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Primary energy sources and carriers are important

components of an energy system

Primary Energy Sources
* Non-Renewable
— Fossil Fuels - coal, oil, natural gas
— Nuclear — uranium fission
* Renewable
— Wind - onshore, offshore
— Solar — photovoltaic, thermal
— Water - hydropower, tidal
— Geothermal — steam, hot water

— Biomass and Waste - agricultural crops and waste, wood and processing waste, animal
waste, solid waste, algae
Energy Carriers?
e Electricity

* Hydrogen? and derivatives

Notes
1 - fossil fuels are energy carriers as well as sources

‘ Ml HYI] H [] G EN 2 - naturally-occurring hydrogen is an insignificant energy source today
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Hydrogen as a Fuel

1 kg of hydrogen = 1 gallon of gasoline
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MI Hydrogen

* Integrate UM research expertise to create hydrogen solutions
that accelerate clean and just energy transitions

— Hydrogen has the potential to
decarbonize industrial, transportation

£
and other sectors where electrification is

problematic M IV” HYDROGEN

— Integration across technology, energy UNIVERSITY OF MICHIGAN

systems analysis, policy and social
sciences will be emphasized in research

and engagement activities. ML RESEARCH  IME SEASSS8iiason™ IV | MICHIGAN ENGINEERING
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Selected Regional Clean Hydrogen Hubs
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Hydrogen Bus Initiatives
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2022 MI Hydrogen Roadmap identified Clusters alona
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Report No. C5522-15
September 7, 2022

HYDROGEN ROADMAP FOR THE
STATE OF MICHIGAN
Workshop Report

Gregory A. Keoleian, Team Lead
Geoffrey M. Lewis

Cailin Buchanan

Jake Calzavara

Maxwell Woody

* GHG reduction potential — contribution to state and national
targets, other environmental impacts

* Technology— readiness, constraints, competition (with other
carriers, technologies))

* Scale — capacity and potential for hydrogen production, delivery,
storage, and end use applications

= Spatial mapping and analysis — of hydrogen supply chain (potential

hub(s) and spokes) including: production sites, routing network
industrial sites, fueling stations, etc.

* Regional linkages — extending beyond Michigan

* Time horizon — near term (to 2030) and longer term (2030 to 2050)

* Socio-economicimpacts — jobs, justice, and equity issues



MI Hydrogen Projects

Project 1 - Hydrogen Demand Analysis for the State of Michigan
Project 2 - Critical Review: Role for Hydrogen in Sustainable Transportation
Project 3 - Critical Review: Role for Hydrogen in Decarbonizing the Industrial Sector

*Project 4 - Planning a Hydrogen Ecosystem
(Production, Delivery, Storage and End-Use Applications): Michigan/Great Lakes Region Case Analysis.

MIRYDROGEN :



Other MI Hydrogen Activities

DOE Hydrogen Hub Mach H2 Award MIDWEST ALLIANCE FOR CLEAN
FRA Hydrogen Locomotive Award j ROG E N ™M Mi HYDROGEN

Seminar series two per semester

Workshops
Hydrogen Roadmap for the State of Michigan (May 20, 2022)
State of Michigan Workshop: Building Foundations for the Hydrogen Economy (May 13, 2024)

Near-Term H, Ecosystem Planning Workshop (May 13, 2025)
Geologic Hydrogen in Michigan (tentative May 2026)
Prize Competitions — Hydrogen Grand Challenge, Middle School Grand Prix

Building hydrogen curriculum: EPRI - H2 EDGE e
The Hydrogen N
Grand Challenge (GRIDE=D _ Fydrogen Education fo
T k) T The Centec for Grid Engineering Education ecarbonizediGlobal Economy

P ) b
@ rogen s a clean, sustainabla energy carrier. = o
The first o on, Michigan Hydrogen Horizon, | oo coumicanpr

has a prize 510, B ar
‘ M | HYD H U G EN a Michigan-cartaered hydrogen depleyment business case, M 3 on Nors Campur
L i ydrogenprize.engin.umich.edu




— Workshop Schedule

FIRST CHALLENGE || SECO

RESOURCES || NEWS Register for Workshops

Workshops take place from 5-7pm.

® Preview Event: H2 Edge Introduction To Hydrogen And Competition Announcement

(October 9, Phoenix 2000A)

Workshop #1: Prize Competition Kickoff (November 5, Phoenix 2000A OR November 6, Lane Hall 2239)
Workshop #2: Understanding a Problem (December 3, Phoenix 2000A)

Workshop #3: Identifying Viable Opportunities (January 15, Lane Hall 2239)

Workshop #4: Presenting Your Draft Business Case (January 28, Phoenix 2000A)

Workshop #5: Team Report Out (February 12, Lane Hall 2239)

Third Challenge

The third edition of the Hydrogen Grand Challenge will once again ask University of Michigan students to develop
innovative business cases for Michigan-centered, regional deployment of hydrogen technology in key sectors such as
transportation and industrial applications. Questions? Contact Yugo Ashida.

Competition Structure

Teams will compete for a share of the $5,000 prize pool, with the first-place team receiving $2,500, the first runner-up
awarded $1,500, and the second runner-up receiving $1,000.

https://hydrogenprize.engin.umich.edu/third-challenge/

MIRYDROGEN s



https://hydrogenprize.engin.umich.edu/third-challenge/
https://hydrogenprize.engin.umich.edu/third-challenge/
https://hydrogenprize.engin.umich.edu/third-challenge/

27 eighth graders from
Henderson Academy in
Detroit built and raced
model hydrogen cars at the
Michigan Engineering Zone.

The students used
electrolyzers to produce
hydrogen gas from water
and power miniature fuel
cell cars.




The question of the amount and feasibility of extraction of
Geologic “Natural” H, remains a question
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Reference Material

MIRYDROGEN



MIRYDROGEN

Hydrogen Factsheet

CENTER FOR

SUSTAINABLE SYSTEMS

UNIVERSITY OF MICHIGAN

Hydrogen

Hydrogen Economy

Hydrogen is a feedstock and encrgy carrier used in multiple sectors of our H2@Scale Diagram®
cconomy. Globally 9o million metric tons (Mt) of hydrogen were produced and
uscd in 2020, with U.S. production being approximatcly 10 Me. Hydrogen is

the most abundant clement in the universe, but is present in limited amounts in
clemental form on Earth. The primary method of producing hydrogen globally
and in the U.S. is steam methane reforming (SMR) of natural gas. SMR results

in COj, emissions, which is problematic from a climate change perspective.
Electrolysis is a hydrogen production pracess that uses clectricity to split water
into hydrogen and oxygen. This production process can provide a pathway far
decarbonizing some sectors of the cconomy if the clectricity is gencrated from
zero- or low-carbon sources such as renewables and nuclear power. Hydrogen can
play a key role in decarbonizing end-use applications where other alternatives such

as clectrification arc problematic.’
* Global demand for hydrogen could reach 150 Mr by 2030.°

+ Hydrogen has a very low volumetric encrgy density and is stored as cither a high-pressure gas, or low-temperature liquid ¢

Hydrogen Technologies and Impacts

Production

+ Hydrogen can be produced via scveral pathways including SMR, clectrolysis of watcr, and gasification of coal or biomass.*

* Color codes have been used to describe hydrogen production pathways. Commanly used colors include grey for SMR, bluc for SMR with
catbon capture and sequestration (CCS), and green for electrolysis using renewable clectricity:*

* In SMR, narural gas is reacted with high temperature steam to produce hydrogen. The resulting synthesis gas alsa contains CO and CO,.

Using the "watcr-gas shift reaction” the CO and stcam arc reacted together over a catalyst producing more hydrogen and €O,

SMR is the least expensive (si-2/kgH,) and widely used method of producing hydrogen.* Currently about 959 of hydrogen in the U.S. is

produced using SMR at large central plants.” Hydrogen produced with SMR emits about 7-10 kgCOy/kgH,.*

The 2020 production cost for green hydrogen is about $7.5/kgH,. The U.S. Deparcment of Encrgy (DOE) rargets are to lower this to 32/kgH,

by 2026 and si/kgH, by 20312

Alkaline and proton cxchange membrane (PEM) clectrolyzers arc commercially available, while solid oxide clectrolyzer cell (SOEC) and anion

exchange membrane (AEM) clectrolyzers are maturing.” In 2019, electrolyzers had a baseline higher heating value conversion cfficiency of
71%."

The current grid mix is nor ideal for clectrolysis as around 60% of U.S. elecrriciry is still produced using fossil fucls.® The CO, intensity of
hydrogen produced by clectrolysis is approximarely 20-25 kgCO,fkgH, in the U.S.2

Distribution and Storage

* Hydrogen in the U.S. is produced ar, or near, where it will be used, reflecting difficultics with transportation.®

* Hydrogen can be transported to point of use via pipeline, or over the road using liquid tanker, or tube trailer trucks.”

ipelines are the least expensive way to deliver hydrogen at a cost $0.2-0. . There are approximately 1600 miles of pipeline in the s

Pipels he | P y to deliver hydroge, fkegH,. Thy pp! 1y 161 les of pipel he U.S.5+
Tube trailers can transport compressed hydrogen, typically used over distances of 200 miles or less, bur arc expensive ar s0.9-1.9/kgH.
Liquid rankers are better suited than tube trailers for transporting larger amounts of hydrogen over longer distances, bur are more expensive at

s2.7-3.2/kgH; duc to the encrgy and cquipment requirements for the liquefaction process.=*

Hydrogen has the highest encrgy per mass of any fucl at 120 M]/kgH, on a lower heating value basis, but a low volumetric energy density of 8
MJ/1 for liquid hydrogen, compared to a volumetric encrgy density of 32 MJ/I for gasoline.*

Ar 1 barand 25°C, the volumetric encrgy density of hydrogen is lower than thosc of gasoline, diesel, jet fucl, and marine bunker fuel by facrors
of approximarely 3200, 3700, 3600, and 4000, respectively.’

Even as a compressed gas at 700 bar or as a liquid ar -253°C the volumetric energy density of hydrogen is 7-8 and 4-5 times lower, respecrively,
than conventional liquid hydrocarbon fucls ar ambicnt condirions.'

Using compression or liquefaction, hydrogen can be stored in its pure form as a compressed gas or cryogenic liquid. Liquefaction can achicve

greater densitics than compressed gas, but is more cnergy intensive and requires specialized cquipment.®

Hydrogen gas is typically stored at 350 or 700 bar while liquid storage requires cryogenic temperatures since its boiling point is -253°C.

Underground hydrogen storage may be possible, conventional options include using salt caverns, while proposed methads include abandoned

coal mines and refrigeratcd mined caverne.*

For Complete Set of Factsheets visit css.umich.edu

End-Uses

Petrolcum refincrics are the largest consumers of hydrogen in the U.S. using about 5.5 Mr Projected Growth in Hydrogen End-Uses in U.S."

(million metric tons H, per year)

annually in 2021. Sccond to refincrics, U.S. ammonia synthesis consumed around 3.5 Mt

of hycdrogen in 2021 Other uses of hydrogen include the production of methanol wsedin "

industrial applications and chemical manufacturing, and the reduction of iron orc through S

dircct reduction. =
Avvaticry of hydrocarbon synfucls can be produced by reacting hydrogen with COj, making 00"
production of synfucls a potential demand for hydrogen. When CO, is caprurcd from the
atmosphere and used for hydrocarbon synfucl production the carbon in the fucl can be m

Vet

considered net zero in terms of emissions, though there are potentially emissions associated
with the CO, capture process.”

Blending hydrogen with narural gas could result in rapid demand increase.” Preliminary
estimates say hydrogen can be injected into natural gas pipelines up to concentrations of 20%
by volume, bur co-firing with narural gas reduces greenhouse gas emissions only 6-79.%
Dircct reduction of iron (DRI) using hydrogen has potenrial to replace blast furnace steel

2030 2040 2050

Hydrogen burners are currently under development to replace natural gas and other fossil fuels in high-temperature heat applications. These

production - 47-68 kgH,/tDRI is estimated to be required in this process.*

applications includs cement clinker kilns, glass frnaces, aluminum remelfing furnaces, metal rolling and heat treatment furnaces.

Hydrogen can be used in residential buildings to power fucl cell combined heat and power (CHP) systems, dircct flame combustion boilers,
caralytic boilers, and gas powered heat pumps. Larger district heat and CHP devices using NG could be redesigned for hydrogen.
Hydrogen can be used dircetly or indircctly in conventional and synfucls, in all forms of transportarion (road, rail, water, air). Global
petrolcum refining used 40 Me H; in 2021, which was morc than 1000 times the direct usc of hydrogen as a transportation fucl. Clean

hydrogen is cxpected to play an important role in decarbonizing heavy-duty transport (road, marine fuels, aviation fucls) by 2050.

Direct use of electricity in light-duty vehicles is about 3 times more energy efficient than conversion into hydrogen and use in fuel cell vehicles.

Hydrogen is not well suited for use in light-duty cars and trucks, but may find use in medium- and heavy-duty vehicles that need o store large

amounts of cncrgy and rofucl rapidly, both of which arc challenging for clectric vehicles.

Environmental Impacts

* Global hydrogen production currently accounts for approximately 1 Gt of CO, emissions.

+ Electrolysis represents less than 5% of worldwide hydrogen production now, but is a pathway to zeto-carbon emissions.™

+ On a stoichiometric basis the water consumption required for electrolysis is 9 kgH,OlkgH,. When accounting for electricity generation,
water consumption increases to 15-20 kgH,OfkgH,.

* The water required to produce 8o Mr of hydrogen for a ner zcro cconomy in 2050 is much less than wha is needed for the exeraction and
processing of fossil fucls roday.

* Hydrogen production on this scale would account for 67% of global freshwater use. Desalination would add approximately $6.02/kg to the
price of hydrogen.®

U.S. Hydrogen Strategy and Policy

To bolster development of the hydrogen cconomy the U.S. the Infrastructure, Tnvestment, and Jobs Act (ITJA) contains $9. billion of funding

for hydrogen. The Inflation Reduction Act (IRA) contains two provisions that will subsidize clean hydrogen production.® The U.S. National

Clean Hydrogen Stratcgy and Roadmap from the DOE cxplores pathways for clean hydrogen to aid in decarbonization goals across the

cconomy:? The U.S. Department of Transportation Federal Highway Administration designared a national nerwork of clectric vehicle charging

and hydrogen, propanc, and natual gas fueling infrastructurc along national highway system corridors.

Hydrogen Hubs

+ The U.S. DOE aims to cstablish 6-10 regional clean hydrogen hubs across the U.S. through a Regional Clean Hydrogen Hubs Program

(HaHubs). H2Hubs has a $7 billion budget and is part of the larger hydrogen hub program IRA Hydrogen Investment Tax Credit and

. . . Production Tax Credit*
funded by the [IJA with the goal of creating networks of hydrogen producers, ¢ TRt T e o i Gt
and local connecrive infrastrucrure. (eCOzefghe) %) (202284t
Tax Credits Promoting Hydrogen 154 % 050
« The value of the IRA rax credies (IRC Sec 45V) arc determined based on life eycle COpe i5is 3 T3
cmissions per kg of hydrogen produced. The IRA also increascs the ratc of an cxisting tax 045135 0% 100
credit for carbon sequestration (IRC Sec 45Q)) that cannot be combined with 45V.3 0 0% ET)
1. Center for Sustainable Systems (CSS) (2022) M Hydrogen Roadmap Workihop Report 16. Muhammad, N., eval (2021) A seorage: Insigh logical sites,
2. ULS. Department of Energy (DOE) U.S. National Clean Energy Stratezy and Roadmap. influencing factors and future sutlock, Encrgy Repors, Vohume 8, 461-999.
2. International Energy Agency (IEA) (2023) Hrdrogen. 17. 1.5, DOE (2028) U.5. Clean Hydrogen Strategy and Roadmap at a Glance.
4. U.S. DOE Hydmgen Storage. 18_ Elgowaiay, A., et al. (2020) Assessment of Potential Futuce Demands for Hydrogen in the United
5 U.5. DOE Hydmgen Production and Distribution. Seates.
& ULS.Energy’ i i (ELA) (2022) Hyds lained Prod: o hydragen. 10. Baldwin, §., e al (2022) Assesting the Viskilicy of Hydrogen Propasals: Considerations for Staze
7. U.S. DOE Hydmgen Praduction: Natural Gas Reforming. Ukility Regulators and Policymakers.
8 IEA (2019) The Furure of Hydropen. 20. Dobbs, P eral (2014) Hydrogen and ful call tschnologies for heating a review, International Journal
8. Sun,P.etal. (2019) Criceria Air Pellutants and Greenhouse Gas Emissions from Hydrogen Production ofHydrogen Energy, Volume 40, Lisue 5, 2065-2083.
in U5 Steam Methane Reforming Pacilities. Eaviron. Sci. Technal. 2019, 53, 12, 7103-7113. 21. Osman, A, et al (2022) iF d impacts: a
0. TEA (2022) Electmlysers Technology deep dive. review. Environmental Chemistry Lecters, 20, 153-185.
1. Petersen, D., ex al (2020) Hydrogen Praduction Case From PEM Eleserolysis - 2019, 22. Beswick, R, etal. (2021) Doe the Green Hydrogen Ezonomy Have s Water Problem. CS Energy Lete
12. ULS. EIA (2023) Annual Energy Outlock 2023. 2021, 6, 9, 3167-3169.
13 U.5. DOE Hydmgen Delivery. 23 Energy Transitions Commissian (2021) Making the Hydrogen Economy Possible: Accelemting Clean
4. U.5. DOE Pachways to Commercial Liftoff: Clean Hydrogen. Hjsdrogen in an Electrified Economy.
5. Dalebmalk, A., etal (2013) Hydmgen storage: beyand conventional methods. Chem. Commun. 24. Resoucces for the Putuse (2022) Incentives for Clean Hydrogen Production in the [aflation Reduction
201349, 5735-8751 e

95. UUS. DOE 2021) National Alternative Fuels Corridar.
5 U5, DOE Regianal Clean Encrgy Hubs

Cite as: Center for Sustainable Systems, University of Michigan. 2023. “Hydrogen Factsheet” Pub. No. CSS23-07. September 2023
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Links

 Hydrogen Roadmap for State of Michigan Workshop Report

— report link
— Workshop participants p. 93 — 95.

DOE Clean Hydrogen Hubs

— jprogram announcement

 Hydrogen Grand Challenge

— First prize competition: Michigan Hydrogen Horizon

 Hydrogen Factsheet

— Center for Sustainable Systems Sustainability Factsheet Collection
— Hydrogen Factsheet
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https://css.umich.edu/sites/default/files/2022-10/CSS22-17_MI%20Hydrogen%20Roadmap%20Workshop%20Report.pdf
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Project 1: State of Michigan Hydrogen Demand Analysis
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Project 2: Role for Hydrogen in Sustainable Transportation
(ground, air, marine)

Eytan Adler Matt Collette Greg Keoleian Geoff Lewis Joaquim Martins Tim Wallington Max Woody
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Project 3: Role of Hydrogen in Decarbonizing the Industrial

Sector

Daniel R. Cooper and Yongxian Zhu
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Fig. 1. (a) U.S. industry GHG emissions in 2021 derived using data on electricity and combustion-related emissions from EIA (2022), process emissions from EPA
(2023), and the industry breakdown from Refs. [12-14] (S§1). *Other industries include machinery, computers and electronics, transportation equipment, wood
products, and mining. **Natural gas processing is often included as part of the refining and chemical industry [12] (b) U.S. industry hydrogen consumption in 2021

‘ M | HYD H U G E N (S2). *Glass production and metal processing; **Chemicals (polymers, other petrochemicals), float glass, rocket fuel, electronics (semiconductors), hydrogenation of
liquid fuels.



Project 4: Hydrogen Ecosystem Planning Scope

* Near term —> 2050

* SE Michigan —> Great Lakes Region —> beyond

 Hydrogen transportation —> industry, power generation sectors
* Technology, policy, economics, and environmental impact

Detroit-Windsor border is one of the DETROIT’S
busiest international border crossings in HYDROGEN
North America. Over 40,000 commuters, ot R AL
tourists and truck drivers carrying $323
million worth of goods across the Detroit-
Windsor border each day. This traffic is
even expected to grow when the new
Gordie Howe International Bridge is
completed in 2025, more than doubling our
border capacity.

MIRYDROGEN




Report and Journal Publications rojects 1-3)

Contents lists available at

Report No, C5524-33 A Renewable and Sustainable Energy Reviews

July 1, 2024
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State of Michigan Hydrogen

Demand Analysis: Hydrogen as a sustainable transportation fuel

Current (2022), Near-term (2030), and
Long-term (2050)

T.J. Wallington , M. Woody "@, G.M. Lewis "®, G.A. Keoleian , EJ. Adler“©,
J.R.R.A. Martins , M.D. Collette

Gregory A. Keoleian

Green hydrogen pathways, energy efficiencies,
and intensities for ground, air,
and marine transportation

Timothy J. Wallington,** Maxwell Woody,' Geoffrey M. Lewis,’ Gregory A. Keoleian, -
Eytan J. Adler,® Joaquim R.R.A. Martins,>*%* and Matthew D. Collette®**

Wallington, T. J., Woody, M., Lewis, G. M., Keoleian, G. A., Adler, E. J., Martins, J. R. R. A., & Collette, M. D. (2024).
Green hydrogen pathways, energy efficiencies, and intensities for ground, air, and marine transportation. Joule.
https://doi.org/10.1016/j.joule.2024.07.012

Zhuy, Y., G. A. Keoleian, D.R. Cooper, The role of hydrogen in decarbonizing U.S. industry: A review, Renewable and Sustainable Energy Reviews,
Volume 214, 2025. https://doi.org/10.1016/j.rser.2025.115392

Wallington, T. J., M. Woody, G. M. Lewis, G.A. Keoleian, E.J. Adler, J. R. R. A. Martins, M.D. Collette, Hydrogen as a sustainable transportation
fuel, Renewable and Sustainable Energy Reviews (2025) 217: 115725, https://doi.org/10.1016/j.rser.2025.115725
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