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Executive Summary

Clean hydrogen is a key part of a comprehensive portfolio
of technologies and fuels needed to achieve our nation’s Clean Hydrogen in the US could ...
climate goals and build a sustainable, secure, and — /o
equitable clean energy economy. Clean hydrogen, which =% )
has very low or zero emissions, can be produced in every
part of the country and from virtually any energy resource| ' “=mome
(such as renewables, nuclear, or fossil energy with carbon | 1 O %

capture). And it can be used in many applications: as a _100; 000
transportation fuel, where it can be converted to e Jobs created by 2030
electricity in a fuel cell, with no emissions other than e 450,000
water vapor; as a fuel for combustion to provide high- Cumulative job-years

through 2030

temperature industrial heat; or as a chemical feedstock or
reactant, including as a component of biofuels.

Clean hydrogen has a particularly important role to play in addressing our hardest-to-decarbonize
sectors, which include key economic engines that are essential to the modern American economy
and quality of life, such as heavy-duty transportation, chemical and industrial processes like
steelmaking, and the production of liquid fuels and fertilizers. Clean hydrogen can also support
the expansion of zero-emissions electricity by providing a means for long-duration energy
storage and offering flexibility and multiple revenue streams for all types of clean power
generation. The U.S. National Clean Hydrogen Strategy and Roadmap' estimates that by 2050,
the use of clean hydrogen across sectors can reduce U.S. greenhouse gas (GHG) emissions
approximately 10% relative to 2005°—a reduction greater than the GHG emissions from every
truck, bus, airplane, and ship in the United States today.*> By enabling diverse, domestic clean
energy pathways across multiple sectors of the economy, clean hydrogen will also strengthen
American energy independence and resilience while creating good jobs, economic growth, and
export opportunities. The DOE report Pathways to Commercial Liftoff: Clean Hydrogen*
estimates that by 2030, the hydrogen economy could also result in 100,000 net new direct and
indirect jobs in the United States due to the build-out of new capital projects and clean hydrogen
infrastructure.

While extensive progress has been achieved through decades of strategic investments in
research, development, demonstration, and deployment (RDD&D)—and industry investments

1'U.S. Department of Energy. U.S. National Clean Hydrogen Strategy and Roadmap. 2023.
https://www.hydrogen.energy.gov/library/roadmaps-vision/clean-hydrogen-strategy-roadmap.

2 Estimates were developed using Argonne National Laboratory’s Greenhouse gases, Regulated Emissions, and
Energy use in Technologies (GREET) Model: https://greet.es.anl.gov/.

3 U.S. Environmental Protection Agency. Fast Facts: U.S. Transportation Sector Greenhouse Gas Emissions, 1990-
2021. June 2023. EPA-420-F-23-016. https://www.epa.gov/system/files/documents/2023-06/420£23016.pdf.

4U.S. Department of Energy. Pathways to Commercial Liftoff: Clean Hydrogen. March 2023.
https:/liftoff.energy.gov/wp- content/uploads/2023/05/20230320-Liftoff-Clean-H2-vPUB-0329-update.pdf.
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are growing worldwide— some significant challenges still need to be overcome to realize the
enormous potential of a clean hydrogen economy. These challenges cut across the hydrogen
value chain, from how hydrogen is produced, delivered, and stored to how it is used in various
applications and integrated into larger energy systems. Challenges can be grouped into the
following three categories:

¢ Reducing cost and improving performance. The cost of technologies for producing,
delivering, and storing clean hydrogen, as well as the cost of fuel cells, must be reduced
to expand existing markets and open new ones. Without substantial cost reductions, many
of the opportunities for hydrogen will not be realized. The efficiency, durability, and
reliability of hydrogen and fuel cell systems also need to be improved to achieve parity
with incumbent technologies.

e De-risking and scaling up technologies across the value chain. To reduce investment
risk, new hydrogen and fuel cell technologies need to be demonstrated and validated in
real-world conditions. And to enable scale-up of proven technologies, more-robust
domestic supply chains and improvements in manufacturing (both to reduce cost and
enable scale) will be needed.

e Barriers to large-scale adoption. To enable large-scale adoption across multiple sectors,
a number of crosscutting areas will need improvement, such as safety (e.g., improved
sensors, enhanced safety practices, and knowledge dissemination), adoption of
technically sound codes and standards, improved (and streamlined) permitting processes,
and a well-trained workforce for the entire technology life cycle, from research through
manufacturing to installation, repair, and decommissioning.

As laid out in the U.S. National Clean Hydrogen Strategy and Roadmap, the federal government
is undertaking a holistic, whole-of-government approach to overcoming these challenges. The
Hydrogen Interagency Task Force® coordinates activities across multiple agencies, including
long-standing efforts within the U.S. Department of Energy’s (DOE) Hydrogen Program. As the
coordinating office of the DOE Hydrogen Program, the Hydrogen and Fuel Cell Technologies
Office (HFTO) in the DOE Office of Energy Efficiency and Renewable Energy leads federal
efforts in research, development, and demonstration (RD&D). HFTO works closely with other
DOE offices (e.g., Fossil Energy and Carbon Management, Nuclear Energy, Electricity, Science,
Loan Programs, Manufacturing and Energy Supply Chains, Clean Energy Demonstrations,
Energy Justice and Equity, and the Advanced Research Projects Agency-Energy) and provides
leadership in coordinating activities with other federal agencies, state agencies, regional
partnerships, associations, and international counterparts worldwide.

5 U.S. Department of Energy. “Hydrogen Interagency Task Force.” https://www.hydrogen.gov.

viii


https://www.hydrogen.gov/

Hydrogen and Fuel Cell Technologies Office Multi-Year Program Plan | 2024

HFTO’s mission is to enable affordable

clean hydrogen and fuel cell technologies
for a sustainable, resilient, and equitable RD&D to enable affordable clean hydrogen and fuel
net-zero emissions economy. Informed by cell technologies for a sustainable, resilient, and
input from diverse stakeholders engaged equitable net-zero emissions economy.
in relevant private- and public-sector
hydrogen activities across multiple sectors of the economy, HFTO strategically deploys funding
for RD&D activities to achieve the goals that support this mission. HFTO-funded efforts fall

roughly into two broad areas:

e Research and development (R&D) activities, which aim to improve materials,
components, and subsystems at laboratory scale. These activities address many of the
underlying technical barriers to reducing the cost and improving the performance of key
technologies, such as electrolyzers, fuel cells, and systems for storing, delivering, and
dispensing hydrogen. Many of HFTO’s R&D efforts are conducted through consortia
based on teams built around national laboratories, including the HydroGEN Advanced
Water Splitting Materials Consortium, which focuses on materials to improve hydrogen
production through advanced water-splitting processes; the Hydrogen Materials
Advanced Research Consortium, which aims to address scientific challenges in the
development of viable solid-state materials for onboard hydrogen storage in vehicles; and
the Million Mile Fuel Cell Truck Consortium, which focuses on improving the durability,
performance, and cost of fuel cells for heavy-duty trucks.

¢ Demonstration and enabling activities, which involve integration and operation of
complete systems under real-world conditions to validate performance and de-risk
investment, along with deployment of commercial-scale systems to identify and help
overcome nontechnological barriers. Activities focus on key strategic applications, such
as demonstrations of fuel-cell-powered delivery trucks, fueling infrastructure for
medium- and heavy-duty trucks, airport ground support equipment, and nuclear-to-
hydrogen production. Enabling activities include comprehensive analysis, tools, and
models to identify barriers and pathways to success; safety research; support for
development of codes and standards; support for supply chains and improved
manufacturing processes; and workforce development.

The Multi-Year Program Plan (MYPP) sets forth HFTO’s mission, goals, and strategic approach
relative to broader DOE and national clean energy priorities. The MYPP is aligned with the
strategy and goals of the U.S. National Clean Hydrogen Strategy and Roadmap, and it reflects
the higher-level DOE strategy and goals laid out in the DOE Hydrogen Program Plan.® Building
off these foundations, the MYPP provides an assessment of the challenges that still must be

6U.S. Department of Energy. Department of Energy Hydrogen Program Plan. November 2020. DOE/EE-2128.
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/hydrogen-program-plan-2020.pdf.
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overcome to realize large-scale adoption of clean hydrogen and a detailed, integrated plan for all
RD&D and crosscutting activities conducted by HFTO, which includes:

e Assessments of the current status of key metrics (e.g., electrolyzer capital cost and
efficiency).

e Technical targets related to each of those key metrics (see the inset box below for
examples of HFTO’s technical targets).

¢ Detailed plans for activities to meet those targets (see Figure ES.1 for an illustrative
example of barriers, targets, and plans for electrolysis).

Over the past two decades, through
strategic deployment of RD&D HFTO Key Target Examples
funding, HFTO has demonstrated

success in achieving the goals and Targets are developed with stakeholder input to enable
competitiveness with incumbent and emerging

. o technologies. These targets guide the RD&D community
plans. Examples include an 80% and inform HFTO’s portfolio of activities. Examples
reduction in the capital cost of proton include the following.

exchange membrane electrolyzer
systems between 2005 and 2020; a

targets outlined in previous program

Clean H2 production:

70% reduction in the cost of fuel cell * $2/kg by 2026; $1/kg by 2031

systems for automotive applications Electrolyzer systems (low temperature):

from 2008 to 2020; and a 30% e 2026: $250/kW, 65% efficiency, 80,000-hour
durability

reduction in the cost of advanced
Electrolyzer systems (high temperature):

e 2026: $500/kW, 76% efficiency, 40,000-hour
durability

compressed onboard hydrogen
storage systems since 2013. HFTO
funding has enabled more than 1,300
U.S. patents, roughly 30 commercial
technologies, and another 65 that
could be commercial in the next
several years.” Additional
information about past successes and
how technologies in the HFTO
portfolio have improved over time
can be found in the DOE Hydrogen
Program Records and
accomplishment fact sheets.®

H2 dispensed for heavy-duty transportation:
o 2028:<$7/kg
Fuel cell manufacturing for heavy-duty transportation:

e 2030: 20,000 stacks/year (single
manufacturing system)

Fuel cell systems for heavy-duty transportation:
e 2030: $80/kW, 25,000-hour durability

7 Satyapal, Sunita. June 5, 2023. “U.S. DOE Hydrogen Program Annual Merit Review (AMR) Plenary Remarks.”
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/review23/plenaryl satyapal 2023 o.pdf.
8 HFTO. “Hydrogen and Fuel Cell Technologies Office Accomplishments and Progress.”
https://www.energy.gov/eere/fuelcells/hydrogen-and-fuel-cell-technologies-office-accomplishments-and-progress.
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Defining Barriers

Capital costs of materials and components (e.g., catalysts, electrodes, membranes)

e 3 and costs in Hz
systems

Balance-of-plant capital costs (e.g., feedstock pretreatment, power electronics, Hz

purification) =
Developing Targets

Feedstock costs (e.g., electricity, water, biomass, waste), including any transport or

pre-treatment

Low-Temperature PEM High-Temperature 0-SOEC

2026 Ultimate
Targets Targets
Areas

Durability of materials, components, and int|

Parameter Units.

System reliability and lifetime under dynami

Addressing through RD&D

Baseline

Hz production conversion efficiency

Hz production rates and yield mg/cm?2 . . .12!

2 pi yi Total PGM g/ci 3.0 0.5 0.125 RDA&D Focus
Operational performance, including the abil Content kW 0.8 0.1 0.03
electric power input Low-Temperature Electrolysis.

if Afcm? o 3.0A/cm? | 3.0 A/cm? PEM, Liquid Alkaline, AEM
Life cycle cost and environmental impacts Performance A/em2 . . . Liquid Alkaline,

- @v/cell @19 eisv @16V @

Cost-effective recycling (e.g., catalysts, MEA| -9V Increase durability, improve performance, and lower * Develop and implement accelerated

N cost of membranes, ionomers, catalysts/electrodes, stress test protocols to enable

¢ lectrical KWh/kg- i
Materials, components, and systems compg ] El E_Ct ical /Kg- 51 a8 a3 bipolar plates. and porous transport layers in PEM CD.E durability improvements (2025)
affordable scale-up and large-scale manufal g Efficiency Hz electrolysis through materials and design « Achieve PEM stack cost of
- = innovations $100/KW, with a stack efficiency of
Robust domestic supply chain (e.g., electrol| Lifetim Operation 20,000 50,000 50,000 ©69% lower heating value (LHV) and
as BOP components such as power electror| e hr i . . Develop viable membranes and ionomers for AEM an 80,000-hour lifetime (2026)

. § s & potential lower-cost alternative 1o C.D.E |- Demonstrate AEM electrolyzers
Materials, components, and systems with & Degradation PEM operating at 2 A/cm? at 1.8V with a
related safety issues Rate mv/khr 4.8 23 20 rate of <4 mV/khr

Develop improved cell designs and optimized (2026)
) components for liquid alkaline electrolysis toenable | C.D.E | . Deyelop PEM electrolyzer systems
Capital Cost | $/kW 450 100 50 improved performance and dynamic operation with cost of $250/kW, 5% LHV
efficiency, and 80,000-hour
Improve kinetic performance and durability in low- coE durability (2026)
PGM and PGM-free catalysts T *+ Demonstrate liquid alkaline
operating at 1 A/cm?
Optimize efficiency and durability of electrolyzer at 1.8V with a degradation rate of
stacks and systems under dynamic operations CD.E <23 mV/khr and capable of
through innovations in component and systems dynamic operation (2026)
engineering « Demonstrate efficient and durable
PEM with PGM catalyst
Develop optimized BOP components, including Ioadings of 0.125 mg PGM/cm?, a
power electronics, to reduce system costs and GE 24x reduction over the state of the
increase efficiency ant (2031)

Figure ES.1. The MYPP defines barriers, develops targets, and lays out plans for meeting those targets.
Shown here is an example of barriers, targets, and plans for electrolysis.

Building on these successes, HFTO presents plans for RD&D activities in the MYPP based on
near-, mid-, and longer-term priorities within each of its subprograms, which are listed below:

e Hydrogen Technologies comprises two coordinated and closely related focus areas, both
of which span materials-, component-, and system-level RD&D. Hydrogen Production
focuses on enabling affordable production of hydrogen from diverse renewable domestic
resources; Hydrogen Infrastructure focuses on enabling affordable and accessible
delivery and storage infrastructure options.

e Fuel Cell Technologies focuses on the materials-, component-, and system-level RD&D
for different fuel cell technologies and applications to enable highly efficient conversion
of clean hydrogen for end uses such as transportation and backup-power generation using
fuel cells.

e Systems Development and Integration focuses on the development and integration of
complete hydrogen systems to enable first-of-a-kind demonstrations of integrated energy
systems deploying clean hydrogen and fuel cell technologies in key hard-to-decarbonize
sectors including transportation, chemical and industrial processes, and energy storage
and power generation.

e Systems Analysis encompasses crosscutting topics, including data, modeling, and
analysis that guides RD&D, and it identifies priority markets for clean hydrogen
technologies with impacts assessments.
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e Safety, Codes and Standards encompasses crosscutting topics, including RD&D that
informs safe design and operation of clean hydrogen technologies while
addressing regulatory and permitting challenges.

Within these subprograms, the MYPP illustrates specific pathways that HFTO has developed to
achieve its targets, including detailed analysis of the key factors in each technical area and how
HFTO-funded efforts can address those factors. For example, Figure ES.2 shows at a high level
the key drivers of fuel cell system cost (donut graphic on upper right), then shows a “waterfall”
diagram that illustrates cost reductions that can be achieved across four different areas
(manufacturing and scale, power density and platinum group metals, stack and balance-of-plant
components, and durability). (See Figure 1.8 for details.) The MYPP provides waterfall charts for
additional technical topics such as electrolyzer capital cost, hydrogen storage system cost, and
others.

$400 Modeled Cost: 275 kW PEMFC

as a Function of Manufacturing Scale

w ~$300/kW: 1k systems/yr
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Figure ES.2. Example of “waterfall” chart showing pathways to meeting HFTO cost-reduction targets

Detailed activities and plans within the subprograms are also summarized each year in the
President’s Congressional Budget Request, and HFTO uses annual appropriations to fund RD&D
consistent with the overall strategy. The strategic priorities for each of the subprograms as well
as crosscutting and enabling activities are summarized in Figure ES.3. HFTO’s RD&D portfolio,
which is aligned with these priorities, relies on clearly defined metrics and targets that have been
established as necessary for achieving strategic objectives. These objectives will need to be met
to realize the promise of clean hydrogen and its role in a sustainable, resilient, and equitable
future.
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Clean Hydrogen
Production

Hydrogen
Infrastructure
Technologies

Fuel Cell
Technologies

Systems

Development and
Integration

Systems Analysis

Safety, Codes and
Standards

Crosscutting/
Enabling

- Affordable, efficient, and durable electrolyzers for GW-scale operations

- Affordable and reliable components and systems far H, transport and

- Advanced H, liquefaction and carrier distribution concepts
- Low-cost vessels for high-pressure gaseous and cryogenic liquid H, storage
- Innovative H, storage materials for high-density, low-pressure storage

+ Efficient, durable, and cost-competitive fuel cells for heavy-duty applications
+ A ials and comp
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. . Near-Term Mid-Term Longer
Strategic Priorities 2025 2030 Tergm

ive app to clean H; pr ion, beyond electrolysis

 oeee—

dispensing in heavy-duty applications

for next-generation fuel cell
technelogies in diverse applications

« Transportation and H, fueling demonstrations

integrating H, technologies, focusing on

and pr
decarbonization

+ Energy storage and power generation including integrated and resilient hybrid

energy systems

= Tools, modeling, and analysis to prioritize RD&D and inform early-market

deployments

+ Regional analysis to support energy transition planning and assess impacts
+ Integrated analysis to inform supply chain expansion and sustainable market

growth

+ H, component technologies safety, including materials compatibility and

environmental modeling, emphasizing near-term dispensing applications

+ Safety, codes, and standards with additional emphasis on bulk storage and

large-scale applications of hydrogen

Collaboration within HFTO and across offices and other federal agencies to enable low-cost, high-volume domestic manufacturing
and recycling, a robust domestic supply chain, good-paying U.S. jobs, regional clean hydrogen networks, and energy and environmental justice and diversity,
equity, inclusien, and accessibility.

Figure ES.3. Strategic RD&D priorities in HFTO’s portfolio, illustrating the multipronged approach—which
includes near- to mid-term and longer-term priorities across most focus areas.

Chapters in the MYPP are organized by HFTO subprogram. Each chapter details the challenges
and opportunities related to the above strategic priorities, including specific metrics and targets,
where appropriate, and explains how the HFTO subprograms are systematically tackling the
challenges through coordinated RD&D efforts.
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