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Project Overview

= Scope: Quantify the technical and economic potential of multiple, diverse bioeconomy
pathways that draw down carbon dioxide from the atmosphere. Develop
comprehensive integrated lifecycle assessment (LCA) and technoeconomic analysis
(TEA) to account for atmospheric, biogenic, and sequestered carbon emissions and the
cost investment for negative emission BiCRS pathways.

= Collaborations: " =
- LLN L (prime) DﬂgﬂvANDINNUVAIIGNFOH .v

— UC Berkeley (subcontract
— USDRIVE’s Net Zero Tech Team (NZTT) with NREL, PNNL and ANL

— Informal collaboration w U Calgary. Berkeley CALGARY

Carbon drawdown is one of the hottest topics in climate technology/policy today.
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Approach: integrated process design, TEA and LCA framework

BiCRS Pathways Techno-economic Life Cycle
System Analysis Analysis Analysis

Select and Innovate BiCRS
pathways that permanently
immobilize carbon from the

air: collaborate and

exchange information with
the large community of
researchers working on

BiCRS, CCS, CCU community

Conduct techno-economic
analysis on the designed
BiCRS system to quantify

the costs using discounted

cash flow analysis, identify
key cost drivers using TEA
sensitivity analysis.

Conduct life cycle analysis
on the designed BiCRS
system to quantify the
sustainability and key
emission drivers using

existing LCA tools. Integrate

LCA with TEA using carbon

trading system.
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Progress and Outcomes: Year 1-2

Match different feedstock,
conversion technology,
product (co-product),
carbon sequestration
format with high near-term

TRLto
enumerate the bioeconomy
pathways that have
drawdown potential.

Feedstock

First Generation
Corn
Oilseed

Second Generation
* Grasses
* Trees
* Wastes
* Residues

Third Generation
+  Algae |

Other
» Ag-practices
* Soil/Root C-
Storage

Conversion
Technology

Thermochemical

Fast Pyrolysis

Hydrothermal
Liquefaction

Potential
Product
Scenarios

Liquid Fuels /
Chemicals

Hydrogen

Grid Electricity

Biochar

8 Durable Goods

Plastics

Building
Materials

Carbon Capture

Carbon
Disposition

Capture of Process
Emissions

| Sequestration

Geologic

Fermentation
Pre-combustion
Post-
combustion

Valorization

Physical
sequestration in

durable product

Physical

| /Residence Time

Decomposition
Half-life

sequestration in
soil
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Progress and Outcomes: Year 1-2

We selected 4
representative BiCRS
pathways with different
carbon sequestration
format.

CO,, biopolymer, wood
products and biochar have
different projected end-
states and wide bounds of
uncertainty.

Carbon remaining sequestered over 10,000 years
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Progress and Outcomes: Year 1-2

Baseline Ethanol w/ CCS: Carbon Dioxide Flow (kg)

Sankey Diagrams illustrate
the magnitude of carbon
flows, and depict the extent
of net carbon emissions.

This diagram depicts CORN
STARCH TO ETHANOL WITH

CCS. We created similar |
diagrams for four other
pathways. stored
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Progress and Outcomes: Year 1-2

Intercomparison of

GHG Emissions Breakdown by Technology

bioeconomy pathways with 100000
diverse products (and co- N
products). Other GHG
x 1000.00 End of Life
g . B Indirect LUC
Bio-electricity with CCS § oo N DirectLUC
pathways have the most 2 100000 ] " Froduction
. @) W Transport
drawdown potential per = ootk
= _2000.00
unit feedstock, but that . m CCs
does not make them the 00000 ?'"’”f’“é“iimt
. . logenic Lreal
most economical with 4000.00
Corn to Ethanol Stoverto Switchgrass to Forest Resto
curre nt teChnOIOgy Polyethylene Electricity Biochar
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Progress and Outcomes: Year 3

System Expansion/ Co-Product
Land Use Displacement
Change Avoided GHG Emissions
b

Negative emission ethanol:
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Progress and Outcomes: Year 3
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Progress and Outcomes: Year 3

Comparative minimum
ethanol selling price and
abatement cost among 22
conventional and innovative

g 2

ethanol production w y

facilities. 35

* BASE = Baseline facility with ,__%% 1

direct drying of DDGS 53 o
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Progress and Outcomes: Year 3

Sensitivity of minimal
ethanol selling price to
policy support.

LCFS = California Low-
carbon Fuel Standard

45Q = U.S. 45Q Tax Credit.
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Progress and Outcomes: Future work of a new
project

What we learnt from previous project:

CCS on BICRS is essential to produce net-zero or negative
emission liquid fuels.

What we need to learn more:
Integration of suitable designed CO, capture, conditioning,
and transportation system on small scale biorefinery is not
well studied.

New project:
“Maximizing co-benefits of carbon removal and sustainable
aviation fuels production: process design, techno-economic
and life cycle analysis”

Capture cost $t CO2

transport unit cost [$/t-mi]
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Project Overview: New project

Project Goal:

This project will design a small
scale biorefinery-based CCS
system (including CO, capture,
preconditioning/reconditioning,
transportation, sequestration)
and investigate the economic
and environmental trade-offs of
integrating suitable designed
CCS system with small scale
gasification to aviation fuel
plant.

CO,CAPTURE . PRECONDITIONING . BUFFER STORAGE - TRANSPORTATION -

CCS integration to
produce net zero/egative
emission aviation fuels

\

NET ZERO/NEGATIVE
BIOREFINERY EMISSION AVIATION FUEL

Maximizing co-benefits of carbon removal and sustainable aviation fuels
production: process design, techno-economic and life cycle analysis
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Approach: New project

Techno-economic
Analysis

Process Design and

Modeling

Life Cycle
Analysis

(waspentech

Discounted Cash _ __ CFi
Flow Formula ~ (1+ )"

~
ilil

Evaluate the economic impacts of
suitable designed CCS system,

Design and model CO, capture,
preconditioning, reconditioning

system on 500 — 1000 tpd
gasification-to-aviation fuel plant
in Aspen Plus.

using Aspen Plus Economic
Analyzer and discounted cash
flow rate of return method.

Quantify the emission reduction
of integrating suitable designed
CCS system on aviation fuel plant,
using mass and energy balance
from process model and emission
factors from GREET.
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Impact: Alignment with BETO’s Mission

= BETO Goal (1): Develop low-cost, reliable feedstock supply from the entire
range of biomass waste.

= BETO Goal (2): Develop carbon management strategies including soil
carbon storage and carbon drawdown.

IIM_IIIIA
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Impact: BiCRS are a critical component of the Negative Emissions
Technology (NET) portfolio

Capture via: | Photosynthesis

N
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Impact: Engagement with Negative Emissions Community via
Publication and Collaboration

= Journal Publications — U e
i i USDRIVE SN
— 1 paper got aCCGptEd to Environmental Science QEEBI_'NG L 2
& Technology: “Cost and life cycle emissions of g:;ggsggggngg;;é Al
ethanol produced with an oxyfuel boiler and

carbon capture and storage”

— 1 paper submitted to Environmental Science &
Technology: “Leveraging the bioeconomy for
carbon drawdown”

= Joint Reporting: NZTT
— Published 2 Net-Zero Carbon Fuel report
— LCA/TEA community: NREL, PNNL, ANL
— Industry guidance, review & engagement

T

pubsacsore

U.S. DRIVE Net-Zero Carbon Fuels Technical
: Cost and Life Cycle Emissions of Ethanol Produced with an Oxyfuel

> Boiler and Carbon Capture and Storage
s John Dees, Kafayat Oke, Hannah Goldstein, Sean T. McCoy, Daniel L. Sanchez,* A. J. Simon,
+and Wengin Li

i 1021/acs.est. 2004784 I:I Read Online

Team Analysis Summary Report 2020

ACCESS|

= LLNL Leadership
— California “Getting to Neutral” National “Roads
to Removal”

Lawrence Livermore National Laboratory
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Quad Chart Overview

Project Timeline:
Project 1: “Analysis of the Bioeconomy for Carbon
Drawdown”: Oct 1, 2019 - Sept. 30, 2022

Project 2: “Maximizing co-benefits of carbon removal and
sustainable aviation fuels production” (this new project was
recompeted in 2022):0ct 1, 2023 - Sept. 30, 2025

S450k

Project Partners
* Project 1: UC Berkeley (Dr. Dan Sanchez)

Project 1 Goal

The goal of this project is to quantify the technical and economic potential of
multiple, diverse bioeconomy pathways that draw down carbon dioxide
from the atmosphere.

End of Project Milestone

By the end of this project, our team will publish results from several
geospatially explicit bioeconomy-enabled carbon drawdown pathways. We
will post the data to the bioenergy knowledge discovery framework, submit
multiple journal articles, and contribute to DOE reports on net-zero (and net-
negative) fuel pathways.

Project 2 Goal

This project will design a small scale biorefinery-based carbon capture,
transportation, and sequestration (CCS) system and investigate the economic
and environmental trade-offs of integrating that designed suitable CCS
system with small scale gasification to aviation fuel production.

End of Project Milestone

By the end of this project, our team will summarize and publish results for
techno-economic and life cycle analysis of integrating designed suitable CCS
system with small scale gasification to aviation fuel production. We will share
our knowledge, data and learnings to the renewable fuel production field
about the true costs and benefits of integration of CCS with biorefinery.
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Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States government. Neither the United
States government nor Lawrence Livermore National Security, LLC, nor any of their employees makes any warranty, expressed or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States government or Lawrence Livermore National Security, LLC.
The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product endorsement purposes.



