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Pump-to-wheel
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Research & development
Resource assessment
Renewable diesel

Second Renewable Fuels Standard
Supply chain sustainability analysis
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State of technology

Sulfur oxides

Transportation & distribution
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Terephthalic acid

United Nations

U.S. Driving Research and Innovation
for Vehicle Efficiency and Energy
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Goal Statement

= Goal: Quantify the life-cycle energy and environmental impacts

of biofuels

— Energy diversification; greenhouse gas & other air pollutant emissions; water
consumption

= Qutcome: Accurate information about the system-wide energy
and environmental implications of biofuel systems to help R&D

and business decisions

— Consistent model with transparency; LCA results for biofuels with peer-reviewed
studies and benchmarked against other analyses/studies; rigorous, reliable, and
timely responses to key questions from BETO and the bioenergy community.

= Relevance: Interact with and conduct outreach to biofuel

stakeholders
— Provide LCA results to agencies, technology developers, other stakeholders for R&D
directions; interact with researchers and industries to examine critical issues
affecting biofuel LCA results; provide LCA tool to biofuel and LCA community

. Argonne &
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Quad Chart Overview

Timeline Barriers addressed
O Original GREET LCA efforts began in  At-B: analytical tools and capabilities for
1994 supported by multiple DOE system-level analysis
programs including BETO O At-A: analysis to inform strategic direction

O At-E: quantification of economic,

Project start date: FY17
J environmental, & other benefits & costs

d
O Project end date: FY19
d Percent complete: 70%

Objective

Funding 3 Identify and quantify the life-cycle
energy and environmental impacts of
biofuels with analytical tools

Total Planned

Funding || End of Project Goal

FY 17 FY 18 FY 19-Project .
Coste Coste " Endomey | |0 GREET model with all BETO-

. relevant biofuel pathways;
El?n%ed R LA publications of LCA results for the

*FY19 also includes contributions from the BETO .ener.gy .and enwronmental .
Conversion Program and Algae Program. |mpI|cat|ons of biofuels and their
conventional counterparts.

Argonne &
4

1 - Overview




Project Overview

= Develop GREET ° LCA model to address energy and environmental

impacts of biofuels and conventional fuels

— Develop LCA methodologies especially to deal with technology advancements, LCA
system boundary, co-products, indirect effects, etc.

— Develop extensive, reliable data for LCAs of biofuel and conventional fuel pathways
— Maintain model openness and transparency

= Conduct LCAs of biofuel production pathways

— Update existing biofuel pathways in GREET

— Examine and add emerging biofuel pathways (e.g., CO, utilization of industry waste
streams) to GREET

— Address emerging LCA issues (e.g., biomass additionality/carbon neutrality, land
management change, and water stress assessment)

— Publish biofuel LCA studies and review/evaluate relevant studies

= Interact with stakeholders (researchers, agencies, industries) to
improve understanding and use of LCA results with a consistent

modeling platform

Argonne &
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The GREET (Greenhouse gases, Regulated Emissions,
and Energy use in Transportation) model Framework

VEHICLE CYCLE
(GREET 2 Series)

Stochastic Carbon Calculator for Land Use
Simulation Tool Change from Biofuels (CCLUB)

-[PPoW ¢ 13345

GREET 1 model:
Fuel-cycle (or well-to-wheels, WTW) modeling of
vehicle/fuel systems

e D e

‘ WELL TO PUMP ‘

S9|21Y3A 404 Suljpow 3|2A2 3|21Y3aA

RECYCLING OF MATERIALS

FUEL CYCLE
(GREET 1 Series)

Argonne &
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GREET at a Glance

= A publicly available LCA tool for consistently examining life-cycle energy and
environmental effects of vehicle/fuel systems
— Available for free download at greet.es.anl.gov
— Contains over 100 vehicle/fuel systems

— Fuel types include gasoline, diesel, hydrogen, NG-based fuels, electricity, and many
biofuel types

= GREET produces results for
— Greenhouse gas emissions (CO,e of CO,, CH,, N,O, black carbon, albedo)

— Criteria pollutant emissions (VOC, CO, NO,, SO,, PM, ¢, and PM,,); separated into
total and urban emissions

— Water consumption
— Energy use by total energy, fossil energy, petroleum energy

= Biofuels have been an important fuel group in GREET development and
applications

Argonne &
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GREET Includes Various Biomass Feedstocks,
Conversion Technologies, and Fuels

Grains, sugars, and | Fermentation, Indirect Gasification
cellulosics I

A 4

Ethanol, butanol

A

Fermentation

Hydrothermal Liquefaction
Y 9 > Renewable diesel or jet
Waste plastics I Pyrolysis !
Waste CO, = Waste CO, Alcohol to Jet
Organic waste I Anaerobic Digestion R T T B e Gl RS

feedstock I

| Combustion o

e s e e e e m e m e m—m—m—m . ——E= Electricity

| Combustion i

: | Pyrolysis, Fermentation, R r

Cellu!osms Gasification (e.g., FT) Drop-in hydrocarbon fuels

T et e e ~ Aviation and marine fuel

Gasification (e.g., FT), Alcohol to Jet, Sugar to Jet e

1

| Hydroprocessing
Algae and oil crops | Transesterification

Biodiesel

\ 4

A 4

Renewable diesel

Hydroprocessing, Hydrothermal Liquefaction
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GREET Includes All Transportation Subsectors

e Light-duty vehicles
* Medium-duty vehicles
* Heavy-duty vehicles
*Various powertrains:
Internal combustion
Electrics

Fuel cells -
Gy o2

transportation
L

!

Air
- transportation

|V

* Globally, a fast growing sector with GHG
reduction pressure

)| * GREET includes

8! v’ Passenger and freight transportation

v Various renewable jet fuels blended with

petroleum jet fuels

Rail -
\transportation

* Freight transportation
* GREET includes
v’ Diesel
v Electricity
v CNG/LNG

1 - Overview

—/Marine /
transportation

* The sector is under pressure to reduce air
emissions and GHG emissions
* GREET includes
v Ocean and inland water transportation
v Baseline HFO and alternative/renewable
marine fuels




BETO GREET Project Team

A The key to the success of the GREET project is the strength of the team.

Michael Wang Thathiana Benavides  Hao Cai Troy Hawkins ~ Hoyoung Kwon

Uisung Lee Xinyu Liu Longwen Ou

10 Argonne &
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Technical Approach & Data Sources

A Approach

» Build a consistent LCA platform with reliable, widely accepted methods/protocols
» Address emerging LCA issues
» Maintain openness and transparency of LCAs by making GREET publicly available

» Primarily process-based LCA approach (the so-called attributional LCA); some features
of consequential LCA are incorporated

(] Data sources

» Open literature and results from other researchers
» DOE and other agencies R&D results
» Fuel producers and technology developers for fuels and automakers for vehicles

» Simulations with models such as ASPEN Plus for fuel production and ANL Autonomie
and EPA MOVES for vehicle operations

» Baseline technologies and energy systems: EIA Annual Energy Outlook (AEO)
projections, EPA eGrid for electric systems, etc.

» Consideration of effects of regulations already adopted by agencies

11 Argonne &
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GREET Positions Well in the Landscape of Bioenergy Modeling

| GREET Interactions with Other BETO-Sponsored Models I

BETO TEA Models
" [ Foseam | Overview of Key Models and Tools in the BETO
I Af::;‘;zt " poLysts Analysis & Sustainability Portfolio
ET Algae Farm Model — =]
5 o s Algae Farm Model ! Link Strength
: 2 - - - rechnolog Least Cost Formulation 0- .5
echno
[2h= Biomass Logistics plomsemaon
5 2 rrmﬁlu_wa;rx'an. _________
g_ 8 Model I“E:",‘,,T""m;j'
- C WATER I e
=g GREET & ...
(NNO)) . . noiogy SWAT-MARB
% o) Biomass Scenario Frre AGE Biconomy FpEAM !
WATER
E M 0 d el BioSTAR JEDI Biofucls & Biopower | | e
m \“wrans ]
PNNL BAT Model [l rieorarne s 3 E Y conpanormgreion )
w Scenario [ Bioproducts Transition SO Model |
f‘ Assessment BSM WEsys
Bt [ Competition for the Use of Blomass |
( EIA AEO/Statistics Compilation 2o OF ] , T
0 Tools BioFuels Atlas | BT fkta Explorer | [ AFDC |
8 i dstock Logistics Conversion Distribution End Use
ECU ( USDA NASS Full Supply Chain Supply Chain Elements
o o)
= @©
3 ( GTAP Examples of GREET
20 Supporting Other Efforts
o3
= ( CENTURY
— O DOT MARAD )
©
1S ( EPAEGRID
o= ICAO CORSIA )
©% ( usGs water Use
5 CA-GREET for LCFS )
( EPAMOVES
EPA RFS )
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Technical Approach: Direct Activities and Indirect
Effects Are Included in GREET’s System Boundary

CO2inthe

Atmosphere CO7 emissions

from Lignin
combustion

COy via
Energy inputs Photosynthesis C'Oz emissions'
for farming During fermentation

CO2 emissions
from ethanol
combustion

Biomass
|
I
w1
S
21 .
. v O/

N20 emissions '§_ ! $

from soil and 0] ! =

water streams v { g
£ @
L1 L'c’) X
b & <5

- I ) \,b(g,
¢ Directland 1 , 7 Indirectland use ™ ’ Conventlonal »
\ usechange ,' v changesforothercrops ! electricity On-site
i e ~ _andinother regions _ # N and products ¢ power generation
o= ~ ~ o W - L4 e b
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Approach: Project Management

 Regular interactions with BETO staff
» Maintain focus on programmatic priorities, align approach with state-of-
the-art, & coordinate GREET project with related DOE efforts
» Project tracking through monthly and quarterly written reports to BETO,
quarterly briefings with BETO sponsor to track milestone completion
d Regular conference calls with other national laboratories and

collaborators (e.g. CORRIM) on coordinated projects

d Biweekly internal team meetings to review technical progress
and gain feedback

[ Internal QC/QA procedures implemented for analyses and GREET
development

d Engage bioeconomy community for data availability & reliability

d Other interactions and communications
» Interact with researchers, biofuel producers, and technology developers to
address key issues, exchange data, and share LCA results

» Communicate via peer-reviewed publications, presentations, and outreach

Argonne &
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Technical Approach: Critical Success Factors

ldentified for GREET Development and Applications

= Critical LCA issues need to be addressed with science and rigor
— LCA system boundary needs to be complete and consistent among fuel pathways
— Co-products of biofuels need to be handled with reliable and transparent methods
— LCA output attributes should be relevant to energy and environmental concerns

= GREET (and LCA models) should address technology advancements and

technical variability and uncertainties
— LCA simulations should be dynamic to consider technology advancements over time
— Technical variability of pathway parameters is addressed with stochastic simulations in GREET

— Technical uncertainties are addressed with scenario analysis and a variety of technology paths
for a given supply chain with GREET

= Reliable data and transparent models and analyses
— Engage agencies and stakeholders for data sharing and verification
— Make GREET and data open and transparent
— Produce high-quality, consistent, and peer-reviewed analyses/publications
— GREET enables users to input data from their practices/experiments

2 - Approach Argonne &

15



Key Technical Accomplishments Since March 2017

GREET model development
= Added biofuel & bioproduct pathways and updated baseline pathways
= Conducted LCA of jet fuel pathways for ICAO
= Water stress impacts of LCA water consumption of biofuel pathways
=  Supply Chain Sustainability Analysis of BETO-selected pathways

Emerging LCA issues
= Systematically addressed biorefinery co-products in LCA
= Holistically evaluated benefits of bioeconomy by including bioproducts alongside
fuels
= Analyzed bio-plastics vs. fossil plastics
Feedstock analysis
= SOC changes of feedstock harvest/production
=  Woody feedstock carbon dynamics over time (using outputs of CORRIM project)
= Algal biofuel resource potential with considering regional water stress
= Enhanced SOC modeling of land management/use change

Conversion analysis
= Added LCA of WTE pathways
= Conducted LCA of industrial waste CO, to bioenergy

. Argonne &
3 - Accomplishments gonne =
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GREET Model Development

Argonne &
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Implemented Biofuel/Bioproduct Pathways and
Updated Baseline Fuels in GREET 2018 (and 2017)

= Implemented new biofuel and bioproduct pathways and updated major parameters of
existing biofuel pathways
— Major inclusion and updates: corn kernel fiber ethanol, biomass-derived high-octane
gasoline, soybean and tallow biodiesel, waste-to-energy, and algae-derived biodiesel

= Updated the Carbon Calculator for Land Use Change from Biofuels Production (CCLUB) for
land use change and land management change for GHG emission modeling

= Major updates for baseline fuels and electricity

— Methane leakage of natural gas supply chain, transportation and distribution energy
intensity, crude oil mix for US refineries, electricity generation mix, and others

Corn kernel fiber ethanol P GREET Model y,

(b) Starch ethanol, Starch and fiber Starch ethanol, Fiber ethanol, G el (9") A,go,meb A & DO EB ETO
conventional ethanol, nth nth nth T X
800 20/ edustion E Programs
% 60.0 - le
ON 4?/ reduction Summary of Expansions, Updates, LCFS by CARB
% 40.0 60% reduction and Results in GREET® 2017 Suite of Models GREET Excel
5 20 a CORSIA by ICAO
$ Argonne & -
@ 100/ eduction
% 0.0
5 RFS by EPA
-20.0 .
=Com =Ethanol = Vehicle ®=DGS =Oil TTotal Summary of Expansions and Updates: :
in GREET® 2018 GREET.Net
\_ %
(Qin et al., 2018) Argonne &
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Evaluated WTW GHG Emissions of Soybean Biodiesel
Including Induced Land Use Change Emissions

= New LCA results for energy use and GHGs of biodiesel from soy, canola, tallow-

based)

- Addressed iLUC of soy
biodiesel

- Examined discrepancy
on the estimation of
ILUC emissions related
to peatland loss

- Soy biodiesel achieves
66—72% reductions in
GHG emissions when
ILUC is considered

3 - Accomplishments

GHG emissions (g CO,e/MIJ fuel)

150

100

50

0

-50

-100

NN\
N\
QAN

QN

N\

N\
N\
I

DN\

Diescl

CARB CARB GTAP GTAP [ CARB CARB GTAP GTAP
Casc 8 Average 2004 2011 [ Case 8 Average 2004 2011

Proxy

CCLUB ILUC

oILUC

Soy BD

O Feedstock-to-Fuel production
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& Tuel combustion

1
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(Chen et al., 2018)
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Supported ICAO to Evaluate Life-Cycle GHG Emissions
of Various Jet Fuel Production Pathways

= ANL is a member of the ICAO Alternative . Core tgA"/a“';:ﬁ
. ) [gCO,e

Fuels Task Force tasked with modeling Agricultural residues =29
carbon intensities for the Carbon ;.’ Forestry residues 8.3
. . S MSW, 0% NBC 5.2
'— ’
Offsetting & Reduction Scheme for & MSW, NBC as % of total C NBC*170.5 + 5.2
International Aviation (CORSIA). 3 Short-rotation woody crops 12.2
“ Herbaceous energy crops 10.4
. . >
= ANL is part of AFTF’s core LCA group with g Talow 223
o'-; Used cooking oil 13.9
MIT; EC JRC; & U Of Toronto v Palm fatty acid distillate 20.7
U — A
1. developing core LCA values for £ g;’;;e";L ke
T 0
alternative jet fuels g %’ Rapeseed/canola 47.4
e . 8 2 camelina 42
2. writing the guidance document for 2 ™ Paim ol - closed pond -
LCA data submission £ Palm oil - open pond 60.0
z Brassica carinata 344
Core LCA Group Working Approach o Sugarcane 36.6
Y Sugarbeet 32.4
. 2 Sugarcane 27.8
Initial CI development 5 Agricultural residues 29.3
v S Forestry residues 23.8
. . 8 Corngrain 55.8
Cl verification % Herbaceous energy crops 43.4
¢ < Molasses 27.0
Propose to AFTF; 5 & Sugarcane 2
AFTF adoption i 2 Corngrain 65.7
S ) Note: NBC — Non-biogenic carbon

20 Argonne &
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Development of AWARE-US for the Regional Water
Impact Analysis of Energy Systems

= Water consumption in different regions has different meaning (water
stress level).

= ANL developed a high-fidelity database (AWARE-US) that enables water
stress impact analysis for new energy systems deployment.

= AWARE-US by incorporating latest human water consumption data and
groundwater recharge data from USGS.

(Lee et al., 2019)

Argonne &
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Incorporating AWARE-US into Algae Biofuel Siting
Can Reduce Water Stress Impact Significantly

= Assessed water stress impacts of
alternative algae pond locations.

= Scaling up algae biofuel production
requires significant water
resources; considering regional
water stress is important.

= Water stress was reduced by 96%
w/o lowering average biomass
yield (<1%) when AWARE-US was
used as an additional constraint
for 5 billion gal/yr renewable diesel
target.

= These findings support the BETO
Algae Program’s focus on saltwater
strains and use of waste or surplus
water.

3 - Accomplishments

[or] ©
& o

productivity (Mt/ha)
(o]
o

Average biomass

75

Water scarcity footprint
(10° BGYe)
N

With AWARE-US cutoff (CF 20)
- == == = \Without AWARE-US cutoff

—

0.5 1 15 2 2.5 3 35 4 45 5
Algae-based biofuel production target (BGY)

(Xu etal., 2019)  Aeenned

22



SCSA Tracks Progress & Identify Opportunities to

Im

GHG Emissions

prove Performance of Biofuel Technologies

Three dry feedstock pathways to produce renewable gasoline and renewable diesel
with woody feedstock via IDL and ex-situ CFP, and with herbaceous feedstock via
biochemical conversion

Three wet feedstock pathways to produce renewable diesel with algae via HTL and
CAP, and with wastewater plant wet sludge via HTL

Regular and rigorous coordination among labs for data and information exchange
Continuous improvement in 2018 SOT cases and projection cases driven by
improvement in conversion yields and energy efficiency in feedstock logistics
Co-product designs in the biochemical conversion and algae CAP pathways have

significant impacts on SCSA results
280

S Algae
g CAP
O 80
S pathway

-120

2018 SOT 2025 Target 2030 Target 2018 SOT 2025 Target 2030 Target
Via acids Via 2,3-BDO
mmm CO, transport and transfer from off-site E Algae growth and dewatering
I Conversion of algal biomass to biofuels I Displacement credit for exported electricity
I Displacement credit for polyurethane I Fugitive and/or other non-combustion emissions
I Transportation s Fuel combustion
Argonne &
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Emerging LCA Issues
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Biorefinery-Level Analysis Is Needed to Fully
Account for Energy and Emission Impacts of
Biorefineries with Significant Co-Product Outputs

Annual Biorefinery-Level GHG

éBIOf r CSCI emission reductions

Biofuels Bioproducts & m 1'000'000

Modeling and Analysis @ Full Access

Life-cycle analysis of integrated biorefineries with co-production
of biofuels and bio-based chemicals: co-product handling

methods and implications ° -
Hao Caiix, Jeongwoo Han, Michael Wang, Ryan Davis, Mary Biddy, Eric Tan . -500,000
First published: 12 June 2018 | https://doi.org/10.1002/bbb.1893
-1,000,000
Laboratory (“Argonne”). Argonne, a U.S. Department of Energy Office of Science laboratory, is operated

500,000

CO2e, metric tons/year

The submitted manuscript has been created by UChicago Argonne, LLC, Operator of Argonne National

under Contract No. DE-AC02-06CH11357. The U.S. Government retains for itself, and others acting on its -1,500,000
behalf, a paid-up nonexclusive, irrevocable world wide license in said article to reproduce, prepare
derivative works, distribute copies to the public, and perform publicly and display publicly, by or on behalf

of the Government. The Department of Energy will provide public access to these results of federally, -2,000,000
sponsored research in accordance with the DOE Public Access Plan http://energy.gov/downloads/doe- RDB Only with No  SA Co-production  AA Co-production
public-access-plan Co-product Design Design Design

The Alliance for Sustainable Energy, LLC (Alliance) is the manager and operator of the National Renewable Bi h ical displ .. di
Energy Laboratory. Employees of the Alliance for Sustainable Energy, LLC, under Contract No. DE-AC36- W Bio-chemical displacement emission credit
08G028308 with the U.S. Dept. of Energy, have authored this work. H RDB displacement emission credit

The United States Government retains and the publisher, by accepting this article for publication, Bi fi | GHG ..
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, worldwide lorefinery tota emissions
license to publish or reproduce the published form of this work, or allow others to do so, for United [ ] Biorefinery total GHG emission reduction

States Government purposes.

Read the full text > The system expansion method is the only way to fully
account for life cycle emissions of both fuel and non-fuel

products in existing fuel-focused carbon regulations.
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Bioproducts Play an Integral Role in the Bioeconomy

* A growing market for products from renewable resources

* Help to meet the nation’s need for chemicals and plastics

e Support the production of biomass-derived hydrocarbon fuels at
MFSP of S3/gasoline gallon equivalent or lower as high value-added
co-products

* Potential to reduce a product's environmental footprint

4,800
3,800

Collaborative efforts within
BETO’s consortia

2,800

|
SR

M Feedstock W Conversion

1,800

1 B
sio£6

800
-200

The GREET model has a
expanded bio-product module
to include new pathways

Commonly Used in the B CO; uptake during feedstock growth + Total
sustainable production « Fossil counterparts
of plastics such as polyethylene
terephthalate (PET)

-1,200

-2,200

GHG emissions (gCO,e/kg of bioproduct)

Cradle-to-gate GHG emissions of bio-
ethylene oxide (EO), bio-ethylene glycol (EG)
& bio-terephthalic acid (TPA) via direct
fermentation & via isobutanol intermediate
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With Bioproducts LCA, We Have Addressed
Environmental Impacts of Plastic Production Like PET

[Cg:'cr)lr:tf:er) .
— B — Bio and recygleq .PET bottles
l ez beniene,olvene could offer significant GHG
[ .
Ethyiene - | reductions
I | v Oxygen * I:tene Carbon monoxide Paraxylene
| " = . .
: Ethylene oxide I: i'-T-- == Paraxylene Major dnver Of GHG
Eid st s erephthalic acid {m == == = == == = Methanol l . . . .
rmmammmn Lo2DE ! e e reductions is the biogenic
| . .
|| Fevieneghool |y === e : carbon in the biomass-
beeae== b I perresn | il L . .
"L_"L"d.;"i“‘__J—‘.' o \ derived portion of the PET
T — bottles.

et
22% 82% 12% 35% 73% 20%

175

The precursors of
bio-based PET (TPA
and EG) are the
major contributors
to the GHG
emissions

150

125

y
!
d
ed

100
75
50
25

bio-derived vPET-TPA
Pathway 5: Bio-derive

Pathway 2: 100%

0
-25

GHG Emissions gCO,e/ bottle PET)

-50

-75
# Bottle manufacture M Transporation of PET pellets to bottle manufacture Il Biogenic CO, in PET  : Conversion

= Feedstock @ Total GHG emissions

(Benavides P.T et al., 2018)
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Feedstock Analysis
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Development of New Soil Organic Carbon (SOC) Modeling
Capacities and Database

* Created modules to enable SOC change evaluation related to alternative land
management practices for corn stover and now working on other feedstocks
* Collaborated with multiple agencies on developing relevant SOC database

v’ Sustainable corn stover
removal

v' Manure application

v’ Change in tillage

v' Planting of cover crops

—d

Land

v’ Biofuel scenarios

v' Computable general
equilibrium economic
model

USDA
= i —

ARS

9 II\

SOUTH DAKOTA

Qrgsms.ﬁ j

Spatiotemporal database

Monthly climate data
Historical corn yields by county

Process-based model
Monthly SOC change

nt IITATSINGSS

>

Tade] 2

[Paipsirmisiars

SOC changes by land

management practices
v’ Agricultural residues

Validation and Update
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Assessment of SOC Change Driven by Land Management
and Land Use Changes

100

Conventional gasoline
75

* SOC change upon LMC
may dramatically affect
corn stover ethanol GREET 2 I I l I I I I'I

LCA GHG results

Soil C SR: Stover removal
impacts MN: manure

CC: cover crop

GHG emissions (g-CO,e/MJ-ethanol)

. SR SR+CC | SR+MN SR SR+CC | SR+MN SR SR+CC | SR+MN
(Ql n et a I ¥} 20 18) Conventional till Reduced till No till
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Conversion Analysis
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Performed LCA of WTE Pathways that Provide
Significant WTW GHG Reductions

= LCA of waste-to-energy (WTE) pathways needs to evaluate emissions associated
with business-as-usual (BAU) case of waste management in order to account for
avoided emissions.

Avoidance (Negative)

GHG emissions (B gCO,e) Positive

S
Pathways in GREET

( Landfill gas | > Upgrade m
( Animal waste | > AD J

( MSW | g Fermentation Ethanol

( Wastewater sludge | > HTL > Hydrocarbon fuel
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Relevance of GREET Development and Applications (1)

" The goal of this project is to develop an LCA model that supports BETO
A&S Team by identifying and quantifying energy and environmental
impacts of biofuels

=" GREET is an integral part of BETO mission
— Develop a consistent model to advance understanding of biofuel sustainability

— Produce high-quality, consistent, peer-reviewed analyses/publications

— Outreach and engage agencies and stakeholders with LCA results to promote
clean, efficient biofuels and biofuel production

= Sustainability criteria are critical for BETO and bioenergy community in
R&D evaluation

— GREET LCA quantifies and clarifies the energy diversification, GHG, air
pollutant, and water consumption effects of biofuels and conventional fuels

— Inclusion of the complete supply chain by GREET helps identify adverse
environmental hot spots and develop mitigation measures

Argonne &
4 - Relevance goNne s .




Relevance of GREET Development and Applications (2)

= Sustaining funding to GREET by BETO (and other EERE programs)
results in an open, transparent LCA tool for consistent comparisons
among biofuel options and with other non-biofuel options

= To cover the supply chain from feedstock to fuel use to inform BETO
and bioenergy community R&D

— GREET provides a platform to integrate life cycle stages of biofuel pathways to
address their overall energy and environmental benefits

=" The bioeconomy community benefits from the availability of this
free platform which they use to inform R&D direction

= GREET is a helpful tool that provides guidance for regulations/
requirements such as CARB LCFS, EPA RFS2, and ICAO CORSIA.

Argonne &
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There Are 35,000 Registered GREET Users Globally
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= Geographically, 71% in North America, 14% in Europe, 9% in Asia
= 57% in academia and research, 33 % in industries, 8% in governments
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Relevance: Key GREET Application Examples

= CA-GREET3.0 built based on and uses data from ANL GREET ngj"g;";ﬁﬂ,:ﬁ;‘@;ﬁ:ﬁ

JED ST
L %
. .

|

= EPA RFS2 used GREET and other sources for LCA of fuel pathways 23?2,@

= FAA and ICAO AFTF using GREET to evaluate aviation fuel pathways

= GREET was used for the US DRIVE Fuels Working Group Well-to-Wheels Report _—
UsopIvE

= Extensive support to other BETO consortia

— Co-Optima, Agile BioFoundry (ABF), Feedstock Conversion Interface Consortium (FCIC), Separation
Consortium

= LCA of renewable marine fuel options to meet IMO 2020 sulfur regulations for JFAILNY
the DOT MARAD

= US Dept of Agriculture ~ USDA

— ARS modeling the carbon intensity of corn production and providing a database for SOC change
associated with land management practices

— ERS water stress of food & diet change supporting 2020 Dietary Guidelines

— Office of the Chief Economist — biofuel & bioproduct LCA

Argonne &
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Future Work: Improve Accuracy of LCA Methods

Develop methods to address issues material to bioenergy systems.

» Complete landscape-based analyses of bioenergy systems to address
local issues potentially obscured by end-use, product-based analysis

» Define criteria for product classification to allow for appropriate
allocation, i.e. main products, co-products, and by-products

» Address regional differences, ex. criteria air pollutants, soil organic
carbon, water stress, resource availability

» Address seasonal differences, ex. water consumption/stress in
various energy systems including biofuels, electricity, and food/diets

» Explore GREET pathways in openlLCA to increase exposure to larger
LCA community

» New methods are incorporated in annual GREET releases and
widely distributed to improve LCA studies in general

Argonne &
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Future Work: High-Priority Emerging Issues

Perform LCA studies to address high-priority emerging issues.

» Examine the sustainability of waste-to-energy pathways

* CO, utilization of industrial waste gas streams for fuel/chemical production

* Continue to evaluate technologies to divert waste from current waste
management practices to WTE

* Expand the evaluation of waste plastics to bioenergy/bioproducts

» Address BETO priority biofuel pathways and emerging issues with supply
chain sustainability analyses

* Reduce uncertainties by incorporating location-specific supply chain criteria air
pollutant emissions in collaboration with NREL

» Address biorefinery waste streams and issues associated with carbon and
nitrogen releases

» Address key issues for biochemical pathways
* enzyme and yeast production and loading

» Add BETO priority bioproduct pathways

» Collaboration with and support to other agencies and DOE labs
* CARB, FAA, MARAD, USDA, ICAO, EPA OTAQ

Argonne &
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Summary

= GREET is a widely-accepted LCA tool that evaluates the energy and
environmental effects of biofuels
— System-level analysis capacity
— Provides access to critical data for biofuel analysis

= GREET-based LCAs of biofuels help
— Overcome lack of comparable, transparent, and reproducible analysis
— Address energy and environmental benefits of biofuels systematically so that the
community can build consensus on pursuing clean, efficient biofuel systems

= Qutcomes of GREET LCAs
— Agencies use GREET results to develop policies that promote biofuel development
and use
— BETO uses GREET results to select biofuel technologies for R&D
— Biofuel producers and tech developers use GREET results to improve process
energy efficiencies, improving profitability and minimizing carbon footprint
— Biofuel LCAs with GREET have advanced understanding of critical LCA issues

= Future work
— Addresses critical issues in biofuel sustainability analysis

— Supports BETO and its community in assessment of technology options for

sustainable bioenergy and bioproduct systems from farm to consumer Argonne &
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Responses to Selected Comments in 2017 Peer Review

Reviewer Comment #1

ANL Response

While, taken as a whole, GREET represents a tremendous
achievement, in its current state it also raises some
important concerns for the management of the BETO
portfolio. Something in excess of $7 million has been spent
to date in the development of GREET and it appears to
have been money well spent. As the final roughly $1.5
million allocated to the project is committed, however, it
begs some questions: After spending as much as has been,
what remains to be done? If the answer to the previous
qguestion is “a lot,” were earlier priorities chosen wisely?

If it’s the case that earlier spending priorities were
appropriate but a lot still remains to be done, what is the
comparative advantage of doing the work under the
auspices of the GREET platform, as opposed to by others,
after which results might be integrated into GREET?

It is not entirely clear to me, however, how important the
work now being taken up for GREET is (albedo?). Some
scrutiny should be applied to ongoing expenditures.
Related to this, several other projects refer to the use of
their results in GREET. This testifies to the usefulness of
GREET as a platform, but complicates the task of the
reviewer. How should credit be assigned between the
creators and maintainers of the GREET platform itself and
the teams contributing to its extensions?

Thanks for bringing up the resource commitment vs.
accomplishments/deliverables of this AOP. This AOP is based on
BETO’s decision (and the transportation energy community’s
desire) that energy and environmental sustainability of bioenergy
needs to be addressed with the LCA approach. This single AOP
comprises 4 tasks — GREET development, feedstock sustainability,
conversion sustainability, and algae LCA. In fact, the latter three
tasks are integral parts of BETO R&D portfolios in the sense that
R&D advances are evaluated for their sustainability. They provide
critical inputs to GREET development. As shown in the
accomplishments of the 2017 Peer Review and this year’s Peer
Review, ANL's research efforts are to address critical LCA and
sustainability issues for bioenergy. As new feedstocks, conversion
technologies, and energy and chemical products continue to be
developed, their sustainability implications need to be addressed,
which has been an on-going effort in sync with BETO R&D
portfolios. In addition, bioenergy sustainability has been often
challenged because of the emerging LCA and sustainability issues.
Such issues include water stress, carbon neutrality, SOC changes
under different farming management practices, carbon dynamics of
forest feedstocks, etc. Argonne has undertaken major efforts to
address these issues and has contributed significantly to our
understanding of the energy and environmental outcomes
associated with biotechnologies and the bioeconomy as well as
helping build consensus amongst stakeholders.

In summary, LCA research is key focus of this AOP. GREET
development and release are a natural product of the research so
that the entire bioenergy community can benefit. In fact, it is
analytical topics and issues that determine ANL research priorities.
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Responses to Selected Comments in 2017 Peer Review

Reviewer Comment #2

ANL Response

This project is of central relevance to BETO’s goals by
providing a consistent comparison platform to assess
sustainability across multiple dimensions. Moreover,
given the wide recognition and use of GREET, it is
important to ensure ongoing improvement to reflect the
best available science and the project should be
commended for striving to do so. Particular high priorities
in this respect are the identified next steps of assessing
the temporal dynamics of forest feedstocks under
alternative assumptions, and comprehensively evaluating
the issues of carbon neutrality and additionality. The
inability to address these issues left notable gaps in BT16
volume 2 report, and it will be important to able to
continue developing capacities to be able to address them
within the BETO portfolio.

To ensure the best available information, it is also
essential that the project draw on the best evidence from
the other parts of BETO portfolio.

A key consideration is how best to characterize and report
uncertainties and spatial (and temporal) heterogeneity of
results to provide a more detailed picture of life cycle
impacts appropriate for different policy objectives.

Thank you for your comment. Many of our research
efforts in FY18 and FY19 reflect the identified issues and
gaps. For example, we addressed carbon dynamics of
forest feedstocks in collaboration with CORRIM. We will
address counter-factual scenarios of forest growth and
management in FY19.

ANL has benefited tremendously from BETO R&D
portfolios by obtaining data generated from other BETO
efforts such as the TEA efforts in NREL, PNNL, and INL.
LCA at ANL is an integral part of the BETO analysis efforts
with close interactions among these labs with
coordination of the BETO A&S Team.

Characterizing and reporting of uncertainties and
spatial/temporal heterogeneity of LCA results are indeed
included in GREET. Stochastic modeling features are built
to address uncertainties of key parameters. Temporal
variations are built in GREET with time-series variations
for key parameters. While certain regionality is built in
GREET (such as transportation logistics and electricity
generation), further regionality is needed for bioenergy
pathways since feedstock production is regional and
certain environmental attributes (such as critical air
pollutant emissions and water consumption) are
regional, which is our desire to address.
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Responses to Selected Comments in 2017 Peer Review

Reviewer Comment #3

ANL Response

BETO has long supported the development of the GREET model, a LCA
tool used to quantify the energy and environmental impacts of biofuels.
Today, GREET provides a well validated and rigorous tool to advance the
understanding of biofuel sustainability. It is used broadly by the LCA
community with nearly 30,000 users and serves as an enabler for policies
such as the RFS and the Low Carbon Fuel Standard program. It provides a
consistent and comprehensive format to assess the benefits of various
biofuels pathways. The project displays a high level of collaboration and
integration. Much has been accomplished since the last review. GREET has
undergone additional model development including the modeling of LUC
and soil organic compound change for biofuel feedstocks. GREET also
served as a major contributor to the BT16 volume 2 sustainability report.
Life cycle water consumption and additional co-feedstocks and co-
products were added to the model. Of particular interest was the LCA
expansion for various production scenarios for algae. This integrates
nicely with the efforts BETO is making in the algae space.

GREET provides a platform to integrate the LCA of biofuel pathways to
address their overall energy and environmental benefits which is critical
for BETO and the rest of the bioenergy community. Future work includes
continuing to address farming management practices and their impacts
on soil organic compound for biofuel feedstocks, continuing to expand key
GREET modules and GREET functionalities, and continuing to monitor and
expand emerging biofuel conversion technologies. An effort will be made
to regionalize the GREET well-to-wheels analyses of criteria pollutants and
water stress assessment as well as extend LCA for different algal
cultivation and fuel processing pathways to provide R&D guidance to
BETO and the biofuels community. It will be important to remain focused
on the most critical issues. | do feel, however, that adding biobased
chemical and biobased products to the model would be useful as these
materials are enablers of the bioeconomy with many early examples
already in commercial production.

Thank you for the comment.

In the past two years, we have indeed worked to
address most of the priorities. For example, we
addressed SOC changes of farming management
practices. We expanded GREET with bio-based
chemicals and products by interacting with other labs
such as NREL and PNNL.

Regionality of key environmental attributes such as
criteria air pollutants remains to be an outstanding
issue for us to address, while water consumption
regionality has been addressed with a newly
developed water stress system (AWARE-US).

In FY18, we spent a considerable amount of effort to
update and expand bio-based chemicals and
products. We will continue the effort in FY19.
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