S 1.1.1.2 — Feedstock Supply Chain Analysis

|

P~
]

April 3, 2023
Feedstock Technologies Platform

David N. Thompson
ldaho National Laboratory

-~
Battelle Energy Alliance manages INL for the | d 0 b
U.S. Department of Energy’s Office of Nuclear Energy \.Nb | Oho NOTIOHG' LG Omrory

This presentation does not contain any proprietary, confidential, or otherwise restricted information




- Project Overview

* Project started in FY06, looked at conventional feedstock supply system designs (passive quality
management)

* In FY14 we began looking at advanced supply system designs that utilize active quality management and seek
to develop feedstock as a commodity with defined quality constraints and flowable formats

- Through FY18, we developed nt'-plant feedstock supply system designs, the delivered cost targets for
conversion-ready feedstocks, and tracked R&D progress toward those targets

 Industry feedback was that we were not capturing everything contributing to cost (operational issues due to
moisture, ash and compositional variability add cost)

« Our FY17 Go/No-go developed a complementary TEA approach, utilizing dynamic analysis of 1st-plant designs
using stochastic feedstock properties to capture costs due to variability

« We redirected our goals to maximize biorefinery economics by improving equipment and system operability,
improving delivered quality, and comparing 1st-plant estimates to the nth-plant estimates

- This led to a fractionation approach to quality management and maximizing the value of the feedstock
— Separate plant tissues that have different physical and compositional properties/qualities
— Use singly or recombine tissues in ratios that meet cost and all CMAs for multiple end uses
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- Project Overview (continued)

What we’re trying to do
« Develop innovative, cost-effective solutions to provide conversion-ready feedstocks
« Meet MYP delivered cost, conversion CMAs and operating effectiveness targets

« Track R&D progress toward those targets
+ Relevance to BETO: Inform BETO on its R&D investments (foundational to the FT Platform)

Comparison to the state of the art

« Conventional systems that are currently used seek to minimize feedstock costs by
minimizing infrastructure and preprocessing operations

Active management of feedstock quality is necessary

* Inherent variability of biomass feedstocks affects the ability to optimize processing and
conversion processes, ultimately decreasing plant economics

« The experiences of the BETO-funded pioneer biorefineries underscore this challenge

Risks in analysis approach
« The primary risk is lack of sufficient scale-relevant data to adequately model the systems

and understand cost/quality trade-offs




- 1 — Approach

Technlcal Approach

Work with R&D staff, industry & stakeholders to understand
barriers and potentlal technology solutions to meet cost and
quality objectives

* Develop new computational capabilities to answer new
questions

« Perform forward-looking “What-if” analyses to examine potential
technology impacts on feedstock supply systems (e.g.,
fractionation approach)

« Develop Design Cases to identify specific R&D technical targets
to achieve cost, quality and reliability targets

« Track annual R&D progress in State of Technology (SOT)

reports toward BETO cost and technical targets established in
the Design Cases

Top 3 Technical Challenges

Existing paradigms related to feedstock supply (i.e., cheap vs.
reliable and of consistent quality)
« Understanding and capturing all factors that contribute to cost
* Lack of complete datasets for harvest, composition,
preprocessing and convertibility, across multiple biomass
resources

Quality
Challenges

Operability
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- 1 — Approach (continued)

 Close collaboration with analysis teams across the BETO program

including ORNL (supply production), NREL and PNNL (conversion
TEAs), and ANL (LCA)

 Bi-weekly coordination calls with ORNL and BETO FT
representatives

« Monthly conference calls with BETO FT and also with BETO DMA

» 5-7 milestones per year

— Quarterly Progress Milestones drive schedule, forward-looking
analysis of new approaches, and new tool development

- SMART Annual Milestones for high-impact deliverables and
outcomes such as Design Cases and SOTs

- DEI was not a formal part of this project for the current 3-year AOP,
however, we are being Merit-Reviewed for the next AOP cycle during Spudnik air classifier for corn stover
FY23 and DEI will be included in the planning anatomical fraction separation

Team Structure
— SOTs & Design Cases: Damon Hartley, Yinggian (Tammy) Lin, Mohammad Roni (left INL during FY22)
— New Tools & Forward-Looking Analyses: Pralhad Burli, Damon Hartley, Yinggian (Tammy) Lin, Mohammad

Roni, Daniela Jones (NC State), Tasmin Hossein (NC State)
IDAHO NATIONAL LABORATORY




- 1 — Approach (continued)

Importance of Go/No-go Decision Points
* For this project, Go/No-go Decision Points guide the selection of new and advanced approaches for

mobilizing the large fraction of the billion tons of biomass that are potentially available but unsuitable for use
as bioenergy feedstocks

- Example from 2022: Assess whether it is possible to meet all CMAs for biochemical conversion and deliver
feedstock at a cost of no more than $86/dry ton (2016%), while incorporating cost-advantaged waste

feedstocks
— Purpose: Determine whether it will be necessary to include blending with conventional feedstocks to meet

the CMA quality requirements within allowable cost
— Importance: Provide critical insights on viability of the maximum potential of the use of cost-advantaged
waste feedstocks in a feedstock supply system and still meet cost and CMA requirements.

Risks and Mitigation
- The primary risk is lack of sufficient scale-relevant data to adequately model the systems and understand

cost/quality trade-offs
- Mitigate by planning and executing milestone-driven data collection and alignment with BETO feedstock R&D

projects and utilizing industry outreach and stakeholder engagement when possible

Performance Metrics
« Historic Metric: Delivered feedstock cost at the conversion reactor throat

- Additional Metric added in FY18: Overall Operating Effectiveness (OOE)
s




- 2 — Progress and Outcomes

Overall Operating Effectiveness

- Adapted from the concept of Overall Equipment Effectiveness (OEE), which is
deterministic and focuses on individual pieces of equipment

- OEE = (Availability) x (Performance Rate) x (Quality Rate)

« Overall Operating Effectiveness (OOE), examines the performance of a system by
modeling the operating and quality performance of individual pieces of equipment
and their interactions in the system

— Mass-based discrete event simulation
— Stochastically generates throughput over a specified period of time

— Average fractional throughput for the time period and fractional quality achieved
are estimated

OOE = ( AXP R) XxQRx100 = (Total Units Produced) (Units Produced Meeting Quality

Total Units Produced
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Il State of Technology (SOT) Assessments

* Prepared annually to support the
BETO Multi-Year Plan (MYP)

* Foundational to Feedstock
Technologies Platform
* Two reports
— Woody Feedstocks
— Herbaceous Feedstock
« Each SOT includes two TEAs of
the feedstock supply system
- nth-plant (deterministic)
- 1st-plant (stochastic)

* Published on OSTI unless there
are proprietary data included
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WOODY FEEDSTOCKS 2022 STATE OF
TECHNOLOGY REPORT

Pralhad Burli, Yingqian Lin, Damon S.
Hartley, David N. Thompson

SEPTEMBER 30, 2022

HERBACEOUS FEEDSTOCK 2022 STATE
OF TECHNOLOGY REPORT

Yingqgian Lin, Mohammad Roni,

Damon S. Hartley, Pralhad Burli,
David N. Thompson

SEPTEMBER 30, 2022
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Il Conventional Herbaceous Feedstock Supply Chain by Area

Biorefinery Conversion
Farm Gate — — —
Gate Reactor Throat
Harvest and Long-Term Transportation and Receiving and P :
Collection Storage Handling Onsite Storage reprocessing
Design Approach for 2021 Design Approach for 2022
 Single stage air classification to * Primary focus on meeting quality
;esms(())\ille some of the leaves as well . ppioyed full-blown fractionation approach
R q - Ji ded - Batch comminution/densification to minimize
* Removed material was discarde the high capital equipment cost

* Nearly met compositional quality as . gy mined potential to monetize the waste
regards ash, but the loss of material stream

was a hit to throughput
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- 2021 Herbaceous SOT — Preprocessing Flowsheet

Meets size specification (<% inch)

Corn Stover SLE
Corn Stover
S ir Classifier CH: 60.16%
Ash: 12.5% Bale Processor | Separation AR aS] B Rotary Shear e Preheating
MC: 25% (1.51m/s) 14.71% leaf, 48.86% Ash: 6.00%
PS: Bale stem, 7.53% husk, MC: 17.0%
+ 14.96% cob, 2.12% soil P S
11.24% dry matter loss
(6.34% soil, 4.47% leaf,
0.41% husk, 0.01% stem)
Corn Stover Corn Stover y
Pellets Pellets
CH: 60.16% Cooling CH: 60.16% High Moisture
Ash: 6.00% Ash: 6.00% Pelleting
MC: 11.41% MC: 13.01%
PS: <X in PS: <X in

10
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Corn Stover
CH:60.13% Bale Bale

Corn stover

CH:60.13% 4-Stage Air

Ash:5.94% » Destringer » Conveyor 1 > » Conveyor 2 = ono .
MC: 20% conveyor g e g v " Processor ” v Ash: 5.94% Classification
MC: 20%
PS: Bale -
Matter loss (2%)
Enriched husk Enriched husk .
CH:63.11% CH:63.11% Enriched
e Ash: 5.34% . . Ash: 5.34% ' husk < Conveyor 3 <«
MC: 17% . MC: 20%
. . storage
Water to adjust PS-xgm(mm}: 1.35 . Rotary shear system PS-xgm(mm}: 6.6 8
moisture content : .
° Enriched stalk . R i
. otary Shear Enriched stalk Enriched
High Moisture | A GE2% . 16 Utter set CH:61.52% ENE
o - Conveyor 9 - - Ash: 5.33% « « « o i sConveyor 8 o (Uil EHAEr S5 Convevyor 7 Flie 2R | < <
Dereleatias | M y (. e 1ot . y < 32 and 0.43 mm < y :né~ a3 stalk < Conveyor 4 <
. PS-xgm (mm): 1.55 . screens PS-xgm (mm): 13.8 storage
\ 4 . ° .
. Enriched cob . . Enriched cob
CH:58.78% \4 CH:58.78% .
. ° . 28787 Enriched
. Ash: 3.92% . e . Ash: 3.92% 1 < Conveyor 5 <«
Conveyor 10 MC: 17% Matter loss (husk MC: 20% cob storage
PS-xgm(mm): 1.78 6.9%, stalk 1.7%, PS-xgm (mm): 90.4
cob 0.4%)
\ 4 Intermediate Enriched
CH:56.8% nriched | P
Enriched husk Enriched i © GHT (R m— ¢ Conveyor 6 <
Cooling pellie MC: 20%
CH:63.11% « P husk pelletst -« ,
Ash: 5.34%
MIC: 16% storage .
R coiered | [T 2022 Herbaceous SOT -
pellets . Transport
Conveyor1l | « o ¢ CH:61.52% - P stalk pelletst = «= << e 01 -
Ash: 5.33% . Trailer “Live
storage
MC: 16% . Floor”
. Enriched cob . .
el Enriched ;
s CH:58.78% « ) cob pellets ¢ -
11 A::cﬂe"lzﬁ/’ storage IDAHO NATIONAL LABORATORY




- Example from the 2022 Herbaceous SOT: nt"'-Plant Analysis

Cost ($/dry ton)
Enriched Enriched Enriched
Cost Element Enriched Leaf . . e .
- Husk Stem Cob <= Average costs for individual tissues
Pellets Pellets Pellets
Proportion of preprocessed biomass 23.42% 10.00%  50.24% 16.34% Average costs and GHG emissions for the
Grower payment $21.71 $21.71 $21.71 $21.71 delivered husks/cobs/stalks
Harvest and collection $13.84 $13.84 $13.84 $13.84
Storage and queuing $6.40 $6.80 $6.80 $6.80 Progression of costs from 2021, 2022 and
Transportation and handling $7.51 $12.58 $12.58 $12.58 the 2018 Design Case Projection
In-plant receiving and preprocessing $6.69 $23.64 $24.17 $22.16
Dockage \ $
Total
2021 2022 2022
Weighted Composite Cost em(?sl-sli(jns SOT SOT Projection
Cost Element of Delivered Pellets
($/dry ton) (kg Feedstock Three-pass
COze/ton) Net delivered cost ($/dry ton) $78.21
G . S21L71 Grower payment ($/dry ton) $21.71
rower paymen .
i . P ﬁ oot 513,84 033 Feedstock logistics ($/dry ton) $56.50
Starves and = e? ot 56 éO 5 '50 Harvest & collection ($/dry ton) $13.84
n n . .
oragea .queul £ - Storage & queuing ($/dry ton) $6.66
Transportation and handling $12.58 13.37 -
— - Preprocessing ($/dry ton) $23.40
In-plant receiving and preprocessing $23.67 61.21 Transportation & handling ($/dry ton) $12.20
Dockage $0,04 -
= — Dockage ($/dry ton $0.40
Total $7864 ) (8743 ge ($/dry ton)

12 IDAHO NATIONAL LABORATORY




2022 Herbaceous SOT: nth-Plant Sensitivity Analysis

Delivered Cost* GHG Emissions™

Baling rate (odt/hr) [16.14, 26.18, 28.10] (-$3.02 NN N s5.32 Rotary shear effective energy consumption (kWh/odt) e
[6.66, 9.95, 19.55] -1.62 - 36
Air classification throughput (tons/hr) [1.26, 1.90, 2.54] S$2.22 NI s4.46
Pelleting energy consumption (kWh/odt)
Rotary sh ffective throughput (odt/hr) [7.46, 11.71, 1.7 | Y 206
otary shear effective ;c;u3gs]pu (odt/hr) [ $1.93 I $2.15 [88.77, 92.34, 94.77]
) _ Bale density (lb/ftA3)
Storage dry matter loss (%) [8, 12, 20] $1.58 N s2.03 (1113, 13] o [ 26
Interest rate (%) [4.0, 8.0, 12.0] -$1.58 I s1.53 | /ot
Bale processor energy consumption (Kwh/odt
. [6.5, 8.0, 11.0] 10.76 -_ 2.27
Bale density (Ib/ftA3) [11,12, 13] -$0.91 N $1.14
Bale processor throughput (odt/hr) [5, 10, 13] -$0.26 I s1.19 Storaé;:“;g;nf;_ '2"1515 ) -0.45 .- 1.48
Pelleting energy consumption (kWh/odt) [92.34, 88.77,
94.77] -$0.28 nl $0.19 Windrowing rate (acres/hr) 025 I. 0.46
Bale processor energy consumption (Kwh/odt) [6.5, 8.0, $0.11 1N $0.23 [10.78, 11.50, 12.51] ' '
11.0] [\ '
Rotary shear effective energy consumption (kWh/odt) [9.95, 250 -150 050 050 150 250 350 450 550 650
-$0.16 | | $0.15 Change in total GHG emissions (kg CO,e/ton) relative to Base Case
7.96, 11.94]
Pelleting throughput (kWh/odt) [3.75, 3.55, 3.89] -$0.11 Il $0.15
Windrowing rate (acres/hr) [10.78, 11.50, 12.51] -$0.11 || $0.09 * . .
Baler transport loading/unloading time (minutes) [39, 42, $0.10 | $0.08 Red teXt In dlca teS BE TO'fun ded
45] b :
Air classification energy consumption (kwh/dry ton) [3.33,
2.21 4.44] -50.08 |l $0.09

$450 -$250 -$0.50  $1.50 $3.50 $5.50
Change in delivered cost relative to Base Case

13 IDAHO NATIONAL LABORATORY




2022 Herbaceous SOT: 1st-Plant 2022 50T

Failures & Downtime

____________________________________________ Total Failures 1012
2,000 Moisture Failures (% of Total) 0%
2 1,500 1 -- Ash (Wear) Failures (% of Total) 90.91%
=}
;5 Regular Failures (% of Total) 9.09%
= 1,000 1
& Total Operating Time (350 days) (min) 504,000
500 | !II |II : :
|I || Total Downtime (min) 346,055
w
04 ‘h i “i i ‘“ Moisture Downtime (% of Total) 0%
150 200 250 300 350
Days Ash (Wear) Downtime (% of Total) 94.17%
B Stem B Husk Cob : 5
—==' Mean Production —-==Nameplate Capacity Regular Downtime (% of Total) 5.83%
Actual time-onstream (350 days) (%) 82.83%
400 Actual time-onstream (365 days) (%) m
—_ \
2 300 \
S \
= $/dry ton (20169%) For Comparison:¥nth-Plant
g 20 Mean Production Cost $74.68 Time on-stream
o . :
100 Leaf Throughput Cost of Delays $10.87 Delivered Cost ($78.64/dt
Total Production Cost $85.55 ===~~~

0 50 100 150 200 250 300 350

Days
14 o~ Mean Production IDAHO NATIONAL LABORATORY




2022 Herbaceous SOT : 1st-Plant

I 80%

S dMean: %9;.?0
i td. Dev: $79.15
75% A 175,000 Minimum: $82.25
Maximum: $12458.30
_ 150,000 Median: $87.81
2 70% A 1
; 125,000 :
s - 150,000 - |
S 5% 5 100,000 - I
< S 100,000 - :
'z 50,000 :
=) 50,000 I
S 55% - 0-
25,000 - 0 110
50% - 0
0 2,000 4,000 6,000 8,000 10,000 12,000
45%

Processing Cost w/ Disposal and Quality ($/dry ton)

-

0 400000 600000

Feedstock Units Exiting Preprocessin ~=" Mean
Cost of Preprocessed tons notgm;etingg:@S/dry@ Total Delivered Cost =@80/dry@
Impact of fractionation on delivered quality
Supply Logistics: OOEs = Fr s X Fg s =(0.8989\%X(0.2517\= 0.2263 (22.63%)
Preprocessing: OOEp = Frp X Fgp =\0.735(

15 Impact of storage losses & operational impacts on throughput IDAHO NATIONAL LABORATORY



- Modeled progress toward cost and performance goals for
herbaceous biochemical conversion feedstock

120% ®)
$109.91 110%
$101.03
L/\ so1.80 100%
$82.34
$80 B — e —— V) 0%
$83.90  $83.67 $81.67 g od
$80.10 $78.21 $78.64 gno/,

70%

73.45%

SSaUaAI}oay)g BunesadQ [jeloA

$40 68.21%
66.14% 60%
$20 50%
$0 45.19% 40%
2014 2015 2016 2017 2018 2019 2020 2021 2022
Year

—e—Nth-Plant Cost ——Target —e—1st-PlantCost —e—OQOE Value
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- 3 — Impact

State of Technology & Industry Impacts

Moves the state of technology forward by developing
innovative approaches and tracking R&D progress

We are directly addressing industry issues as regards
operability, feedstock quality and actual delivered cost

Dissemination of Results

17

Two nth-plant SOTs and two 1st-plant SOTs published
annually (external reports available on OSTI)

“The nth-plant scenario for blended feedstock conversion
and preprocessing nationwide: Biorefineries and depots,”
published in Applied Energy (I.F. = 9.746) in 2021
“Nth-plant scenario for forest resources and short rotation
woody crops: A nationwide analysis for biorefineries and
depots,” published in Applied Energy (I.F. = 9.746) in 2022
“Importance of Incorporating Spatial and Temporal
Variability of Biomass Yield and Quality in Bioenergy
Supply Chain,” published in Nature Scientific Reports
(Impact Factor = 4.996) in 2023

Presentations to ExxonMobil, Charm, POET and Shell

Multiple presentations at international meetings (AIChE,
ASABE)

Applied Energy 325 (2022) 119861

Contents lists available at ScienceDirect

Applied Energy

ELSEVIER

journal homepage: www.slsevier.com/locate/apenergy

Nth-plant scenario for forest resources and short rotation
Biorefineries and depots in the contiguous US

Tasmin Hossain *, Daniela S. Jones >, Damon S. Hartley °, David N. Tho:
Matthew Langholtz %, Maggie Davis

EPA's goals, 195 M du/year at $05.51/d¢
cost & 1.75% ash target.

ARTIGLE INFO

Received 29 May 2022
0306-2619/@ 2022 Els

form 29 July 2022; Accepted 17 August 2022
cerved.

Applied Energy 294 (2021) 116946

Contents lists available at ScienceDirect

Applied Energy

ELSEVIER

journal homepage: www.elsevier.com/locate/apenergy

The nth-plant scenario for blended feedstock conversion and preprocessing
nationwide: Biorefineries and depots

Tasmin Hossain*, Daniela Jones ", Damon Hartley ", L. Michael Griffel °, Yingqian Lin ",
Pralhad Burli®, David N. Thompson °, Matthew Langholtz ¢, Maggie Davis ©, Craig Brandt
* Biloical & sl Bngincering. Norh Carolina o Univrsy, Roleigh, NC, Unied St

" Bioenergy Analysis, ldoho National Laboratory, Idaho Fall, ID, United States
g Ok Ridee, TN, Unied Statez

L)

HIGHLIGHTS GRAPHIGAL ABSTRAGT

« Nationwide facility database to meet
target cost, quality and quantity for

c
gre:
necwork.

ARTICLE INFO

Keywords:
Gom stover

Biomazs cupply chain
Mixed-integer linear programming

than §79.07/dry tons (20168) is evaluated f
fineries could be supplied with 42.5 mill

u (D. Jones).

116946
evised form 30 March 2021; Accepted 9 April 2021

Receiv ebruary
0306-2619/Published by
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- Summary: Future Direction and Path Forward

- Challenge: Inherent variability of biomass feedstock |mpacts preprocessing operability and
reduces quantity of available feedstock meeting conversion specs, decreasing biorefinery
economics and increasing carbon intensity

- Goal: Maximize available feedstock in a region-specific manner, with constraints on carbon
intensity (Cl) and allowable ranges of conversion Critical Material Attributes

* Requirements:
— Minimize raw material variability
« Organics composition = Yield
« Particle size distribution - Convertibility & Losses
* Flow properties - Throughput
* Impacts of Moisture & Ash - Failures (throughput)
— Approaches to improve quality and increase usable biomass within CI limits
- Approaches:
— Fractionate - Formulate to spec - send remaining material to alternate uses/markets

— Shift Feedstock Supply Design Cases and SOTs to region-specific analyses that identify
available supplies of individual conversion-ready feedstocks based on regional characteristics

that impact feedstock quality and carbon intensity
IDAHO NATIONAL LABORATORY
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- Shout out to the Projects and Pis that provide data for
Design Cases and SOTs...

* ANL — Hao Cai, Longwen Ou
 Forest Concepts — Jim Dooley, David Lanning

* INL — John Aston, Tiasha Bhattacharjee, Pralhad Burli, Ling Ding, Kristan
Egan, Rachel Emerson, Damon Hartley, Amber Hoover, Jordan Klinger, Jeff
Lacey, Allison Ray (left INL in FY21), Bill Smith, Vicki Thompson, Jaya
Tumuluru (left INL in FY21), Lynn Wendt, Neal Yancey

 NREL — Ryan Davis, Abhijit Dutta, Matthew Wiatrowski
* ORNL — Maggie Davis, Chad Hellwinckel, Matt Langholtz
* Purdue University — Michael Ladisch, Diana Ramirez, Eduardo Ximenes

IDAHO NATIONAL LABORATORY
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- Quad Chart Overview

Timeline Project Goal
Project start date: 10/1/2020 Through leadir’;g-edge feedstock analyses that identify R&D
. -’ technology performance, quality and cost targets to achieve BETO
* Project end date: 9/30/2023 goals, maximize biorefinery economics by better process and quality

control of feedstock leading to greater plant availability and
predictable yields of high value biofuels and co-products.

FY22

Costed Total Award End of Project Milestone

FY23 State of Technology TEAs for Regional Feedstocks: Deliver
?omple(;‘ed repor('l;s fg’ 2 lseg[ﬁgs, one f%c#,sed on thterb?ceotus_alncz fg)r;e

ocused on woody. Each will document the quantity of materials tha
DOE $1’ 011,592 $3’ 000,000 are able to meet gileﬁned quality speciﬁcatiogs and determine the
Funding continuum of delivered costs and carbon intensities based on

required quality management techniques. The goal will be to show
attainment at least 50% of material meeting quality specifications
defined for each a woody and herbaceous supply region.

Project NA NA Funding Mechanism

Cost This project is a programmatic AOP project under the Feedstock
Share Technologies Platform in BETO.

TRL at Project Start: NA

TRL at Project End: NA IO FETINCIE

Collaborators include all FSL R&D AOP Projects, industry
projects (data source), and other BETO National
Laboratories performing TEA and LCA.

IDAHO NATIONAL LABORATORY
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- Project Overview

* Project started in FY06 * FY17 Go/No-go developed a complementary TEA

+ Prior to FY18 approach

: — Dynamic analysis of 1st-plant designs using
_ th_
Developed nt"-plant feedstock supply system designs, stochastic feedstock properties to capture

— Delivered cost targets for conversion feedstocks, and costs due to variability

- Tracked R&D progress toward those targets * Redirected goals to maximize biorefinery

* Industry feedback: Not capturing everything contributing to economics by

cost (operational issues due to variability add cost) ~ Improving equipment and system operability,
- and
mE — Improving delivered quality
. . .
| Transportation — Comparing 1st-plant estimates to nt"-plant
Post-harvest Physiology, .
Advanced Fractionation, I Biopower eStI m ateS
Preprocessing N . .
intensiication ‘ “ |:-.'-::| * Led to a fractionation approach
o Chemical etals . .
i products e — Separate the plant tissues that have different
. chredding v physical and compositional properties/qualities
Cafly —— et it S —~ Use singly or recombine tissues in ratios that
ﬁ&:‘_ o Va saeenno - ] meet cost and all CMAs for multiple end uses
resources Yo'o" 'O'O.Ol Screw Extruder -'
Washing b Materials

Wet resources

Hydropulping Pellets

IDAHO NATIONAL LABORATORY
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ldaho National oorotory

Battelle Energy Alliance manages INL for the U.S. Department of Energy’s Office of Nuclear Energy.
INL is the nation’s center for nuclear energy research and development, and also performs research
in each of DOE'’s strategic goal areas: energy, national security, science and the environment.
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Additional Slides
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- Responses to 2021 Peer Review Comments

2021 Peer Review Comment

« “The model will become more impactful as new technologies that may better homogenize the ,
biomass, can be included. Is its application also to predict the savings of applying these technologies
before they go into full development. For examé)le, if a new air-classifier can produce a few streams
with higher ?uallty. | have some reservations about the value add to fractionated materials, and this
model should hopefully help to elucidate their value through the whole supply chain and bioconversion

process.”

FY21-22 Actions Taken in Response to Comment

- Biomass feedstock c‘uality IS an issue that makes it necessary to either add preprocessing steps (at
additional cost), or blend with hl(ﬂ?er_quallt energy crops to meet conversion specifications. As an
example, corn stover is residue that is produced as a byproduct of farming to produce a grain
commodity, and there is little incentive to the farmer to make harvest and collection modifications for
corn stover that would improve its quality to meet conversion specifications, hence, a greater focus
was needed on preprocessing approaches to mitigate variability.

« Recognizing this, we identified approaches to meet cost, quality and operational goals using corn
stover alone, which led our program to the tissue fractionation and reformulation approach. o
Additionally, we began directly comparing 15-plant stochastic SOT results to the nt"-plant deterministic
SOTs, which clearly differentiates the costs arising from preprocessing the stover from those arising

from variability in compositional quality.
IDAHO NATIONAL LABORATORY
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- Highlights from FY22 Go/No-go Decision Point

FY22 Go/No-go Decision Point (March 31, 2022)

* Preliminary analysis to examine the viability of utilizing only waste feedstocks. Meet delivered cost of no
higher than $86/dry ton (2016$) while meeting all conversion CMAs for at least one conversion process.

« Go: Identify analysis path forward integrating waste feedstocks, with conventional feedstocks to meet both
cost and conversion CMA targets.

Decision: Go

« A preliminary analysis was carried for grass clippings, non-recyclable paper and 2-pass corn stover to
assess whether it would be possible to meet all CMAs for biochemical conversion and deliver the material at
a cost of no more than $86/dry ton (2016$), while incorporating the waste materials. The purpose of the
analysis was to determine whether it will be necessary to include blending with conventional feedstocks to
meet the CMA quality requirements within allowable cost.

- Demonstrated that it is possible to incorporate two cost-advantaged feedstocks (grass clippings and mixed
paper) along with two-pass corn stover to deliver a blended feedstock that can meet all conversion CMAs
(=259 wt% carbohydrate, < 4.93 wt% ash, and moisture =20 wt%) at a cost of $82.57/dry ton (20169%)

« From a biomass feedstock blend perspective, the ratios were 88.99% two-pass corn stover, 7.74% grass
clippings, and 3.27% mixed paper. The pellet blend ratio ensures that the ash content in the blend is 4.93%

and the carbohydrate content is 59%, meeting the conversion CMAs.
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- Conventional Woody Feedstock Supply Chain by Area

Landin Biorefinery Conversion
g Gate Reactor Throat
Harvest and Preprocessing Transportation — St Secondary In-Plant
Collection (at Landing) and Handling s orase Preprocessing Handling
Design Approach for 2021 Design Approach for 2022
» Multi-stage air classification of * Primary focus on improving throughput
logging residues to remove ash - Used improved multi-stage air classification
- Removed material was discarded strategy to retain more whitewood
 Blend at 50% with clean pine  Blend at 50% with clean pine

* Met cost but only 76% met the CQA  « Examined potential to monetize the waste

for compositional quality and there stream

was a very large hit to throughput
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Il Example from the 2022 Woody SOT: nth-Plant Analysis

Average costs and GHG emissions for the delivered
clean pine, logging residue and the blend

Cost ($/dry ton) (2016$)

Logging GHG Emissions
Clean Pine Residue Total* (kg CO,e/dry ton)

Grower Payment $15.73 $3.75 $9.74

Harvest & Collection $9.88 $0.00 $4.94 6.74
Field-side Preprocessing $4.73 $12.09 $8.41 10.04
Transportation $7.67 $14.02 $10.84 10.22
Preprocessing $27.32 $30.69 $29.00 149.68
Storage $0.68 $0.68 $0.68 0.90
Handling $2.65 $2.65 $2.65 0.81
Preprocessing Construction $2.96 $2.96 $2.96 .

Grand Total

a The total is a weighted average of the blend components, with 507

33

o clean pine and 50% logging residue.

Progression of costs from 2019-2022

Cost Summary ($/Dry Ton) (2016%)

CFP CFP
2019 SOT 2020 SOT 2021 SOT® 2022 SOT*
Grower Payment $9.74 $9.74 $9.74 $9.74
Harvest & Collection $4.94 $4.94 $4.94 $4.94
Field-side Preprocessing $8.41 $8.41 $8.41 $8.41
Transportation $12.22 $12.22 $12.22 $10.84
Preprocessing $28.55 $25.43 $34.27 $29.00
Storage $0.68 $0.68 $0.68 $0.68
Handling $2.65 $2.65 $2.65 $2.65
Preprocessing Construction $2.96 $2.96 $2.96 $2.96
Quality Dockage $0.00* $0.00 $0.00 $0.00
Grand Total $70.15 $67.03 $75.87 (;69.23

a The conversion process model has been updated with conversion data for this blend which accounts for yie anges,
hence, dockage is not added for ash content exceeding the specification.

b The 2021 cost represents meeting the ash specification of <1% instead of <1.75% as in previous years, disposing of below
quality material
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- 2022 Woody SOT: nth-Plant Sensitivity Analysis

Delivered Cost*
*Red boxes indicate

Sensitivity of Delivered Clean Pine/Logging Residue Blend Cost ($/odt)

(= oo omesssone] 210 | I : BE TO-funded
| Field-side Chipper Energy (kWh/t)(27.97,37.30,46.62] | 103 [ : o:
Centralized Chipper Capacity (odt/hr)[16.66,23.80,30.94] -0.46 -_ 0.97

| Field-side Chipper Capacity (odt/hr)[61.94,65.20,68.46) | 042 [N o:38
Centralized Chipper Energy (kWh/t)[20.32,25.40,30.48) 042 [N o4 . ; *
| Oryer Energy (kwh/t)[244.6,263,281.4) | 021 ] o.21 Gl iG El NiSSIONS
| Oryer capacity (odt/hr)(1.52,1.55.1.58] | 0.2 [JJ§ o1s
Air Classifier Unit-Capacity (odt/hr)(6.75,7.50,8.25 0.17 : : ‘el :
[ i Classifier nitCapacity {odt/hr) /| o7 [l o26 Change in total GHG emissions (kg CO2e/ton) relative to Base Case
| Air Classifier Unit-Energy (kWh/t)[11.97,13.30,14.63] | 014 [Ji§} 013
| Rotary Shear Capacity (odt/hr)(5.40,5.68,5.96] | 0.3 [l 015 Centralized Chipper Energy (kWh/t)[20.32,25.40,30.48] -4.56 NG D .56
| Rotary Shear Energy (kWh/1)[18.99,20.20,21.42] | 01 [ o1
B , . 5 | Dryer Energy (kWh/t)(244.6,263,281.4] | 4.56 4.57
IFieId-side Chipper Energy (kWh/t)[27.97,37.30,46.62) | 3.29 I D 3.9
| Air Classifier Unit-Energy (kWh/t)[11.97,13.30,14.63] | -1.19 I 119
| Rotary Shear Energy (kWh/t)[18.99,20.20,21.42] | -1.08 [N 1.07
IFieId-side Chipper Capacity (odt/hr)[61.94,65.20,68.46) I -0.63 I 0.69
8 6 4 2 0 2 4 6 8
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- 2022 Woody SOT: 1st-Plant Failures & Downtime 2022 SOT
Total Failures 160
000~ TR O T A Bl Moisture Failures (% of Total) 0%
’ ‘ Ash (Wear) Failures (% of Total) 37.5 %
2 1,500- “ } Regular Failures (% of Total) 62.5%
_‘;’, Total Operating Time (350 days) (min) 504,000
g 10007 Total Downtime (min) 61,307
Feedstock Throughput Moisture Downtime (% of Total) 0%
5001 Ash (Wear) Downtime (% of Total) 37.4%
Regular Downtime (% of Total) 62.6%
0- Actual time-onstream (350 days) (%) 87.84%
Days Actual time-onstream (365 days) (%) N V
—=='Mean Production —-—-Nameplate Capacity ’

$/dry ton (20169%)

4
For Comparison: nth-P’Ign’f

Mean Production Cost $71.66 Time on-stream
Cost of Delays $3.45 Delivered Cost<$69.23/dD>

Total Production Cost
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2022 Woody SOT : 1st-Plant

Mean: $76.75
F.e 175,000 Std. Dev: $12.25
Minimum: $76.32
Carbon Content % Meeting: 97.9 150.000 - Maximum: $2138.50
0.5 + - ’ Median: $76.60
- 125,000 - :
2 04 150,000 - |
o £ 100,000 - !
z S 100,000 - !
% 0.3 - 75,000 - I
2 % Meeting All: 97.9 50,000 - :
g 50,000 - '
g 0.2 - 0 T | -
0.1 A
Total Ash % Meeting: 100.0 0 (') 5(')0 1’0'00 1’5'00 2’0'00
e — Processing Cost w/ Disposal and Quality ($/dry ton)
0 300000 800000
Feedstock Units Exiting Preprocessing === Mean
Cost of Preprocessed tons not meeting <$1.64/dry top Total Delivered Cost Q?G.?S/drx top>
Impact of fractionation on delivered qualit
Supply Logistics: OO0Es = Fr s X Fp s =/1. = (0.3250 (32.50%)
Preprocessing: OOEp = Frp X Fpp = 09964/ %X = 0.9755 (97.55%)

36 Impact of operational impacts on throughput



- Modeled progress toward cost and performance goals for woody
thermochemical conversion feedstock (CFP)
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