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Fuel Cell Technologies

Fuel Cell Technologies
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Fuel cells use a wide range of fuels and feedstocks; deliver power for applications across multiple sectors; provide
long-duration energy storage for the grid in reversible systems.

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE



Innovative RD&D Focused on End-Use Requirements

Goal: Fuel cells that are competitive with incumbent and emerging
technologies across applications
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Application-Driven Targets

System-level targets to achieve competitiveness Supported by component and stack level

with incumbent and emerging technologies targets/milestones

EXAMPLE 2030 TARGETS

FUEL CELLS FOR LONG-HAUL TRUCKS

EXAMPLE:
* S80/kW fuel cell system cost

e 25,000-hour durability
FUEL CELLS FOR STATIONARY POWER

A combined target (2025) for Heavy Duty (HD) Membrane
Electrode Assembly (MEA) development:

Achieve 2.5 kW/g,s\ pOwer
(1.07 A/cm? current density)* at 0.7 V after 25,000 hour-
* 80,000-hour durability equivalent accelerated stress test (AST)

REVERSIBLE FUEL CELLS FOR ENERGY STORAGE

e $1,800/kW system cost (S0.20/kWh LCOS)
e 40,000-hour durability

* $1,000/kW fuel cell system cost

*Total platinum group metal (PGM) loading constrained to 0.3 mg/cm?
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RD&D Strategies Address Fuel Cell Challenges

Cross-cutting fuel

cell challenges Are strategically addressed through...

Low-PGM and PGM-free catalysts and electrodes

Cost

Innovative membranes and ionomers

Emphasis on HD Applications

e Direct-H, Polymer Electrolyte
Membrane Fuel Cells (PEMFCs)

Durable high performance MEAs
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Advanced bipolar plates and coatings

* Transferable benefits for medium-duty
and stationary applications

System design and operating conditions

* Advances in light-duty technology
improvement and cost reduction a good
start

Standardized stacks and modular systems

Efficiency

Improved manufacturing and supply chain * Long-term approaches considered

pue swalsAs

sulnjoeinuelp

Advanced BOP components and subsystems

Analysis and Modeling

Power Density
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Fuel Cell Technologies Funding

35 FY21 Appropriations FY22 Appropriations program Direction
$25 Million $30 Million

Fuel cell materials, components and integration with a

30 focus on low cost, enhanced durability and efficiency,
for heavy-duty applications
2 25 e  Low-PGM catalysts and MEAs
2 .
E _ . Membranes, ionomers
v 20 *  PGM-free catalysts and electrodes
5 . Bipolar plates, gas diffusion layers
g 15 . Balance of Plant (BOP)
(@)
S e  SuperTruck Il
2— 10 .
System analysis
5 e  Advanced manufacturing & recycling
FY23 Request Clean H, I\{Ianufacturlng &
0 Recycling Program
FY21 FY22 =22 $100 M/ 5
® Materials & Components  M2FCT Core Labs ® ElectroCat yr. OVer S yrs.
W SuperTruck B Systems Integration
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RD&D Portfolio Guided by Analysis
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HDV Fuel Cell Durability-Adjusted Costs (for 25,000-hour lifetimes)

$323/kW,, at 1,000 units/year
Sensitivity analysis identifies key cost levers

$196/kW., . at 50,000 units/year

Power Density 660mW/cm? 396mW/cm?

$185/kW., ., at 100,000 units/year

Air CEM $2,050/sys $4,192/sys
$800 2021 HDV System Cost Air Stoichiometry
$700 : Pt Catalyst Loading
z:zz e GDL Cost $16/m?

\] Membrane Thickness
$400 2396

i l\lﬁs ePTFE Cost
$300 1 poves

| \+\ $196
$200 I T Fuel Management Cost

Fuel Cell Power System Cost, 20165/kWe

- ) R ias B Max Param. Value
$100 Active/Total Area Ratio || g Min Param. Value
$0 . o . —FF—t———t——t+———+——+—
100 1,000 10,000 100,000 1,000,000 $140 S$150 $160 $170 $180 $190 $200 $210 $220

System Cost ($/kW...)

Annual Production Rate (systems/year)

*2021 system cost at 100,000 units/year (2021)
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HDV Fuel Cell Stack Cost Dominates System Cost

e Catalyst cost is projected to be the largest

Stack cost breakdown at all production volumes i
single component of PEMFC stack cost

$448 $245 $165 $141 $133 Total Stack Cost
100% . .
| ($/kWnet) * Air management drives balance of plant cost

9o
20% - Balance of Stack

B MEA Gasket .
70% s BOP cost breakdown at 100,000 units/yr

B CVM
60% = GO System Controller, 4% Low-Temperature
5086 - ? AirPrecooler &Water Coalant Loop, 1%

B Contingency Recovery, 3%

Miscellaneous
40% B Membrane Components, E%
30% m Bipolar Plates 10% Cost
0s
3006 m Catalyst Contingency, 7%
Air Loop, 28%
10% -
Sensors, 8%
0%
500 1,000 10,000 50,000 100,000 Rem::’;em
Production Volume (systems per year) Fuel Loop, 10% S

High-Temperature
Coolant Loop, 11%
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Analysis Assumptions Focus on Meeting Durability Requirements

Analysis assumes a system with 25,000-hour lifetime

Power Density *
750 mW/cm?

M2FCT modeled
system (2022)

» Stack oversized by 100% and overloaded with PGM for
25,000-hour electrode lifetime

Total PGM Loading*

0.3 mg/cm?

Peak Efficiency
68%

* Analysis addresses heat rejection requirements

* Active and stable catalysts are needed to meet
750 mW/cm? power density at EOL with 0.3 mg/cm?
total PGM loading

PGM Utilization™

Cost
$80/kW 2.5 kW/g,,
Lifetime
25,000 h
* M2FCT targets EOL: Produce 275 kW, at 0.7 V, 2.5 atm, 90°C coolant exit temperature, 1.5 cathode stoich.
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Focusing on the Four Critical RD&D Areas to Achieve Cost Target

$350
2 i I Increased Power Density & Reduced PGM loading
S i Improved Durability
g 5300 L Improvement in Stack/BOP Components
:,n>,' I Manufacturing Innovations and Economies of Scale
3 35250
g 2 :
[T
> t'g* i
3 s i $45
>
= L
§ E Membranes <— 1k to 100k sys/yr
N S100 - Bipolar plates
I BOP
$50 -
S0 -

2021 HDV System DOE 2030
Cost at 1k sys/yr Target

Substantial improvements needed in power density, durability, stack and BOP components, and manufacturing.
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Potential for Manufacturing Innovations to Reduce Cost

Cell stacking and MEA assembly innovations include reduced cycle time; increased throughput; reduced number of

parallel lines to achieve target volume; reduced high volume assembly cost

Cell Stacking Cost vs. Production Rate MEA Assembly Cost vs. Production Rate

$100,000

$100,000 .
—e—2022 Manual — —e—2022 P&P (Low Volume Machine)
g ——2022 Semi-Auto (Low Volume Machine) § —e—2022 P&P (High Volume Machine)
g.] 510,000 —e—2022 Semi-Auto (High Volume Machine) ,?j —e—2030 R2R (High Volume Machine)
E —e—2030 Semi-Auto (High Volume Machine) L:’ 510,000 \
S 1000 § .\- 3 o —
;J:D ] ® - —»
2 0 § $1,000 75%
S 8100 70% £ .
& . P reduction
3 reduction &
o =
$10 $100
100 1,000 10,000 100,000 100 1,000 10,000 100,000
Annual Production Rate (Systems/Year) Annual Production Rate (Systems/Year)
Innovations in cell stacking Innovations in MEA assembly
Advanced synchronized robots, lightweight grippers, multiple modules for Switch from P&P robots to advanced Roll-to-Roll (R2R) assembly using R2R feed,
high throughput timed transfer, rotary calendaring and cutters
Reduces Pick & Place (P&P) time from 6 sec to <0.5 sec per part Reduces effective MEA assembly time from 15 sec to <0.5 sec per MEA
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Million Mile Fuel Cell Truck
Consortium

(M2FCT)
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Million Mile Fuel Cell Truck Consortium (M2FCT) ZCT

FUEL CELL TRUCK

Evaluate rationally-designed MEAs
comprised of tailored interfaces
and components that exhibit
transformational cell-level

Advance efficiency and durability, and lower performance and efficiency
cost of PEMFCs for heavy-duty vehicle o
applications ﬁ} - m}%
G & .
APPROACH Component
Integration
Pursue a “team-of-teams” approach with Degals : i
p materials } Develop predictive models for cells
teams in analysis, durability, integration that enable high Materials Ir‘\'C I System and systems and exercise them to
! ’ ’ efficiency and Development Y!L:loN MiLe Analysis define real-world operation and
and materials development durable performance component and assembly targets
Component/
OBJECTIVE Cell Durability
= 5 /\M
Achieve MEA target: - - 2
2.5 kW/gpcp power (1.07 A/cm? current
denSitY) at 0.7 V after 25,000 hour' Realize andinterrogate
equivalent AST ensembles of materials to

elucidate and mitigate
degradation
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ACT—

National Labs in Partnership with Universities and Industry = ::.ov ...

FUEL CELL TRUCK

MEAs ACT

AK

Ly c
g KEEN NNIKOLA

Membranes WA MT  ND

MN Wi

MILLION MILE
FUEL CELL TRUCK

VT

Ml NY

| m .\'IrY .l
N NE MO KY WV VA MD
NNIKOLA
KS AR NC SC DC
Stacks

e pl . OK LA  MS AL GA
. j HI X FL
Bipolar Plates
N2 Raytheon  E NEOGRAF LABS ACADEMIA INDUSTRY
Technologies I50Lu1'|ous
" LANL Cornell Northeastern 3M Company
, n m P 9 O
rec%g‘/!)g’tegm? g— U 2 LBNL Carnegie Mellon Univ. UC Irvine Akron Polymer Products
) = ANL Colorado School of Mines UC Merced Ballard
Alr Management g NREL Drexel University University at Buffalo Ehemqurs
= ummins
GATEHPILLAR E AT.N & ORNL Florida International Univ. University of Tennessee Caterpillar
- GeorgiaTech Exton
PNNL
.E? mHHLE o General Motors
m'cs Cormarmian Driven by performance NIST Kodak

https://millionmilefuelcelltruck.org/partners
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Lubrizol

Mahle

Nikola Motors

Pajarito Powder

Plug Power

NeoGraf Solutions

R&D Dynamics Corp
Raytheon Technologies
Strategic Analysis
TreadStone Technologies

HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE

Main Laboratories

NATIONAL LABORATORY

| A
CEEreee r”l

%@ Los Alamos

BERKELEY LAB

OAK
RIDGE

National Laboratory

LiNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Argonne°

NATIONAL LABORATORY

Affiliate Laboratories

-

Pacific Northwest
NATIONAL LABORATORY

BROOKHIAEN

NATIONAL LABORATORY

NIST

National Institute
of Standards
and Technology



https://millionmilefuelcelltruck.org/partners

Baselining MEA Performance and Durability ZCT

FUEL CELL TRUCK

Examined catalysts with differing characteristics

Pt vs. PtCo

| Supplier | | Umicore | Umicore ECSA Current Density at 0.7 V Current Density at 0.8 V

Catalyst Eyst Pts0  Elyst P50 m?/gPt A/cm? A/cm?
0690 PtCo) 0550 50- 1.30- 0.7,
Carbon Support HSA HSA
S rt BET 780-800 780-800
o] d-PtCo/C
Pt/Co ratio 22-30
[mol/mol]
Mean Pt %44-54  %6.1-57 251 . 0.95} 0.4+
et d-PtCo/C ™. a-Pt/C
Catalyst BET 240-280  310-350 g
[m?g] * d-PtCo/C
ECSA 4045 4550
[mlge] 0 0.60 0.1
BOL EOT BOL EOT BOL EOT
Ocycle  After 90k cycles 0cycle  After 90k cycles Ocycle  After 90k cycles

Annealed Pt/C (a-Pt/C) chosen as the baseline to meet durability and current density requirements.
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Materials Development: Catalysts ACT™

FUEL CELL TRUCK

LANL and BNL catalysts outperform baseline

Commercial Baseline: Umicore BOL

Elyst Pt500550 Pt/HSC (4-5nm) e eiaiiirsssdd After 90k AST Cycles Baseline:
BNL ' « Commercially available Pt/C
BNL M2FCT Catalysts:

40%-IntPtNiIN/HSC (4.8 nm) (IIIRIIIA77 * N-doped intermetallic PtNi (BNL)

* Intermetallic PtCo on C and

LANL
35%-L12-PtCo/HSC (5.7 nm) 2% Mn-doped C (LANL)
LANL .
20%-L10-PtCo/HSC (6.3 nm) i Next step:
: * Further development of catalysts
UB/LANL _ and optimization of MEAs

20%-L12-PtCo/MnCN S v, | | | J
0.0 0.1 0.2 0.3 0.4 0.5
Current Density at 0.8V

Performance measured at Beginning of Life (BOL) and after 90,000 AST cycles.
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Partner Projects — General Motors

Immobilized membrane chemical stabilizers improve durability

Issue: Cerium is used to improve chemical stability, but cerium salt-based additives migrate during operation

Multiple promising approaches

PFSA with immobilized heteropoly acid radical scavengers Dispersed CeZrO, (CZO) nanofibers
—(CF,CF )5 (CF CHp—(CF,CF)e-
[e]
1.2 1.0E-01 ,.of" L sosH OCV durability (110 °C, 25% RH)
e 3MBaseline o HPAmodified .. s
1 PR 1.0E-02 o PFSA, 8% CZO (unsupported vs. reinforced)
s 10E-03 _ 1.0
> . 3 id
= o = 0.8
o 110 °C - 25% RH 10604 E <
£ 06 3 S 0.6
2 | 1.0E-05 < S
> & 0.4
o 0.4 «
o) 1.0€-06 czo nanofibers '/m PFSA, no additives
02 © 1.0E-07 \7/” (unsupported vs. reinforced)
0 1.0E-08 ' 0 50 100 150 200 250
0 50 100 150 200 250 OCV hours
OCV hrs
o 4 PAJARITO 8
il POWDER RiNES

% FUEL CELL CATALYSTS Mot b
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Partner Projects — Carnegie Mellon University

High-oxygen-permeability ionomer (HOPI) improves catalyst activity and durability

Conventional
PFSA ionomer

; Conventional S .

Acid backbone
sidechain

Expanded
High oxygen permeability ﬁf:,a" p

ionomer (HOPI)

. Restricted
oxygen

transport

Rapid
oxygen
transport

3D, rigid Carbon
backbone
1 : , :
Increased —®— HOPI
09 catalyst —&— HOPI-End of Test
R activity —#&— Conventional
g —+&—Conventional-End of Test
—08F
% Increased
J 471 durability
S
D 06 ]
8 Increased
05k oxygen
‘ transport
0_4 . 1 1 L
0 0.5 1 15 2 25

Current density [A/cm?]

U.S. DEPARTMENT OF ENERGY
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Issue:
Conventional ionomers have restricted O, transport that
can reduce performance and durability over long heavy-
duty vehicle lifetimes

Results:
> 2X higher O, permeability than conventional ionomer
> 50% increase in mass activity and noticeably better
high-current-density voltage at low Pt loading
40% lower local O, transport resistance
> 40% reduction in degradation rate

: Chemours- BALLARD
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Defining the 25,000-Hour Equivalent AST A£G =

FUEL CELL TRUCK

22
AST WG
ASTs to be developed )
Catalvst Prescribe test
ezl Calculate duration to obtain y 3M
Catalyst support Perform ASTs at acceleration factors 25,000hour curabulity ANL
Membrane HOV conditions e > Ballard
chemical ..' 1 Carnegie Mellon
System meodelin
Membrane ’ g AST vs. HDV - Chemours
hemical . . If times get too long, Cummins
Ansiee]= et / accelerate further DOE
mechanical =) . GM
Startup/Shutdown A ' O LANL
O Support and input from LBNL
Anode H, Inout from breviot madeling & analysis )
starvation Industry / OEM input Aput from previous Nikola
LDV learnings NREL
MEA drive-cycle
ORNL
Plug Power
W.L. Gore
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AST Development Progress ”“tl

H,/Air AST to evaluate MEAs for heavy-duty applications

AST M AST [
Catalyst Degradation Catalyst + Membrane Degradation
<1 ) > Catalyst, | JgB Catalyst & . Lower inlet RH to incorporate
Membrane chemical-mechanical durability
of membrane Single HDV AST that
considers degradation of:
90,000 Cycles 30,000 Cycles e longer duration, fewer cycles v’ catalysts

H,/N, 150 hours H,/Air 500 hours v’ supports

Temperature = 80°C Temperature = 90°C  =eeeeeeee InKreasetemperatiire frf)m v membranes
80 to 90°C for acceleration

ok 0925V s lower upper potential
| ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | \ ﬂ—mmwm more representative

06V ' of a HDV scenario
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International Coordination ,,(C

FUEL CELL TRUCK

International Durability Working
Group (IDWG)

8 Countries 30 Institutions 80 Researchers

from_America, Europe, and Asia participants representing facdilitating data sharing,exchanging
governments, universities,.industry materials, promoting AST
and labs development

Thermal Chemical Degradation Ex-situ Benchmarking Testing &

Stressors Stressors Durability Operando Baselining Protocols

y \( 5/ \( 5/ \( with representation from the US, European Union (EU), Japan, and Korea to better coordinate
o e e —— international efforts currently underway to help commercialize fuel cells for trucks and heavy-duty

Stressors Characterization and Protocols

~ A P ~ A applications.

Mechanical Chemical- Durability Various
Stressors Mechanical Performance Cell Sizes

millionmilefuelcelltruck.or

HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE
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https://millionmilefuelcelltruck.org/idwg

ElectroCat

U.S. DEPARTMENT OF ENERGY
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World-Renowned Expertise @ ElectroCat

# Electrocatalysis Consortium

Synthesis, Processing and Computation, Modeling &
Manufacturing Data Management

Fe K-Edge EXAFS

. Temperature Effect: 1 at% Fe Nitrate

Fluorescence Intensity

Argonne = % Los Alamos RIDGE IINREL

NATIONAL RENEWABLE ENERGY LABORATORY

National Laboratory

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY | HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE



@ ElectroCat

# Electrocatalysis Consortium

PGM-Free Catalyst Performance Enhancement

Improved the performance of PGM-free catalysts by 25% over the baseline

1.0
Current density (mA cm™)
Voltage (V) - 2 *  PGM-free (Fe-N-C) cathode H,-

0.8 0.80 o 5 air initial fuel cell performance
< 0.675 202 277 met FY22 milestone of 25%
; 0.6 improvement versus the FY21
% baseline
% 0.4 * Testing with published
> protocols validated at LANL,

02| ANL and NREL*

0.0 : ' : ' ' : ' :

0.0 0.4 0.8 1.2 1.6

Current density (A/cm?)

*H. Zhang, L. Osmieri, J. H. Park, H. T. Chung, D. A. Cullen, K. C. Neyerlin, D. J. Myers, P. Zelenay, Nat. Catal., https.//doi.org/10.1038/s41929-022-00778-3.
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Data Science-Guided High-Throughput PGM-free

Electrocatalyst Synthesis &, ElectroCat

- Electrocatalysis Consortium

Statistical
MEEREE

* Developed and implemented adaptive
learning design loop with uncertainty
Database quantification to model and guide the
materials & : Unexplored high-throughput catalyst synthesis

properties material systems
* Increased PGM-free test catalyst ORR activity

by 70% through ML-guided synthesis

SYGEEER Samples
characterization

Success

Loop 1: 16 samples Loop 2: 32 samples Loop 3: 36 samples

il [Waxorr | 'E * Max ORR i T
L, ! % =8.1Alg b i =91Ag 2 =13.8 Alg
|\ / [ il ’ )

POl g, u
""’b\‘-

e '“'""'uq...'\, s . " .
-f F f

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE



Diversity, Equity, Inclusion

U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE
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Minority Serving Institution (MSI) Partnership Program

HFTO/MSIPP/LANL/Pajarito Powder Establishes Collaboration with MSlIs

Pajarito Powder & LANL host Industry

Project Goals

Develop a mutually beneficial relationship between HFTO, LANL,
industry partners, and MSls

Promote MSI involvement with hydrogen-related research

Provide opportunities for MSI scholars to perform cutting-edge
fuel cell research at LANL

Encourage MSI scholars to pursue advanced degrees and enter the

hydrogen and fuel cell workforce

LANL/Pajarlto ' BS

STEM PIPELINE MS

MsI

U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY
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M2FCT: Inclusion, Diversity, Equity, Accountability

U.S. DEPARTMENT OF ENERGY

Outreach and Workforce Development

— Labs hosted undergraduate and graduate student interns,
and DOE SCGSR Fellows to gain fuel cell and H, experience
— 2 new MSI students with M2FCT (summer 2022)
— 2022 summer internship programs (K12 and SULI)
— H, and fuel cell short courses
— M2FCT added 3 MSI Discretionary projects:
* Univ Cal Irvine — AANAPISI* and HSI**

* Univ Cal Merced- HSI
* Florida International University— HSI

Dr. David Alexander
Ph.D Thesis: April 2022
HBCU — Undergrad

HSI - graduate

New LANL staff scientist

Filament

3D Printing

Debinding

Sintering

T=1400°C,

v A e
3 Tltanlum(Tl) i .
o 1Dum 45um H e’
Bound metal deposition A ¥
for fuel cell bipolar plates

Thermal

*AANAPISI: Asian American Native American Pacific Islander-Serving Institution

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

M2FCT working with Minority Serving
Institution Partnership Program

Students from

HBCUs/HSlIs use

fuel cell research HFTO
to obtain PhDs Mmsip
and launch

careers Fuel Cell

or Sensor

**HSI: Hispanic-Serving Institution
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Sec. 40314 (EPACT Sec 815)
Clean Hydrogen Manufacturing &
Recycling
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Sec. 40314, EPACT Sec. 815 and Related IlJA Provisions

Raw

“Clean Hydrogen Manufacturing and Recycling”

Processed
Materials i Subcomponents End Product

Focus on manufacturing and end of life/recycling RD&D

U.S. DEPARTMENT OF ENERGY

Sec. 40314 (EPACT Sec 815):
Clean Hydrogen Manufacturing
& Recycling

$0.5 Billion over 5 years
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Section 815a: Clean Hydrogen Manufacturing Initiative

Research, development and demonstration projects to advance new clean H, delivery,
storage and use equipment manufacturing technologies and techniques.

The Secretary, to the maximum extent practicable, shall give priority to clean hydrogen equipment manufacturing projects

that —
A. Increase efficiency and cost-effectiveness in —

i. the manufacturing process; and
ii. the use of resources, including existing energy infrastructure.
B. Support domestic supply chains for materials and components.
C. Identify and incorporate nonhazardous alternative materials for components and devices.
D. Operate in partnership with tribal energy development organizations, Indian Tribes, Tribal orgs., Native Hawaiian
community-based organizations, or territories or freely associated States; or
E. Are in economically distressed areas of the major natural gas-producing regions of the US.
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Section 815b: Clean H, Technologies Recycling RD&D Program

Multiyear grants will be awarded for RD&D projects to create innovative and practical
approaches to increase the reuse and recycling of clean H, technologies.

Including by —

A. Increasing the efficiency and cost-effectiveness of the recovery of raw materials from clean hydrogen technology
components and systems, including enabling technologies such as electrolyzers and fuel cells.

B. Minimizing environmental impacts from the recovery and disposal processes.

C. Addressing any barriers to the research, development, demonstration, and commercialization of technologies and
processes for the disassembly and recycling of devices used for clean hydrogen production, processing, delivery, storage,
and use.

D. Developing alternative materials, designs, manufacturing processes, and other aspects of clean H, technologies.

E. Developing alternative disassembly and resource recovery processes that enable efficient, cost-effective, and
environmentally responsible disassembly of, and resource recovery from, clean hydrogen technologies.

F. Developing strategies to increase consumer acceptance of, and participation in, the recycling of fuel cells.

Independent review of project progress no later than 3 years after Il1JA is enacted, and at least every 4 years after that.
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Addressing Supply Chain Challenges

Growth required across domestic clean H, supply chains*

Example: PEM fuel cell & electrolyzer supply chain ] ] .
Key Manufacturing & Recycling Program Opportunities:

Platinum Iridium
2 Nickel Titanium Chromium Raw Materials : : it
aranp : e Cost reduction and increased commercialization of clean
raphite Chemical Precursors .
! H, technologies
lonomers Catalysts (Precursors, Powders, Inks) - ~
. Foams/Plates/Rolls Graphite composites Stainless Steel Proces._sed
Materials . . . . .
: Carbon fiber Thermoplastics/Elastomers ~ ePTFE T <. ° Development of domestic material supplies — including
|
4 Membranes Catalysts/Electiodes Gas Diffusion Layers (™ o recycling and alternative non-hazardous materials
“‘ : Membrane Electrode Assemblies Components
Bipolar Plates  Seals End Plates BOP b
- v S e Development of manufacturing capacity to meet
Stacks, Power Electronics & Controls, H
BOP subsyatems \ System ) projected H, demand

e Leadership on energy and environmental justice issues
for a new industry

L 4 )
Transportation, Power Generation and Energy Storage, End Uses

i i Chemical & other Industries

A

End of Life
Recyclingand

Reuse *www.energy.gov/eere/fuelcells/water-electrolyzers-and-fuel-cells-supply-

chain-deep-dive-assessment

Recycling
|
|
|
]
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http://www.energy.gov/eere/fuelcells/water-electrolyzers-and-fuel-cells-supply-chain-deep-dive-assessment

Stakeholder Engagement

Dec. 2-3, 2021:
Workshop #1,
Power Electronics for H,

May 24-26, 2022:
Workshop #3,

_ Apr. 14, 2022: |
Nov. 15, 2021: Mar. 15, 2022: Mar. 29, 2022: Manufacturing

(including Manufacturing Listenin .
IJA Enacted & Recycling discussion) Listening Session #1, RFI responses . s Automation and
. . Session #4, R ling f
Tribal and Alaska received from ) ecycling tor
Native Corporation stakeholders EEJ & Tribal Clean H,
Leaders Organizations Technologies

FY22,Q1

FY22, Q2

FY22, Q3

U.S. DEPARTMENT OF ENERGY

Feb. 15 2022: Mar. 17, 2022: Apr. 7, 2022: Apr. 19 2022:

RFI Issued for Listening Listening Workshop #2,

Manufacturing Session #2, Session #3, Advanced

and Recycling EEJ & Tribal EEJ & Tribal Component
Development of

Organizations

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Organizations

| HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE

Gas Diffusion
Layers



Request for Information on Clean H, Manufacturing and Recycling

Respondents for Sec. 815

Stakeholders from industry, academia, national labs, utilities, and
organizations:

e Confirmed the necessity for a clean H, technology recycling
consortium to advance the state of the art.

V e I|dentified RD&D needs for automation and scaling of cell, stack,

and system manufacturing.

e I|dentified gaps in the domestic component and critical material
supply chains.

® Industry m University = Utility

Orgs » National Lab e Suggested a strategic PGM reserve and approximate needs.

Responses included >1000 pages from
~90 stakeholders
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Collaborations, Milestones, Team

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY HYDROGEN AND FUEL CELL TECHNOLOGIES OFFICE

37



Collaboration Network

Fostering technical excellence, economic growth and environmental justice

Industry Engagement

US DRIVE Partnership:
Fuel Cell Tech Team

215t Century Truck
Partnership

M2FCT
ElectroCat
Workshops/RFls
FCHEA

EERE/VTO:
SuperTruck

FC-H,: ElectroCat

HFTO Internal Synergies

FC-SDI: HD
Transportation
(SuperTruck)

ARPA-E:
Advanced Fuel
Cell Concepts

FE:
SOFCs/RFCs

DOE Cross-Cutting Initiatives

Systems Analysis

DOE H, Program Collaborations

BES:
SBIR-STTR

. : Advanced Energy Storage
Critical Minerals Manufacturing Grand Challenge
HPC EMN Space-related

[1JA Provisions

International Collaborations

Cross-Agency
Collaborations

DOC/NIST
Fuel Cell Neutron Imaging

DOT/FTA (Fuel Cell Buses)

IEA Technology Collaboration
Programme on Advanced
Fuel Cells

M2FCT AST
Working Group

ElectroCat
Benchmarking

U.S. DEPARTMENT OF ENERGY
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Highlights and Milestones

FY2021

FY2022

FY2023

MEA durability ASTs incorporating
relevant degradation mechanisms for
catalyst, support, electrodes and
membrane in a single AST; defined MEA
baseline

Improved PGM-free catalyst activity to
38 mA/cm?

Selected M2FCT FOA projects
(bipolar plates, BOP)

of $196/kW at 50,000 systems/year

Completed RFC and H, stationary MW-
scale PEMFC analysis

Established durability adjusted HDV cost

Improved MEA FY21 baseline performance
at a PGM loading of
0.3 mgpg,/cm?

Improved PGM-free cathode H,-air initial
fuel cell performance by 25% compared to
FY21 baseline

Solicit M2FCT FOA projects

Meet durability adjusted HDV cost of
5185/kW at 50,000 systems/year

Establish targets for MW-scale H,-PEM for
stationary and long-duration energy
storage applications

Improve MEA performance at a PGM
loading of 0.3 mg,,,/cm?

Improve PGM-free catalyst ORR
activity compared to FY22 baseline

Select M2FCT FOA projects

Meet durability adjusted HDV cost of
S170/kW at 50,000 systems/year

Select Sec. 815 Manufacturing and
Recycling projects

U.S. DEPARTMENT OF ENERGY
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The Team

Dimitrios Papageorgopoulos
Fuel Cells Technologies Program Manager
202-586-5463
dimitrios.papageorgopoulos@ee.doe.gov

David Peterson Donna Lee Ho Greg Kleen William Gibbons
240-562-1747 202-586-8000 240-562-1672 202-287-6672
david.peterson@ee.doe.gov donna.ho@ee.doe.gov gregory.kleen@ee.doe.gov william.gibbons@ee.doe.gov
John Kopasz Colin Gore Eric Parker
Argonne National Laboratory ORISE Fellow Contractor — Keylogic-Systems

hydrogenandfuelcells.energy.gov
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Thank You

Dr. Dimitrios Papageorgopoulos
Program Manager, Fuel Cell Technologies, HFTO

Dimitrios.Papageorgopoulos@ee.doe.gov

hydrogenandfuelcells.energy.gov
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