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PROJECT OVERVIEW




TECHNOLOGY BACKGROUND
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Dual electrolyte approach with aqueous anolyte to have sustainable water oxidation
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sg TECHNOLOGY FUNDAMENTALS/ BACKGROUND 4

Energy source

il
Electro-fuel ° 'l 0 Oxygen

2H*+2e¢~ - H,

CO, + 2H* +2¢~ - CO + H,0

CO, + 2H* + 2e~ — HCOOH

CO, +8H* +8e~ — CH, + H,0

200, + 12H* + 12e~ = C,H, + 4H,0

2H,0 - 4H* + 4e~ + 0,

Membrane

Catholyte —> of <—— Anolyte
E(cath) = —0.25 — +0.20V vs.RHE E(H,0\0,) = 1.23V vs.RHE
AE =1.03 —148V
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s TECHNOLOGY BACKGROUND J‘

Gas AgIAgCI CO, Pb Wire Pt Mesh
Outlet Bubbler WE

Nafion
Membrane

MeOH,
Sat KCI

Stirring

CO, + 26" + 2H* + CH;OH—= HCOOCH; + H,0 H,0 —= 1/20,+ 2 & + 2 H*
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;g TECHNOLOGY BACKGROUND 4

Nonaqueous catholyte for high solubility and
intermediate reactant addition 2

tax credit - $35/ton CO, utilized

* Aqueous anolyte for sustainable water oxidation

rather than methanol oxidation which does not * Byproduct H, is still valuable
incorporate CO,

* Direct utilization of flue gas —no CAPEX for CO,
capture plant

* Methanol ~ $400/ton, methyl formate ~ $1600-
1800/ton

formate, low methanol crossover operating expense
* Engineering — Achieve high CO, flux to cathode in * Marketssize for chemicals vs. industrial CO, output —
methanol solvent need for diversified products with favorable TEA
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s PROJECT OVERVIEW 4

* Objective 2 - Build an electrolysis flow Methylge
. . Formate

cell reactor for high current density

performance

* Objective 3 — Demonstrate direct conversion of flue gas at high faradaic
efficiency and current density

* Objective 4 - Integrate flue gas feed with the optimized flow cell reactor
to achieve performance and stability targets for commercial viability

* Objective 5 - Perform technoeconomic analysis (TEA) and life cycle
analysis (LCA)

UNIVERSITY OF UL N Instmureror N=|[N{oNAL
LOUISVI LLE CONN CENTER UNIVERSITY OF NORTH DAKOTA TL IE%SI\RIE.}.C?I%Y




TECHNICAL APPROACH/PROJECT SCOPE

* Task 6 (Q7-8) — Technoeconomic Analysis and Life Cycle Analysis
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PROGRESS AND CURRENT STATUS OF PROJECT

Gas Ag/AgCl CO, Pb Wire Pt Mesh
Outlet RE Bubbler WE CE

MeOH,
Sat KCI

Stirring

CO, + 26"+ 2H* + CH3O0H—> HCOOCH; + H,0 H,0 —=1/20,+2 e +2 H*

Direct H-cell studies with a Pb wire

cathode
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PROGRESS AND CURRENT STATUS OF PROJECT

|ZI Milestone 2.e — Complete Acid Concentration/pH Study
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PROGRESS AND CURRENT STATUS OF PROJECT

|ZI Milestone 2.c — Complete Applied Potential Study
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PROGRESS AND CURRENT STATUS OF PROJECT

|ZI Milestone 2.f — Demonstrate High C2-4 Product Faradaic Efficiency
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PROGRESS AND CURRENT STATUS OF PROJECT

co,
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sx PROGRESS AND CURRENT STATUS OF PROJECT 4
* Electrolyzer Chassis Design

|ZI Milestone 3.a — Fabricate Flow Cell Electrolyzer for High Current

K \ _B
Central

Ano rO,NP = "Naﬁon i Pb-GDE  Cathode
Flowfield GDEAnode Compartment Cathode  Flowfield

Flow cell exploded view.

* Three-compartment arrangement with methanol through central
compartment and gaseous CO, through cathode flowfield
* Peristalticand/or syringe pumps for electrolyte flow

Flow cell system setup.
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PROGRESS AND CURRENT STATUS OF PROJECT
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PROGRESS AND CURRENT STATUS OF PROJECT

o deposition T Methanol drops on PFOTS-coated GDE
Methanol drop on PTFE-coated GDE (I3|
CF3(CF2)sCHoCHo— ?i—CI
Cl

1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFOTS)

Methanol Air

development and testing.

After 1 hour
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PROGRESS AND CURRENT STATUS OF PROJECT
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PROGRESS AND CURRENT STATUS OF PROJECT

»

|ZI Milestone 4.a — Complete Flue Gas Contaminants Study
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sg PROGRESS AND CURRENT STATUS OF PROJECT 4

|ZI Milestone 4.b — Complete CO, Concentration Study
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PROGRESS AND CURRENT STATUS OF PROJECT
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ss PROGRESS AND CURRENT STATUS OF PROJECT 4

Market Molecular weight  Electrons Price per electron
Product price ($ kg?l) (g mol-1) per molecule ($ mol-electron) x 10°
Carbon monoxide 0.60 28.01 2 8.4
Formic acid 0.70 46.03 2 16.1
Methanol 0.40 32.04 6 2.1
Methane 0.18 16.04 8 0.4
Ethylene 1.30 28.05 12 3.0
Ethanol 1.00 46.07 12 3.8
Propanol 1.43 60.10 18 4.8
Methyl formate 1.60 60.05 2 48.0

CO,+2H* +2e~ + CH3;0H - HCOOCH; + H,0
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PROGRESS AND CURRENT STATUS OF PROJECT
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PROGRESS AND CURRENT STATUS OF PROJECT
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PROGRESS AND CURRENT STATUS OF PROJECT
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PLANS FOR FUTURE TESTING/DEVELOPMENT/ COMMERCIALIZATION

= A0




A sowmesioe P

with high selectivity and current and high tolerance to flue gas impurities, but effective
gas diffusion electrodes in alcohols are need for a high performance flow cell.

Electrolyzer

CO.Capture ¢y gy H,0
m 1
JHeaock,

CH,0H
Power Plant Direct Flue Gas m
CO; Capture gy o CH,OH -
System 3
-
System &

S
System 2

—)

HCOOCH,

HCOOH
Purificatiol

L'Jhlzbm@ﬂ':bu HCOOH cn OH

2
e Steadyperformance tolerant to flue gas contaminants

e Technoeconomicslooks favorable for the methyl formate
electrosynthesis if high current densityis achieved
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STATE POINT DATA TABLE

Units Measured/Current Projected/Target
Performance Performance
Synthesis Pathway Steps?
Step 1 (based on CO,) - Cathode mol* CO,+ 2H*+ 2e +CH;0H - HCOOCH; + H,0
Step 2 - Anode mol? 2H,0 -0, +4H" + 4e
. Step —Full Reaction mol? CO, + CH;0H > HCOOCH;+1/20,

SynthESIS Of Va | ue- Source of external intermediate 1 Methanol (CH;0H) —from naturalgas

Ad d ed O rga n | C Reaction Thermodynamics??
Reaction® Electrochemical

Products AP K1/mol 1266.0
AG? Rxn KJ/m0| +322.4
Conditions i I (range) | (range)

CO, Source® . , Pure CO,, simulated flue gas Coal-fired flue gas
Catalyst® . 1 Pbfoil . Pbnanoparticles

TechnOIOgy Pressure : bar : 1.013 : 1.013
CO, Partial Pressure ' bar ] 1.013t00.15 . 0.15

Performa nce Data Temperature : oC ] 25 . 25

Performance ' ' (range) ' (minimum)
Nominal Residence Time’ | sec 1 15-30 . 15
Selectivity to Desired Product? i % 1 85-90 i 95
Product Composition® : : (range) | (optimal)

Desired Product—Methyl Formate : mol % : 40-60 ! 60
Desirable Co-Products - Hydrogen . mol % 1 30-60 . 37
Unwanted By-Products —Formic Acid | mol % 1 3-10 . 3
Grand Total ' mol% 1 100 : 100%
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sx ORGANIZATION CHART 4

University of Louisville (Louisville, KY) University of North
Conn Center for Renewable Energy Dakota (G rand FOka ND)
Research ’

Pl: J. Spurgeon

Project oversight, schedules, reports

Task: 1
|
| |

UofL Conn Center for
Renewable Energy

UND Institute for Energy
Studies

PI: J. Spurgeon co-PI: N. Theaker
. . Reactor Development, TEA/LCA, Flue Gas, TEA/LCA
Catalysis, Reaction Control e

Flue Gas
Tasks: 2,5,6
Tasks: 3,4,5, 6

—

UofL Chemistry
Department

co-Pl: C. Grapperhaus

UofL Chemistry
Department

UofL Conn Center Minnkota Power

Cooperative

Researchers:
Researchers:

Flue Gas, On-site Testing
Tasks: 5,6

ostdoc, Grad Student, Research
Engineers, Undergrad Co-op

Postdoc, Undergrad Co-op
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# GANTT CHART 4
o2 NesNNeaNl Q1 Q2 Q3 Q4

Task 1.0 - Project Management and Planning @)

Task 2.0 — Improvement of Faradaic Efficiency to

C2-4 Products O O @)

Task 3.0 — Develop Electrolysis Reactor for High-

current CO, Reduction (@) X O X

Task 4.0 - CO, Electrolysis System from Power Plant

Flue Gas Derivatives O @) X

Task 5.0 — Full System Integration with

Commercially Relevant Performance X
Task 6.0 — Technoeconomic Analysis and Life Cycle

Analysis O X

Task Duration

Completed Work

O — Complete Milestone
X —=Incomplete Milestone
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PROJECT METHODOLOGY

Resources Year 1 Year 2
Task Name Team
Allocated | o1 | o2 | o3 | o4 | o1 | 02 | o3 | os
Task 1.0 - Project Management and Plannig UofL, UND $12,956
Subtask 1.1 - Project Management Plan UofL, UND $5,182
Subtask 1.2 - Technology Maturation Plan UofL, UND $7,773
Milestone 1.a - Intellectual Property Agreement UofL, UND
Task 2.0 — Improvement of Faradaic Efficiency to C2-4 Products UofL-Grapperhaus | $196,547
Subtask 2.1 — Establish Mechanistic Pathway UofL-Grapperhaus| $58,964
Milestone 2.a - Complete Isotope Labeling Study UofL-Grapperhaus
Milestone 2.b — Complete Alternate Solvent Study UofL-Grapperhaus
Subtask 2.2 — Determination of System Parameter Effects UofL-Grapperhaus| $58,964
Milestone 2.c — Complete Applied Potential Study UofL-Grapperhaus
Milestone 2.d — Complete Catalyst Concentration Study UofL-Grapperhaus
Milestone 2.e — Complete Acid Concentration/pH Study UofL-Grapperhaus

Subtask 2.3 — Optimization of Catalyst and Electrolysis Conditions  UofL-Grapperhaus| $78,619
Milestone 2.f— Demonstrate High C2-4 Product Faradaic Efficiency UofL-Grapperhaus

X
X
X
X
X
[ —
X
Task 3.0 — Develop Electrolysis Reactor for High-current CO2 Reduction UofL - Spurgeon | $265,041 —
Subtask 3.1 — Electrolyzer Chassis Design UofL - Spurgeon $92,764
Milestone 3.a — Fabricate Flow Cell Electrolyzer for High Current UofL - Spurgeon X
Subtask 3.2 CO2 Feed to the Cathode UofL- Spurgeon | $53,008 e
Milestone 3.b — Complete Direct Gaseous CO2 Study UofL - Spurgeon X
Milestone 3.c — Complete Liquid-Fed CO2 Study UofL - Spurgeon X
Subtask 3.3 — Methanol Crossover and Oxidation UofL - Spurgeon $53,008 _
Milestone 3.d — Demonstrate Target Methanol Crossover Rate UofL - Spurgeon X
Subtask 3.4 — High-current CO2 Electrolysis Characterization UofL - Spurgeon |  $66,260 _
Milestone 3. — Demonstrate CO2 Reduction Target Current Density UofL - Spurgeon X
Milestone 3.f — Demonstrate Stability of Electrolysis UofL - Spurgeon X
Task 4.0 - CO2 Hectrolysis System from Power Plant Flue Gas Derivatives UND - Theaker | $196,134
Subtask 4.1 — Impurity and CO2 Concentration Effects UND - Theaker $49,034
Milestone 4.a — Complete Flue Gas Contaminants Study UND - Theaker X
Milestone 4.b — Complete CO2 Concentration Study UND - Theaker X
Milestone 4.c — Complete Catalyst/Electrolyte Flow Rate Study UND - Theaker X
Subtask 4.2 — Mitigation Strategies for Contaminants UND - Theaker $58,840 _
Milestone 4.d — Determine Impurity/CO2 Concentration Thresholds ~ UND - Theaker X
Subtask 4.3 — Coal-Derived Flue Gas Electrolysis UND - Theaker | $88,260 (N
Milestone 4.¢ — Extended Test with Coal Derived Gas UND - Theaker
Task 5.0 — Full System Integration with Commercially Relevant Performance UofL, UND $493,820
Subtask 5.1 — Integrate Improved Components to Reactor UofL, UND $296,292
Milestone 5.a — Integrated Systemat Target Electrolysis Metrics UofL, UND
Subtask 5.2 — Downstream Product Separation UND - Theaker $74,073
Milestone 5.b — Downstream C2-4 Separation at Target Purity UND - Theaker
Subtask 5.3 — Practical Demonstration of Technology Readiness UofL, UND $123,455
Milestone 5.c — System Demonstration at Commercial Utility UofL, UND
Task 6.0 — Technoeconomic Analysis and Life Cycle Analysis UofL, UND $88,038
Subtask 6.1 — TEA of Flue Gas Conversion to C2-4 Product UofL, UND $44,019
Milestone 6.a — Complete TEA for Demonstrated Performance UofL, UND
Subtask 6.2 — LCA of Flue Gas Conversion to C2-4 Product UofL, UND $44,019

Milestone 6.b — Complete LCA for Overall Process UofL, UND




PROJECT METHODOLOGY

Resources Year 1 Year 2
Task Name Team
Allocated | o1 | o2 [ 03 | o4 | o1 [ 02 | 03 | os
Task 1.0 - Project Management and Plannig UofL, UND $12,956
Subtask 1.1 - Project Management Plan UofL, UND $5,182
Subtask 1.2 - Technology Maturation Plan UofL, UND $7,773
Milestone 1.a - Intellectual Property Agreement UofL, UND complete
Task 2.0 — Improvement of Faradaic Efficiency to C2-4 Products UofL-Grapperhaus| $196,547
UofL-Grapperhaus
Milestone 2.b — Complete Alternate Solvent Study UofL-Grapperhaus X
Subtask 2.2 — Determination of System Parameter Effects UofL-Grapperhaus| ~ $58,964
Milestone 2.c — Complete Applied Potential Stud UofL-Grapperhaus X complete
[ Miksione 24~ Complee Caalyst Concentraton Stady | UofL-Crpperius e
Milestone 2.e — Complete Acid Concentration/pH Study UofL-Grapperhaus complete X
Subtask 2.3 — Optimization of Catalyst and Electrolysis Conditions | UofL-Grapperhaus| $78,619 _
Milestone 2.f — Demonstrate High C2-4 Product Faradaic Efficiency  UofL-Grapperhaus X, complete
Task 3.0 — Develop Electrolysis Reactor for High-current CO2 Reduction UofL - Spurgeon | $265,041 |
Subtask 3.1 — Electrolyzer Chassis Design UofL - Spurgeon |  $92,764
Milestone 3.a — Fabricate Flow Cell Electrolyzer for High Current UofL - Spurgeon X, complete
Subtask 3.2— CO2 Feed to the Cathode UofL - Spurgeon |  $53,008 [
Milestone 3.b — Complete Direct Gaseous CO2 Study UofL - Spurgeon X
Milestone 3.c — Complete Liquid-Fed CO2 Study UofL - Spurgeon X, complete
Subtask 3.3 — Methanol Crossover and Oxidation UofL - Spurgeon $53,008 _
Milestone 3.d — Demonstrate Target Methanol Crossover Rate UofL - Spurgeon X
Subtask 3.4 — High-current CO2 Electrolysis Characterization UofL - Spurgeon $66,260 _
Milestone 3.e — Demonstrate CO2 Reduction Target Current Density UofL - Spurgeon X
Milestone 3.f— Demonstrate Stability of Electrolysis UofL - Spurgeon X
Task 4.0 - CO2 Electrolysis System from Power Plant Flue Gas Derivatives UND - Theaker | $196,134
Subtask 4.1 — Impurity and CO2 Concentration Effects UND - Theaker $49,034
Milestone 4.a — Complete Flue Gas Contaminants Study UND - Theaker X complete
Milestone 4.b — Complete CO2 Concentration Study UND - Theaker X complete
UND - Theaker
Subtask 4.2 — Mitigation Strategies for Contaminants UND - Theaker $58,840
Milestone 4.d — Determine Impurity/CO2 Concentration Thresholds ~ UND - Theaker X
Subtask 43 — Coal-Derived Flue Gas Electrolysis UND- Theaker | $88,260 I
Milestone 4.e — Extended Test with Coal Derived Gas UND - Theaker X
Task 5.0 — Full System Integration with Commercially Relevant Performance UofL, UND $493,820
Subtask 5.1 — Integrate Improved Components to Reactor UofL, UND $296,292
Milestone 5.a — Integrated System at Target Electrolysis Metrics UofL, UND X
Subtask 5.2 — Downstream Product Separation UND - Theaker $74,073
Milestone 5.b — Downstream C2-4 Separation at Target Purity UND - Theaker X
Subtask 5.3 — Practical Demonstration of Technology Readiness UofL, UND $123,455
Milestone 5.c — System Demonstration at Commercial Utility UofL, UND X
Task 6.0 — Technoeconomic Analysis and Life Cycle Analysis UofL, UND $88,038
Subtask 6.1 — TEA of Flue Gas Conversion to C2-4 Product UofL, UND $44,019
Milestone 6.a — Complete TEA for Demonstrated Performance UofL, UND complete X
Subtask 6.2 — LCA of Flue Gas Conversion to C2-4 Product UofL, UND $44,019
Milestone 6.b — Complete LCA for Overall Process UofL, UND X




sx TECHNICAL APPROACH/PROJECT SCOPE 4

* Completion of a reactor operating from flue gas at performance metrics for profitability as
determined by the TEA (Target Metrics: 600 mA cm2 at > 40% FE C2-4s for > 100 h)

Perceived Risk Pro ba bility Impact Overall Mitigation/Response Strategy
(Low, Med, High)

Cost/Schedule Risks:
Parameter effect studies take too /! Med Med Constant communication between
long to keep up with reactor catalyst and reactor
development teams/redirection of priorities
Technical/Scope Risks:
Flue gas feed performance and Med Med Multiple catalyst options (Pb, Sn,
stability issues Bi), decontamination, CO, absorber,
CO, concentration studies

Insufficiently high current density B! Med Med Flow cell condition optimization,
maximize aqueous systems first

Difficulty achieving or maintaining Med High Product distribution mapping, CO,
high FE of C2 - C4 product mass transfer optimization, pH
stabilization

Covid-19 inhibiting research High Low Low Safety protocols, remote meetings,
limited lab capacity
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