/news/sugar-valley-energy-announces-sugarcane-feedstock-production-program-for-imperial-valley-farmers
https://generainc.com/farmers/switchgrass/
https://forestconcepts.com/forest-concepts-m24m-modular-tower-crumbler-system-installed-at-idaho-national-lab-user-facility/
https://www.envivabiomass.com/alder-fuels-and-enviva-partner-to-further-scale-and-commercialize-sustainable-aviation-fuel-supply-chains/

U.S. Biorefining Status: Expanded production of
RNG and LNG

RNG Projects Operating by Year
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Ag RNG Projects [l Landfill RNG Projects

Operational Projects

« The number of Ag RNG and Landfill RNG operational projects has increased
from about 10 in 2005 to about 175 in 2021

 VERBIO North America bought DuPont’s cellulosic ethanol refinery site in
Necada, lowa in 2018, converted it to a stillage RNG and corn ethanol facility,
started production in 2021, and plans to reach full scale by 2023 producing 19
million ethanol gallons equivalent of RNG and 60 MGY corn ethanol

 PacificAg is developing SunnysideRNG, an SOOK MMBtu RNG facility in

Washington state that will use agricultural residues
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https://www.verbio.us/project/verbio-nevada-biorefinery/
https://pacificag.com/sunnyside-rng/

Current Estimate of Global SAF Production
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= Unannounced or In-development efforts:

2 * 160+ additional new-entrants collaborating with CAAFI

= * Outlined expansion goals of: LanzaJet, Gevo, Alder, Fulcrum, ...

9 » Refinery co-processing / conversion

*  Renewable Diesel switching pending BTC/PTC evaluation
~5M ~55M ~450 M ~992 M ~1,415 M ~1,445 M ~1,470 M
By YE '23 2024 2025 2026 2027 2028

*  Not comprehensive; CAAFI estimates (based on technology used & public reports) where production slates are not
specified. Does not include various small batches produced for testing technology and markets.
1March 2023 * Does not include fractions of substantial Renewable Diesel capacity (existing and in-development) that can be
shunted to SAF based on policy support

Source: CAAFI https://caafi.org/
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US Policy Outlook
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New Laws to Revolutionize U.S. Energy Sector

1. Bipartisan Infrastructure Law (BIL) (Nov 2021)
— Largest long-term investment in our nation’s
infrastructure in nearly a century
— $63B for energy and climate

2. CHIPS and Science Act (July 2022) $280B
— Cutting-edge science and innovation to boost
American competitiveness, including for
semiconductors

3. Inflation Reduction Act (IRA) (August 2022)
— Incentivizes deployment of clean technologies and
lowering energy costs for American families
— $391B for clean energy

BIL + IRA invests more than $450 billion in US Energy System
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Clean Fuel Tax Credits

+ Extension of tax credits through 2024
» Biodiesel, renewable diesel, and alternative fuels
» Second generation biofuels

« Sustainable Aviation Fuel Tax Credit through 2025
* Emissions-based credit, starting with 50% GHG reduction

» Clean Fuels Production Tax Credit through 2025/2027
« Technology neutral incentive based on well-to-wheel
lifecycle GHG emissions
» Clean Hydrogen Production Tax Credit
+ Emissions-based credit for facilities constructed before 2033
» Option for investment tax credit
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DOE Loan Programs Office Expansion

2 Follow-On Commercial
First g::'l::;::::s Scale-Up 4 | Commercial
Commercial Debt Market
Demonst r_ated Deployments Education Full
Innovative Market
Technology Acceptance
A L X
Applied Consfruction Establishing Achieving
Engineering Risks Demand Securitization

* New $250 billion loan authority for Energy Infrastructure Reinvestment program
» For projects that retool, repower, repurpose, or replace energy infrastructure that has already retired

* And for operating energy infrastructure to avoid, reduce, sequester, or use air pollution or GHG
emissions

* Expansion of LPO’s existing loan programs:
« Triples loan authority for innovative energy technologies ($40 billion)

» Appropriates a total of $11.7 billion to LPO to support issuing new loans
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BETO Activities
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BETO Activities: Recent BETO IBR Workshops

 Predictive Models and High Performance Computing as
Tools to Accelerate the Scaling-Up of New Bio-Based

Fuels
— New ways to accelerate scale-up, reduce uncertainty, and
optimize operations
— Understand if effective utilization of mathematical models
and Al/ML in conjunction with highly instrumented bench-,
pilot-, and demonstration-scaled facilities can be used to
validate and improve system and subsystem models
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BETO Activities: Recent BETO IBR Workshops

 Gen-1 Ethanol Opportunities: Improving Life Cycle GHG
Benefits of Existing Biofuel Production
— The U.S. has over 200 fuel ethanol plants, supporting
about 70,000 jobs

— Existing technologies have the potential to reduce the
lifecycle GHG emissions of Gen-1 ethanol from about 40%
today to over 70% compared to the petroleum baseline

— Strategies discussed:
* Fuel switching to renewable process heat and power
* New productivity or conversion efficiency measures

e Carbon capture technology

* Process technology for higher value co-products or
conversion of ethanol to SAF

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY


https://www.energy.gov/eere/bioenergy/events/gen-1-ethanol-opportunities-improving-life-cycle-ghg-benefits-existing
https://www.energy.gov/eere/bioenergy/events/gen-1-ethanol-opportunities-improving-life-cycle-ghg-benefits-existing

BETO Activities: Energy Justice

e December 2020: DOE opens call for small business
proposals on Cultivating a More Competitive
Bioeconomy Through Strengthening Small Business
Workforces. Specific areas of interest include:

— Development of software for workforce development that
address barriers associated with urban and rural areas as

well as engaging people with underrepresented
backgrounds within bioenergy R&D and deployment

e 2022: DOE-BETO opens a funding opportunity with the
MSI STEM Research & Development Consortium
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BETO Activities: Recent BETO IBRs
 FY17 Integrated Biorefinery Optimization FOA topics:

Robust, continuous handling of solid materials and feeding systems to reactors under various operating conditions
— High value products from waste streams in an integrated biorefinery

— Industrial separations within an integrated biorefinery

— Analytical modeling of solid materials and reactor feeding systems

. Awards around $1-2M Federal share each

Technology

Thermochemical Recovery International Improved feed systems for MSW
thermochemical conversion

Texas A&M Agrilife Research Lignin products

White Dog Labs Fermentation of ethanol refinery residue
stillage syrup to animal feed protein

South Dakota School of Mines and Carbon products from lignin and biorefinery

Technology agueous waste streams

National Renewable Energy Laboratory = Modeling of biomass feeding system

Forest Concepts Modeling of biomass feeding system
University of Arkansas Modeling of biomass feeding system
Purdue University Modeling of biomass feeding system
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BETO Activities: Recent BETO IBRs

* FY18 Process Development for Advanced Biofuels and Biopower FOA topics:
— Test unit operations for producing drop-in renewable SAF and diesel

—  Convert wet wastes such as MSW and biosolids into biopower
*  Awards around $1-2M Federal share each

Technology

Technology Holding LLC

Washington State University

Applied Research Associates

Gas Technology Institute
LanzaTech

Research Triangle Institute
West Biofuels Development
Mosaic Materials

University of lllinois at Urbana-
Champaign

Cellulosic sugars fermentation to isoprene and catalytic conversion
to cycloparaffinic SAF

Co-processing of cellulosic bio-oils with commercial HEFA

Hydrothermal cleanup of brown grease and catalytic
hydrothermolysis to SAF

Catalytic conversion of biogas to liquids

Catalytic conversion of ethanol to renewable diesel
Catalytic fast pyrolysis and hydroprocessing
Thermochemical conversion and co-processing
MOF separations for biogas upgrading

Anaerobic membrane bioreactor for wastewater biosolids
conversion to methane

Worcester Polytechnic Institute HTL of MSW and catalytic conversion of biocrude
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BETO Activities: Recent BETO IBRs

*  FY19 FOA topics:

— Systems research of hydrocarbon biofuel technologies
—  Optimization of bio-derived jet fuel blends

. Awards around $1-2M Federal share each

Technology

OxEon Energy

Research Triangle Institute

Gas Technology Institute

Purdue University

University of Colorado
Boulder

Vertimass

T2C Energy

Non-thermal plasma reforming of methane to syngas, solid oxide
electrolysis of CO, to syngas, and Fischer-Tropsch upgrading to
liquids

In-situ catalytic fast pyrolysis

Biogas reforming to hydrogen and use of hydrogen for integrated
hydropyrolysis and hydroconversion

Catalytic conversion of ethanol to cycloparaffinic SAF

Deacetylation and mechanical refining of lignocellulose to sugars
and Virent catalytic conversion to cycloparaffinic SAF

Catalytic conversion of ethanol to cycloparaffinic SAF

Catalytic conversion of biogas to renewable diesel
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BETO Activities: Recent BETO IBRs

« FY20 FOA topics:

— Scale-up of bench applications to engineering scale with testing of 500 cumulative hours on stream with minimum
100 continuous hours

. Awards around $3-4M Federal share each

Technology

University of Alabama Improvement of the Szego mill for deacetylation and mechanical
Tuscaloosa refining for lignocellulose pretreatment

University of North Dakota Deacetylation and mechanical refining of corn stover and lignin catalytic
Grand Forks conversion to cycloparaffinic SAF

Alder Fuels Arrested anaerobic digestion of wet waste to volatile fatty acids and

catalytic conversion to SAF

Global Algae Innovations Scale-up of algae drying and extraction processes

North Carolina State Delayed coking of fast pyrolysis bio-oil and conversion to battery anodes
University
Oregon State University Microchannel reactor for catalytic conversion of ethanol to n-butene

Research Triangle Institute Scale-up and integration of separation technologies with catalytic fast

pyrolysis
Georgia Institute of Fermentation of sugars to 2,3-butanediol and catalytic conversion to
Technology SAF
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BETO Activities: Recent BETO IBRs

. FY21 FOA topics:
. Pre-Pilot testing 500 hours cumulative time on stream including 100 hours continuous, at 0.5 dry tons per day; $3-4M each

. Pilot: Verification & Desigh Basis only; pending future appropriations, testing of 1,000 hours cumulative time on stream
including 500 hours continuous, at 20,000 gallons biofuel per year scale

. Demonstration: Verification & Designh Basis only; pending future appropriations, testing of 1,000 hours cumulative time on
stream including 500 hours, at 1 MGY scale

Technology

MicroBio Engineering Pre-Pilot: Hydrothermal liquefaction of sludge and algae, and conversion to SAF

Alder Fuels Pre-Pilot: Pyrolysis of miscanthus and hydrotreating to SAF

Gas Technology Institute Pre-Pilot: Reverse water gas shift conversion of CO, to syngas and Fischer-Tropsch upgrading to liquids

Gas Technology Institute Pre-Pilot: Entrained flow gasification of biomass or MSW to syngas and Fischer-Tropsch upgrading to liquids
Texas A&M Pre-Pilot: Biological lignin conversion to polyhydroxyalkanoates, and hydrolysate to 2,3-butanediol to SAF
University of Maryland Pre-Pilot: Supercritical CO, and subcritical water liquefaction for biomass and waste processing to bio-oil

Global Algae Innovations Pre-Pilot: Direct air capture algae cultivation and harvesting

LanzaTech Pre-Pilot: SAF from CO,

D3Max Pilot: Deacetylation and mechanical refining of corn stover, enzymatic hydrolysis to cellulosic sugars,
fermentation to ethanol, and catalytic upgrading to SAF

T2C Energy Demonstration: Biogas catalytic conversion to liquids

SkyNRG Americas Demonstration: Landfill gas conversion to SAF
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BETO Activities: Recent BETO IBRs

« FY22 FOA topics

Pre-Pilot
Pilot
Demonstration

 https://www.energy.gov/eere/bioenergy/articles/us-department-energy-
awards-118-million-accelerate-domestic-biofuel

Technology

Lanzatech Pilot: Woody biomass gasification and gas phase fermentation to ethanol
MicroBio Engineering  Pilot: Hydrothermal Liquefaction of waste water treatment solids to biocrude
Alder Energy Demonstration: Pyrolysis of woody biomass to biocrude

AVAPCO Demonstration: Woody biomass to cellulosic ethanol to jet
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Stakeholders
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Major National Stakeholders and Partners in
Biorefining: BETO consortia

N ,:p Chemcat_Bio

Agile ﬂ

BioFoundry https://agilebiofoundry.org/

BIOPROCESSING
SEPARATIONS

CONSORTIUM

https://www.chemcatbio.org/

https://bioesep.org/

DISC*VR https://discovr.labworks.org/

energy.gov/fcic

U bOttIe https://www.bottle.org/

changing the way we recy

Physics and Chemistry

{.4 CCPC energy.gov/ccpc
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2023 BETO Peer Review

* The U.S. Department of Energy’s (DOE's) Bioenergy
Technologies Office (BETO) is hosting its 2023
Project Peer Review on April 3—-7,2023. Projects in
BETO’s research and development portfolio will be
presented to the public and systematically reviewed
by external subject-matter experts from industry,
academia, and federal agencies. Simultaneous
review sessions of projects across the BETO
technology areas will occur.

 https://www.energy.gov/eere/bioenergy/2023-project-
peer-review
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Bioenergy Publications

* https://www.energy.gov/eere/bioenergy/beto-

publications
Co-Optima Findings and Impact Report June 2022
Advancing Synergistic Waste Utilization as Biofuels Feedstocks: April 2021
Preprocessing, Coproducts, and Sustainability: Workshop Summary
Report
Leveraging Existing Bioenergy Data: Workshop Summary Report March 2021
Bioprocessing Separations Consortium Three-Year Overview October 2020
Sustainable Aviation Fuel: Review of Technical Pathways Report September 2020
Plastics for a Circular Economy Workshop: Summary Report July 2020
Federal Activities Report on the Bioeconomy: Algae July 2020
BETO R&D State of Technology May 2020
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https://www.energy.gov/eere/bioenergy/articles/co-optima-findings-impact-report
https://www.energy.gov/sites/default/files/2022-06/beto-waste-biofuels-wrksp-report.pdf
https://www.energy.gov/sites/default/files/2022-06/beto-waste-biofuels-wrksp-report.pdf
https://www.energy.gov/sites/default/files/2022-06/beto-waste-biofuels-wrksp-report.pdf
https://www.energy.gov/eere/bioenergy/articles/leveraging-existing-bioenergy-data-workshop-summary-report
https://www.energy.gov/eere/bioenergy/downloads/bioprocessing-separations-consortium-three-year-overview
https://www.energy.gov/eere/bioenergy/downloads/sustainable-aviation-fuel-review-technical-pathways-report
https://www.energy.gov/eere/bioenergy/downloads/plastics-circular-economy-workshop-summary-report
https://www.energy.gov/eere/bioenergy/downloads/federal-activities-report-bioeconomy-algae
https://bioenergykdf.net/sites/default/files/2022-05/BETO-2020-SOT_FINAL_5-11-22.pdf

Contact Information

 United States contacts:

Mark Shmorhun, Ph.D.
Mark.Shmorhun@ee.doe.gov

Robert Natelson
Robert.Natelson@ee.doe.gov

Jim Spaeth
Jim.Spaeth@ee.doe.gov
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