DOE Bioenergy Technologies Office (BETO) 2023 Project Peer Review

MICROGHANNEL REACTOR FOR ETHANOLTO
N-BUTENE CONVERSION

April 4, 2023
SDI - Emerging and Support Technologies

Presenter: Matthew Coblyn, Oregon State University
Project PI: Brian Paul, Oregon State University

Lanzalech

Pacific

Oregon State
University NNMEE :E }l\g Remgs

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




° ° ) . |
1 - Approach: Motivation for ATJ Processing i,

NATIONAL LABORATORY

Oregon State
University Lanzalech

PNNL co-developed Alcohol-to-Jet Process (ATJ)

« DOE-BETO goal to enable SAF production of 35 billion gallons per LN allamriic. =
year by 2050. R > e mT

 ATJis regarded as one of the most promising technologies for scaled
production of SAF.

1

* LanzaTech/ Lanzalet is commercializing earlier ATJ process e g

teCh nology d eve | Oped at PNNL October 2018 Virgin Atlantic flight using low-carbon fuel
’ from LanzaTech/ LanzaJet biorefinery in Georgia using
technology co-developed with PNNL.

Differentiators versus current ATJ

Conventional Alcohol-to-Jet

e Capital savings: eliminates dehydration step industrial mmmp Ethanol = Ethylene = Multistep __ Jet/Diesel Range
Waste Gas, Oligomerization Hydrocarbons
* Energy savings: combines endothermic and Swmeas C2 Upgrading — New Catalysis (Scope of ChemCatBio Work)
iomass 5 —— i
exothermic reactions - Butene-Rich Jet/Diesel Range |
.* Ethanol ’ Olefins - Hydrocarbons i
. e o o o o o o o o e e e e e e e
* Potential for co-products from ethanol enabled
.th |tf t. | t | t US Patent 10,647,625 ACS Catal. 2020, 10, 18, 10602-10613
with new multitunctional catalysts US Patent 10,647,622 ChemCatChem 2020, 12, 1-11
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Remaining risk

Here we focus on demonstration for the
scale-up of the catalyst technology

Scale-up uses microchannel reactors,

enabling further process intensification and

modularity
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Figure: (a) risk-reduction, and (b) enterprise cost models for numbering
up and conventional scaling
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Scale up by numbering up,
quickening time to market and
reducing risk

Leverages recent advances in
additive manufacturing (lowering
reactor costs)

Microchannel reactors increase
efficiency and reduce cost of biofuel/
chemical production; amendable at the
scale of biomass



Wyt

e
1 — Approach: Project Objectives Northwest

Oregon State NATIONAL LABORATORY
University Lanzalech
1 * Verify PNNL bench scale results for ethanol conversion
2 * Design, fabricate, and demonstrate subscale microchannel reactor prototype unit (that scales up by

numbering up).

 Demonstrate a functional catalyst substrate, to be integrated with the reactor vessel during additive
manufacturing, with sufficient surface composition, surface area, porosity, and adhesion to support
catalyst loading and reactor operation necessary for ethanol conversion.

3 * Demonstrate scalability by numbering to 0.15 LPM fermentation-derived ethanol for 500 hours of
operation.
* Evaluate the potential with TEA to achieve a $3.0/GGE jet blendstock, and through LCA to achieve a
60% reduction in CO, emissions relative to conventional technology.
* Use manufacturing cost models to evaluate potential benefits of additive manufacturing methods
* Perform a Technology to Market analysis to evaluate applicability to LanzaTech’s ethanol
commercial platform and market viability
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BP1 - Confirm benchmark Benchmark/baseline data are replicated (90% ethanol
data and assumptions conversion, 80% selectivity to olefins, 55% to C3+ olefins, over
rovided in the application. PNNL catalyst).
Oct 2021 P PP yst)

BP2 - Evaluate reactor design 1) Successful single-channel reactor (< 5 g catalyst i.e. “bench
and fabrication to be used for scale”) performance (>80% ethanol conversion, >80%
scaled reactor demonstration. selectivity to butene-rich olefins; 350-450°C, 100-200 psig, 0.5-
Jan 2023 2.0 gEtOH/gcat/hr); 2) A reactor design that meets the above
metrics at 0.15 L/min ethanol scale; 3) Manufacturing cost
models and TEA that supports the system level cost targets.

April 4, 2023 4
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- : Liquid
Ethanol e ydrogena.tlon Oligomerization distillation *| hydrotreatment | hydrocarbons
Deoxygenation
] 100 —
* In BP1 PNNL replicated bench scale o0 -
powder catalyst experiment for ethanol- 80 . e e 0 o e e
to-butene conversion from proposal 2% - .:
. % 60 - (o] lo) o o o0 al olefins
* 1-step conversion over PNNL Catalyst g0 | O o ° ° ° ° .
N n-butene
* Performance target: 80% total olefin §% 7 MO-361 (proposal): filled symbols
o » 0 . 330 T MO-419 (BP1): opened symbols
selectivity at 90% ethanol conversion. 250 ® e
(&)
* Good agreement in conversion and / 10 - ; ® 3 %o %o * o %o
0 J

product selectivity between two runs 0 20 20 60 80 100 120 140

Time on stream (hours)

400°C, 100 psig, 1.8 hrt; Feed = 11 mol% EtOH in H, (0.0385 ml/min EtOH
+ 120 sccm H,); Catalyst _2.0 g (PNNL powder catalyst)
April 4, 2023 5
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Engineered CataIVSt USing baseline approach Powder PNNL Catalyst Washcoated on

FeCrAlY foam

R e : X ‘&“ L

* In BP2, PNNL replicated catalyst performance of
powder catalyst data when using engineered
catalyst in single channel rector testing.

 PNNL baseline reactor approach utilizes single channel
reactors fabricated and loaded with vendor-provided
foam inserts that are wash-coated with catalyst
* Engineered catalysts with dimensions: 5mm x5 mm x 4.5 in

FeCrAlY Foam Inserts

April 4, 2023 6
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O{Jegonstate Single Channel Reactor - “Baseline Reactor” Results
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Ethanol Conversion Product Selectivity
100 - — 100
o0 BMT____— , 90 = WHSV18h-1 ___ Ofefins 0.5 & catalvet wach
_ ) * 0.5 g catalyst was
xR 80 80 — coated on FeCrAlY Foam
S 70 ) = 70
‘s 60 9.2 hl 3\; 60 e Feed: Ethanol=10.9
> 50 ' £ 50 mol%, H2=89.1 mol %
o +
et 40 @ 40 e 100 psig (varied
e 30 & 30 temperature and
£ 20 20 WHSV)
L Acetaldehyde
10 10 ————— Acetadeny@@alkanes
0 0 = Oxy
380 390 400 410 420 380 390 400 410 420 430
Reaction Temperature (2C) Reaction Temperature (2C)

* Single channel reactor performance favorable and matched well with BP1 powder catalyst data (M0O-419)
* Ethanol conversion > 80% and olefin selectivity > 80% target achieved (400°C, 100 psig, 1.8 hrl)

» Catalyst performance data also obtained for kinetics modeling and reactor design

G/NG Criteria #1: Successful single-channel reactor (< 5 g catalyst i.e. “"bench scale”) performance (>80% /
ethanol conversion, >80% selectivity to butene-rich olefins; 350-450°C, 100-200 psig, 0.5-2.0 getOH/gcat/hr)
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= °
ethylene ///4§§§b
k;T propene
/\OH L} /\O
ethanol acetaldehyde :TizZ;;/\\\\
kSl | k* / lklo
o
diethyl cther C,H,O(ethanol)—— C,H ,0(acetaldehyde) + H, h= kICCZH60 m\
. . 2C, H O(ethanol)—%— C,H,O(di-ethyl-ether) + H,0 Iy = kSCC2H60
Kinetic model H Ol ) HO(di-ethy J+H,
developed using C,H O(ethanol)—2— C,H ,(ethylene) + H,0 Ty = k9CC2H60

single channel
data for reactor
design purpose

2C,H ,O(acetaldehyde)+2H, —* 5C H(butene) +2H,0

2C,H O(acetaldehyde) + % 0,—2 C,H,(propene)+CO, + H,0 = kp CCzH40

C,H,(butene) + H, —>— C,H, (butane) Ho = kIOCC4H8

April 4, 2023 8
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Model Validation -
Experimental and
Model results compare

well (single channel
FeCrAlY data, 415°C)

—Eq
k = Ae RT
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WHSV|[gEtOH/gcat/hr]

—6—EtOH SIM
—O— EtOH EXP
—e— AcT SIM
—eo— AcT EXP
DEE SIM
DEE EXP
—+—EE SIM
4= EE EXP
—=— BT SIM
—-0- BT EXP
—6— PP SIM
—O— PP EXP

Solid line: simulated
Dash line: experimental
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2 — Process and Outcomes:

Reactor Modeling & Reactor Design

Demonstration Scale Reactor Design

* Reactor modeling of design meets the BP2 metrics (80/80) at 0.15

L/min ethanol scale

Temperature (°C)

* G/NG Criteria #2: Successful reactor design that meets the above metrics (80%
selectivity/80% conversion) at 0.15 L/min ethanol scale

* Can be scaled up by numbering up to commercial scale.

April 4, 2023

1cm foam: 80.7% selectivity, 97.6% conversion \
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Costs Derived from System-level TEA _

4 —[\)—ﬂr
1 i ‘Iﬁ_}
N%%/—H—H—Jﬂo—-—r ‘e—y—n—ahl Fﬂi
N &

Reactor $32.0 million Assumes adiabatic reactor LF (j ——— lﬂ Lﬁ
(total operation and external heat ‘, 1 r"”_”r L fH,‘, N 7 S >
q o
installed exchangers = | ‘ _ lﬁ_
cost) l [AJ JE—

D At 5 {

[

Reactor cost target required to meet $3.00/GGE cost target, with no butene side
product sales (Stretch Goal)

April 4, 2023 11
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Impregnate . .0 .
Catalyst Calcine Silica Silica with Calcine Silica + Ball Mill

Catalyst Catalyst Catalyst

Catalyst -
y Calcine Foams B[P (Gog:

Calcine Foams Activate Catalyst
Insert Catalyst

Reactor 3D Print MO Povyder EDM Reactor Insert Catalyst
Stress Relief Shell into bod
Shell Reactor Shell Anneal e into body

Housing

Reactor Assembly/
Welding

April 4, 2023 12
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Baseline Production-Scale Reactor

22 in

120 in

20in

~

Single channel Production-Scale Reactor Module «— >

(2,890 channels) Production-Scale Reactor Bundle  24in

April 4, 2023 13
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Baseline Reactor Results :
Breakout of Cost Categories

Model ——Cost Target
6% 0%

% Raw Materlal
» 0% m Tool
o Cost Target
g o%t foree m Facility
o ¢
o m Labor
S
S
+ Contract Manufacturing (Full Utilization) m Maintenance
o
© m Consumables

Utilities
0 20 40 60 80 100

Annual Production Quantity

G/NG Criteria #3: Manufacturing cost models and TEA that supports the /
system level cost targets

April 4, 2023 14



2 — Progress and Outcome: Additive =7

Pacific

. Northwest
Oregon State Manufacturing of Advanced Reactors
University Lanzalech
Advanced Reactors Improve Economics
Approach Risk/ Benefit | lead
Baseline Low-risk PNNL
Advanced Reactor 1 Laser Powde.r Bgd Fu5|o.n (LPBF) in SS High-risk, | 0SuU
+ in-situ coating Better economics
Hybrid Laser Directed Energy High-risk
Advanced Reactor 2 Deposition (LDED) in FeCrAlY & ’ OSsu

Better economics

+ in-situ coating

Qty Differential

Total Reactor Equipment Cost

Baseline Reactor
Advanced Reactor 1

, Advanced Reactor 2
April 4, 2023 15
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SS foam - after treatment, catalyst wash
coating, and hydrothermal testing
Treated ' -
stainless steel
(SS) foam

Hydrothermal conditions: 20% steam @400C/100psi
466 sccm (0.2 m/s), 24 hrs

OoSsuU printed FeCrAlY
1. O mm pore size - top view

OSU-printed
FeCrAlY lattice
structure

12.2 mm (0.5 in)

April 4, 2023

Lanzalech
Single Channel Catalytic Performance

Catalyst Foam

. . . o
R;a;:;or Substrate Con\(/;:)smn Se_ll_igllvnty (mol C%)
(from vendor) Olefins Butene
Baseline .
Reactor FeCrAlY (50 ppi) 93.0 81.5 59.7
Advanced Treated SS
Rector #1 (60 ppi) 88.0 78.1 64.8

Engineered catalyst substrates coated with 0.5 g of active catalyst formulation
(2 foams X 5 X 5 X 114 mm). Conditions = 400°C, 1.8 hr?, 100 psig, Feed = 11 mol% ethanol in H,.

Single Channel Catalytic Performance

Reactor FeCrAlY Conversion Selectivity (mol C%)
Type Foam Source (%) Total But
Olefins utene
Baseline Vendor
Reactor Provided 54.4 69.9 33.5
Advanced .
Rector #2 OSU Printed 58.2 57.9 46.8

Engineered catalyst substrates coated with 0.2 g of active catalyst formulation (1 foam: 5 X5
mm). Reactor length = 25.4 mm. (400°C, 100 psig, WHSV EtOH = 4.5 hr, 11 mol% ethanol in H,).

16
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‘_l I.anzaje[ - Lanzalet Deployment Plans
Leveraging &
Transitioning \
Xistin ANA’
gisung | suncor) () <Ox oot | BB « 100 MGPY by 2025
._ - Supply BRITISHAIRWAYS =50 S e 10 MGPY Demo Plant
Aot @ LanzaTech & &5 @ Under Construction at
mem2E] Ethanol d
Freedom Pines, GA
O ._.' . , ’
N =l thylen * 4 x 30 MGPY Plants on
_ the horizon
o an ) Lanzalech | ese * Portfolio of Projects
Developing Around the
Globe

Source: LanzaTech Management

Water Source: LanzaJet.com

Microchannel reactor opens up the opportunity to reduce the number of reactors and allow the
production of smaller, modular process units that can allow distributed production of SAF using the
PNNL/LanzaTech (Lanzalet) Process

April 4, 2023 17
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Process Intensification
4 Microscale-based Chemical Processing A
* Extremely short characteristic e Short Residence Times

times of transport in microscale
architecture.

« High surface to volume ratio * Improved Energy Efficiency

« Improved Conversion and Selectivity

A 4
- _ _ B
Modular Chemical Manufacturing
- Scale-up through numbering- * Predictable, faster scale-up process
up of microchannels in a * Leverage economies of scale in reactor
reactor and reactors in a manufacturing
module. » Faster to market and scale production to
Q demand 4

April 4, 2023

3 — Impact: Spin-out to Commercial pacific

Northwest
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Microchannels in
Flow Region

Flow Regions on a
Lamina

Laminae in Device ——

Device in Plant — g g g

Example of multiples levels of numbering-up in a microscale-based
LLE separator. (Summerville, et al. Procedia Manufacturing, 2020)

Modular Plant Example. (RAPID MCPI Bootcamp, 2019)
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Project Goal:

Develop new catalytic pathway for direct ethanol to n-
butene-rich olefins, providing control over jet and
diesel blendstocks and co-products, to enable distillate
MFSP of $3.00/GGE and >70% GHG emission

reduction.

Scale up using advanced process intensified and
modular microchannel reactor technology.

Approach:

Collaborative approach across academia, national
laboratory, and leading bioenergy company targeting
key challenges around new processing chemistry and
scale-up.

Setting state-of-the-art ethanol conversion for process
intensification & high C efficiency

Co-products can reduce costs, diversity product
offerings

April 4, 2023

Progress and Outcomes:

Ethanol to butene catalyst formulation verified suitable for scale
up.

Engineered catalyst developed that will enable scale up using
microchannel reactor architecture.

New engineered substrate developed that will be feasible in
advanced reactor system not employing separate catalyst inserts.

Proof of concept established for 3-D printed substrate with multi-
metal components and demonstrated suitable conversion with
addition of catalyst.

Kinetics and reactor modeling led to design of scaled reactor
system that is projected to hit demonstration scale capacity target

Impact:

Cost advantage potential to current state of technology ATJ
processing

Developing new fabrication methods that will reduce capital costs
for modular processing systems

Modularity enables quicker time to market, reduced upfront risk

Tech transfer with industry

19
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Timeline
e Project start: October 2020
e Project end: February 2025

Gofp
Quad Chart Overview

FY22
Costed Total Award
DOE OSU/LT: $453,857 OSU/LT: 52,050,000
Funding PNNL: 254,640 PNNL: 51,950,000
Cost Share $145,153 S$1,000,000

TRL at Project Start:
TRL at Project End:

3

Pacific
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NATIONAL LABORATORY

Lanzalech
Project Goal

Develop a new ethanol-to-n-butene conversion platform that will
save cost and energy for the current alcohol-to-jet fuel process
being developed by LanzaTech.

End of Project Milestone

e Demonstrate scalability at 0.15 LPM fermentation-derived
ethanol for 2500 hours with 2100 continuous hours of
operation, 280% ethanol conversion and >280% selectivity to
olefin intermediates.

TEA and LCA supporting targets of $3.0/GGE jet blendstock
with a 60% reduction in CO2 emissions relative to
conventional technology.

e Market analysis showing applicability of the reactor for
LanzaTech and market viability assessment.

Funding Mechanism

DE-FOA-0002203, FY20 Topic Area 1: Scale-Up of Bench
Applications (SCUBA)

Project Partners
Oregon State University / Pacific Northwest National
Laboratories / LanzaTech
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Questions?

* Presenter: Matthew Coblyn, coblynm@oregonstate.edu

* Project PI: Brian Paul, brian.paul@oregonstate.edu
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e Transfer, and Industry Partnerships LanzaTech

Industry Partnerships

Lanzalech

ONADDITIVE

OSU is working with OnAdditive to produce a state-of-the-art
hybrid LDED machine tool that will be used in advanced reactor
development. The tool offers the potential to further reduce
capital costs while providing a faster time-to-market.

April 4, 2023 23
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* This is the first peer review for this project.

* Highlights from previous Go/No-Go Reviews
* BP1 Go/No-Go — excerpts from report by ICF, September 30, 2021

* The objective of the verification was to verify PNNL bench scale catalysis results
with a previous experiment (MO-361) for ethanol conversion, C3+ olefin
selectivity and total olefin selectivity.

* Based on the overall results of the verification testing we are of the opinion that
the OSU/PNNL/LT catalytic conversion verification has demonstrated the
technical readiness to move to Budget Period 2.

* BP2 Go/No-Go

» Positive feedback received from DOE é)I’O ram team and ICF engineers at
Go/No-Go meeting held January 31, 2023 at PNNL.

* Final Go/No-Go report pending.

April 4, 2023 24
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Fabrication costs
may be too high

) Baseline
to hit overall cost
target
Performance Advanced
unknown Reactor 1
Performance Advanced
unknown Reactor 2

April 4, 2023

Baseline
manufacturing

Laser Powder Bed
Fusion (LPBF) in SS
+ in-situ coating

Hybrid Laser Directed
Energy
Deposition (LDED) in
FeCrAl + in-situ coating

Low-risk

High-risk,
Better
economics

High-risk,
Better
economics

Pacific

1 — Approach: Risks and Mitigation ‘?/
| Three Approaches to Reactor Fabrication Northwest

Lanzalech

Insert catalyst-coated FeCrAlY foam into a
reactor vessel produced by additive
manufacturing

Integrate stainless steel catalyst scaffold into
reactor vessel during additive
manufacturing and coat with catalyst
afterwards

Integrate FeCrAl catalyst scaffold into reactor

vessel during additive manufacturing and
coat with catalyst afterwards
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