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Executive Summary

Climate Change & Hydrogen as a Decarbonization Strategy

Climate change will have significant consequences should global warming exceed a 1.5 °C
increase over pre-industrial levels. Limiting warming to 1.5°C requires significant greenhouse
gas (GHG) emission reductions, including reaching net zero emissions by 2050. Key actions to
achieve global net zero emissions by 2050 include decarbonizing GHG intensive sectors by
electrifying or deploying low-carbon alternatives in the place of fossil fuels.

Hydrogen can play a vital role in achieving decarbonization goals by reducing GHG emissions in
both the industrial and transportation sector, particularly where electrification is challenging to
implement. Hydrogen can be produced through various pathways, each with its own associated
GHG emissions; while electrolysis is generally considered to be the leading candidate for
decarbonization when powered from renewable energy or nuclear generation, natural gas
steam methane reforming (SMR) with carbon capture and storage (CCS) has the potential to be
another low-carbon alternative. Industrial pilots have shown the potential for hydrogen to be
used in high-temperature process heat applications and to displace incumbent fossil fuels (e.g.,
natural gas, coal, coke) in various end-uses including glassmaking, steelmaking, and cement
production. In the transportation sector, hydrogen-powered fuel cell electric vehicles (FCEVs)
have been demonstrated and deployed for new applications in medium- and heavy-duty
vehicles (MHDVs), with advantages including zero tank-to-wheel emissions and higher
powertrain efficiencies than diesel-powered internal combustion engine vehicles (ICEVs).

Hydrogen Deployment in Michigan

Significant federal support for hydrogen programs, including the $8 billion designated in
Bipartisan Infrastructure Law (BIL) has enabled the Department of Energy (DOE) to focus on
creating “hydrogen ecosystems" throughout the United States. These “hydrogen hubs" serve to
accelerate the use of hydrogen as a clean energy carrier, while diversifying end-users and the
pathways to produce hydrogen. Michigan’s interest in hydrogen deployment is indicated in the
“MI Healthy Climate Plan” and the state’s involvement in the Midwest Alliance for Clean
Hydrogen (MachH2), which was selected to receive $0.9 billion of “Regional Clean Hydrogen
Hub” (H2Hubs) funding from the DOE. Given its robust manufacturing economy and strategic
transportation corridors, Michigan also stands out as a pivotal arena for hydrogen deployment.

The University of Michigan's Center for Sustainable Systems (CSS) conducted a workshop to
identify hydrogen deployment opportunities within the state, resulting in the "Michigan Hydrogen
Workshop Roadmap Report" and the creation of the Ml Hydrogen Initiative (Ml Hydrogen). This
initiative brings together University of Michigan research expertise to create hydrogen solutions
that accelerate clean and just energy transitions. Ml Hydrogen developed four initial projects,
including a Michigan-specific hydrogen demand analysis as its priority.
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Analysis Objectives & Scope Determination

The present project targets Michigan's industrial and transportation sectors. Its core objectives
are to analyze current hydrogen demand, project future demand in 2030 and 2050, and quantify
the potential to reduce GHG and nitrogen oxide (NOx) emissions through hydrogen deployment.
The findings from the present study will contribute to the planning and execution of a regional
hydrogen ecosystem such as the MachH2 hub.

Based on prior work from the CSS as well as a literature review and informational interviews,
this analysis focused on eight uses including petroleum refining, chemicals, pulp and paper,
steelmaking, cement, glass, semiconductor manufacturing, and MHDVs. These end-uses were
selected due to current hydrogen usage, future hydrogen opportunities, and decarbonization
potential. The analysis excludes light-duty vehicles, non-road transportation (including forklifts,
rail, maritime, and aviation), power generation, and commercial and residential heating as other
decarbonization pathways such as electrification may be more efficient. Additionally, other
potential hydrogen end-uses were not included in the study. State-specific data was also difficult
to occur for some of these end-uses which led to their omission.

Demand Analysis Model (2022, 2030, 2050)

MHDVs were the focus of the transportation analysis, as they contributed 11.1 million metric
tons of carbon dioxide equivalent (CO2eq) in 2019, 21% of Michigan’s entire transportation
sector. The analysis specifically focused on seven MHDV classes that are difficult to electrify, so
that hydrogen could be explored as a potential decarbonization strategy. For the industry
analysis, the latest United States (U.S.) Environmental Protection Agency’s (EPA) Greenhouse
Gas Reporting Program (GHGRP) dataset was utilized to identify in-scope industrial facilities
and to provide emissions data for indirect fuel demand estimates. Using the GHGRP dataset, 25
Michigan facilities were selected for analysis, each with substantial fossil fuel use and GHG
emissions. The 25 analyzed facilities reported 7.75 million metric tons of CO»eq to GHGRP in
2022 including the combustion of fuels, process emissions, and merchant hydrogen production
emissions. In comparison, the “MI Healthy Climate Plan” reported 28.05 million metric tons of
CO2eq were emitted by Michigan’s “energy intensive” industries (oil, gas, and industry) in 2019.
As a result, the 25 facilities analyzed account for about 28% of state-wide industrial emissions
and their decarbonization would contribute substantially to state-wide efforts to reduce GHG
emissions.

To assess current hydrogen demand and forecast future demand, the study required facility-
level metrics such as annual hydrogen consumption or hydrogen intensity, incumbent fossil fuel
use, and production capacities. Data acquired directly from stakeholders included facility-
specific fuel mixes for the cement industry, hydrogen demand for Flint Mass Transit Authority’s
(Flint MTA) public transit operations, and statewide vehicle mileage for MHDVs. For sectors
where data was unavailable or proprietary, the demand model was informed through
decarbonization and hydrogen roadmaps, industry and transportation pilots, and federal
datasets and tools.
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The demand model indirectly estimated current (2022) hydrogen production and energy
demand from incumbent fossil fuels using facility carbon dioxide (CO-) emissions. For the
transportation sector, state MHDV miles traveled were utilized to estimate annual energy
demand. These estimates were converted to hydrogen demand and incumbent fossil fuel use
by utilizing the physical properties of the fuels and feedstocks and assuming process
parameters. To evaluate future demand, different deployment scenarios were designed for the
near-term (2030) and long-term (2050) to reflect feasible hydrogen applications for each sector,
in each year. These scenarios represent a range of hydrogen demand for 2030 and 2050,
reflecting different hydrogen applications for each sector, in each year. For 2030, two hydrogen
deployment scenarios were defined to encompass the continuation of current uses of hydrogen
as well as new uses in steelmaking and increased use in the transportation sector. For 2050,
four hydrogen deployment scenarios were outlined. As in 2030, one scenario reflects status-quo
hydrogen use in the petroleum refining, semiconductor, glass and transportation sector. The
“Low Use” scenario also accounts for 20% hydrogen blending for process heat, partial thermal
replacement in cement kilns, 4% MHDYV fleet penetration with FCEVs, and 30% coke
replacement in steelmaking. The “High Use” scenario maintains the same hydrogen blending
percentage for process heat but explores increased MHDV fleet penetration, increased thermal
replacement in cement kilns, and the addition of hydrogen-enhanced electric arc furnaces (EAF)
in steelmaking. A theoretical upper limit for hydrogen demand is modeled in the “Complete
Hydrogen Substitution” scenario, where hydrogen use is projected for 100% of industrial
process heat demands, complete MHDV fleet adoption, and remaining feedstock applications.
Since these future demand estimates utilize a 2022 baseline, they were scaled to reflect future
demand using projections of economic growth for industry and vehicle-miles traveled (VMT) for
transportation, for analysis years, 2030 and 2050.

GHG & NO, Emissions Analysis Model

The emissions analysis model assessed the GHG and NOy reduction potential associated with
displacing fossil fuels when used as both feedstocks and fuels with hydrogen. The production
and combustion emissions associated with current hydrogen use and incumbent fossil fuels
(coal, coke, natural gas, etc.) were compared to the emissions from hydrogen deployment
opportunities in 2030 and 2050. For each demand scenario in each target analysis year (2022,
2030, and 2050) different hydrogen production pathways were modeled including: natural gas
SMR with and without CCS, polymer electrolyte membrane (PEM) electrolysis with renewables,
solid oxide electrolyzer cell (SOEC) electrolysis with nuclear, and PEM electrolysis with the
ReliabilityFirst Corporation (RFC) grid mix. The emissions analysis also accounted for changes
in feedstock or fuel mix in industries such as steelmaking, glassmaking and cement production,
where emission sources may change because of hydrogen deployment. For the transportation
sector, the seven MHDV classes were modeled to compare the emissions of FCEVs with those
of incumbent, diesel-powered ICEVs. The emissions analysis model also presumes that
hydrogen is produced on-site for industrial sectors, thus excluding transport-related emissions.
While for the transportation sector, the emissions associated with the transport of both hydrogen
and diesel were included to compare total resulting emissions for both fuels.

XV



Hydrogen Demand Results (2022, 2030, 2050)
The results of the demand analysis are summarized in Table ES1 — Table ES3, with key
findings separated into current (2022), near-term (2030), and long-term (2050) time horizons.

Michigan’s current (2022) annual hydrogen demand was estimated to be 39,100 metric tons
with sources of demand comprising petroleum refining, semiconductor, glass, and
transportation. As seen in Table ES1, the two largest consumers of hydrogen are the petroleum
refining sector (93.4%) and the semiconductor sector (6.3%). Both sectors meet their hydrogen
demand by producing hydrogen on-site via a natural gas SMR facility. Guardian Glass, the only
in-scope glass facility, has minimal annual hydrogen demand (0.21%) and has their hydrogen
delivered via liquefied tanker truck and stored on-site. The transportation sector has the lowest
estimated hydrogen demand in 2022 as the only user is Flint MTA, which currently operates one
hydrogen fuel cell bus. Flint MTA produces hydrogen on-site through a PEM electrolyzer that is
powered by the grid electricity.

Near-term (2030) annual hydrogen demand was estimated to range from 40,100 metric tons
(“Incumbent Technology” scenario) to 63,400 metric tons (“Near-term Hydrogen Opportunities”
scenario). While the “Incumbent Technology” scenario assumes that no advancements are
made in the deployment of hydrogen, the near-term scenarios involve numerous new
deployment opportunities. Though it is important to note the variance in near-term estimates
among different sectors; estimates vary based on the cost of hydrogen, technology readiness,
and adoption. Like current (2022) demand, Table ES2 shows that petroleum refining accounts
for the majority of demand at 93% with the semiconductor sector following in second with 6.4%
of demand. The glass sector is projected to decrease in demand since the facility does not
expect to undergo major furnace modifications needed to generate new hydrogen demand.
Conversely, more significant growth is projected in the near-term scenarios for the steel and
transportation sectors. Steel generates demand from replacing 30% of the coke used in the
blast furnace with hydrogen, and transportation estimates the conversion of 1% of MHDVs to
hydrogen FCEVs, along with the addition of two new fuel cell buses to Flint MTA's fleet.

Long-term (2050) annual hydrogen demand was estimated through four different scenarios, as
characterized in Table ES3, ranging from 36,700 metric tons (“Incumbent Technology”
scenario) through 108,000 metric tons (“Low Use” scenario) to 206,000 metric tons (“High Use”
scenario); the fourth scenario then represents the theoretical upper limit of 1,100,000 metric
tons (“Complete Substitution” scenario). Numerous scenarios are included to account for the
increased uncertainty of the extended timeline, and it should be noted that the sector with the
highest relative demand differs based on the scenario. While refining remains the highest-
demand sector in both the “Incumbent Technology” (91%) and “Low Use” (32%) scenarios,
transportation becomes the highest-demand sector in the “High Use” (35%) scenario with 20%
penetration among all MHDV classes and remains the highest in the “Complete Substitution”
(33%) scenario as well. Also noteworthy is that the “Incumbent Technology” scenario has a
lower hydrogen demand in 2050 relative to 2030; this is because demand for petroleum refining
products is projected to decrease in 2050 relative to 2022, which therefore decreases the
estimated hydrogen demand.
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Total GHG & NOx Emission Reduction Results

Results from the GHG and NOy emissions analysis are highlighted in Table ES4. Like the
estimates of future hydrogen demand, the potential to reduce emissions from hydrogen
deployment ranges depending on the hydrogen production pathway. From the analysis, it is
apparent that the deployment of hydrogen has the potential to reduce emissions regardless of
production pathway. However, it is evident that low-carbon pathways (PEM electrolysis via
renewables, nuclear) result in the greatest emissions reductions across years and demand
scenarios. Other pathways have trade offs, as seen with introducing CCS to natural gas SMR,
resulting in greater GHG emissions reductions but lower NOy reductions due to the CCS
technology.

The 2030 “Near-Term Hydrogen Opportunities” scenario has a maximum GHG emission
reduction potential of 0.057 million metric tons in transportation and 1.9 million metric tons in
industry with hydrogen produced from PEM electrolysis with renewables when compared to
emissions from the “Incumbent Technology” scenario. For NOx emissions, PEM electrolysis via
renewables leads to reductions of 0.067 thousand metric tons in transportation and 0.89
thousand metric tons in industry. In 2050, GHG and NO, emission reduction potentials vary
considerably across scenarios and production pathways. In the transportation sector, GHG
emissions range from an increase by 0.037 million metric tons in the “Low Hydrogen Use”
scenario with the PEM electrolysis via RFC grid mix to a reduction of emissions by 1.3 million
metric tons in the “High Hydrogen Use” scenario with hydrogen produced through PEM
electrolysis with renewables. For industry, GHG emissions span a reduction of 0.57 million
metric tons in the “Low Hydrogen Use” scenario with PEM electrolysis via RFC grid mix to a
reduction in emissions by 3.0 million metric tons with PEM electrolysis with renewables. NOy
emissions reductions also range considerably between scenarios and production technologies
for transportation and industry. In transportation, reductions range from 0.15 to 1.7 thousand
metric tons. In industry, NOx emissions range from a net increase in emissions of 0.21 thousand
metric tons to a reduction by 1.6 thousand metric tons, depending on the scenario and hydrogen
production route.

The “Complete Hydrogen Substitution” scenario with PEM electrolysis via renewables leads to
the greatest GHG and NOx emission reductions in both transportation and industry. In
transportation, hydrogen produced by PEM electrolysis via renewables leads to a GHG
emission reduction of 6.3 million metric tons and a NO, emission reduction of 8.5 thousand
metric tons. In industry, a GHG emission reduction of 14 million metric tons and a NOx emission
reduction of 5.4 thousand metric tons are achieved with this hydrogen production pathway.
However, hydrogen produced with PEM electrolysis via the RFC grid mix leads to a net increase
of GHG emissions of 0.93 million metric tons and 1.0 million metric tons in transportation and
industry, respectively. Additionally, this hydrogen production pathway increases NOx emissions
by 4.6 thousand metric tons in industry. While this analysis finds that hydrogen deployment has
the potential to reduce GHG and NOy emissions, it is important to note that there is still ongoing
research regarding other climatic impacts from increasing hydrogen use such as atmospheric
methane and hydrogen leaks.
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Hydrogen has the potential to contribute to the decarbonization of Michigan’s industrial and
transportation sectors particularly where electrification is problematic though low-carbon
production pathways and new hydrogen deployment in fuel and feedstock end-uses. Current
demand for hydrogen, currently dominated by petroleum refining, may increase by as much as
62% by 2030 due to expanding uses of hydrogen in FCEVs and steel manufacturing. The
increase in hydrogen demand by 2050 from current uses is significant due to possible
applications in all eight end-uses analyzed. This significant increase in demand, ranging from
130-2,700% depending on the deployment scenario, is highly uncertain, depending on dramatic
reductions in the cost of low-carbon hydrogen production, the development of hydrogen
infrastructure, and investment to drive scaling of hydrogen production and end-use
technologies. These demand estimates through 2050 aim to inform the planning of a hydrogen
ecosystem in Michigan and the Midwest region considering future additional considerations like
facility siting and safety and how hydrogen deployment can best contribute to a just and
equitable energy transition.
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Table ES1

. Current (2022) Hydrogen Demand

Annual Demand i
Sector (metric tons) Characterization of Hydrogen Demand
. e Feedstock in processes such as hydrocracking and isomerization
Petroleum Reflnlng 36,500 e  Produced on-site via natural gas SMR by a merchant hydrogen producer, Air Products
. e Feedstock in the Siemens process to produce high purity polysilicon
Semiconductor 2,470 e Produced on-site via natural gas SMR by a merchant producer, Linde
Glass 83 e Feedstock in the float process to prevent oxidation of molten tin bath
e Vaporized hydrogen delivered to on-site storage via tanker truck
Steel
Chemicals
= e No current demand (feedstock or fuel) was identified in Michigan for these sectors
Pulp & Paper
Cement
e  Flint MTA currently operates one fuel-cell transit bus as part of its public transit fleet
e Produced and stored on-site using PEM electrolysis with grid electricity
Transportation 13 o  On-site renewable electricity generation not viable
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Table ES2. Near-term (2030) Potential Hydrogen Demand

Annual
Sector Scenario Demand Characterization of Hydrogen Demand
(metric tons)
Incumbent Feedstock demand expected to continue but scale may be impacted incrementally with approval of
_ Marathon’s current air permit request
a
Petroleum Refining 37,400 Fuel demand is unlikely as refinery byproducts are used for process heat
Near-term
Incumbent Feedstock demand expected to continue and potentially increase; Hemlock Semiconductor to
. expand due to CHIPS & Science Act
Semiconductor 2,580 @ Fuel demand unlikely due to natural gas blending obstacles and hydrogen cost
Near-term
Incumbent Feedstock demand expected to continue as it is essential for the float glass process
Fuel demand unlikely due to large renovation requirements and lengthy replacement schedule of
Glass 752 existing furnace (15 - 20 years)
Near-term
Incumbent - No incumbent demand identified
D 30% coke replacement in the blast furnace at Cleveland Cliffs integrated mill; High technology
Near-term 19,700 readiness level (TRL) of 7 and ongoing pilots
Replacement heat in the BOF due to a reduction in blast furnace gas (BFG) from coke replacement
Incumbent . . . L
Chemicals ) No incumbent demand due to lack of ammonia or methanol plants in Michigan
Fuel demand unlikely due to natural gas blending obstacles and hydrogen cost
Near-term
Incumbent
Pulo & P No incumbent demand identified
ulp aper B Fuel demand unlikely due to natural gas blending obstacles and hydrogen cost
Near-term
Cement Incumbent - No incumbent demand identified
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Near-t e Fuel demand unlikely due to incumbent and alternative fuels like tire-derived fuels and plastics
ear-term being more cost-effective
e Flint MTA demand to increase due to two fuel cell buses being added to the fleet; Funding from the
Incumbent 38 BIL
Transportation
e 1% penetration among all MHDV classes (including Flint MTA incumbent demand); Higher
Near-term 3,620 adoption limited due to TRL, refueling infrastructure, cost of hydrogen

@ Hydrogen demand assumed to be the same for the “Incumbent” and “Near-term Hydrogen (Hz) Opportunities” scenario. It is expected that incumbent feedstock demand will remain in
2030, but no new demand will emerge, as no new hydrogen opportunities were identified for these sectors
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Table ES3. Long-term (2050) Potential Hydrogen Demand

Annual Demand

Sector Scenario . Characterization of Hydrogen Demand
(metric tons)
e Uncertainty about feedstock demand
o Different growth projections depending on historic operations vs. net-zero targets
Incumbent 33,500 e Challenging economic justification for refineries to switch to low-carbon hydrogen production
o Retrofits or expansion into renewable diesel may encourage low-carbon hydrogen use
Petroleum Refining Low Use e Feedstock + fuel demand due to 20% blending with natural gas for process heat
34,100 o Utility blending may be constrained by natural gas distribution infrastructure
High Use o If done on-site or use-specific, higher blending percentages may be possible
o _—
Complete 42,200 e Feedstock + fuel demand from 100% substitution of natural gas process heat

o  Limited fuel demand due to continued use of byproducts for process heat

e Feedstock demand expected to continue

e Uncertainty about growth, U.S. Energy Information Administration (EIA) growth rate (“Other

Incumbent 3,150 Nonmetallic Mineral Products”) may not accurately reflect the industry

o  May be higher as Hemlock Semiconductor LLC (HSC) continues to expand and Michigan
semiconductor industry grows

Semiconductor LT e Feedstock + fuel demand due to 20% blending with natural gas for process heat

4,010 ® o  Utility blending may be constrained by natural gas distribution infrastructure

High Use o If done on-site or use-specific, higher blending percentages may be possible

Complets 15,000 e Feedstock + fuel demand from 100% substitution of natural gas process heat

| bent 80 e Feedstock demand continues as hydrogen is critical for the float glass process

neumoen ) o  Slight reduction from current demand due to projected reduction in growth (EIA)

Glass
Low Use 1250 b e Feedstock + fuel demand due to 20% blending with natural gas for process heat

o Utility blending may be constrained by natural gas distribution infrastructure
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o If done on-site or use-specific, higher blending percentages may be possible

High Use
Complete 14,800 Feedstock + fuel demand from 100% oxy-hydrogen firing in furnace, annealing lehr
No incumbent demand identified
Incumbent =
30% coke replacement in the blast furnace at Cleveland Cliffs integrated mill
Low Use 19,100 Makeup heat in BOF due a reduction in BFG from coke displacement
20% blending for other natural gas process heat for integrated and mini mills
Steel High Use 20,300 Same assumptions as “Low Use” + hydrogen-enhanced EAF at mini mill
100% hydrogen shaft furnace and hydrogen-enhanced EAF at integrated mill
Complete 250,000 Hydrogen-enhanced EAF at mini mill
100% substitution of remaining natural gas process heat at integrated and mini mills
Incumbent _ No incumbent demand identified
Fuel demand due to 20% blending with natural gas for process heat
Low Use o Utility blending may be constrained by natural gas distribution infrastructure
o If done on-site or use-specific, higher blending percentages may be possible
Chemicals 8,210 ° Other potential sources of future demand include decentralized ammonia production (AmmPower),
but this was not modeled
High Use
Fuel demand from 100% substitution of natural gas process heat
Complete 113,000 o Highly unlikely as most process heat is low or medium temperature
o  Stakeholders described electrification as primary decarbonization strategy
Incumbent _ No incumbent demand identified
Pulp & Paper 0 . .
Low Use 10.100 ® Fuel demand due to 20% blending with natural gas for process heat
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o

Utility blending may be constrained by natural gas distribution infrastructure

High Use o If done on-site or use-specific, higher blending percentages may be possible
e Fuel demand from 100% substitution of natural gas process heat
o Highly unlikely as most process heat is low or medium temperature and the leading
Complete 138,000 decarbonization strategy is electrification
o Stakeholders demonstrated an interest in hydrogen process heat
Incumbent _ e No incumbent demand identified
e 9% of the cement kiln’s thermal energy
Low Use 16,600 o Highly dependent on the cost of H, and effect on cement quality
Cement
. e A contact-specified (confidential) percentage of the cement kiln’s thermal energy demand
High Use 55,500 o  Highly dependent on the cost of Hz and effect on cement quality
Complete 160,000 e 100% of the cement kiln’s thermal energy
I bent 38 e Flint MTA demand is the same as 2030
heumboen o Currently no plans in place to increase the hydrogen fuel cell transit bus fleet
Low Use 14500 e 4% penetration among all MHDV classes (including Flint MTA incumbent demand)
Transportation e  20% penetration among all MHDV classes (including Flint MTA incumbent demand)
High Use 72,700 o  Higher adoption may be limited due to refueling infrastructure, cost of Hy, electrification of
some medium-duty vehicle (MDV) classes
Complete 364.000 e 100% penetration among all MHDV classes (including Flint MTA incumbent demand)

b Hydrogen demand is the same for the “Low Use” and the “High Use” scenario for these sectors because natural gas blending was the only hydrogen deployment opportunity selected
and it was assumed to be 20% by volume for both scenarios.

XXV




Table ES4. Total GHG & NOx Emission Reductions

Timeframe

Scenario

Characterization of GHG & NOx Emission Reduction

Near-term
(2030)

Incumbent

Upstream emissions associated with hydrogen production for industrial uses (natural gas SMR) and transportation
applications (electrolysis via the RFC grid mix)

Emissions (upstream & combustion) for incumbent fossil fuels that could be displaced with hydrogen (coal, natural gas,
coke, diesel)

Near-term H>
Opportunities

All hydrogen production pathways result in reductions when compared to incumbent
o PEM electrolysis with renewables achieves the highest reduction (GHG: 0.057 million metric tons (-1.0%) in
transportation and 1.9 million metric tons (-14%) in industry; NOx: 0.067 thousand metric tons (-0.99%) in
transportation and 0.89 thousand metric tons (-9.8%) in industry)
m  Similar results with SOEC electrolysis with nuclear technology
o  While natural gas SMR with CCS results in a greater GHG reduction, SMR without CCS performs better with
regards to NOx
Overall, reduction potential is modest due to limited hydrogen deployment opportunities

Long-term
(2050)

Incumbent

Upstream emissions associated with hydrogen production for industrial uses (natural gas SMR) and transportation
applications (electrolysis via the RFC grid mix)

Emissions (upstream & combustion) for incumbent fossil fuels that could be displaced with hydrogen (coal, natural gas,
coke, diesel)

Low Use

High Use

Minimum reductions of 0.098 million metric tons (-1.6%) in GHGs and 0.21 (-2.4%) thousand metric tons in NOyin
transportation; In industry, all hydrogen-producing pathways lead to reductions of GHG of at least 0.29 million metric
tons (-2.1%) though only some pathways lead to NOy reductions of at most 1.6 thousand metric tons (-15%)
o PEM electrolysis via renewables results in the greatest reduction potential, while PEM electrolysis via the RFC
grid has the potential to increase emissions depending on the scenario
m  Similar results to PEM electrolysis via renewable for SOEC electrolysis via nuclear generation
o  Similar emissions findings regarding natural gas SMR with and without CCS as 2030

Complete
Substitution

PEM electrolysis via renewables results in near complete reduction of GHG emissions 6.3 million metric tons (-100%) in
transportation and 14 million metric tons (-100%) in industry)
If PEM electrolysis via the RFC grid was utilized this would result in an increase in GHG emissions for both industry and
transportation and in NO, emissions for industry (GHG: 0.93 million metric tons (+9.7%) in transportation and 1.0 million
metric tons (+7.6%) in industry; NOy: 4.6 thousand metric tons (+41%) in industry)

o Can be attributed to the emissions intensity of the RFC grid and the scale of demand

o  Still leads to reduction in NOy emissions in transportation (-44%)
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1. Air Products 10. Fibrek 19. Ox Paperboard WP Mill
2. BASF Corporation 11. Gerdau Macsteel Monroe 20. Packaging Corp of America
3. Verso Escanaba 12. Guardian Glass 21. Pfizer
4. Verso Quinnesec 13. Graphic Packaging International 22. POET Biorefining
5.  Carbon Green Bioenergy 14. Holcim Alpena 23. St Marys Cement
6. Cleveland-Cliffs Steel Corporation 15. Linde 24. The Andersons Marathon Holdings
Dearborn Heights 16. Marysville Ethanol 25. UP Paper
7. Corteva Agriscience Harbor Beach  17. Neenah Paper Michigan 26. Westrock California
8.  Detroit Refinery 18. Occidental Chemical Corporation ~ 27. Hemlock Semiconductor
9. Dow Midland

Figure ES1. Map of industrial facilities included in the analysis alongside major highways for
spatial reference in the state of Michigan. Emissions and fuel use from hydrogen production
facilities Air Products (1) and Linde (15) were included with the industrial facilities that receive
their hydrogen output, specifically the Detroit Refinery (8) and Hemlock Semiconductor (27).
Parent company information for industrial facilities can be found in Appendix C, Table C1.
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1. Introduction

1.1 Climate Change & Decarbonization

If unaddressed, climate change will have significant consequences for both humanity and the
Earth’s diverse ecosystems.” Not only are the damages from exceeding 1.5 °C in global
warming over pre-industrial levels well-documented, but they are already being felt by many
communities.? According to the Intergovernmental Panel on Climate Change (IPCC), limiting
warming to 1.5°C requires that greenhouse gas (GHG) emissions decrease by 45% by 2030 as
compared to 2010 and reach net zero by 2050.% Net zero roadmaps, such as those published
by the International Energy Agency (IEA), identify key actions for the international community to
achieve net zero by 2050. These actions include decreasing the demand for fossil fuels by
electrifying or deploying low-carbon alternatives in end-uses that would otherwise continue to
use fossil fuels. For instance, the IEA’s Net Zero Emissions by 2050 (NZE) scenario projects an
over 25% decline in fossil fuel demand by 2030 because of scaling clean energy.*

As of 2021, the United States (U.S.) industrial and transportation sectors combined accounted
for 52% of annual GHG emissions, making decarbonization of these sectors essential to meet
GHG reduction goals.® Decarbonization strategies for industry and transportation, notably
electrification and the adoption of low-carbon fuels, have seen significant technological
advancement and end-use implementation.®” However, hard-to-abate industries like steel,
cement, and petrochemicals have proven to be more difficult to decarbonize due to factors like
process heterogeneity, high process temperature requirements, and dependency on fossil fuel
feedstocks.®'° In the transportation sector, freight options like medium- and heavy-duty trucking
are challenging to decarbonize through electrification largely due to the current energy density
constraints of commercial battery technology, which create logistical obstacles regarding
payload, range, and recharge time.""'2

1.2 Hydrogen as a Decarbonization Strategy

Existing literature suggests that hydrogen deployment will be an important strategy for the
decarbonization of the industrial and transportation sectors.**'%'3 |n industrial settings,
hydrogen can be used as a fuel to achieve high-temperature process heat, as a feedstock to
displace incumbent fossil fuels, and to reduce emissions as its combustion does not result in
GHG emissions.® For transportation, hydrogen can be deployed in fuel-cell electric vehicles
(FCEVs), which have zero tank-to-wheel (TTW) emissions and higher total drivetrain efficiencies
than diesel internal combustion engine vehicles (ICEVs)."* While hydrogen is a compelling
decarbonization strategy, there are concerns that greater hydrogen deployment may lead to an
increase in nitrogen oxide (NOx) emissions and atmospheric methane.'®'® It has also been
recently reported that the indirect radiative forcing associated with hydrogen leakage may
reduce the climate benefits of hydrogen use considerably."

1.2.1 Industry & Transportation Pilots

Hydrogen technologies are in various stages of commercial development with recent industrial
pilots including partial or complete substitution of natural gas in glassmaking,'® direct kiln
injection and net-zero firing in cement production,'®?° and hydrogen-driven production of direct
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reduced iron (H2-DRI) and fossil fuel heat displacement in steelmaking.?'** Various studies
have explored the impact of hydrogen blending on natural gas distribution networks that
primarily serve residential and commercial end-users, with hydrogen blends ranging from 2% to
30%.% There have also been demonstrations in the transportation sector, with Hyundai
deploying 50 heavy-duty FCEVs in Switzerland in 2020. Hyundai intends to continue expanding
their FCEV business, with plans to sell vehicles in the United States and broaden manufacturing
efforts to include other medium- and heavy-duty vehicle (MHDV) classes.'*?® Some U.S. firms
have already deployed FCEVs, such as SunLine Transit Agency which, as of 2023, operates 26
hydrogen fuel cell buses in California.?’

1.2.2 Production Pathways

Though there are many different pathways to produce hydrogen, not all of them are considered
low-carbon. According to the Department of Energy (DOE), low-carbon hydrogen is hydrogen
that does not result in more than 4.0 kg carbon dioxide equivalent (CO2eq)/kg H2.2 The
predominant pathway, natural gas steam methane reforming (SMR), has an average GHG
emissions intensity of 9.0 kg COzeq/kg H2.%° During SMR, methane in natural gas reacts with
high-temperature steam in the presence of a catalyst to yield hydrogen, carbon monoxide, and
carbon dioxide.* Recent efforts to decarbonize hydrogen production have led to a growing
interest in implementing carbon capture and storage (CCS) within SMR facilities. This
technology adoption has been demonstrated by a variety of pilot projects including Air Products’
Port Arthur Project (U.S.), Shell’'s Quest Project (Canada), and Air Liquide’s Port Jerome Project
(France).*' The GHG intensity for hydrogen produced via SMR with CCS ranges from 1.5-6.2 kg
CO-2eq/kg Hz, depending on the global upstream and midstream emissions for the natural gas
supply. 2° However, CCS technologies involve concerns including the potential of carbon lock-in
and risks associated with leaks from underground storage or pipelines.3?33

Another production pathway of increasing interest is electrolysis, in which electricity is used to
split water molecules into gaseous hydrogen and oxygen in a unit called an electrolyzer.3* This
analysis primarily considered polymer electrolyte membrane (PEM) electrolyzers and high-
temperature steam electrolyzers (HTSE) as these are the most mature technologies.*

Other designs such as alkaline electrolyzers were excluded as they are considered nascent
technology.®® The GHG intensity of electrolysis is highly dependent on the source of electricity.
If the electricity is from renewable sources such as solar, wind, or other low-carbon sources
(e.g., nuclear), electrolysis can be a source of low-carbon hydrogen. Grid electricity also has the
potential to yield low-carbon hydrogen but is contingent upon the generation mix. The intensity
of grid electrolysis has been found to be between 0.5-24 kg CO.eq/kgH-, with the lower end of
the range reflecting countries like Sweden, which has the lowest intensity for electricity
production in the world. The upper end of this range assumes that the electricity used to
produce hydrogen has a carbon dioxide (CO-) intensity that reflects the current average of
global electricity production (460 kg CO2eq/kWh).?°

The nuclear power industry has explored integrating HTSEs—specifically, solid oxide
electrolyzer cells (SOEC) with light-water reactors (LWR)—as these reactors produce an
abundance of steam. HTSEs use steam that would otherwise be sent to a turbine to generate
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power, and thus the GHG intensity of this pathway is like that of nuclear power generation.
While nuclear power generation does not emit CO; directly, it does result in a GHG intensity
between 0.1-0.3 kg CO2eq/kg H> when accounting for upstream emissions from uranium mining,
conversion, enrichment, and fuel fabrication.?®3® While the reported GHG intensities capture the
upstream emissions of producing hydrogen, hydrogen emits no GHGs at the point of
combustion. However, it is important to acknowledge that NOx emissions are possible when
combusting hydrogen in industrial settings, and other air pollutant emissions such as particulate
matter (PM1o, PM2 ) are also important to consider.'

Hydrogen production is also often characterized by the location and owner of the production
facility. For instance, on-site production and consumption that is owned by the end-user is
considered captive hydrogen. In contrast, production facilities that deliver to industrial gas users
by pipeline or truck are considered merchant hydrogen producers. Historically, captive hydrogen
production has dominated the U.S. market, making up as much as 60% of the total market.*’
By-product hydrogen is another form of production and is where hydrogen is recovered from by-
product streams and can be consumed internally (captive) or sold externally (merchant). It is
most common at petroleum refineries and chemical plants due to the chemical processes
associated with these facilities.®

1.3 Hydrogen Deployment in Michigan

1.3.1 Federal & State Support for Hydrogen

In recent years, there has been significant federal and state support for the production and
deployment of low-carbon hydrogen. The Bipartisan Infrastructure Law (BIL) allocated $9.5
billion to “clean hydrogen” efforts, of which $8 billion was earmarked for the establishment of “at
least 4 hydrogen hubs.” As a result of this funding, the U.S. Department of Energy (DOE)
issued a Funding Opportunity Announcement (FOA) entitled “Regional Clean Hydrogen Hubs”
(H2Hubs) with the overall goal of creating “hydrogen ecosystems" where hydrogen producers,
consumers, and local connective infrastructure accelerate the use of hydrogen as a clean
energy carrier.*° DOE established selection criteria to demonstrate different production
pathways, to diversify end-users, and to be distributed throughout the United States.

Similar to the BIL, the Inflation Reduction Act (IRA) also contained provisions regarding clean
hydrogen, including the creation of the “Clean Hydrogen Production Tax Credit" (PTC).*' The
10-year incentive prompted the Department of Treasury to revise the Internal Revenue Code,
specifically Section 45V, to include provisions about what qualifies as “clean hydrogen.”
Treasury’s proposed rule states that hydrogen with a lifecycle GHG emission rate of less than
0.45 kg CO2eq/kg H2 will be eligible to receive the maximum $3/kg credit. However, the rule also
asserts that other more GHG-intensive production pathways will be able to receive a specific
percentage of the full credit based on their GHG emission intensity.*? The IRA also extended the
30% investment tax credit (ITC) under Section 48 of the Internal Revenue Code, which clean
hydrogen projects can opt to claim instead of the PTC. Since the IRA’s subsidies are directed
towards production, they pair well with the DOE’s “Hydrogen Shot Initiative,” an effort launched
in 2021 to decrease the cost of clean hydrogen by 80%. It is known as the “1 1 1” program,
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which aims to foster research and development to achieve clean hydrogen at $1/kg within a
decade.”

1.3.2 Michigan as a Climate Leader

Michigan possesses robust industrial infrastructure with the 5th largest advanced manufacturing
workforce in the county and the state being home to nearly 19% of all U.S. auto
manufacturing.** The state also has strategic transportation corridors with one of the busiest
border crossings in North America, carrying 25% of all goods commercially traded between the
U.S. and Canada.*® Michigan’s state government recognizes these strengths and hopes to
position the state as a leader in the just energy transition. This is demonstrated by the creation
of the “MI Healthy Climate Plan,” which serves as a roadmap for Michigan’s clean energy future
as well as the recent enactment of a suite of clean energy and climate action bills.*®

Michigan’s “MI Healthy Climate Plan” proposes clean hydrogen as an alternative to natural gas
heating in commercial and residential buildings. It also advocates for industrial facilities to adopt
low-carbon fuels, such as hydrogen, as part of their decarbonization plans.** The state of
Michigan is also a member of the Midwest Alliance for Clean Hydrogen (MachH2) hub, which
was selected to receive $900 million in funding from DOE’s H2Hubs program.*’” These policies
are attracting industry to Michigan, with Nel Hydrogen recently announcing plans for a
Gigafactory in Plymouth, MI, comprising 4 GW of Alkaline and PEM electrolyzers and a capital
investment of $400 million.*® In addition, Plastic Omnium intends to build North America’s
largest hydrogen storage plant in Grand Blanc Township, MI, to supply high-pressure storage
systems to American automakers.*®

1.3.3 Michigan Hydrogen Roadmap Workshop & Report

In response to both the “H2Hubs” FOA and the “MI Healthy Climate Plan,” the Center for
Sustainable Systems (CSS) at the University of Michigan, with support from the Michigan
Economic Development Corporation (MEDC) and the University of Michigan Office of Research
(UMOR), hosted a workshop to identify “near- and long-term hydrogen deployment opportunities
and key enabling factors.” The findings from the workshop were synthesized by CSS in a 2022
publication titled “Michigan Hydrogen Roadmap Report.”*® The report recommended that a
hydrogen demand analysis be conducted to understand near- and long-term hydrogen
deployment opportunities within Michigan and contributed to the creation of the Ml Hydrogen
Initiative.

The MI Hydrogen Initiative, launched in December 2022, is a collaborative effort sponsored by
the Office of the Vice President for Research, the School for Environment and Sustainability,
and the College of Engineering at the University of Michigan. This initiative aims to develop a
knowledge base on low-carbon hydrogen supply and demand, thereby informing how low-
carbon hydrogen can accelerate a just and clean energy transition in the Great Lakes region
and beyond. To achieve this goal, Ml Hydrogen engages faculty across disciplines and partners
across industry, government, academia, and community groups. The initiative also supports
interdisciplinary research projects that focus on hydrogen deployment opportunities and their
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role in industrial and transportation sectors. This demand analysis study was one of four priority
research projects when M| Hydrogen was initially established.

1.3.4 Project Objectives

This project aims to assess current hydrogen demand, to estimate future demand, and to
quantify the greenhouse gas reduction potential associated with the displacement of fossil fuels
by hydrogen within Michigan. Additionally, NO, emissions associated with switching to hydrogen
end-uses are examined considering concerns of increased NOx emissions from hydrogen
combustion. To assess hydrogen’s potential in the future, this analysis incorporated two
different timescales: the near-term (2030) and the long-term (2050).

The principal objectives of the project included the following:
1. Determine current hydrogen demand in Michigan’s industrial and transportation sectors.
2. Estimate future hydrogen demand in 2030 and 2050 for these sectors by modeling
different hydrogen deployment scenarios.
3. Quantify the GHG and NOx reduction potential associated with switching incumbent
processes to low-carbon hydrogen.

To accomplish these objectives, this project developed methods to conduct a regional hydrogen
demand analysis. This is a vital contribution as other studies have estimated hydrogen demand
in industrial and transportation applications on international and national scales, but research on
regional demand has been limited.®'° Additionally, as federal funds are distributed to support
the development of hydrogen infrastructure, identifying clusters of hydrogen demand and
production will be critical for planning a regional ecosystem. This demand analysis will therefore
inform the planning of the MachH2 hub and the scaling of low-carbon hydrogen production and
use in the state of Michigan.*’
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2. Methods

2.1 Data Collection & Stakeholder Outreach

The “Michigan Hydrogen Roadmap Workshop Report” examined fourteen possible hydrogen
end-uses in the Midwest region as of 2022: light-duty vehicles, MHDVs, ships, rail, airplanes,
refineries and chemical plants, ammonia, process heat, steelmaking, cement production, glass
manufacturing, semiconductor manufacturing, buildings, and power generation.*® A literature
review was conducted to further characterize the hydrogen end-uses applicable to Michigan’s
industrial and transportation sectors and the potential contribution of these end-uses to sector
decarbonization. This literature review included academic peer-reviewed journal articles,
national roadmaps and reports, industry white papers, non-governmental organization reports,
and DOE technical reports.

Various data needs were identified to estimate current hydrogen demand, future hydrogen
demand, and emissions reduction potential associated with switching incumbent fuels and
feedstocks to hydrogen. To estimate current demand, mass of hydrogen used per year,
hydrogen intensity (i.e., mass of hydrogen per mass of product or fuel economy), production
volume, production capacity, and total vehicle-miles traveled were identified as pertinent
parameters. Future hydrogen demand required data on projections for hydrogen use in the state
including emerging technologies in industry and transportation and their anticipated
technological readiness for the analysis years (2030 and 2050), anticipated hydrogen intensity,
substitution ratios for the replacement of fossil fuels with hydrogen, and forecasted growth in
industry (output) or transportation (vehicle-miles traveled). For the estimation of carbon
reduction through hydrogen implementation, data types identified as necessary were current
emissions, emissions intensity of hydrogen production, and projected future emissions.

Following the initial literature review, relevant industrial and transportation stakeholders were
identified and interviewed. During these meetings, stakeholders were queried about the
selected data types (Appendix A, Item 1). Where data was proprietary, hydrogen and
decarbonization roadmaps, such as the U.S. National Clean Hydrogen Strategy and Roadmap,
were utilized to identify forecasted hydrogen use in the target analysis years. Publicly available
data on industry pilots and research (not necessarily specific to Michigan) were sourced for
information about substitution ratios and hydrogen-specific technologies. Federal datasets and
tools were used to source emissions factors, facility-level combustion emissions from fossil
fuels, high and low heating values of fuels, and MHDV payload values (used to calculate fuel
economies). Finally, additional publicly accessible data sources filled any remaining data gaps,
such as facility-level fuel mix and production capacity. Due to the proprietary nature of
necessary data, various sources were required to produce parameters for the estimation of
current hydrogen demand, future hydrogen demand, and accompanying carbon reduction
potential. Figure 1 summarizes data needs for analysis and data hierarchy for sources.
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Figure 1. Data categories utilized and the hierarchy of data sources in the present study’s
demand and emissions reduction models.

2.2 Scope Determination

Based on literature review and stakeholder engagement, the scope for this analysis was created
to include eight hydrogen end-uses within the Michigan state boundary: petroleum refining,
chemicals (including ethanol), pulp and paper, steelmaking, cement production, glass
manufacturing, semiconductor manufacturing, and MHDVs.

Petroleum refining, glass, and semiconductor sectors currently use hydrogen as a feedstock
and were therefore included in this analysis.®'** Steel and cement industries were selected
because they require high process temperatures for their respective manufacturing
processes.>**® The chemicals industry was initially included due to high process heat demand
and hydrogen feedstock applications in ammonia and methanol production.®® Though there are
no ammonia or methanol plants in Michigan, it was determined that process heat is still a
potential end-use for hydrogen within the state. While electrification is the primary strategy to
decarbonize to low- and medium-temperature process heat, sectors with these temperature
requirements were included in this analysis as hydrogen deployment opportunities due to
stakeholder interest and supportive literature.®*®*" Pulp and paper and ethanol facilities both
utilize low- and medium-temperature process heat and thus were considered in-scope despite
not being included in the “Michigan Hydrogen Roadmap Workshop Report.”

Transportation scope was limited to road transportation due to its major contribution to national
emissions; in the United States, road transit accounts for 70% of total transportation
emissions.*® In addition, light-duty vehicles (LDVs) and MHDVs collectively represent around
75% of all primary energy consumption within the transportation sector.*®*® MHDVs in particular
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contribute to 23% of total transportation emissions despite comprising just 4% of the vehicles on
the road in the United States.®®®' In comparison, non-road transportation end-uses such as
forklifts require less energy and are less carbon intensive.*® Though hydrogen is currently used
as a fuel for forklifts, forklift demand was not modeled in this study as it is expected to be
relatively low compared to road transport demand in Michigan.®?® Additionally, though
hydrogen use in rail, ferries (maritime), and aviation were discussed in the “Michigan Hydrogen
Roadmap Workshop Report,” these end-uses were not analyzed in this work as scope was
limited to road transportation within the Michigan state boundary. It is likely that electrification is
the key decarbonization strategy for LDVs.?*®® Light duty battery electric vehicles have greater
maturity, more market offerings, and a higher energy efficiency (defined as the ratio of energy to
the wheels to electrical energy input) relative to hydrogen fuel cell vehicles (65% versus
22%).5064%5 Therefore, LDVs were excluded from this analysis.

Of the remaining end-uses discussed in the “Michigan Hydrogen Roadmap Workshop Report,”
power generation and heating for buildings were both omitted from scope. Power generation
was omitted due to hydrogen’s low round-trip efficiencies for electricity generation and
storage.®® However, the potential to use hydrogen in power generation for electricity may
increase provided that hydrogen costs decrease and round-trip production efficiencies
improve.®” Heating in residential and commercial buildings was eliminated from scope due to
the advantages of electrification in these applications.*® Other energy-intensive industries such
as lime, aluminum, and food manufacturing were not modeled in this work, though hydrogen is
of interest in these sectors.®®""

Future hydrogen demand in the state was informed by forecasts of hydrogen demand from
stakeholder interviews, national roadmap reports, and academic literature. Though this analysis
did not conduct a detailed economic analysis in projecting future hydrogen demand, this factor
was highlighted in responses from industry stakeholders and embedded in roadmaps and other
forecasts.

2.2.1 Industry Scope

Industrial facilities with high fuel use and GHG emissions were the target of this analysis to
maximize the decarbonization potential of hydrogen. Due to the lack of publicly available fuel
use data, carbon emissions from the combustion of fuels were used to identify facilities for
inclusion.

Industrial facilities in sectors of interest that report to the U.S. Environmental Protection
Agency’s (EPA) Greenhouse Gas Reporting Program (GHGRP), which includes facilities
emitting at least 25,000 metric tons of carbon dioxide equivalence annually, were included in
this analysis.”” The most recent reporting year (2022) was selected for this analysis and is used
as a proxy for current emissions (Appendix B, Table B1). This screening resulted in 25
facilities (Table 1). A map of the analyzed industrial facilities can be found in Appendix C.
While GHGRP differentiates between ethanol and chemical facilities based on six-digit North
American Industry Classification System (NAICS) codes, this demand analysis includes ethanol
facilities in the “Chemicals” sector based on three-digit NAICS codes and because process heat
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replacement is the main hydrogen opportunity in both industries. The emissions of the two sole
hydrogen production facilities in Michigan, Linde and Air Products, were assigned to the
industries that receive the hydrogen output (semiconductors and refineries, respectively). The
25 analyzed facilities reported 7.75 million metric tons of CO2eq to GHGRP in 2022 including
the combustion of fuels, process emissions, and merchant hydrogen production emissions.” In
comparison, the “MI Healthy Climate Plan” reported 28.05 million metric tons of CO.eq were
emitted by Michigan’s “energy intensive” industries (oil, gas, and industry) in 2019.* As a result,
the 25 facilities analyzed account for about 28% of state-wide industrial emissions and their
decarbonization would contribute substantially to state-wide efforts to reduce GHG emissions.

Table 1. Summary of Michigan industrial facilities analyzed including sector, number of facilities
within a given sector, facility name, and facility location.

Industry (Number of facliities) Facility Name Location (City, State)
Petroleum Refining (1) Detroit Refinery Detroit, Ml
Semiconductor (1) Hemlock Semiconductor Hemlock, Ml
Glass (1) Guardian Glass Carleton, Ml
Cleveland-Cliffs Steel - Dearborn Works Dearborn, Ml
Steel (2)
Gerdau Macsteel Monroe Monroe, Ml
BASF Corporation Wyandotte, Ml
Corteva Agriscience Harbor Beach, Ml
Dow Midland Midland, Ml
Occidental Chemical Corporation Ludington, Ml
Chemicals (9) Pfizer, inc. (formerly Pharmacia & UpJohn) Kalamazoo, MI
Carbon Green Bioenergy Lake Odessa, Ml
Marysville Ethanol Marysville, Ml
POET Biorefining Caro, Ml
Andersons Marathon Holdings Albion, Ml




Packaging Corp of America Filer City, Ml

Verso Escanaba Escanaba, Ml

Verso Quinnesec Quinnesec, Ml

UP Paper LLC Manistique, M

Pulp & Paper (9) Graphic Packaging International Kalamazoo, Ml
Westrock California Battle Creek, Ml

Fibek Menominee, MI
Ox Paperboard WP Mill White Pigeon, Ml

Neenah Paper Michigan Inc. Munising, Ml

Holcim Alpena, Mi
Cement (2)
St. Mary’s Cement Charlevoix, Ml

2.2.2 Transportation Scope

The MHDVs modeled were chosen to represent vehicle classes unlikely to be electrified, or with
multiple potential alternative fuel pathways.""®*"* MHDVs in the state of Michigan accounted for
11.1 million metric tons of CO2eq in 2019, which accounts for 21% of the transportation sector’s
emissions.** These emissions are from the combustion of diesel while this study investigates
the emissions created by the total fuel cycle. Regardless, these vehicles present a large
opportunity to significantly reduce emissions throughout the state by switching to alternative
fuels. The vehicle classes modeled in the current study can be found in Table 2.
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Table 2. MHDV classes categorized by vehicle weight class, EPA class, and vehicle type.

Vehicle Weight Class EPA Class Vehicle Type
Class 4 Light Heavy Duty (LHD) Vocational
Vehicles
Medium-Duty Class 6 School Buses
Class 6 Pickup and Delivery (PnD) Trucks
Class 7 Transit Buses
Class 8a Refuse Trucks
Heavy-Duty
Class 8b Day Cab Trucks, trailer attached
(Short-Haul)
Class 8b Sleeper Cab Trucks, trailer attached
(Long-Haul)

Hydrogen can be deployed in fuel cell electric vehicles (FCEVs) and internal combustion
engines (ICEs). In FCEVs, a fuel cell that is powered by hydrogen produces electricity that
powers an electric motor.”® This differs from ICEs where the fuel combusts within the engine
and powers the powertrain.”® For this study, FCEVs were selected because they create no
emissions during operation, whereas hydrogen ICEs create NO,.”” In addition, FCEVs have
been used in actual on-road applications in different classes for years, while hydrogen ICEs
have not. This technology readiness component influenced the decision of narrowing the scope
to FCEVs.

For this analysis, diesel was assumed to be the incumbent fuel for all vehicle classes. Electric
MHDVs require significantly larger batteries when compared to LDVs, which reduces the
maximum payload capacity.'? Electrified MHDVs also have lengthy recharging times, which can
pose challenges to their operational efficiencies and cause logistical delays.' In contrast,
FCEVs experience minimal weight increases compared to their ICE counterparts, but weigh
significantly less than battery electric MHDVs. In addition, FCEVs can be refilled quickly; for
example, a hydrogen fuel cell transit bus can be refilled in around 10 minutes.”® Therefore, the
electrification of MHDVs was not considered in this analysis.

The Greenhouse gases, Regulated Emissions, and Energy use in Technologies Model
(GREET)—a life cycle modeling tool developed by Argonne National Laboratory—was used for
this analysis.”®®° Values collected from GREET for each vehicle class include the following:
payload values, fuel economies for both diesel and hydrogen, fuel economy improvements
compared to 2022 for both fuels for 2030 and 2050, empty vehicle weights, and emission
factors.
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There are two main vehicle classification systems in the United States; the EPA categorizes
vehicles by gross vehicle weight rating (GVWR), while the Federal Highway Administration
(FHWA) categorizes vehicles by the number of axles.?'®? In this analysis, the EPA’s vehicle
classification was used. However, since vehicle count and payload data were obtained from
sources that used the FHWA classification system, the vehicle classes had to be aligned. The
GVWRs for FHWA vehicle classes were determined to align them to the appropriate EPA
classes. Notably, the EPA system lacks the “medium-duty vehicle” (MDV) class present in the
FHWA classification. So, the vehicle classes that had a GVWR of a “medium-duty” vehicle by
the FHWA were categorized as “medium-duty” in the EPA system that was used in the current
study after alignment. This resulted in classifying MDVs to include the EPA’s Heavy Duty
Vehicle 4 and Heavy Duty Vehicle 6 classifications (considered Class 4 and Class 6,
respectively, in this study).®? The classification alignment used in this study can be found in
Appendix D (Table D1).

2.3 Current Hydrogen Demand

Michigan’s current hydrogen demand was estimated through a variety of methods including
stakeholder engagement and estimation from publicly available CO, emissions data. As
determined through stakeholder engagement, in 2022 the industrial consumers of hydrogen
were Michigan’s petroleum refining, semiconductor manufacturing, and glass manufacturing
industries, all of which use hydrogen as a feedstock. In terms of transportation demand, Flint
Mass Transit Authority (Flint MTA) in Flint, MI, currently operates one hydrogen fuel cell bus.

2.3.1 Feedstock Demand

Using the 2022 GHGRP dataset, two large-scale hydrogen producers in Michigan were
identified: Air Products, which is located adjacent to Marathon Petroleum’s refinery in Detroit,
MI; and Linde, which is located next to Hemlock Semiconductor LLC in Hemlock, MI.”® Guardian
Industries confirmed their use of hydrogen as feedstock at their facility in Carleton, MI.%3

For the refining and semiconductor industries, hydrogen demand was estimated using the
facility-specific CO, emissions from GHGRP, as CO- is a byproduct of hydrogen production via
natural gas steam methane reforming. Since GHGRP does not distinguish between CO-
emissions from the SMR process and combustion of fossil fuels for process heat, it was
assumed that 28.4% of the total emissions could be attributed to the SMR process. This
assumption is based on previous work from Argonne National Laboratory, which found that
28.4% was the median percentage for process-specific emissions when examining previous
research on hydrogen production from SMR facilities.® It was also assumed that the CO>
intensity of hydrogen production was 7.91 kg CO2/kg Hz; this was calculated using an emission
factor of 55.7 g CO2/MJ H,® the higher heating value (HHV) of hydrogen (141.9 MJ/kg, 343
Btu/ft*),®* and the density of hydrogen (0.090 kg/m?, 2.55 g/ft®) at standard temperature and
pressure (STP).3* Eq. 1 highlights how hydrogen demand (mt) for each facility i was calculated
for current use in the refining and semiconductor industries.

1
mi,HZ = mi,COZ—HZ Production X N X ) X Ckg—mt (1)
EFH2 Production
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where m; 4, is the mass of annual hydrogen demand for facility i (mt), m; co,-u, Production IS the
total mass of annual CO, emissions from facility i’'s hydrogen production (kg), N is the
percentage of the total CO. emissions that are from the SMR process (%), EFy, production 1S the
CO: intensity of hydrogen production, excluding combustion emissions (kg CO./kg H2), and
Cig-me 18 the conversion factor from kilograms to metric tons.

In the glass sector, an atmosphere of 6% hydrogen and 94% nitrogen is used in the float
process to prevent the oxidation of the molten tin bath. This hydrogen is currently delivered to
on-site storage via liquid tanker trucks and is subsequently vaporized prior to use.®® Guardian
Industries provided a theoretical hydrogen demand for a 600 metric ton per day (TPD) glass
furnace. To scale this hydrogen use to the Carleton plant’s production capacity of 1090 metric
TPD, a hydrogen intensity factor was determined by dividing the provided feedstock demand by
600 metric TPD (Eq. 2).%° It was assumed that the facility operates at capacity 365 days a year.

mGuardian,Hz = PCGuardian X YGuardian,Hz Xt (2)

where mgyaraian n, IS the mass of annual hydrogen demand of the Guardian facility, PCgyaraian
is the production capacity of the facility (mt glass/day), Y¢yaraian n,is the hydrogen intensity
factor for a 600 metric TPD furnace as provided by Guardian Industries (kg Ho/mt glass), and t is
the number of operational days per year.

2.3.2 Flint Mass Transportation Authority (MTA) Demand

Current hydrogen demand was calculated for the one hydrogen fuel cell bus operated by Flint
MTA. Flint MTA provided data that one transit bus requires 35 kilograms of hydrogen per day.®
Annual hydrogen demand was calculated by multiplying daily demand by Flint MTA’s
operational days per year, 359, and converting this value to metric tons.®’ Flint currently
produces gaseous hydrogen onsite through a PEM electrolyzer powered by grid electricity. The
electrolyzer requires 480 Volts of electricity from the grid for each of the three cells. Collectively,
the three electrolyzer cells generate three kilograms of gaseous hydrogen per hour.8®

2.4 Incumbent Fuels & Feedstocks

The current demand for fossil fuel feedstocks and fuels for which there are future hydrogen
opportunities was also estimated. This was done to generate inputs for the emissions analysis
model and assess the potential to reduce future GHG and NOx emissions by displacing
incumbent fossil fuels.

2.4.1 Natural Gas Process Heat

Current (2022) natural gas use was calculated to estimate the potential for hydrogen to supply
future process heat. Due to a lack of publicly available data on natural gas use in industrial
facilities, an estimate was made using annual CO, emissions from the combustion of NG
reported to GHGRP. This method was adapted from a 2016 DOE technical report and applied to
chemical, refining, semiconductor, pulp and paper, steelmaking, and glass facilities (Eq. 3).”
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The method employs the default EPA CO; emission factor for natural gas combustion, 0.0503
kg CO2/MJ natural gas (NG) (53.06 kg CO2/MMBtu NG).2° The HHV of natural gas was used in
keeping with industry standards and was assumed to be 52.23 MJ/kg (1,089 Btu/ft*) based on
the GREET model.?**°*" This HHV was selected to maintain consistency with the GREET-
based emissions analysis.

1

mi N = My,c0,—NG Combustion X X HHVyg X Crgme 3)

EFNG combustion

where m; v is the mass of annual natural gas demand for facility i (mt), m; co,-nG combustion IS
the mass of annual CO2 emissions from natural gas combustion for facility i (kg), E Fy¢ combustion
is the CO- intensity from combusting natural gas (kg CO2/MJ NG), and HHV,; is the higher
heating value of natural gas (MJ/kg NG).

2.4.2 Industry-specific Feedstocks & Fuels

Steel Industry (Coke, Blast Furnace Gas)

While natural gas provides most of the process heat in both integrated mills and mini-mills, other
critical fossil fuels are also used in steel facilities. For instance, blast furnaces (BFs) in
integrated mills utilize coke as both a reductant and a heat source. Within the BF, coke supplies
the heat required to melt the iron ore while also producing carbon monoxide, which reduces iron
ore to metallic iron. Blast furnace gas (BFG), a byproduct of coke use in the BF, is often
harnessed to meet on-site thermal demand including but not limited to rolling mills and the
preheating of blast furnace air.*?

Due to the lack of publicly available data on coke use and thus BFG production, an analogous
method to “Natural Gas Process Heat” (Section 2.4.1) was developed for the integrated mill
Cleveland-Cliffs Dearborn Works. Annual production of BFG was calculated for integrated mills
using the annual reported CO. emissions from BFG combustion (Eq. 4). For this calculation, the
CO, emission factor from GREET for BFG combustion was assumed (0.26 kg CO,/MJ BFG).®
The HHV of BFG from the EPA (2.74 MJ/kg, 0.000092 MMBtu/ft*) was used as GREET does
not provide an HHV for BFG.®

1

X HHVgpg X Cig-mt
(4)

mDearborn,BFG = mDearborn, CO,—BFG Combustion X EF ]
BFG Combustion

where mpearpornsre 1S the mass of annual BFG demand for integrated mill (mt),

Mpearborn, C0,~BFG combustion 1S the mass of annual CO2 emissions from BFG combustion for the
integrated mill (kg), EFgrg combustion 1S the COz intensity from combusting BFG (kg CO. / MJ
BFG), and HHV( is the higher heating value of BFG (MJ/kg).

Given the interdependence between BFG and coke, the consumption of coke was inferred

through a ratio of coke required per metric ton of BFG (Rpearborn coke—prg)- Since this ratio is
usually a range, to calculate the maximum of coke needed per unit metric ton of BFG, EPA iron
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production material data on coke and BFG along with Eq. 5 were utilized to derive a ratio of
0.26.%® Eq. 6 highlights how coke demand for the integrated mill was estimated.

— Ucoke
RDearborn,Coke—BFG - I (5)
BFG
mDearborn,coke = mDearborn,BFG X RDearborn,Coke—BFG (6)

where Rpearborncoke —ara 1S the maximum ratio of coke required per unit metric ton of BFG (mt
coke/mt BFG), U,.x. is the upper limit of coke required per metric ton of iron produced (mt coke/mt
iron), Lgr¢ is the lower limit of coke required per metric ton of iron produced (mt iron/mt BFG),
Mpearborn,coke 1S the mass of annual coke demand for the integrated mill (mt).

Cement Industry (Coke, Coal, Natural Gas, TDF, Plastics)

Cement manufacturing is a multi-step process that requires high-temperature process heat to
facilitate calcination and clinker formation. Temperatures of up to 1450 °C are required in the
kiln with thermal energy conventionally generated by combusting fossil fuels.** Coal and
petroleum coke fuels are most commonly used for this purpose in the cement industry due to
their low cost and relatively high abundance, followed by natural gas and other alternative fuels
like tires and plastics.%*%

This section details how current (2022) process heat demand for conventional fuels (natural
gas, coal, and petroleum coke) and alternative fuels (tire derived fuel [TDF] and plastics) is
estimated for the cement industry. The mass of TDF and plastics was calculated to represent
the ongoing trend within the cement manufacturing industry to partially offset fossil fuel
consumption with alternative fuels. Due to differences in data availability, two separate
methodologies were used to estimate fuel use for the two in-scope cement facilities. For the
Holcim plant in Alpena, MI, the heat consumption in the rotary kiln per metric ton of cement
produced (or specific heat consumption), fuel mix of the kiln, and annual production capacity
were provided by an industry representative.”* The HHVs for all fossil fuels and TDF were
sourced from GREET. The HHV of plastics was sourced from the EPA as this HHV is not
included in GREET.®® These parameters were used to estimate each fuel’'s 2022 demand for
the Holcim Alpena plant (Eq. 7).

1
mHolcim,k = GHolicim X PCHolcim X fHolcim,k X H X Ckg—mt (7)

HV

where my,icim . iS the mass of fuel k (natural gas, coal, petroleum coke, TDF, or plastics) used
annually in the Holcim plant (mt), quoicim iS the Holcim plant’s specific heat consumption
(MJ/mtcement produced), PCy,1cim is the Holcim plant’s annual production capacity (mt
cement), fuoicimk 1S the thermal energy contribution of each fuel k in Holcim’s kiln fuel mix (%),
HHYV, is the higher heating value of each fuel k, and Cy4_n,; is the conversion factor from
kilograms to metric tons.
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For the St Marys Cement (SMC) plant in Charlevoix, MI, facility-level fuel use was estimated
using publicly available data. First, an article from the International Cement Review was used to
source a combined coal-and-coke ball mill capacity of 38 metric tons per hour, a 5% thermal
contribution coming from shredded plastics, and a production capacity of 2.1 million metric tons
of cement.” The capacity of the ball mill, which is a rotating horizontal steel tube filled with steel
balls that crushes solid fuels, was used as a proxy to approximate the combined mass of coal
and coke used in the plant.'® To spilit this aggregate value into individual masses of coal and
coke, the mass ratio of coal use to coke use from an SMC plant in Bowmanville, Ontario, was
used as a proxy for the Charlevoix plant (Eq. 8)."°' Moreover, it was assumed that no natural
gas or TDF is used in the SMC Charlevoix plant.*®

mSMC,k = PCSMC,coal—and—coke X Chourly—annual X fSMC,k (8)

where mgy, ¢ . is the mass of fuel k (coal or coke) used annually in the SMC plant (mt),

PCsmc coat-and—coke 18 the coal-and-coke mill capacity for the SMC plant (mt/hr), Cyoyriy—annuai
is the conversion factor from hourly to annual mill capacity assuming 24/7 operation', and
fsmc,k is the mass fraction of fuel k (coal or coke) relative to the total mass (coal and coke) for
the SMC plant. The estimated mass of plastics used in the SMC plant is calculated using Eq. 9.

1

mSMC,plastic = Zk[mSMC,k X HHVk] X fSMC,plastics X ] (9)
HHVplastlcs

where mgyc piastic 18 the mass of plastics used annually in the SMC plant (mt), HHV} is the
higher heating value of each fuel k (coal or coke) (MJ/KQ), fsmcpiastics IS €qual to 5/95 and
represents the 5% thermal energy contribution of plastics in the SMC plant, and HHV)45¢ics is
the higher heating value of plastics (MJ/kg).

2.4.3 Diesel MHDVs

It was assumed that diesel was the incumbent fuel for all MHDVs in Michigan.'® Each vehicle’s
diesel consumption, and therefore fuel economy, is dependent on both its weight and payload.
As a vehicle’s weight increases, its fuel economy decreases since it needs more fuel and
energy to travel the same distance. The representative payload, fuel economy, and energy
consumption were estimated for each vehicle class to calculate the associated demand for
diesel. The average liters of diesel fuel required by each vehicle class set the baseline for
comparing future diesel demand with future hydrogen demand, as well as the emissions
reduction potential of switching from diesel to hydrogen.

Diesel consumption in MHDVs was calculated based on adjusted payload and fuel economy
values from GREET. While GREET generally calculates its payload and fuel economy values
based on the average effective payload (which represents both loaded and empty payloads in a
single value) of each vehicle, this study separated loaded and empty payloads to calculate
adjusted fuel economies for each class in each scenario—i.e., one for loaded and one for
empty. Fuel economies were calculated separately to appropriately account for the effect of
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payloads on fuel use. In comparison to diesel-fueled MHDVs, battery electric and fuel cell
MHDVs require additional equipment, which may increase weight and reduce payload
capacity.® In this analysis, however, it was simply assumed that FCEVs would have the same
payload as incumbent MHDVs when comparing fuel economies of loaded vehicles. This was
done to allow for an equal comparison between diesel and hydrogen fuel economies, given that
the fuel economies differ even when the payload is held constant.

Payload and VMT Estimates

For the heavy-duty vehicle (HDV) freight classes assessed (8a and 8b), a 2018 county-level
freight movement dataset from the Michigan Department of Transportation (MDOT) was
analyzed to estimate payload values—calculated as average tons per loaded truck—and
vehicle-miles traveled (VMT) for each class. Measurements of interest for this demand analysis
were road length, total tons of freight, and total vehicle counts (including empty vehicles). For
each sample, total VMT and average metric tons per truck for loaded (i.e., non-empty) vehicles
were calculated. The VMT calculations can be found in Eq. 10 and Eq. 11.

VMT, = L, X N, (10)
VMTiotar = X VMT, (11)

where VMT, is the VMT for each individual road segment, r in the dataset, L, is the length (mi)
of each road segment, N, is the number of trucks that traverse each road segment, and
VMT;otaq; 1S the aggregate annual VMT for all roads in Michigan.

Based on payload estimates (average tons/loaded truck), each road segment was then
assigned the HDV class estimated to be most representative of freight movement on that road:
8a for payload estimates under 17 tons or 8b for payload estimates over 17 tons. Once all
samples had been assigned either class 8a or 8b, aggregate payload estimates were calculated
after grouping by each estimated class, and total VMT estimates for 2018 were extrapolated to
2022 based on MDOT 2045 projections.'®'% Additionally, annual typical mileage per vehicle
values from GREET for 8b long-haul (105,160 miles) and short-haul (57,580 miles) trucks were
applied as a ratio to disaggregate class 8b VMT estimates into long-haul (sleeper) and short-
haul (day) subcategories, assuming an equal number of long-haul and short-haul trucks on
Michigan roads."® The resulting ratio of long-haul VMT to short-haul VMT was approximately
13:7 (about 65% to 35%).

For medium-duty vehicle (MDV) classes, a separate statewide MDOT dataset from 2015 was
analyzed, which consisted of Single-Unit Truck (SUT) and Multi-Unit Truck (MUT) counts that
were tracked from road segments spanning the state. VMT totals were specifically calculated for
total SUT counts, corresponding to MDVs that were modeled in the analysis; MUT counts were
disregarded since they were already accounted for in the separate freight dataset. To
proportionately allocate the SUT total VMT into estimated classes, “Annual Average Daily
Traffic” (AADT) distributions from the FHWA were applied. The 2015 data was then extrapolated
to 2022 to represent current VMT by applying the FHWA projected SUT annual growth rate of
1.8% for each estimated class."”’
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For the MDV classes assessed, tonnage was not included in the dataset; instead, average
payloads were calculated using samples from 35 Weigh-in-Motion (WIM) stations representing
both trunkline (state highways) and non-trunkline roads to reduce any potential bias from having
one road type skew the data. To gather these WIM samples, MDOT’s Transportation Data
Management System (TDMS) was utilized, which provided the average payload delineated by
vehicle class for 2022 (after converting the WIM data from Kips to pounds).' This allowed for
the estimation of average payloads for class 4 Light Heavy-Duty Vocational Vehicles and class
6 Pickup and Delivery (PnD) trucks. A map of the locations of the WIM stations that were
sampled can be found in the Appendix D, Figure D1.

For Class 6 School Buses, payloads were calculated based on occupancy measured in the
number of passengers. Total vehicle weight increases with more passengers, reducing the fuel
economy of the school Bus and requiring more fuel. For Class 6 School Buses, there are
various types of school buses that make up each school district’s fleet. The most common
school bus type (Type C) was used as a proxy for all school buses to determine occupancy, fuel
economy, and vehicle weight.'® To account for passenger weight, the capacity of the school
bus had to be determined. The number of students that can fit on a school bus depends on if
they are elementary (3 students/seat) or middle/high school students (2 students/seat).'® Since
most school buses handle each type of student, the average number of students that a school
bus can hold was calculated based on averaging the maximum number of each type of student.
It was determined that the capacity of a Class 6 School Bus was 56 students. Since school
buses are constantly picking up and dropping off students depending on the time of day, they do
not have the maximum number of students for a consistent amount of time. A paper from the
FHWA provides a formula to calculate the average vehicle occupancy (AVO), which accounts
for the time the bus is full and empty (Eq. 12).""° Since with every other vehicle, the payload or
occupancy has been separated into empty and full, the AVO had to be adjusted to remove the
empty occupancy effect. Therefore, an extra calculation (Eq. 13) was used after determining the
AVO to find the occupancy of the bus and ensure consistency with the methods of this study.
From Eq. 12, the AVO was calculated to be 14.18.

AVO = 14 (C X L) (12)

where AVO is the average vehicle occupancy (accounting for the full and empty occupancies), 1
accounts for the bus driver, C is the capacity of the school bus (which is assumed to be 56
students), and L is the weighted average loading factor (0.235) which takes into account the
school bus loading factor (%) and route distances.

To determine the vehicle occupancy for when the school bus was loaded (has any number of
passengers greater than zero excluding the bus driver), the percentage of time the school bus
had an occupancy (was not empty) was applied to the AVO, defined as 1 minus the time the
bus was empty. Use of the empty bus percentage negates the influence of an empty bus on the
AVO, allowing for the determination of the school bus occupancy when there is at least 1
student on the bus. """ This approach (Eq. 13) was used to calculate the school bus occupancy
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that applied to this study. From Eq. 13, the full occupancy for school buses in this study was
determined to be 22 students.

14.18 = Ty X Py + Ty X Py (13)
14.18 = Ty X Py
1418
F — PF

where Ty is the number of passengers when considered full (vehicle occupancy), T is the
number of passengers when the bus is empty (so Ty = 0), P is the percent of time the bus is
full (65%), and Py is the percentage of time the bus is empty (35%).""

For Class 7 Transit Buses, payload did not need to be determined because of the daily
hydrogen demand data provided by Flint MTA.

Fuel Economy Calculations

Two different approaches were used to calculate the fuel economies for empty and loaded
vehicles. To calculate empty fuel economies for all classes, existing GREET data for classes 6
PnD and 8b long-haul were used. The loaded and empty miles per diesel gallon equivalent
(MPDGE) values from GREET were compared to calculate corresponding payload-fuel relation
factors, which were then used to construct a linear model to calculate fuel economies for other
classes based on payload as the input variable.” These factors were calculated separately for
2022, 2030, and 2050 for all vehicle classes selected for the demand analysis.

To determine the full payload fuel economies Eq. 14 was used, which had the initial fuel
economies from GREET as inputs, along with a fuel reduction value (FRV) Eq. 14.""? FRVs
(L/(100 km*100 kg)) are the reduction in fuel consumption (L/100 km) per 100 kilogram
reduction in mass of the vehicle.'® They are generally used to determine the fuel economy
improvements due to light weighting of vehicles, usually from changing materials from steel to
aluminum for example."™ In this study, the FRVs were used to calculate the fuel economies
based on the larger payload values found from the MDOT data compared to the initial GREET
payload values. To find the new fuel economies, a similar formula as the one used for light
weighting was applied. The main difference is that Am, which is the difference between the
typical payload (MDOT) and the initial payload (GREET), was multiplied by negative one to
account for the increased payload. This value is important as it determines the change in mass
which is directly proportional to the FRV.

FE3q = (FEpq + (Am X FRV;)) * Cim—mi * CL—pcE (14)
where FE, ;4 is the diesel fuel economy calculated for this study (diesel gallon equivalent
[DGE)/mi), FE, 4 is the diesel fuel economy of the base vehicle from GREET (km/L),* Am is the

difference between the typical payload determined from the MDOT data and the payload in
GREET (average typical payload, kg), FRV is the FRV for diesel for the specific vehicle
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(L/km*kg), Crm—mi is the conversion factor from kilometers to miles, and C;_p¢f is the
conversion factor from liters to diesel gallon equivalent . FRVs vary based on vehicle class and
fuel type (Appendix D Table D2).

Total Energy Consumption Estimates - Diesel Fuel

The annual VMT for each class was separated based on the amount of time each vehicle has a
full and empty payload. Those VMT values were then multiplied by the new fuel economies for
each class to calculate the energy consumption (MJ/mi). The formula to calculate energy
consumption can be found in Eq. 15 and Eq. 16.

ECi,d = LHVCD X FEZ,d (15)
ECyca = ECiqg X VMTycq (16)

where EC; 4 is the energy consumption (MJ/mi) for each individual vehicle modeled (i) fueled by
diesel, LHV,}, is the lower heating value (LHV) of US conventional diesel (MJ/gal)’®, FE, 4 is the
diesel fuel economy calculated for this study (DGE/mi), VMT,. 4 is the annual VMT for each
vehicle class (vc) fueled by diesel, and EC, 4 is the total energy consumption for each vehicle
class (vc) fueled by diesel (MJ).

After determining the total energy consumption values for each vehicle class with a full and
empty payload, a conversion factor was applied to determine the number of liters of diesel per
year for each class. This calculation can be found in Eq. 17.

1
NL,p = ECvc,d X m X Cgal—L (17)

where N, ,, is the number of liters (L) for payload (p) (full or empty) of each vehicle class, EC, 4
is the total energy consumption (MJ) for each vehicle class (vc) fueled by diesel, LHV ¢, is the
LHV of US conventional diesel (MJ/gal), and Cy,,;,, is the conversion factor from gallons to
liters.”

2.5 Future Projections

For many of the modeled sectors, future demand was determined by scaling current (2022) data
to 2030 and 2050 using projections such as economic growth for industrial facilities and
predicted increases in VMT for MHDV applications.

2.5.1 Industry Economic Growth

Economic growth was essential to account for in the future demand models as it has the
potential to increase hydrogen demand. The projected economic growth of industrial facilities
(2030, 2050) was derived using industrial macroeconomic data from the U.S. Energy
Information Administration’s (EIA) Annual Energy Outlook (AEO) 2023 Reference case based
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on the EIA National Energy Modeling System (NEMS).""® In this dataset, projections were
regionalized to the Midwest (East North Central). To use EIA data to model economic growth,
two assumptions were made. The first assumption was that the EIA’s “Real Value of Shipments”
metric, synonymous with sector revenue, accurately reflects sectoral output.'® For modeling
simplicity, it was also assumed that a change in sector output would result in a proportional
change in the amount of feedstock or fuels being used at a facility. In this case study, this
change was referred to as the growth rate and was applied to hydrogen demand as well as
incumbent fossil fuel use in both the 2030 and 2050 scenarios. The growth rate (GR, , ) for each
EIA National Energy Modeling System (NEMS) sector (x) was calculated for each respective
year y (2030, 2050) by multiplying the compound annual growth rate by the number of years, n
elapsed between 2022 and year y (Eq. 18).

GRy, = [(2)n — 1) x n) +1] (18)

Sx,2022

where S, ,, is the real value of shipments (billion 2012 $) for industry sector x in year y (2030 or
2050), S, 2022 is the real value of shipments (billion 2012 $) for industry sector x in 2022, n is the
number of years between 2022 and year y (n = 8 for y = 2030, n = 28 for y = 2050).

For ethanol facilities, the 2030 and 2050 growth rates were determined using AEO projections
of future ethanol demand rather than the “Real Value of Shipments” metric. This was because
EIA’s 2022 industrial macroeconomic dataset did not specify ethanol as a manufacturing sector.
It was also not accurate to use the “Organic Chemicals” growth rate, as ethanol production is
highly dependent on gasoline markets and subsidies, which are not reflected in this projection.
Total projected ethanol demand (quads) was calculated by summing projections of ethanol use
in gasoline blending (Egienaing,y) and in E85 applications (Eggs ). Unlike the industrial
macroeconomic data, projections regarding ethanol demand were not able to be regionalized,
as EIA does not provide ethanol data within this resolution. Eq. 19 determines the growth rate
(GRg:on,y ) for ethanol facilities for each respective year y (2030, 2050) by multiplying the
compound annual growth rate by the number of years elapsed between 2022 and year y.

E +E i 1
GRgeony = [(( mY_Zenfnay _yn — 1) X n) + 1] (19)
’ EEggs,2022% EBlending,2022

where GRgon,y is the economic growth rate of ethanol facilities in year y (2030, 2050), Eggs,y is
the energy of ethanol (quad) used for E85 applications in year y, Egending,y iS the energy of
ethanol (quad) used for blending with gasoline in year y, Eggs 2022 is the energy of ethanol
(quad) used for E85 applications in 2022, and Egjenaing,2022 i the energy of ethanol (quad)
used for blending with gasoline in 2022.

EIA NEMS sector growth rates were then mapped onto facilities using facility-specific NAICS

codes and aligning them with respective NEMS sector codes (Appendix B, Table B2). This
was necessary as the sector codes used in the EIA NEMS are specific to the tool and are not
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utilized by industry.""® Eq. 20 highlights how the growth rates (Appendix B, Table B3) were
used to scale each facility’s hydrogen and incumbent fossil fuel demand based on current data
to 2030 and 2050, respectively.

M;jy = GRyy XMy 2022 (20)

where m, ; ,, is the mass of annual demand for fuel or feedstock j (hydrogen or fossil fuels) in
year y (2030, 2050) at facility i (mt), and m; ; »0.> is the mass of annual demand for fuel or
feedstock feedstock j (hydrogen or fossil fuels) in 2022 at facility i (mt).

2.5.2 MHDV Projections

For HDV freight classes, total VMT values from the MDOT freight dataset for 2018 and 2045
were fitted to a linear model, which was used to calculate 2030 and 2050 estimates within each
class, applying the same VMT equations used for Diesel MHDV calculations (Section 2.4.3).

For MDV classes, total VMT values from the MDOT 2015 data were similarly extrapolated to
2030 and 2050 by again applying the FHWA projected SUT annual growth rate of 1.8% for each
estimated class.""” All payloads were assumed to remain constant, as estimated for Diesel
MHDV calculations (Section 2.4.3).

2.6 Near-term Demand (2030)

Demand scenarios were designed to capture the different hydrogen deployment opportunities
viable in 2030 in each respective sector and to estimate potential hydrogen demand. The
methods employed to calculate demand in the 2030 scenarios either scaled current
fuel/feedstock usage or assumed a specific hydrogen use to displace incumbent fossil fuels.

2.6.1 2030 Demand Scenarios

Hydrogen demand scenarios were designed to distinguish between status quo hydrogen use
(“Incumbent Technology”) and demand resulting from the deployment of near-term hydrogen
opportunities (“Near-Term Hydrogen Opportunities”). Both scenarios and their respective
assumptions are shown in Table 3.
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Table 3. Near-term (2030) hydrogen demand scenarios created for Michigan’s industrial and
transportation sectors. The “Incumbent Technology " scenario includes hydrogen applications
that currently (2022) exist while the “Near-Term Hydrogen Opportunities” scenario layers on
additional hydrogen demand from use in steel and increased FCEV penetration in
transportation.

Sector Incumbent Technology Near-Term Hydrogen Opportunities

Petroleum Refining

Semiconductor Feedstock Use Feedstock Use

Glass

30% maximum replacement of coke & process

Integrated mills - heat makeup from BFG loss

Steel

Mini mills - -

Chemicals

Pulp & Paper - -

Cement

Transportation 3 transit buses in Flint MTA 1% of each vehicle class

Incumbent Technology

This scenario serves as a demand and emissions baseline for comparison to the other 2030
scenario. The “Incumbent Technology” scenario includes the current (2022) hydrogen demand
from petroleum refining, semiconductor manufacturing, glassmaking, and transportation and
accounts for each sector’s growth from 2022 to 2030. For industrial facilities, the 2030 growth
rate determined from EIA projections was applied to current hydrogen and fossil fuel use
(Section 2.5.1). For the transportation sector, it was assumed that Flint MTA would expand their
fuel cell transit bus fleet to 3 vehicles by 2030. This assumption was based on Flint MTA
purchasing two additional fuel cell buses in 2023 and expressing that they had no other current
plans to expand the fleet before 2030.7® All remaining MDHVs are assumed to be diesel ICEVs.
While there is no hydrogen demand for the cement sector in the near-term, a 5% thermal
contribution from plastic was assumed for the St. Marys Cement plant and a confidential mix of
alternative fuels was assumed for the Holcim plant for both the “Incumbent Technology”
scenario and the “Near-term Hydrogen Opportunities” scenario.?® This is important to mention
as the increasing prevalence of alternative fuels (plastics, TDF) displaces the need for fossil
fuels in cement manufacturing, which is reflected in the 2030 emissions for the cement industry.

23



https://www.zotero.org/google-docs/?Ga3ZBx
https://www.zotero.org/google-docs/?5rrWk9

Near-term Hydrogen Opportunities

The “Near-Term Hydrogen Opportunities" scenario includes existing hydrogen use scaled for
growth as well as hydrogen deployment opportunities viable in 2030 for the steel industry and
transportation sector. For steelmaking, it was assumed that Cleveland Cliffs’ integrated mill in
Dearborn, MI, would begin displacing 30% of coke in the BF with hydrogen. This assumption
was based on the IEA”s “Global Hydrogen Review” (2022), which asserts that hydrogen can be
blended into current BF systems at a maximum of 30% without upgrading the existing
equipment.’™® This hydrogen deployment opportunity has a technology readiness level of 7 and
has been successfully piloted in two blast furnace hydrogen injection trials in Cleveland-Cliffs
Middletown Works and Indiana Harbor.?#%2"1° To address the reduction in BFG which results
from displacing coke, it was assumed that hydrogen would be combusted in the downstream
processes to provide the heat that is previously accounted for by BFG. Since literature about
pilots and hydrogen-driven direct reduced iron (H2-DRI) does not comment on how lost BFG
heat is managed, this assumption was made for the purpose of this analysis. The IEA’s “Net
Zero Roadmap” informed near-term hydrogen demand for the transportation sector, as the IEA
asserts that 1% of all road transportation will be powered by hydrogen in 2030.* The IEA
projects this penetration based on limited hydrogen refueling infrastructure and low technology
readiness in the 2030 time horizon. In addition, the adoption of electric vehicles is expected to
dominate road transportation in the near term, though in this analysis, it was assumed the
remaining MDHVs fleet were comprised of diesel ICEVs.” It is important to note that the 1%
projected by the IEA is not delineated by transportation mode, so for this scenario it was
assumed that 1% of each MHDV class would be a FCEV.

Hydrogen for process heat was excluded from this scenario, as the cost of hydrogen is still
expected to be high in 2030 and upgrades to existing equipment are required for effective
hydrogen combustion.’® In addition, hydrogen blending with natural gas was not modeled in
this scenario as DOE predicts that blending will be deployed after 2030 unless the cost of
hydrogen declines considerably."® It is for these reasons that there is no projected demand in
the chemicals and pulp and paper industry. For the glass industry, contacts at Guardian Glass
indicated that large renovations, or “cold tank repairs,” would be needed to implement
hydrogen-based technologies in the furnace and lehr. Since glass manufacturing lines typically
run 24/7, year round, cold tank repairs only happen every 15-20 years.'?' Considering that the
last modifications to Guardian Glass’ Carleton plant occurred in 2018, no near-term
opportunities for hydrogen use are expected at this facility. From stakeholder input, it was
assumed that there would be no hydrogen deployment in Michigan’s cement sector in 2030.

2.6.2 Industrial 2030 Methods
Petroleum Refining, Semiconductor, Glass Industries
Future feedstock demand at petroleum refining, semiconductor, and glass facilities were

determined by scaling current demand (Section 2.3.1) by the respective EIA growth rate for
2030 (Section 2.5.1).
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Steel Industry

To estimate hydrogen demand within the steel industry, the following method was developed for
integrated steel mills. The operation of the BF and basic oxygen furnace (BOF) is sequential,
with a portion of the heat required by the BOF being supplied by BFG which is produced in the
BF. Given the interdependence between BFG and coke, since BFG is a byproduct of coke
usage in the BF, the substitution of coke with hydrogen in the BF will lead to a reduction in BFG,
and thus a need to makeup heat in the BOF. To compensate for this loss, it was assumed that
hydrogen would be combusted to provide the heat previously accounted for by BFG. The
quantities of coke and BFG determined in “Industry-Specific Feedstock and Fuels” (Section
2.4.2) were utilized to ascertain the potential hydrogen demand, as outlined in Eq. 21 and Eq.
22.

mDearborn,coke—Hz = mDearborn,Coke X RDearborn,Coke X HHVcoke X HHVy (21)
2

1
HHVy,

mDearborn,BFG—H2 = mDearborn,BFG X RDearborn,BFG X HHVBFG X (22)

where mpeqrporn,coke—H, 8Nd Mpearporn,sr6-n, are the masses of annual hydrogen demand due
to coke and BFG replacement for the integrated mill, respectively (mt); mpearporn,coke @nd
Mpearbornarg are the annual coke and BFG demands for the integrated mill, respectively (mt);
Rpearborn,coke @Nd Rpearporn src are the 30% hydrogen replacement ratios of coke and BFG of
the integrated mill, respectively; HHV, o, , HHVgr , and HHVy, are the higher heating values of
coke, BFG, and hydrogen, respectively (MJ/kg).

Cement Industry

Though no hydrogen use is assumed in 2030, it was necessary to estimate the fuel mix of both
cement facilities to account for the increased use of alternative fuels (AFs) to replace fossil fuels
and to inform the emissions reduction analysis. Using the fuel mix previously calculated (Section
2.4.2), the replacement order of incumbent fossil fuels in 2030 was determined based on their
relative prices—i.e., the most expensive fossil fuels were replaced first by AFs. If the most
expensive fuel’s kiln thermal contribution drops to zero percent, the second-most expensive fuel
is then replaced by additional AFs. Projected ‘natural gas’ and ‘metallurgical coal’ prices for the
‘industrial’ sector were sourced from the AEO 2023 Reference case."'® The price of petroleum
coke in 2022, 2030, and 2050 was sourced from Energy and Environmental Economics Inc. in
2012 dollars/MMBtu."?? To convert these prices to 2022 dollars/MMBtu, the consumer price
index (CPI) from the U.S. Bureau of Labor Statistics was used.'?® Specifically, the monthly
change in CPI across years (January 2012 to January 2022, February 2012 to February 2022,
etc.) was averaged to create a single measure of inflation and applied to price in 2012 dollars to
obtain 2022 dollars (Eq. 23).

_ 1 12 CPlo22m
P022¢ = Pao12s * = * Zm=1 (o (23)
12 CPIZOIZ,m
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where P,,, is the price of petroleum coke (2022 $/MMBtu), P, is the price of petroleum
coke(2012 $/MMBtu), CPl,g22.m is the CPlin month m of 2022, and CPly41,m is the CPlin

month m of 2012. Here, m = 1 refers to January while m = 12 refers to December. It is important
to note that this equation is used to calculate the price of petroleum coke individually for 2022,
2030, and 2050. From these projections, coal was found to be the most expensive fuel in 2030
followed by petroleum coke and natural gas.

It was assumed that AFs only replace incumbent fossil fuels, and not each other, from the fuel
mix. Due to the lack of technical data on fuel-switching projects within the cement sector, a 1:1
substitution ratio on a Btu basis was assumed when replacing incumbent fossil fuels with AFs.
Using the incumbent kiln fuel mix in 2022, making assumptions of future thermal contributions of
AFs, and applying the replacement logic described above, updated fuel mixes were generated
for both Holcim and SMC plants. Finally, the total kiln thermal energy for each plant was
calculated (Eq. 24) and the updated fuel mixes were used to estimate each fuel’s respective
annual demand in 2030 (Eq. 25). Since the 2030 fuel use estimates are based on 2022
operations, the 2030 economic growth projections (Section 2.6.2) were applied to reflect future
economic activity in the cement sector.

TE; = Yx[mix X Cp—rg X HHV] (24)

where TE; is the total thermal energy used in the kiln for facility / (Holcim or SMC,MJ), m; ;, is the
mass of fuel k (natural gas, coal, petroleum coke, TDF, or plastics) used annually in plant i (mt),
and Cp¢—g is the conversion factor from metric tons to kilograms.

1
Miky = TE; X fi,k,y X HHV, X Ckg—mt (25)

where m; ; ,, is the mass of fuel k in facility / in year y (2030) and f; x , is the kiln thermal energy
contribution of fuel k in facility i in year y as estimated using the aforementioned method.

2.6.3 Transportation 2030 Methods
Demand for 2030 for the selected MHDVs was calculated by scaling VMT values for each class
as explained in “MHDV Projections” (Section 2.5.2).

To determine the loaded payload fuel economies for both diesel and hydrogen vehicles, base
data from GREET for diesel and hydrogen was used as well as and the default GREET values
for 2030. The full payload fuel economies for the diesel vehicles were found from using Eq. 14,
and Eq. 15 - Eq. 17 (Section 2.4.3) to find the energy consumption and number of liters of
diesel. The same approach was used to calculate the improved fuel economies for the hydrogen
vehicles based on loaded and empty payloads. In addition, a similar method to the one used to
calculate the empty diesel fuel economies, (Section 2.4.3) was utilized to determine the empty
hydrogen fuel economies. The only differences between these methods were the FRV used was
for hydrogen fueled vehicles rather than diesel, and the initial fuel economy was for a hydrogen
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vehicle. The fuel economy for the hydrogen vehicles is in units DGE/mi because those are the
units used in GREET (FE ;) before being converted to km/L for use in the FRV formula.

FE,, = (FE;, + (Am X FRV})) * Cym—mi * CL—pgE (26)

where FE, ; is the hydrogen fuel economy calculated for this study (DGE/mi), FE, ;, is the
hydrogen fuel economy of the base vehicle from GREET (km/L),%* Am is the difference between
the typical payload determined from MDOT data and the payload in GREET (average typical
payload, kg), FRV}, is the FRV for hydrogen for the specific vehicle (L/km*kg), Cim—mi is the

conversion factor from km to mi, and C; _p 5 is the conversion factor from liters to diesel gallon
equivalent. The exact FRVs used can be found in Appendix D (Table D2).

Total energy consumption for hydrogen vehicles was determined in a similar method to the
diesel vehicle calculations as seen in Eq. 27 and Eq. 28. The differences are the application of
the DGE conversion factor, the density of gaseous hydrogen at STP, and the LHV of gaseous
hydrogen in Eq. 27, while Eq. 28 is the same as Eq. 16 but for hydrogen fuel.

ECij = FEyp X DGEjgy, X — X LHVgy, 27)
’ ’ PGH,
ECvc,h = ECi,h * VMTvc,h (28)

where EC; j, is the energy consumption for each individual vehicle (i) fueled by hydrogen
(MJ/mi), FE, j, is the hydrogen fuel economy calculated for this study (DGE/mi), DGEy 4, is the
conversion factor from diesel gallon equivalent to kilograms of gaseous hydrogen’®, P:H,iS the
density of gaseous hydrogen at STP (kg/ft®)’®, LHV;y,is the LHV for gaseous hydrogen (MJ/ft’),
VMT,.y is the annual VMT for each vehicle class (vc), and EC, is the total energy
consumption for each vehicle class (vc) fueled by hydrogen (MJ).

After determining the total energy consumption for each vehicle with a loaded and empty
payload, conversion factors were applied to calculate the metric tons of hydrogen required by
each vehicle class with the separate payloads. This calculation can be found in Eq. 29.

1
Nmt,p = ECycp X PcH, X LH—VGH2 X Ckg Hy,—mt (29)

where N, ,, is the number of metric tonnes of hydrogen per year for each class with payload
p(full or empty), EC,, is the total energy consumption (MJ) for each vehicle class fueled by
hydrogen, p¢y, is the density of gaseous hydrogen at STP (kg/ft®), LHV, u, is the LHV of
gaseous hydrogen (MJ/ft®), and Cikg n,-mt 18 the conversion factor from kilograms of hydrogen to
metric tons.
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2.7 Long-term Demand (2050)

Hydrogen demand scenarios were similarly outlined for 2050 to differentiate between hydrogen
deployment opportunities in Michigan and provide a potential range of demand. Four scenarios
were created for 2050 as it was assumed that there would be more hydrogen deployment
opportunities available due to technological advances and a lower cost of hydrogen.

As in 2030, the methods used to estimate demand in the 2050 scenarios consisted of scaling
current (2022) demand and assuming specific hydrogen uses in respective sectors to displace
incumbent fossil fuels.

2.7.1 2050 Demand Scenarios

In addition to the “Incumbent Technology” scenario, three additional scenarios were introduced
in 2050, including “Low Hydrogen Use,” “High Hydrogen Use,” and “Complete Hydrogen
Substitution.” These scenarios were designed to capture a broad range of hydrogen use cases
while considering technology readiness, projected adoption rates, data availability, and
stakeholder engagement. Table 4 provides a high-level overview of the assumptions made to
inform the “Long-Term Hydrogen Demand” scenarios.
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Table 4. Long-term (2050) hydrogen demand scenarios created for Michigan’s industrial and
transportation sectors. The four scenarios explore a variety of hydrogen deployment
opportunities, from the “Incumbent Technology” scenario, which reflects the continued use of
hydrogen exclusively in applications that currently (2022) exist, to the “Complete Hydrogen
Substitution” scenario, where hydrogen meets all process heat requirements and 100% of
MHDV fuel requirements in addition to feedstock uses. The “Low Hydrogen Use” and “High
Hydrogen Use” scenarios represent more modest applications of hydrogen in the future as
compared to the “Complete Hydrogen Substitution” scenario.

Sector

Incumbent
Technology

Low Hydrogen
Use

High Hydrogen
Use

Complete
Hydrogen
Substitution

Petroleum Refining

Semiconductor

Feedstock Use

Feedstock Use,
20% Blending

Feedstock Use,
100% Process Heat *

Glass

Feedstock Use

Feedstock Use,
20% Blending

Feedstock Use,
100% Oxy-hydrogen
firing in furnace and

annealing lehr

Integrated

mills
Steel

30% replacement of
coke, process heat
makeup from BFG
loss,
20% Blending

30% replacement of
coke, process heat
makeup from BFG
loss,
20% Blending

100% Ho DRI, Hz-
enhanced EAF, 100%
Process Heat *

Mini mills

20% Blending

H2-Enhanced EAF,
20% Blending

Hz2-Enhanced EAF,
100% Process Heat *

Chemicals

Pulp & Paper

20% Blending

100% Process Heat *

Cement

9% of thermal
energy

Contact-specified %
of thermal energy

100% Process Heat *

Transportation

3 transit buses
in Flint MTA

4% of each vehicle
class

20% of each vehicle
class

100% of each vehicle
class

* “100% Process Heat” refers to displacing the incumbent fossil fuels (coal, coke, natural gas) which
provide process heat (boilers, furnaces, kilns, etc.) with 100% hydrogen.

Incumbent Technology
As in 2030, the 2050 “Incumbent Technology” scenario serves as a baseline for hydrogen
demand and emissions, enabling status quo hydrogen use to be compared to other 2050
scenarios. This scenario encompasses current (2022) hydrogen demand from petroleum
refining, semiconductor manufacturing, glassmaking, and transportation and considers each
sector’s growth from 2022 to 2050. For industrial hydrogen demand, the 2050 growth rate was
determined from EIA projections and was applied to current hydrogen and fossil fuel use
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(Section 2.5.1). In terms of the transportation sector, it was assumed that Flint MTA’s hydrogen
bus fleet would remain at three in the 2050 “Incumbent Technology” scenario. This was
because Flint MTA does not have any current orders placed for additional hydrogen buses.'?*
All other MDHVs are assumed to be diesel ICEVs.

Low Hydrogen Use

In the “Low Hydrogen Use” scenario, a 20% blend of hydrogen with natural gas for process heat
was assumed across all industrial sectors except for cement. This blending assumption was
based off prior work at the National Renewable Energy Laboratory (NREL), which found that
natural gas infrastructure and most existing end-use equipment in the U.S. could handle
hydrogen blends of up to 20% without significant modifications.’®® A lower blending percentage
was not used for the “Low Hydrogen Use” scenario since blending percentages as low as 5%
are not on track with net-zero 2050 targets. For process heat in the cement industry, it was
presumed that hydrogen will account for 9% of both cement plants’ thermal energy use.'?® Other
assumptions regarding the cement industry include that plastics contribute 5% of the thermal
demand for the St Marys Cement plant and a contact-specified, proprietary mix of alternative
fuels was utilized for the Holcim plant.®® In this scenario, integrated steel mills are assumed to
use the maximum 30% hydrogen substitution for coke in the blast furnace. Steel mini mills,
which exclusively utilize electric arc furnaces (EAF) to process steel production from scrap,
were limited to 20% hydrogen blending for process heat needs. For the transportation sector, it
was assumed that 4% of all MHDV classes were FCEVs and the remaining 96% of MHDVs
were diesel ICEVs. This was calculated from projections in the “U.S. National Clean Hydrogen
Strategy and Roadmap” that estimated a range of hydrogen demand for 2050 for transportation
(Section 2.7.3). The roadmap determined these ranges based on the projected cost of hydrogen
in 2050, implications from policies like the IRA, potential regulatory pressure, and improvements
in technology performance and their associated costs.™

High Hydrogen Use

This scenario encompasses existing (2022) uses of hydrogen and assumes that all industrial
sectors except for cement will utilize a 20% hydrogen blend with natural gas for process heat.

A blending percentage higher than 20% was not used for the “High Hydrogen Use” scenario as
higher blending percentages would necessitate significant changes to existing natural gas
infrastructure and end-use applications.'® However, higher blending percentages may be
possible if done on-site or for specific end-uses, but those opportunities were not captured in the
2050 scenarios as data was not available for facility-specific process temperatures or
equipment. For both cement facilities, the thermal contribution of hydrogen was determined from
contact-specified percentages, while the contribution of alternative fuels was assumed to be the
same as in the “Low Hydrogen Use” scenario. In the “High Hydrogen Use” scenario, integrated
steel mills continue to utilize a 30% maximum coke replacement in the blast furnace and make
up lost BFG heat with hydrogen. For steel mini mills, it was assumed that these facilities would
enhance the EAF process by incorporating hydrogen as a supplementary heat input. There are
currently two pilot plants in Europe, CELSA in Spain and FERRIERE NORD in ltaly, leveraging
this technology.'? This scenario also presumed that 20% of all MHDV classes would be
hydrogen FCEVs in 2050 and 80% of MDHVs would remain diesel ICEVs. Like the 4%
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assumption utilized in the “Low Hydrogen Use” scenario, this percentage was calculated from
projections in the “U.S. National Clean Hydrogen Strategy and Roadmap” (Section 2.7.3)." The
low and high end of the range mainly differed due to the projected costs of hydrogen in 2050.

Complete Hydrogen Substitution

The “Complete Hydrogen Substitution” scenario is meant to demonstrate the scale of hydrogen
demand and emission reductions if all the hydrogen deployment opportunities available in 2050
were utilized. Existing feedstock applications (petroleum refining, semiconductor, glass) remain
in this scenario and are scaled to reflect sectoral economic growth from 2022 to 2050.
Integrated steel mills are assumed to adopt 100% H2-DRI while mini mills will be employing
hydrogen enhanced EAF. For process heat, this scenario models that hydrogen would
completely replace natural gas process heat as well as other fossil fuels (petroleum coke, coal)
in cement kilns. For cement manufacturing, the thermal contribution of alternative fuels was
assumed to be the same as the “Low Hydrogen Use” and “High Hydrogen Use” scenario.

In addition, for the glass industry it was presumed that hydrogen would be used in oxyfuel
combustion in the furnace and the annealing lehr. Since hydrogen’s high adiabatic flame
temperature makes it susceptible to the formation of “thermal NO”, oxy-hydrogen firing was
assumed to control NOx emissions in the glass furnace. Since 1991, over 300 commercial glass
furnaces have been converted to oxy-fuel, demonstrating high technology readiness.'?®
Moreover, industry leaders in combustion technologies such as Linde, Flammatech, and Air
Products all offer oxy-hydrogen burner technologies for glass furnaces.'?-"3! In this scenario it
was also assumed that 100% MHDV classes were transitioned to hydrogen FCEVs in 2050.

2.7.2 Industrial 2050 Methods

Petroleum Refining, Semiconductor, Glass Industries

Demand for feedstock hydrogen is expected to continue into 2050 in the petroleum refining,
semiconductor, and glass industries. This was calculated by scaling 2022 demand (Section
2.3.1) by the respective EIA growth rates for 2050 (Section 2.5.1).

Natural Gas Blending

One potential source of future hydrogen demand is the blending of hydrogen with natural gas to
supply industrial process heat. For both the “Low Hydrogen Use” and the “High Hydrogen Use”
scenarios in 2050, a hydrogen blend of 20% by volume was assumed.

Eq. 31 and Eq. 32 were used to estimate natural gas and hydrogen demand in the 2050
blending scenarios. To perform this estimation, a new HHV for the mixture of gasses was
calculated, resulting in an HHV for the 20% blend of 35.0 MJ/m? (Eq. 30). For this calculation,
the assumed HHVs were 39.2 MJ/m? (1,089 Btu/ft) for natural gas and 12.8 MJ/m? (343 Btu/ft®)
for hydrogen, respectively. This set of equations uses HHV in terms of volume rather than mass
since the blending percentage is on a volumetric basis. As a result, each gas density was also
included in Eq. 31 and Eq. 32 and was assumed to be the GREET default, which is at standard
conditions to align with prior HHV assumptions (0.777 kg/m? for natural gas and 0.090 kg/m? for
hydrogen).3
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HHVgiena = (Nng,siena % X HHVyg) + (Ny, prena o X HHVy,) (30)

where HHVg,.nq is the higher heating value of hydrogen and natural gas blend (MJ/m?®),

Nyg piena % IS the percentage (by volume) of natural gas (80%), HHVy is the higher heating
value of natural gas (MJ/m®), Ny giena o is the percentage of hydrogen (by volume) in the blend
(20%), HHVy, is the higher heating value of hydrogen (MJ/m3).

1 1

M; ng = My co,—~NG Combustion X X Nng,plenda% X Png X

EFNG combustion HHVBlend
Ckg—mt
(31)

1 1

NHZ,Blend% X pHZ X Ckg—mt
(32)

Mm; p, = M co,—~NG Combustion X
"2 2 EFNG combustion HHVBlend

where py is the density of natural gas (kg/m?), and Pu, is the density of hydrogen (kg/m?3).

100% Hydrogen Process Heat

Hydrogen has been proposed as an alternative to natural gas for industrial process heat,
especially for medium or high temperature processes.®”'* This deployment opportunity
represents the upper limit for process heat demand, assuming that all process heat met via
natural gas at facilities could be replaced with hydrogen on a 1:1 MJ basis. All natural gas was
considered due to lack of available data regarding facility process heat temperatures. A similar
calculation to Eq. 3 was employed to calculate how much hydrogen would be required to
replace all natural gas for facilities. Annual CO2 emissions from natural gas combustion

(Mi co, combustion) Were obtained from the GHGRP for facilities. GHGRP emissions data was
then used to estimate the annual energy demand from natural gas for each facility, assuming a
combustion factor of 0.0503 kg CO,/MJ NG (53.06 kg CO./MMBtu NG).®® This annual energy
estimate was then multiplied by the HHV of hydrogen (141.9 MJ/kg, 343 Btu/ft®)®* to calculate
the mass of hydrogen (mt) each facility would need to produce an equivalent amount of energy
(Eq. 33).

1

mi,Hz = mi,COZ—NG Combustion X X HHVH2 X Ckg—mt (33)

EFNG combustion
Where m; ;,is the mass of annual hydrogen demand for facility i (mt), m; co,-n6 combustion 1S the
mass of annual CO, emissions from the combustion of natural gas at facility / (kg),

EFgar NG combustion 1S the COz intensity from the combustion of natural gas (kg CO-/MJ NG)
HHVy, is the higher heating value of hydrogen (MJ/kg) and Cy4_; is the conversion from
kilograms to metric tons.
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Steel Industry

In the “Low Hydrogen Use” and “High Hydrogen Use” scenarios, the same 30% maximum coke
replacement strategy was employed for the integrated mill together with the hydrogen blending.
For the mini mill, it was assumed that the EAF would be upgraded to hydrogen-enhanced EAF
in the “High Hydrogen Use” and “Complete Hydrogen Substitution” scenarios. EAF is
instrumental in manufacturing steel from scrap material for mini mills and refining the output
from blast or shaft furnaces for integrated mills. Conventionally, EAF utilizes natural gas as an
ancillary heat source. Nevertheless, advancements are underway through a project in Europe
focusing on the development of a hydrogen-enhanced EAF, which has achieved significant
progress.'?” The hydrogen requirement for hydrogen-enhanced EAF was estimated (Eq. 34)
based on the method previously introduced (Section 2.6.2).

1

Mm; g, = My EaF c0,—~NG Combustion X X HHV y, X Crg_m¢ (34)

EFEAF NG Combustion

where m; y, is the mass of annual hydrogen demand for facility / (mt), m; gar co,-nG combustion
is the mass of annual CO2 emissions from EAF natural gas combustion for facility i (kg),

EFgar NG combustion 1S the COz intensity from EAF combusting natural gas (kg CO2/MJ NG), and
HHVy, is the higher heating value of hydrogen (MJ/kg).

In the “Complete Hydrogen Substitution” scenario for the integrated mill, the flash ironmaking
technology—electric arc furnace—hydrogen (FIT-EAF-H.) technology was employed, which is an
innovative approach to steelmaking that incorporates hydrogen as a reducing agent or heat
source in the EAF, aiming to enhance the efficiency and reduce carbon emissions in the
process.'® The natural gas-based EAF was modified to be the fully hydrogen-enhanced EAF,
and the hydrogen intensity (Yy, _moairiea) Was then calculated by Eq. 35. using the original
number of 83.73 kg Ho/mt steel. Utilizing the annual capacity metrics of the integrated mills, the
annual hydrogen demand was subsequently computed by Eq. 36.

—_ M NG-original X HHV NG
YHZ—modified - YHz—original + HHVy (35)
2

Mpearborn, H, = PCDearborn X YHz—modified (36)

where Yy _origina: iS the original hydrogen intensity from the literature (kg Hz/mt steel),

M nG-originat 1S the mass of natural gas usage for original FIT-EAF-H, technology in the EAF
(K9).Mpearborn, 1, IS the mass of annual hydrogen demand for integrated mill (mt), PCpearporn 1S
the annual production capacity of an integrated mill (mt).

Glass Industry

The “Low Hydrogen Use” and “High Hydrogen Use” demand was calculated using the natural
gas blending methods previously described (Section 2.7.2).
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For the “Complete Hydrogen Substitution” scenario, it was assumed that oxy-hydrogen firing
would be used to provide 100% of process heat needs in the furnace and annealing lehr. To
model this, correction factors were applied for the glass industry to the 100% hydrogen process
heat calculations. First, conversion from air-methane to oxy-methane firing was assumed to
generate a 10% specific fuel reduction over the furnace lifetime.'?®3* Next, a 1% increase in
specific energy consumption was assumed when converting from oxy-methane firing to oxy-
hydrogen firing."?® This 1% correction factor is embedded as a substitution ratio. Finally, one
metric ton of oxygen is required to combust 13,956 MJ-HHV of methane (1 short ton of oxygen
to combust 12 MMBtu-HHYV), but oxy-hydrogen firing was assumed to generate a 15% reduction
in specific oxygen combustion.'?® The resulting equations to calculate hydrogen demand for
process heat and oxygen demand for oxy-fuel firing are described by (Eq. 37) and (Eq. 38),
respectively.

1

X FRoxyfuel X SR X HHVyy, X Ciegm
(37)

My, = M co,—-NG Combustion X EF )
NG Combustion

1

Mo, = Mo, - ion X X HHVy X FR
0, CO,—NG Combustion EFNG Combustion H, Oxyfuel

X OFOxy—methane X OROxy—HZ X Cst—mt (38)

where my,and m,,are the respective masses of hydrogen and oxygen used for process heat
(mt), FRoxyruer is the fuel reduction achieved by switching from air-methane combustion to oxy-
methane combustion (10% specific fuel reduction), SR is the substitution ratio required when
switching from oxy-methane to oxy-hydrogen firing (1% specific fuel increase), OF ., —methane 1S
the oxygen required to combust natural gas (1 metric O2/13956 MJ NG), and ORyy,p, is the
reduction in specific oxygen consumption when switching from oxy-methane to oxy-hydrogen
firing (15% specific oxygen reduction).

Cement Industry

For the 2050 “Incumbent Technology” scenario, no hydrogen use was assumed to align with the
existing fuel mix in both cement plants. New hydrogen deployment opportunities were
accounted for in the “Low Hydrogen Use,” “High Hydrogen Use,” and “Complete Hydrogen
Substitution” scenarios. The replacement order of incumbent fossil fuels in these 2050
scenarios was also determined based on their relative prices—i.e., the most expensive fossil
fuels were replaced first by hydrogen or AFs (Section 2.6.2). Based on these projections, coal
was also found to be the most expensive fuel in 2050 followed by petroleum coke and natural
gas.

While this method makes similar assumptions to the 2030 method (Section 2.6.2), it also
considers the implementation of hydrogen. It was assumed that hydrogen and AFs only replace
incumbent fossil fuels, and not each other, from the fuel mix. As in 2030, the total kiln thermal
energy for each plant was calculated (Eq. 24) and the updated fuel mixes were used to estimate
each fuel’s respective annual demand in 2050 (Eq. 25).
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Due to the lack of technical data on fuel-switching projects within the cement sector, a 1:1
substitution ratio on a MJ basis was assumed when replacing incumbent fossil fuels with
hydrogen and AFs. Updated fuel mixes were generated for both Holcim and SMC plants by
using the incumbent kiln fuel mix in 2022, making assumptions of future thermal contributions of
hydrogen and AFs, and applying the replacement logic described above. Finally, the total kiln
thermal energy for each plant was calculated (Eq. 39) and the updated fuel mixes were used to
estimate each fuel’s respective annual demand in 2050 (Eq. 40).

TE; = X[mix X Conp—ig X HHV}] (39)

where TE; is the total thermal energy used in the kiln for facility / (Holcim or SMC) (MJ), m;  is
the mass of fuel k (natural gas, coal, petroleum coke, TDF, or plastics) used annually in plant i
(mt), and Cpt—i4 is the conversion factor from metric tons to kilograms.

1
Mgy = TE; X fi,k,y X HHV, X Ckg—mt (40)

where m; ; ,, is the mass of fuel k in facility / in year y (2050) and f; x , is the kiln thermal energy
contribution of fuel k in facility i in year y as estimated using the aforementioned method. Since
the 2050 fuel use estimates are based on 2022 operations, the sector’'s economic growth
projection (Section 2.5.1) was applied to reflect future economic activity in the cement sector.

2.7.3 Transportation 2050 Methods
Transportation demand for 2050 was calculated by scaling VMT values for each class as
explained in “MHDV Projections” (Section 2.5.2).

Since it is uncertain how much hydrogen adoption will occur within each class (and which
classes will be electrified), scenarios were aligned with predictions made in the DOE Hydrogen
Roadmap.™ In the Roadmap, hydrogen demand in 2050 ranges from 2-11 million metric tons
(Mmt) per year.” Eq. 41 was used to estimate the percentage of vehicles in each class that are
fueled by hydrogen for the various scenarios based on these total national demand values,
assuming the same adoption rate across selected MHDV classes. This estimate assumes that
demand is distributed evenly throughout the country.

1

VP50 = Dy X Cypme—kg 1, X X Cyj—ptu X (41)

LHVEg GH, TECTEDB

where VP,,s, is the percentage of vehicles in 2050 that are fueled by hydrogen, D,, is either the
minimum (2 Mmt) or maximum (11 Mmt) demand for hydrogen in 2050 for all MHDVs,

Cumi—kg H, 18 the conversion factor from million metric tons to kilograms Hz, LHV, 4 y, is the
LHV of gaseous hydrogen (kg/MJ), Cy;_p, is the conversion factor from MJ to Btu, and

TECrgpp is the total energy consumed by MHDVs in 2018-2019 (trillion Btu)*.'%
*Multiplied by the 2050 demand (D,,) to scale accordingly
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When the minimum hydrogen demand of 2 Mmt is assumed, a hydrogen penetration of 4% is
calculated. This percentage represents the penetration that hydrogen comprises within each
vehicle class for the Low Hydrogen Use Scenario. This method was utilized due to data
limitations regarding the total number of vehicles in each class, except for Class 6 School Buses
and Class 7 Transit Buses in the state of Michigan. Since that data was not available, and due
to the uncertainty around which classes would make up the 4%, it was assumed that the
percentage was just applied to each vehicle class individually. This percentage was then
multiplied to the sum of the number of metric tons of hydrogen for each vehicle with a full and
empty payload to get the total demand.

2.8 GHG & NOx Emission Reduction Potential

An analysis of GHG and NOx emissions was conducted for each of the 2030 and 2050
hydrogen demand scenarios and for different hydrogen production pathways. Five hydrogen
production pathways were modeled: natural gas SMR, natural gas SMR with CCS, PEM
electrolysis with electricity from the ReliabilityFirst Corporation (RFC) electric grid (which
includes Michigan), PEM electrolysis with electricity from renewables (solar, wind, and
hydroelectric), and HTSE electrolysis with electricity from nuclear generation. These pathways
were chosen due to their technology readiness level and range of respective GHG intensities.?®
Emissions modeled for hydrogen demand include the upstream emissions from producing
hydrogen and emissions from the combustion of hydrogen. While there are concerns that
greater hydrogen deployment may lead to atmospheric methane emissions and hydrogen leaks,
each of which have climate impacts, these emissions were not accounted for in the analysis as
they are still active areas of research.

In industrial fuel applications, hydrogen was assumed to be combusted directly in the furnace
alone or mixed with natural gas. While for the transportation fuel application, it was assumed
that hydrogen served as the fuel supply of fuel cells. This distinction underscores the differing
roles of hydrogen in industrial versus transportation contexts. Changes in industrial inputs that
result from hydrogen deployment were also incorporated in emissions analysis, such as oxygen
required for oxy-fuel technology in glassmaking. Additionally, the analysis accounts for the
upstream emissions associated with fossil fuel production and the combustion emissions for
fossil fuels that are replaced by hydrogen in future end-uses, such as diesel, coke, natural gas,
and coal in the future demand analysis scenarios. Potential changes in emissions factors (GHG,
NO,) intensity of hydrogen and relevant fossil fuels were accounted for in 2030 and 2050, based
on GREET projections. However, it is important to note that GREET does not provide
projections for all the potential sources modeled in this analysis. Where projections were not
available, the base (2022) emission factor was used.

In integrated steel mills, coke is combusted in the BF, resulting in blast furnace gas (BFG) which
comprises mostly nitrogen, carbon monoxide, and carbon dioxide. BFG is often used
downstream in the BOF to supply process heat. As a result, only coke’s upstream emissions
and BFG’s combustion emissions were considered for integrated mills. In addition, while cement
facilities are expected to see an increase in alternative fuels to replace fossil fuels, the impacts
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associated with the production and combustion of such fuels (e.g., TDF, plastics) are omitted
from this analysis, as it is assumed that hydrogen will not be replacing these fuels. As such, this
emissions analysis is not representative of all emissions associated with a facility or an
industrial sector, as there may be other emission sources for which there is no feasible
hydrogen application.

Different emissions factors were used for the analysis of industry and transportation, with
industry using an HHV basis and transportation using an LHV basis, to align with the
established standards of each sector. For industry, all emission factors were obtained from the
default GREET model, with the exception that electricity inputs were changed to the “Distributed
- RFC Mix” to represent Michigan's electricity mix. It was also assumed that hydrogen would be
produced on-site at industrial facilities, so emissions associated with the transport of hydrogen
were omitted from the industry emissions analysis. To obtain the emission factors for
transportation, the default GREET fuel economies and payloads were manually changed to
reflect those modeled in this study (Section 2.4.3). Emission factors were determined for full and
empty payloads separately since different payloads led to different fuel economies which
resulted in different fuel cycles and emission factors. The emission factors for full and empty
payloads for each vehicle class were then summed to determine the total emission factor for
each vehicle class in each respective year. Like industry, the transportation analysis also altered
the electricity mix input to “Distributed - RFC Mix” to reflect Michigan’s electricity mix. However,
the emission factors for the transportation sector included the transportation of diesel and the
compression and transportation of hydrogen to refueling stations. The distance the fuel travels
to a refueling station is assumed to be the same for every pathway. It was also assumed that
when the hydrogen was produced via renewable electricity, the compression of the hydrogen
would also be performed using renewable electricity.

Eq. 42 is the generic equation that demonstrates how the total GHG or NOx emissions for each
industrial facility was calculated in a target analysis year. The total emissions of a sector were
determined by summing the total facility emissions for facilities within a respective sector.
Appendix E, Table E1 — Table E4 list the emissions factors used for industry in the target
analysis years of 2030 and 2050, respectively.

Ei = (EFProduction,NG Jy + EFCombustion,NG,y) X mi,NG,y +
(EFProduction,Coal Yy + EFCombustion,Coal,y) X mi,Coal,y +
(EFProduction,OZ Y + EFCombustion,OZ,y) X mi,OZ,y +
EFProduction,Coke Yy X mi,Coke Yy + EFCombustion,BFG,y X mi,BFG,y +

EFProduction,HZ Y% X mi,HZ Y% + EFCombustion,HZ,y X mi,HZ,y) X Ckg—mt (42)

where the total emissions (E;) of facility /, EF pyoguction f yiS the emissions factor for the
production of a given fuel or feedstock, f (natural gas, hydrogen for the five modeled production
pathways, coke, coal, and oxygen) in the target analysis year, y (2030 or 2050), m; ,, is the

mass of the given fuel or feedstock, f, in year y (2030 or 2050) for facility i, EF compustion,f,y iS
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mass of the given fuel or feedstock, f, in year y (2030 or 2050) for facility i, EF compustion,f,y iS
the emissions factor for the combustion of a given fuel, f (natural gas, hydrogen for the five
modeled production pathways, BFG, coal, and oxygen), and Cy4_.,, is the conversion factor to
convert from kilograms to metric tons.

For transportation, Eq. 43 and Eq. 44 were utilized to calculate the well-to-wheel emissions for
each vehicle class fueled solely by diesel versus hydrogen produced by the five different
pathways modeled. Appendix F, Table F1 — Table F4 lists the emissions factors used in the
transportation sector analysis.

Ed = ((NL,p,e X CL—MMBtu X (EFOperation,e,d + EFfuelpt,e,d )) +
(NL,p,f X CL—MMBtu X (EFOperation,f,d + EFfuelpt,f,d))) X Cg -mt (43)

where Ej is the total emissions for a vehicle fueled by diesel, N ,, . and Ny, ,, s are the number
of liters of diesel for a vehicle with an empty (e) and full (f) payload, respectively, C; _yupey iS
the conversion factor from liters to MMBtu, EFpyerationea @Nd EFopperation,r,a@re the emission
factors for operation of the vehicle when it is powered by diesel for when it has an empty (e)
and full (f) payload, respectively (3/MMBtu), EFfye; pte.a @Nd EFpye; pe r,q are the emission
factors for the fuel production and transportation of diesel for when the vehicle has an empty (e)
and full (f) payload, respectively (g/MMBtu), and C,_, is the conversion factor from grams to
metric tons.

Eh = ((Nmt,p,e X Ckg H,—mt X LHVMMBtu H, X (EFOperation,e,h + EFfuelpt,e,h)) +
(Nmt,p,f X Ckg Hy,—mt X LHVMMBtu H, X (EFOperation,f,h + EFfuelpt,f,h))) X Cg—mt (44)

where E,, is the total emissions for a vehicle fueled by hydrogen, Ny,; , . and Ny, ,, r are the
number of metric tonnes of hydrogen for a vehicle with an empty (e) and full (f) payload,
respectively, Cyg4 n,- m¢ is the conversion factor from kilograms of gaseous hydrogen to metric
tons, LHVyumpew 1, is the LHV for hydrogen, EFoperationen @Nd EFgperation r,na@re the emission
factors for operation of the vehicle when it is powered by hydrogen for when it has an empty (e)
and full (f) payload, respectively (3/MMBtu), EFsye; pten @Nd EFpye; pe r,n are the emission
factors for the fuel production, compression, and transportation of hydrogen for when the vehicle
has an empty (e) and full (f) payload, respectively (3/MMBtu), and Cy;qms—m: iS the conversion
factor from grams to metric tons.
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3. Results

3.1 Current Hydrogen Demand (2022)

Michigan’s current (2022) annual hydrogen demand is estimated to be 39,100 metric tons
(Table 5). Industrial demand for hydrogen only occurs as a feedstock in the petroleum refining,
semiconductor, and glass industries and accounts for over 99% of Michigan’s total hydrogen
demand. Demand in the transportation sector results from the operation of one hydrogen fuel
cell bus.

Table 5. Current (2022) annual hydrogen demand by sector. While the analysis investigated
eight hydrogen end-uses within Michigan, only four end-uses exhibit hydrogen demand in 2022
with petroleum refining having the largest demand.

Sector Hydro:;;:ﬁ)emand
Petroleum Refining 36,500
Semiconductor 2,470
Glass 83
Transportation 13
TOTAL 39,100*

*total demand does not equal the sum of individual sector demands due to rounding

The petroleum refining sector accounts for 93.4% of total annual demand amounting to 36,500
metric tons of hydrogen. This hydrogen is produced on-site at Marathon Petroleum’s refinery in
Detroit, MI, via a natural gas SMR facility operated by Air Products.'®*® The semiconductor
industry is the next largest source of demand at 2,470 metric tons, representing 6.3% of
Michigan’s total annual hydrogen demand. Hemlock Semiconductor LLC (HSC) is the only
semiconductor facility in-scope and currently receives their hydrogen from on-site via a natural
gas SMR facility operated by Linde Inc.”*®'3” The Guardian Industries float glass manufacturing
plant in Carleton, MI, uses 83 metric tons of hydrogen annually, accounting for only 0.21% of
current hydrogen demand. Guardian’s hydrogen is delivered via liquefied tanker truck and
stored on-site, as is typical for applications that require less than 250 kilograms of hydrogen per
day.™® The transportation sector has the lowest estimated hydrogen demand in 2022 as the
only user is Flint MTA, which currently operates one hydrogen fuel cell bus. Flint MTA produces
hydrogen on-site through a PEM electrolyzer that is powered by grid electricity. Therefore, it is
estimated that aside from Flint MTA, hydrogen demand in 2022 only consists of a limited
number of specialized feedstock applications.
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3.2 Near-Term (2030) Results

3.2.1 Hydrogen Demand (2030)

The 2030 “Incumbent Technology” scenario represents demand if no advancements are made
in the deployment of hydrogen-based technology from 2022 while accounting for growth of each
sector from 2022 to 2030 (Table 6). Hydrogen demand in this scenario follows similar patterns
to current demand with petroleum refining accounting for 93.3% of total annual demand with
37,400 metric tons, semiconductor manufacturing accounting for 6.4% of total demand with
2,580 metric tons, and glass manufacturing accounting for 0.2% with 75 metric tons. In the
transportation sector, the hydrogen demand was calculated to be 38 metric tons from
accounting for two additional FCEV buses that were ordered by Flint MTA and delivered in
March 2024.

Table 6. Annual hydrogen demand for the “Incumbent Technology” scenario (2030) by sector.
The petroleum refining sector continues to have the largest demand with the semiconductor
sector being the next highest consumer.

Sector Hydro:;;:ﬁ)emand
Petroleum Refining 37,400
Semiconductor 2,580
Glass 75
Transportation 38
TOTAL 40,100

*total demand does not equal the sum of individual sector demands due to rounding

The “Near-Term Hydrogen Opportunities" scenario (Figure 2) has the same feedstock demand
as described above (petroleum refining, semiconductor, glass), but layers on two additional
demand opportunities. First, hydrogen was assumed to substitute 30% of the coke in the
Cleveland-Cliffs Dearborn Works blast furnace resulting in 19,200 metric tons of annual
demand. Next, 1% of the vehicles in each MHDV class were assumed to be hydrogen FCEVs,
resulting in an annual hydrogen demand of 3,620 metric tons for the transportation sector.*
Notably, the petroleum refining industry continues to dominate hydrogen demand in Michigan,
even in the “Near-Term Opportunities™ scenario. For the glass industry, no near-term hydrogen
opportunities are expected as Guardian Industries’ Carleton facility recently underwent a
furnace renovation in 2018."*° Sectors that rely primarily on natural gas for process heat such as
chemicals and pulp and paper do not contribute to annual hydrogen demand in this scenario as
hydrogen—natural gas blending opportunities are not projected to be viable in 2030."

40


https://www.zotero.org/google-docs/?MmQihm
https://www.zotero.org/google-docs/?NAcksR
https://www.zotero.org/google-docs/?nRelRa

+24,300 metric tons

(+62%)

60
® 50 -
R
P
& Il Glass
§ 40 1 -Semiconductor
_; |:|Transportation
@ 30 - [ steel
E -Refining
g
9 20
o
<
[=

10 ~

O .

Current (2022) Near Term Opportunities

Figure 2. Annual hydrogen demand in the “Near-Term Opportunities” scenario for 2030
indicates an increase in demand by 62% from current (2022) demand, with petroleum refining
and steel accounting for a majority of the scenario’s demand.

3.2.2 Emission Reduction Potential (2030)

To model the incumbent emissions (“Incumbent Technology”) from hydrogen production, the
natural gas SMR production pathway was used for industrial demand and the PEM electrolysis
via RFC grid pathway was utilized for transportation demand. This baseline also includes the
emissions associated with the upstream processes and combustion of fossil fuels that could be
replaced by hydrogen and the combustion of hydrogen, when applicable. Emissions associated
with the “Incumbent Technology” scenarios for transportation and industry are the baseline from
which emissions reduction potential was calculated for the two sectors. Overall, the “Incumbent
Technology” scenario amounts to about 5.6 million metric tons of GHG emissions and 6.7
thousand metric tons of NO, emissions in transportation, represented by the dashed line in
Figures 3 and 5. For industry, emissions in the “Incumbent Technology” scenario were 14
million metric tons of GHG emissions and 9.1 thousand metric tons of NOy, respectively. The
dashed lines in Figures 4 and 6 represent these respective values.
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The total GHG emissions and GHG emission reduction potentials for the “Near-Term
Opportunities” scenario is shown in Figures 3 and 4 for the transportation and industrial
sectors, respectively. For both sectors, producing the estimated hydrogen demand through
electrolysis with renewables or nuclear energy leads to the greatest reduction of GHG
emissions when compared to incumbent emissions. In transportation, a GHG emission
reduction up 0.057 million metric tons (-1.0%) can be achieved depending on the hydrogen
pathway. In industry a maximum reduction of 1.9 million metric tons (-14%) was achieved
through hydrogen produced via PEM electrolysis with renewable sources of electricity. Although
hydrogen produced via natural gas SMR or hydrogen produced via electrolysis with the RFC
grid mix are considered carbon-intensive, these hydrogen production pathways still result in
GHG emission reductions in industry (-9.9% and -4.7% respectively). In transportation, while
the natural gas SMR pathway leads to a slight reduction (-0.32%), PEM electrolysis with the
RFC grid mix leads to a slight increase in emissions (+0.34%) as compared to the incumbent
technology emissions. For hydrogen produced via natural gas SMR, the mass of GHG
emissions in industry is estimated to be reduced by 1.4 million metric tons (-9.9%). The
displacement of coke in steel mills with hydrogen produced via pathways that utilize fossil fuels
still leads to emission reductions due to the GHG-intensity of coke. Overall, the potential to
reduce GHG emissions when compared to the incumbent is especially limited in transportation
(-0.32 to -1.0%) due to low (1%) FCEV penetration in 2030. The potential to reduce GHG
emissions in industry is slightly higher than in transportation (-4.7 to -14%) though still
constrained by limited near-term hydrogen opportunities.
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Figure 3. Total GHG emissions for the “Near-Term Opportunities” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in transportation.
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Figure 4. Total GHG emissions for the “Near-Term Opportunities” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in industry. Due to rounding, the
emission reduction potentials appear to be the same for SOEC electrolysis with nuclear and
PEM electrolysis with renewables. However, PEM electrolysis with renewables leads to a
slightly higher emission reduction.

Total NOx emission reductions (Figures 5 and 6) follow similar patterns as GHG emissions
across all hydrogen production pathways in the “Near-Term Opportunities" scenario for
transportation and industry. Potential NOx reductions range from 0.27-0.99% in transportation
and 0.39-9.7% in industry depending on the hydrogen production pathway. The upper end of
these percent reductions corresponds to NOx emission reductions of 0.067 thousand metric
tons and 0.89 thousand metric tons in transportation and industry, respectively. While hydrogen
produced via natural gas SMR with CCS technology is more effective at reducing GHG
emissions than hydrogen produced from natural gas SMR without CCS, the SMR-CCS pathway
performs marginally worse for NO reduction as compared to SMR without CCS. The exact total
GHG and NOy emission reduction results for the “Near-Term Opportunities” scenario are
available in Appendix G in Table G1 and Table G2.
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Figure 5. Total NOx emissions for the “Near-Term Opportunities” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in transportation.
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Figure 6. Total NOx emissions for the “Near-Term Opportunities” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in industry.
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3.3 Long-Term (2050) Results

3.3.1 Hydrogen Demand (2050)

The 2050 demand is characterized by four scenarios: Incumbent Technology, Low Hydrogen
Use, High Hydrogen Use, and Complete Hydrogen Substitution. As in 2030, the “Incumbent
Technology” scenario in 2050 continues the use of existing hydrogen applications and results in
an annual hydrogen demand of 36,700 metric tons (Table 7). In this scenario, petroleum
refining accounts for 91.1% of total demand with 33,500 metric tons, semiconductor
manufacturing accounts for 8.6% of total demand with 3,150 metric tons, and glass
manufacturing accounts for 0.2% with 80 metric tons. Demand in the transportation sector was
assumed to remain constant at 38 metric tons between the 2030 and 2050 “Incumbent
Technology” scenarios as Flint MTA does not currently have any orders placed for additional
hydrogen buses.'* Notably, the “Incumbent Technology” scenario has a lower hydrogen
demand in 2050 relative to 2022. This is a consequence of the EIA projecting that demand for
petroleum refining products will decrease in 2050 relative to 2022, which therefore decreases
the estimated hydrogen demand.

Table 7. Annual hydrogen demand for the “Incumbent Technology” scenario (2030) by sector.
The petroleum refining sector continues to have the largest demand with the semiconductor
sector being the next highest consumer.

Sector Hydro:;;:ﬁ)emand
Petroleum Refining 33,500
Semiconductor 3,150
Glass 80
Transportation 38
TOTAL 36,700

*Total demand does not equal the sum of individual sector demands due to rounding

Figure 7 highlights a range of potential hydrogen demand in 2050 by comparing current (2022)
demand to projections from the “Low Hydrogen Use” and “High Hydrogen Use” scenarios. The
“Low Hydrogen Use” scenario resulted in a total annual hydrogen demand of 108,000 metric
tons, representing a 68,900 metric ton (176%) increase relative to 2022 demand. Petroleum
refining continues to have the greatest demand of any sector at 34,100 metric tons, with the
majority of hydrogen used as a feedstock (33,500 metric tons) and the remaining demand as a
fuel (642 metric tons). Refineries have limited demand for blended hydrogen as a fuel due to the
preference for refinery gas and other low-value intermediates for process heat over natural
gas.™ This is also due to hydrogen’s low volumetric energy density: hydrogen contributes less
than 10% of the heat output from a 20% blend with natural gas by volume.'' The chemicals and
pulp and paper industries use a hydrogen—natural gas blend for process heat and generate an
annual hydrogen demand of 8,210 and 10,100 metric tons, respectively. This demand is
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primarily driven by each sector housing 9 facilities in Michigan. The in-scope cement facilities
are characterized by large production capacity and high-temperature process heat
requirements. Therefore, a 9% thermal replacement of incumbent fossil fuels with hydrogen in
the kiln amounts to an annual hydrogen demand of 16,600 metric tons. In the steel industry,
30% coke replacement with hydrogen and a 20% hydrogen blend by volume with natural gas
generate an annual demand of 19,100 metric tons. The “Low Hydrogen Use” scenario assumes
that 4% of all MHDV classes will be transitioned to hydrogen FCEVs, amounting to an annual
hydrogen demand of 14,500 metric tons. Class 8b sleeper cabs had the largest demand at
7,800 metric tons, while Class 8b day cabs followed with 4,800 metric tons. Semiconductor and
glass manufacturing are the lowest contributors to hydrogen demand in this scenario at 4,010
and 1,250 metric tons, respectively. Like petroleum refineries, the semiconductor industry also
has a higher demand for hydrogen as a feedstock (3,150 metric tons) than as a fuel (864 metric
tons).

The “High Hydrogen Use” scenario resulted in an annual hydrogen demand of 206,000 metric
tons, representing a 167,000 metric ton (427%) increase relative to the hydrogen demand
estimated for 2022. Like the “Low Hydrogen Use” scenario, the “High Hydrogen Use” scenario
assumes a 20% blend of hydrogen in natural gas for process heat applications. As mentioned in
the 2050 Scenario Design (Section 2.7.1), this blend percentage was chosen in the “High
Hydrogen Use” scenario while accounting for the technology readiness of end-use applications
and the physical limitations of existing natural gas pipelines. Therefore, the sectors where
natural gas process heat was modeled—glass, semiconductor, chemicals, pulp and paper, and
petroleum refining—have the same hydrogen demand as in the “Low Hydrogen Use” scenario.
In the steel industry, 30% replacement of coke with hydrogen, a 20% blend with natural gas,
and hydrogen-enhanced EAF generate an annual demand of 20,300 metric tons. Direct thermal
replacement drives hydrogen deployment in the cement industry as well, with an annual
demand of 55,500 metric tons. Finally, a 20% displacement of diesel MHDVs with FCEVs
generates a hydrogen demand of 72,700 metric tons. Within transportation, as in the “Low
Hydrogen Use” scenario, class 8b sleeper cabs had the largest hydrogen demand with 39,300
metric tons. Class 8b day cabs were in second with 24,500 metric tons. Then in third was class
7 transit buses with a demand of 8,060 metric tons.

46



220 +167,000 metric tons
(+427%)

200 -
180 A+

160 1

- Glass
Semiconductor
I:l Chemicals

- Pulp & Paper
[ steel

- Refining

- Cement

[:] Transportation

140 ~+

+68,900 metric tons
120 4 (+176%)

100 -
80
60 -
40 - =
20
0 A

2022 Demand Low Hydrogen Use High Hydrogen Use

Thousand Metric Tons Hydrogen Per Year

Figure 7. Long-term (2050) potential hydrogen demand in the “Low Hydrogen Use” and “High
Hydrogen Use” scenarios as compared to current (2022) hydrogen demand.

The “Complete Hydrogen Substitution” scenario (Figure 8) assumes full displacement of natural
gas process heat, diesel MHDVs, and additional fossil fuels in the cement and steel sectors with
hydrogen. This results in a total annual hydrogen demand of 1.10 million metric tons,
representing a 1.06 million metric ton (2,700%) increase relative to current (2022) demand. In
this scenario, the transportation sector generates the greatest annual demand of 364,000 metric
tons by converting all MHDV classes to FCEVs. In transportation, class 8b sleeper cabs (196,00
metric tons) again had the greatest demand, with class 8b day cabs (122,00 metric tons)
following in second. Class 7 transit buses had the third largest demand with 40,300 metric tons.
Due to high production capacities and high-temperature process heat requirements, both the
steel and cement manufacturing industries generate significant hydrogen demands of 250,000
and 160,000 metric tons, respectively. Other industries with significant process heat needs such
as pulp and paper (138,000 metric tons), chemicals (112,000 metric tons), semiconductor
(15,000 metric tons), and glass (15,000 metric tons) also contribute to the hydrogen demand in
this scenario. The chemicals and pulp and paper industries have especially large annual
demand as each sector has 9 facilities located within Michigan. With an annual hydrogen
demand of 42,200 metric tons, the petroleum refining industry is estimated to have the lowest
demand for the “Complete Hydrogen Substitution” scenario. This is primarily because refineries
are projected by the EIA to see a decline in sectoral output and because they use relatively low
amounts of natural gas for process heat.
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Figure 8. Long-term (2050) potential hydrogen demand in the “Complete Hydrogen
Substitution” scenario as compared to current (2022) hydrogen demand.

3.3.2 Emission Reduction Potential (2050)

Like 2030, the “Incumbent Technology” scenario includes emissions from status quo hydrogen
production (natural gas SMR, electrolysis via RFC grid mix), and the production and combustion
emissions associated with fossil fuels that could be replaced with hydrogen. In 2050, the
‘Incumbent Technology” scenario equates to about 6.3 million metric tons of GHG emissions
and 8.5 thousand metric tons of NOx emissions in transportation. In industry, the incumbent
technology emissions were about 14 million metric tons of GHG emissions and 11 thousand
metric tons of NOyin 2050. “Incumbent” emissions in 2050 are represented by the dashed line in
Figure 9 through Figure 20.

In the 2050 Low Hydrogen Use scenario, electrolysis via renewables and nuclear energy results
in the greatest GHG emission reductions when compared to incumbent emissions, with
reductions up to approximately 0.25 million metric tons in transportation (Figure 9) and 2.5
million metric tons in industry (Figure 10). Natural gas SMR pathways lead to GHG emission
reductions up to 3.0%, or approximately 0.19 million metric tons, when paired with CCS for the
transportation sector. In industrial applications hydrogen produced from natural gas SMR with
CCS leads to a reduction of 15%, or 2.1 million metric tons, for “Low Hydrogen Use” scenario
opportunities. PEM electrolysis powered by the RFC grid mix leads to an increase in GHG
emissions of 0.037 million metric tons (+0.58%) in transportation and a reduction of 0.57 million
metric tons (-4.1%) in industry as compared to emissions produced by the 2050 “Incumbent
Technology” scenario (Figures 9 and 10). For both transportation and industry, PEM
electrolysis with renewables leads to the highest GHG reductions of 4.0% and 18%,
respectively, for all hydrogen production pathways (Figures 9 and 10).
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Figure 9. Total GHG emissions for the “2050 Low Hydrogen Use” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in transportation.
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Figure 10. Total GHG emissions for the “2050 Low Hydrogen Use” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in industry. Due to rounding, the
emissions reduction potentials appear to be the same for SOEC electrolysis with nuclear and
PEM electrolysis with renewables. However, PEM electrolysis with renewables leads to a
slightly higher emissions reduction.
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For 2050, under the “High Hydrogen Use” scenario, hydrogen generated from low-carbon
production pathways, such as SOEC electrolysis with nuclear technology and PEM electrolysis
powered by renewables, is projected to yield GHG emission reductions of at least 1.2 million
metric tons (-18%) in transportation applications and 3.0 million metric tons (-21%) in industrial
applications (Figure 11 and 12). Despite the use of fossil fuels, hydrogen produced from natural
gas SMR reduces GHG emissions by 12%, or 1.6 million metric tons, through the displacement
of coal and coke in the steel and cement sectors in industry (Figure 12). Electrolysis with the
RFC grid mix leads to an increase in emissions by 0.19 million metric tons (+2.9%) in
transportation and achieves GHG emissions reductions of 0.29 million metric tons (-2.1%) in
industry (Figure 11 and 12). A detailed summary of the total GHG emission reductions results
for both the “Low Hydrogen Use” and “High Hydrogen Use” scenarios are available in Appendix
H in Table H1 and Table H3.
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Figure 11. Total GHG emissions for the “2050 High Hydrogen Use” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in transportation.
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Figure 12. Total GHG emissions for the “2050 High Hydrogen Use” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in industry.

In the 2050 “Low Hydrogen Use” scenario, total NOx emission reductions in transportation
(Figure 13) follow a similar trend as GHG emission reductions in this scenario, ranging from
0.15 thousand metric tons (-1.8%) to 0.34 thousand metric tons (-4.0%) of reduced NOx. For
industry, NO, emission reductions in this scenario range from an increase of 0.049 thousand
metric tons (+0.44%) to a decrease of 1.2 thousand metric tons (-11%) (Figure 14).
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Figure 13. Total NO, emissions for the “2050 Low Hydrogen Use” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in transportation.
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Figure 14. Total NO, emissions for the “2050 Low Hydrogen Use” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in industry. Due to rounding, the
emissions reduction potentials appear to be the same for SOEC electrolysis with nuclear and
PEM electrolysis with renewables. However, PEM electrolysis with renewables leads to a
slightly higher emissions reduction.
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In the 2050 “High Hydrogen Use” scenario, NOx emissions reductions range from 8.9% to 20.%,
or 0.75 thousand metric tons to 1.7 thousand metric tons, compared with the incumbent
technology emissions in transportation (Figure 15). NOx emissions in industry range from a net
increase of 0.21 thousand metric tons (+1.9%) to a reduction by 1.6 thousand metric tons
(-15%) as compared to incumbent technologies emissions in this scenario (Figure 16). A
detailed summary of the total NOy emissions reductions results for both the “Low Hydrogen
Use” and “High Hydrogen Use” scenarios are available in Appendix H in Table H2 and Table
H4.
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Figure 15. Total NO, emissions for the “2050 High Hydrogen Use” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in transportation.
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Figure 16. Total NO4 emissions for the “2050 High Hydrogen Use” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in industry.

In the 2050 “Complete Hydrogen Substitution” scenario, PEM electrolysis with the RFC grid mix
results in an increase of GHG emissions of 0.93 million metric tons (+15%) in transportation and
1.0 million metric tons in industry (+7.6%) (Figures 17 and 18). The increase in emissions as
compared to incumbent technology can be attributed to the significant amount of hydrogen
produced from a GHG-intensive grid. However, PEM electrolysis with renewables demonstrates
a 6.3 million metric tons reduction (-100%) in GHG emissions in transportation and a 14 million
metric tons reduction (-100%) in industry when compared to incumbent emissions. Though
emission reductions of about 100% are estimated for industry through this hydrogen production
pathway, some emissions (0.014 million metric tons) are still created from oxygen production for
oxy-fuel combustion with hydrogen in the glass sector. SOEC electrolysis with nuclear energy
has a GHG reduction potential of 5.8 million metric tons (-91%) in transportation and about 14
million metric tons (-99%) in industry. The significant reduction potential of both PEM
electrolysis with renewables and SOEC electrolysis with nuclear energy emphasizes the need
for low-carbon electricity when producing hydrogen. A detailed summary of the total GHG
emissions reductions results for the “Complete Hydrogen Substitution” scenario are available in
Appendix H in Table H5.
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Figure 17. Total GHG emissions for the “Complete Hydrogen Substitution” scenario compared
to “Incumbent Technology” scenario emissions (dashed line) in transportation.
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Figure 18. Total GHG emissions for the “Complete Hydrogen Substitution” scenario compared
to “Incumbent Technology” scenario emissions (dashed line) in industry. Though the emissions
reduction potential from hydrogen produced via PEM electrolysis with renewables rounds to
100%, some GHG emissions remain from oxygen produced for oxy-fuel combustion in the glass
sector.
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The total NOx emission reductions results (Figures 19 and 20) follow trends like the GHG
emission reductions results for the “Complete Hydrogen Substitution” scenario. For instance,
PEM electrolysis with the RFC grid mix leads to an increase in NO, emissions in industrial
applications by 4.6 thousand metric tons (+41%) when compared to emissions from the
“Incumbent Technology” scenario. However, this hydrogen production pathway does lead to a
decrease in emissions by 44% in transportation. PEM electrolysis with renewables has the
highest reduction potential of 8.5 thousand metric tons (-100%) of NOx in transportation
applications and 5.4 thousand metric tons (-49%) of NOy in industrial applications, followed by
SOEC electrolysis with nuclear energy at reductions of 7.9 thousand metric tons (-93%) in
transportation and 5.1 thousand metric tons (-46%) in industry. A detailed summary of the total
NOy emission reductions results for the “Complete Hydrogen Substitution” scenario is available
in Appendix H in Table H6.
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Figure 19. Total NO, emissions for the “Complete Hydrogen Substitution” scenario compared to
“Incumbent Technology” scenario emissions (dashed line) in transportation.
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57



4. Discussion

4.1 Current (2022) Hydrogen Demand

Michigan’s current annual hydrogen demand consists of fuel use in Flint MTA’s singular
hydrogen fuel cell bus and feedstock use in the petroleum refining, semiconductor, and glass
sector. There is no feedstock demand in Michigan’s chemicals sector due to the absence of
ammonia and methanol production within the state. While chemicals, pulp and paper, cement,
and steelmaking have significant process heat requirements, these sectors currently rely on
fossil fuels to produce process heat and thus do not have any hydrogen demand. Current
annual hydrogen demand was estimated to be 39,100 metric tons with 93.4% of demand
attributed to Marathon Petroleum’s refinery and 6.3% to HSC’s manufacturing facility. Notably,
the CO- emissions used to estimate HSC’s hydrogen demand were lower than historic averages
and thus may be an underestimate of actual demand.

Hydrogen demand for the refinery and semiconductor facility is met by on-site natural gas SMR
plants operated by Air Products and Linde, respectively. While refineries also generate
hydrogen as a byproduct, this was not accounted for in this analysis.'*? Hydrogen for Flint
MTA'’s fuel cell bus is produced on-site using a PEM electrolyzer powered by grid electricity and
is stored on-site in proximity to the refueling station.”® Guardian Industries’ facility has its
hydrogen delivered via liquid tanker trucks and is stored as a liquid on-site.”*® As indicated by
Guardian Industries, bulk delivery is common in the U.S. for customers using under 250 kg
H./day."®

Current hydrogen demand is predominantly provided by natural gas SMR facilities for industrial
consumers and an electrolyzer powered by grid electricity for the transportation sector. These
production pathways are more GHG intensive than other alternatives as the SMR process
produces carbon dioxide and Michigan’s grid still relies predominantly on fossil fuel assets. Flint
MTA is unable to pursue lower-carbon electricity, as photovoltaics would require a large area of
land and wind power is infeasible due to Flint MTA’s proximity to the Flint Bishop International
Airport.'* As such, decarbonization options for incumbent hydrogen production pathways
include CCS on natural gas SMR facilities and regional grid decarbonization.'* Given that these
decarbonization options occur over long timelines, it is likely that existing hydrogen production in
Michigan will be linked to significant GHG emissions. 3313

The prevalence of on-site production for almost all existing hydrogen demand highlights the lack
of a hydrogen distribution system. In fact, there are only 5.5 miles of dedicated hydrogen
pipelines in the state of Michigan.®®'* Though current production is largely limited to industrial
merchant producers or Flint MTA’s on-site electrolyzer, two other transit authorities located in
Michigan have approached Flint MTA to learn about its hydrogen fueling facility. This
demonstrates existing interest throughout Michigan in the production, storage, and use of
hydrogen.'*>'%6 Moreover, federal funding for the MachH2 hydrogen hub and production
facilities like Nel Hydrogen and BayoTech establishing facilities in Michigan may spur further
development of a hydrogen ecosystem in Michigan.'#":"48
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4.2 Near-term (2030) Hydrogen Demand

Near-term hydrogen demand is characterized by new hydrogen deployment opportunities in the
steelmaking and transportation sectors. In steelmaking, preliminary trials are underway
worldwide to replace 30% of coke from the BF-BOF route with hydrogen.'*® While additional
research is needed to demonstrate commercial readiness, funding from the MachH2 hub and
trials conducted by regional assets may accelerate hydrogen injection into blast furnaces by
2030.22""° The introduction of green premiums in the steel sector may also play a role in
accelerating hydrogen injection in the BF-BOF and H»-DRI routes in the near term.'* In the
transportation sector, it is assumed that 1% of all MHDVs will be powered by hydrogen in 2030.
This 1% value does not account for any demand that may happen due to the expected
deployment of FCEVs due to the Mach H2 Hub. This low adoption rate can primarily be
attributed to the lack of refueling stations in the U.S. outside California and other infrastructure
limitations in the production and transport of hydrogen.'® However, given that the state of
Michigan accounts for 19% of all U.S. auto production and 62% of total U.S. spending on
mobility and automotive research and development (R&D), it has an opportunity to be a leader
in hydrogen deployment in the transportation sector.'' For example, Fuel Cell System
Manufacturing (FCSM)—based in Brownstown, Ml—is a joint venture between General Motors
and Honda that aims to mass-produce fuel cells and began operation in January, 2024."%? Fuel
cells produced through this venture will be used to power both medium- and heavy-duty
vehicles.'®*'%* Federal funding may also accelerate hydrogen deployment in the transportation
sector: The acquisition of two additional hydrogen fuel cell buses by Flint MTA was made
possible by a $4.3 million grant from the U.S. Department of Transportation (DOT) Federal
Transit Administration, funded by the BIL .'%51%¢

While the chemicals (ammonia, methanol) industry typically uses significant quantities of
hydrogen as a feedstock at large centralized facilities, no such plants exist in the state of
Michigan.'®='%® However, decentralized demand for feedstock hydrogen may increase in
Michigan’s industrial and agricultural applications due to modular solutions from companies like
Ammpower."® New hydrogen deployment in the near term may also come from facility-level
expansions planned throughout the state. For example, Hemlock’s semiconductor
manufacturing facility in Thomas Township, M, is planning a $375 million expansion project to
increase the purity of its polysilicon and increase production to meet the rising global demand."®’
Marathon’s refining facility in Detroit, Ml, is also proposing to remove material throughput limits
and operate at full capacity.'®' Therefore, it is likely that feedstock hydrogen demand for these
three industries will undergo changes in the 2030 timeframe. Conversely, Guardian Glass’
manufacturing plant in Carleton, MI, is not expected to undergo major furnace modifications in
the near-term and will therefore not generate new hydrogen demand in 2030. This illustrates
how near-term hydrogen deployment is affected by both the commercial readiness of hydrogen-
based technologies and the age of existing equipment.

While many utilities across the US are currently investigating the role of hydrogen blending with
natural gas, no blending of hydrogen was assumed in 2030 to align with the DOE’s clean
hydrogen strategy roadmap.'*'®2 Therefore, industries cannot rely on the existing natural gas
infrastructure to support their hydrogen demand in the near-term and must instead invest in on-
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site hydrogen production and storage. Dedicated refueling stations must also be set up to
support hydrogen-powered MHDVs. This poses a significant barrier to hydrogen deployment in
2030 and underscores the need for a hydrogen ecosystem in the state of Michigan. This limited
hydrogen demand is further emphasized by the modest 0.32-1.0% of GHG emissions
reductions in transportation and 4.7-14% of GHG emissions reductions in industry in the 2030
“Near-term Opportunities” scenario. Therefore, while federal funding may accelerate the
development of hydrogen-based technologies in the industrial and transportation sectors, a
significant effort must also be made to build infrastructure capable of transporting large
quantities of hydrogen. Without this, hydrogen demand in 2030 will closely emulate hydrogen
demand in 2022.

4.3 Long-term (2050) Hydrogen Demand

Hydrogen demand in 2050 is characterized by significant, but uncertain, deployment
opportunities across all sectors. For instance, the EIA reference scenario projects an 8.41%
reduction in refinery output from 2022 to 2050. While other projections of petroleum refining
outputs in 2050 vary widely, the EIA projection indicates a minimal change in the operation of
refineries and falls considerably short of aligning with net zero pathways. In fact, net zero
pathways often call for significant reductions in crude-oil processing by 2050."?® This might
suggest that existing policies assumed in the EIA AEO 2023 Reference Case are not sufficient
to incentivize the use of low-carbon hydrogen in crude oil refining. In fact, while some facilities
on the west coast have switched operations to instead produce renewable diesel due to a range
of low-carbon fuel incentives, most other facilities like Marathon's Detroit refining plant continue
existing operations on crude oil.5''%3-"%% This switch to renewable diesel can lead to greater
demand for low-carbon hydrogen to meet process requirements and available low-carbon fuel
incentives. 6168

The 20% hydrogen blending scenarios in 2050 are also subject to uncertainty. While several
projects on blending have been proposed throughout the U.S., blend ratios in natural gas
pipelines vary from 2% to 30%.2%'%2 Moreover, a 30% hydrogen blend by volume only results in
6% reductions in lifecycle greenhouse gas emissions.'®® The continued use of natural gas at this
scale does not align with net zero emissions pathways.?® In comparison, the direct replacement
of fossil fuels with hydrogen as seen in the cement and steel sectors can generate greater
hydrogen demand and emissions reductions. However, the significant remaining contribution of
unabated fossil fuels in both of these sectors also does not align with net zero pathways and will
need to be addressed.'?® Aggressive deployment of a variety of decarbonization strategies
including hydrogen, electrification, energy efficiency, CCS, and alternative production pathways
like H2-DRI in the steel sector will likely be needed to completely address emissions from these
high process heat industries.'”® Notably, a variety of initiatives to facilitate the procurement of
“green” cement and steel are underway and may accelerate decarbonization in these
industries.'" This transition is exemplified by regional assets: Holcim’s “OneCem” reduced
clinker cement and Cleveland Cliff's $500 million grant for the installation of one hydrogen-ready
direct reduced iron (DRI) furnace and two electric melting furnaces at their plant in Middletown,
Ohi0.170'172
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Semiconductor manufacturing is poised to be a high growth sector in the coming decades. With
federal funding from the Creating Helpful Incentives to Produce Semiconductors (CHIPS) and
Science Act, new investments in manufacturing and R&D have been made in Michigan and will
likely continue in the 2050 time frame and drive hydrogen demand."” On the other hand, the
role of hydrogen in decarbonizing the chemicals and paper and pulp industries is unclear. While
chemical sector stakeholders indicated that electrification is favorable over hydrogen for
decarbonization in the low-to-medium process heat temperature range, a contact in the paper
and pulp industry demonstrated strong interest in hydrogen. The lack of ethylene production in
Michigan, which requires high temperature process heat requirements for steam cracking,
further limits hydrogen deployment potential in the chemicals industry.® The ongoing
electrification of MDVs creates uncertainty for 2050 hydrogen demand in the transportation
sector."*17® However, the transportation sector demonstrates the highest hydrogen deployment
potential of all sectors and will be pivotal in anchoring the hydrogen ecosystem in the state.
Initiatives like “Truck Stop of the Future” may further accelerate the building and testing of
hydrogen-powered HDVs and displace fossil-fuel powered vehicles along important
transportation corridors.'™

The complete hydrogen substitution scenario, while not prescriptive, provides insight into the
theoretical upper limit of hydrogen deployment for in-scope sectors. With steel, cement, and
transportation sectors accounting for over 70% of total hydrogen demand, this scenario
underscores the importance of direct thermal replacement and hydrogen-powered MHDVs in
driving demand. Furthermore, it allows the state of Michigan to visualize several important
planning aspects of a hydrogen ecosystem. For instance, PEM electrolysis with renewables
demonstrates near 100% reduction in GHG emissions in this scenario compared to incumbent
emissions. This production pathway would require 45 billion kWh of renewable electricity. For
reference, the net electricity generation in Michigan in 2022 was 117.5 billion kWh, of which
13.7 billion kWh came from renewables including conventional hydroelectric power.'"®
Therefore, the state would have to approximately triple its current renewable electricity
generation to meet the electricity demand for the production of low-carbon hydrogen in this
scenario. Using such comparisons, the complete substitution scenario enables the long-term
planning of a hydrogen ecosystem while accounting for the effect of ramping hydrogen demand
across both industry and transportation sectors.

4.4 Uncertainty in Demand and Emissions Estimates

A variety of parameters were required to fully characterize current demand, future demand, and
emissions reduction potential. As described in “Data Collection and Stakeholder Outreach”
(Section 2.1), data was first queried from stakeholders and where information was not directly
available due to confidentiality constraints, a variety of sources were pursued to fill in data gaps.
For industrial hydrogen end-uses, this created uncertainty in facility-level parameters like final
product (for the chemical sector) and production capacity, fuel mix, mass of fuels used per year,
hydrogen intensity, and substitution ratio. Public information from news reports, conversion
factors from scientific literature, and data from other proxy facilities were instead used to
estimate hydrogen demand.
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In the transportation sector, the mismatch between the EPA and FHWA classification systems
was a source of uncertainty. As such, the associated calculations on payloads, fuel economies,
and hydrogen deployment may also have uncertainty. For future hydrogen demand, scenario
design was primarily informed by international decarbonization roadmaps, U.S.-specific DOE
reports, and demonstration projects in other countries. As such, it is possible that this analysis
may not fully represent the technology readiness and hydrogen deployment potential of
Michigan-specific assets. Finally, where alternative data sources were not readily available,
simplifications were made to characterize hydrogen demand. For example, the DOE provides
ranges of potential hydrogen demand in the transportation sector. This rate was applied evenly
across all MHDV classes since class-specific breakdowns were not available. Additionally, while
blending hydrogen with natural gas may vary based on end-use applications, the 20% blending
percentage was held constant across all sectors. In the cement sector, fuel switching to
hydrogen and AFs was determined based on fossil fuel prices in 2030 and 2050. However, the
inherent uncertainty in fuel price estimates may impart uncertainty in the associated demand
and emissions reduction estimates. Finally, in the refining sector, hydrogen may be produced as
a by-product from the catalytic refining of naphtha. However, this hydrogen may only meet a
fraction of the facility’s demand and was not modeled in this analysis.*?

The NOxemissions intensity of hydrogen combustion will vary in industrial facilities depending
on specific end-use application. The estimate is uncertain because of the use of only one
emissions factor to represent all hydrogen combustion in industrial facilities.

Industrial Economic Growth

The economic projections modeled in this study may also be imprecise due to challenges in
matching NAICS codes to the EIA’s IND index. In the chemicals sector NAICS-EIA NEMS
alignment proved challenging as some in-scope facilities reported more than one NAICS code.
In this case, the EIA category most closely related to the facility’s operations was chosen based
on communications with industry contacts and public permits. However, a singular EIA index
may not accurately reflect the entire facility’s product outputs. This challenge also persisted with
the semiconductor industry, where Hemlock Semiconductor falls under the NEMS sector for
“Other Nonmetallic Mineral Products.” As such, the corresponding EIA growth rates may not
completely represent ongoing growth in the semiconductor industry.

In addition, there are also potential issues with using data from AEO 2022, as it does not
currently account for the impacts of the Inflation Reduction Act. This may explain the petroleum
refining sector’'s macroeconomic indicators to show strong deviations from net zero pathways.
The EIA recognizes these limitations and will not be publishing an AEO in 2024 in order to focus
on accurately modeling hydrogen and other climate technologies in future releases."”” Despite
the EIA’s dataset not being completely representative, it is the most comprehensive and widely
accepted dataset currently available and was therefore used in this case study.

Finally, it is important to note that the approach used to model economic growth in this study

may not be accurate for all facilities, all the time. The underlying growth rates used in this study
reflect the real output value for industrial and service sectors across the nine census
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divisions.''® Since the growth was regionalized to the “East North Central” division, the
corresponding rates may not accurately represent economic activity in Michigan.'”® Moreover,
the growth rates represent industry-wide activity, which signifies an inherent deviation from
facility level operations.

VMT Projections

It is important to consider the differences in methods between HDV and MDV estimates,
particularly in the context of the likelihood of future adoption. For HDV estimates, the total VMT
for all HDVs (from the MDOT freight dataset) was represented to account for the higher
likelihood of hydrogen technology adoption among HDVs, due to the challenges of electrification
(Section 2.2.2). Total VMT was then distributed among the selected classes of 8a, 8b long-haul,
and 8b short-haul. These classes were chosen to align with classes available in GREET for the
bottom-up modeling of energy consumption and emissions. This also allowed for consistency
between VMT and payload estimates, which similarly represent all HDV freight on Michigan
roads.

In comparison, VMT estimates for MDV classes were selectively applied to only the chosen
classes by applying the percentage representation of each class (as determined by WIM station
traffic counts) to assign only the corresponding fraction of the total VMT to each class. This was
done to avoid overestimating the potential demand for MDVs, given the relatively lower
likelihood of hydrogen technology adoption among MDVs as compared to HDVs (Section 2.2.2).

Additionally, for future demand it was assumed that percentage adoption among chosen classes
would be equally distributed, though different classes will likely have different adoption rates.
Future research could model different percentage adoption rates for different classes and could
be expanded to include additional HDV and MDYV classes that were not included in this analysis.

4.5 Additional Considerations

The cost of hydrogen is the most significant barrier to adoption in both industry and
transportation. In the cement manufacturing industry, hydrogen is up to five times more
expensive than incumbent fuels.?® Additionally, not all production pathways may qualify for the
45V PTC, thereby restricting the financial incentives associated with producing low-carbon
hydrogen. FCEVs also see elevated fuel prices at the pump over their gasoline counterparts.
While the DOE’s Hydrogen Shot Initiative is expected to play a role in addressing the cost
disparity between hydrogen and incumbent fossil fuels, the difficulty for industries to make
commitments on hydrogen today based on future outlooks still stands. However, a MI-specific
analysis on different sectors’ willingness to pay and this demand analysis can be used in
tandem to further inform the planning of a regional hydrogen ecosystem.

179

Significant concerns with safety exist due to hydrogen’s likelihood of metal fracture and leakage,
lack of odor, lack of a visible flame, large flammability range, high flame propagation speed,
high flame temperature, and potential chance of inadvertent contact with a flame.'#"18%181 Ag
such, the additional cost of leakage prevention, flame detection, and general safety training are
barriers to hydrogen use in process heat applications. Adapting burner designs and addressing
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degradation of refractory walls due to high flame temperatures, the effect of high water vapor
concentrations on final product quality, and generation of NOy are also notable challenges in the
deployment of hydrogen. Addressing NOx generation by implementing oxy-fuel firing would
further drive up operational costs due to the production of oxygen.'?® In the transportation
sector, public perception on the safety of FCEVs may be a barrier to deployment. Therefore, it is
imperative that first responders are well trained on hydrogen and fuel cell related incidents.®2
Finally, there are concerns about the lack of hydrogen supply and that blending with natural gas
would likely be implemented only if the distributive infrastructure was operated by local
utilities.'®®'84 Future work should emphasize the additional safety measures, concerns, and
costs associated with hydrogen deployment.

When calculating the demand for hydrogen in process heat applications, it was assumed that
hydrogen would replace incumbent fossil fuels on a 1:1 Btu basis. However, additional energy
input may be needed when using hydrogen for process heat due to its unique combustion
properties.>® Due to the lack of literature on fuel switching projects in commercial furnaces, a
substitution ratio representing this additional energy was only accounted for in the glass
industry. This analysis may therefore underestimate the hydrogen demand from industries that
have high process heat requirements. The substitution ratio of 1.01 specifically assumed in the
glass industry is also uncertain: some industry contacts note hydrogen’s non-luminous flame
and low radiative heat transfer to be significant while other reports suggest that high water vapor
concentrations in oxy-hydrogen combustion products lead to excellent radiative heat
transfer.%128.185 Hence, it is clear that additional research is needed to identify the substitution
ratio of hydrogen for industrial process heat applications.

An analysis of the environmental justice impacts of deploying hydrogen in Michigan’s industrial
and transportation sectors was outside the scope of this study. However, a discussion of
environmental justice is pertinent when analyzing a transition away from fossil fuels, which have
significant climate and health impacts, to hydrogen, which can be generated using renewables
and release water vapor upon combustion.'®® Specifically in Michigan, there are 215 large
industrial facilities as reported by the EPA GHGRP and some of the largest freight corridors in
the continent.”2'®” Given that the deleterious health and economical effects of industrial activity
have historically been concentrated in marginalized communities, it is imperative that economy-
wide transitions to “green” technologies do not perpetuate these same inequities.'®®'% In fact,
recent literature on the climate impacts of hydrogen leakage notes that certain hydrogen
production pathways could significantly increase warming in the near term."” While these
warming effects have not been considered in this analysis, it is imperative that the complete
climate impacts of a hydrogen ecosystem are aptly accounted for. Hence, it is strongly
recommended that the planning of a regional hydrogen ecosystem in Michigan is accompanied
by an in-depth analysis of climate impacts, health impacts, access to affordable water and
electricity, and additional Justice40 metrics.'"
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5. Conclusion

Hydrogen has the potential to contribute to the decarbonization of Michigan’s industrial and
transportation sectors particularly where electrification is problematic. Decarbonization can be
achieved through low-carbon production pathways for existing and new hydrogen deployment in
both fuel and feedstock applications that displace fossil fuels. Current (2022) demand for
hydrogen is 39,100 metric tons and dominated by feedstock applications in the industrial sector,
particularly petroleum refining and semiconductor manufacturing. The expansion of the
semiconductor industry, uptake of FCEVs in the transportation sector, and new hydrogen
deployment in steel blast furnaces can drive hydrogen deployment in the 2030 timeframe. As
such, near-term (2030) demand was estimated to range from 40,100 to 63,400 metric tons. The
upper end of this range represents a 62% increase in demand from current use of hydrogen. All
eight end-uses analyzed—particularly the cement, steel, and transportation sectors—have the
potential to generate significant hydrogen demand in the 2050 timeframe. The extent to which
hydrogen can contribute to industrial and transportation decarbonization was explored by
estimating demand for a range of scenarios including an upper limit based on “Complete
Hydrogen Substitution.” Future demand estimates are highly uncertain and will depend on
dramatic reductions in the cost of low-carbon hydrogen production, the development of
hydrogen infrastructure, and investment to drive scaling of hydrogen production and end-use
technologies. Demand in 2050 therefore ranges from 108,000 to 206,000 metric tons in the
“Low Hydrogen Use” and “High Hydrogen Use” scenarios, with the “Complete Hydrogen
Substitution” scenario deploying up to 1.1 million metric tons of annual demand. Future demand
estimates indicate potential increases from current demand up to 126%, 427%, and 2,700%,
respectively, depending on the deployment scenario. These demand estimates across end-use
applications through 2050 aim to inform the planning of a hydrogen ecosystem in Michigan and
the Midwest region. In addition, hydrogen ecosystem planning will need to consider other key
factors such as facility siting and safety and how hydrogen deployment can best contribute to a
just and equitable energy transition.
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7. Appendices

APPENDIX A. STAKEHOLDER ENGAGEMENT

Item 1: Stakeholder Data Request Questionnaire

An example questionnaire is provided below, detailing specific questions made to
Hemlock Semiconductor LLC (HSC) about production metrics, current hydrogen use, process
heat HSC facility, and company projections and ESG commitments. The questionnaire was
paired with a project brief to introduce the project. Questions were tailored to the facility and
industry of focus.

Hemlock Semiconductor LLC (HSC) Questionnaire

The data and information collected from this questionnaire will be used for research purposes
related to (1) drafting a peer-reviewed journal article; (2) a report published by the University of
Michigan Library; (3) a public presentation at the School for the Environment & Sustainability,
and (4) future Ml Hydrogen work. We appreciate HSC’s participation, and the data provided will
be handled with confidentiality. For more information regarding our data management practices,
refer to the project brief.

Production Metrics
1. What is the current daily production of polysilicon? If unable to provide actual production,
can the designed capacity of the facility be provided?

2. What are the operational hours of HSC'’s facility in Hemlock, MI? Is this uniform across
operations?

Current Hydrogen Use
If hydrogen is not currently used in operations, please skip this section and proceed to the
“Process Heat” section.

3. What is the daily input of hydrogen to:
a) Production of polysilicon (Siemens process)?

4. Are there other processes/operations that use hydrogen as a feedstock or fuel that are not
listed above?
5. Is hydrogen produced on-site or off-site? If on-site, is the hydrogen production in-house or

from an external provider?

Process Heat
6. What are the main processes that require process heat and what is the fuel source?
(Natural gas, electricity, biomass, coal, oil, etc.)

78



7. What equipment is used for generating process heat and at what temperature ranges do
processes typically operate?

8. For the equipment listed above what is the daily fuel consumption (Btu)? If an individual
breakdown is not available, please provide a facility total and a rough percentage of what is
used for process heat.

Company Projections & ESG Commitments
9. Are there plans to alter or expand operations in Michigan? If yes, are there projections about
how this will impact production and the consumption of inputs such as hydrogen and fuel?

10. What greenhouse gas (GHG) reduction targets or other environmental goals does HSC
have? Does the strategy to meet these targets include transitioning to low-carbon hydrogen
as either a future feedstock or fuel?
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APPENDIX B. INDUSTRY ANALYSIS RESOURCES

Table B1 reports the emissions from the combustion of natural gas, blast furnace gas, and from
hydrogen production via SMR as reported by facilities included in this analysis to the EPA
GHGRP. Combustion and production emissions were used as inputs in current and future

demand models.

Table B1. Reported 2022 GHGRP CO; Emissions for Michigan Facilities (metric tons)

BASF Corporation N/A N/A
34,722
Corteva Agriscience N/A N/A
61,233
Dow Midland N/A N/A
39,533
Occidental Chemical N/A N/A
Corporation 47,979
Pfizer Inc. (formerly N/A N/A
Pharmacia & UpJohn) 91,367
Carbon Green Bioenergy 76,165 N/A N/A
Marysville Ethanol 84,005 N/A N/A
POET Biorefining 100,576 N/A N/A
Andersons Marathon Holdings 207,454 N/A N/A
Detroit Refinery* 68,505 N/A 403,262
Hemlock Semiconductor® 66,359 N/A 27,281
Guardian Glass 118,241 N/A N/A
Cleveland-Cliffs Steel Corp. 112,241 623,961 N/A
Gerdau Macsteel Monroe 61,163 N/A N/A
Packaging Corp of America 146,444 N/A N/A
Verso Escanaba 370,429 N/A N/A
Verso Quinnesec 34,111 N/A N/A
UP Paper LLC 55,632 N/A N/A
Graphic Packaging N/A N/A
International - Kalamazoo 245,584

80




Westrock California 56,977 N/A N/A
Fibek 25,559 N/A N/A

Ox Paperboard WP Mill 17,475 N/A N/A
Neenah Paper Michigan Inc. 15,289 N/A N/A
Holcim** 347 N/A N/A

St. Mary’s Charlevoix** N/A N/A N/A

*Emissions reported by merchant hydrogen producer and allocated to recipient facility for
analysis
** Emissions from cement plants were not used in demand models
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Table B2 lists the facilities analyzed, reported NAICS codes, and selected EIA NEMS sectors
and categories aligned with NAICS codes.
Table B2. Industry NAICS - EIA NEMS Sector Code Alignment

Industrial Sector Facility Name Reported NAICS Elge':tEo I\:IS
Chemicals BASF Corporation 325199, 32020 1:92599% 1 IND 1127
Chemicals Corteva Agriscience 325320 IND 8/19
Chemicals Dow Midland 325998 IND 9/20
Chemicals Occidental Chemical Corporation 325180 IND 8/15
Chemicals piizer, inc. 325412 IND 9/20

(formerly Pharmacia & UpJohn)
Chemicals Carbon Green Bioenergy 325193
Chemicals Marysville Ethanol 325193
See Section 2.5.1
Chemicals POET Biorefining 325193
Chemicals Andersons Marathon Holdings 325193
Petroleum Refining Detroit Refinery 324110 IND 10/25
Semiconductor Hemlock Semiconductor 327992 IND 12/32
Glass Guardian Glass 327211 IND 12/19
Steel Cleveland-Cliffs Steel Corp. 331110 IND 13/33
Steel Gerdau Macsteel Monroe 331110 IND 13/33
Pulp and Paper Packaging Corp of America 322121 IND 6/11
Pulp and Paper Verso Escanaba 322121 IND 6/11
Pulp and Paper Verso Quinnesec 322121 IND 6/11
Pulp and Paper UP Paper LLC 322121 IND 6/11
Pulp and Paper Graphic Packaging International 322130 IND 6/11
Pulp and Paper Westrock California 322130 IND 6/11
Pulp and Paper Fibek 322121 IND 6/11
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Pulp and Paper Ox Paperboard WP Mill 322130 IND 6/11

Pulp and Paper Neenah Paper Michigan Inc. 322121 IND 6/11
Cement Holcim 327310 IND 12/30
Cement St. Mary’s Charlevoix 327310 IND 12/30

Table B3 demonstrates the growth rates calculated for EIA Industry categories, based on EIA
NEMS sectors, used in projecting future hydrogen demand in the target analysis years of 2030

and 2050, respectively.
Table B3. Industry Sector Growth Rates, 2030 and 2050

EIA NEMS o 2030 Reference Growth 2050 Reference Growth
Sector Sector Description Rate (%) Rate (%)
IND 8/15 Basic Inorganic Chemicals 5.56% 3.37%
IND 8/19 Agricultural Chemicals 17.27% 19.61%
IND 9/20 Other Chemical Products -2.58% 32.44%
IND 11/27 Plastics and Rubber Products 5.61% 27.68%
IND 10/25 Petroleum Refineries 2.32% -8.41%
IND 12/19 Flat Glass -8.94% -3.03%
IND 12/30 Cement Manufacturing -0.42% 15.91%
IND 6/11 Paper & Pulp Mills -4.52% 217%
IND 13/33 Iron and Steel Mills and Products 1.35% -9.79%
IND 12/32 Other Non-metallic Mineral Products 4.48% 27.27%
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Appendix C. MAP OF INDUSTRIAL FACILITIES

seunee | @ ®
2 0 €
@ BP0 0 %
(2)
1. Air Products 10. Fibrek 19. Ox Paperboard WP Mill
2. BASF Corporation 11. Gerdau Macsteel Monroe 20. Packaging Corp of America
3. Verso Escanaba 12. Guardian Glass 21. Pfizer
4. Verso Quinnesec 13. Graphic Packaging International 22. POET Biorefining
5.  Carbon Green Bioenergy 14. Holcim Alpena 23. St Marys Cement
6. Cleveland-Cliffs Steel Corporation 15. Linde 24. The Andersons Marathon Holdings
Dearborn Heights 16. Marysville Ethanol 25. UP Paper

7. Corteva Agriscience Harbor Beach  17.  Neenah Paper Michigan 26. Westrock California
8.  Detroit Refinery 18. Occidental Chemical Corporation ~ 27. Hemlock Semiconductor
9. Dow Midland

Figure C1. Map of Industrial Facilities included in the analysis alongside major highways in the
state of Michigan, updated from the “Michigan Hydrogen Roadmap Workshop Report”.*°
Emissions and fuel use from hydrogen production facilities Air Products (1) and Linde (15) were
included with the industrial facilities that receive their hydrogen output, specifically the Detroit
Refinery (8) and Hemlock Semiconductor (27). Map includes major highways for spatial

reference.
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Table C1 lists industrial facilities and parent company ownership of facilities included in the

analysis.
rs:::r:ll;teyr Industrial Facility Parent Company (% Ownership)

1 Air Products Air Products & Chemicals Inc (100%)
2 BASF Corporation BASF Corp (100%)
3 Verso Escanaba (Billerud Escanaba) * Billerud Americas Corp (100%)
4 Verso Quinnesec (Billerud Quinnesec) * Billerud Americas Corp (100%)
5 Carbon Green Bioenergy Carbon Green Bioenergy LLC (100%)
6 Cleveland-Cliffs Stﬁg:gcr)]ct)srporation Dearborn Cleveland Cliffs Inc (100%)
7 Corteva Agriscience Harbor Beach Corteva Inc (100%)
8 Detroit Refinery Marathon Petroleum Corp (100%)
9 Dow Midland Dow Inc (100%)
10 Fibrek Fibrek Inc (100%)
11 Gerdau Macsteel Monroe Gerdau USA Inc (100%)
12 Guardian Glass Koch Industries Inc (100%)
13 Graphic Packaging International Graphic Packaging Holdings Co (100%)
14 Holcim Alpena Holcim Participations (US) Inc (100%)
15 Linde Linde Inc (100%)
16 Marysville Ethanol Marysville Ethanol LLC (100%)
17 Neenah Paper Michigan Neenah Inc (100%)
18 Occidental Chemical Corporation Occidental Petroleum Corp (100%)
19 Ox Paperboard WP Mill Ox Paperboard LLC (100%)
20 Packaging Corporation of America Packaging Corp of America (100%)
21 Pfizer (formerly Pharmacia and Upjohn) Pfizer Inc (100%)
22 POET Biorefining POET LLC (100%)
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23 St Marys Cement Votorantim Cimentos North America Inc (100%)
24 The Andersons Marathon Holdings Marathon Petroleun:n(():o(rSpog/SO())%); The Andersons
25 Up Paper Up Paper LLC (100%)

26 Westrock California Westrock Co (100%)

27 Hemlock Semiconductor Corning Inc (80.5%); Shintech Inc (19.5%)

*Verso Escanaba and Quinnesec acquired by Billerud Americas Corp at the end the current
(2022) analysis year. These facilities are referred to as Verso Escanaba and Verso Quinnesec
to reflect ownership for the current (2022) analysis year. Facilities more recently renamed to

Billerud Escanaba and Billerud Quinnesec.
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APPENDIX D. TRANSPORTATION ANALYSIS RESOURCES

Table D1 showcases how the FHWA and EPA classification systems are categorized, with the
FHWA by number of axles and EPA by GVWR. The “Adjusted EPA Classification” column
indicates how vehicle classes were aligned for this study and the “Vehicle” column provides
which vehicle from the current study fits in each class.

Table D1

. FHWA and EPA Vehicle Classifications Alignment 8':32

Federal Highway
Administration (FHWA)
Classification

Environmental

Protection Agency (EPA)

Classification

Adjusted EPA
Classification (Used for
This Study)

Vehicle

Heavy Duty Vehicle 6:

CE';aSS 4 GVWR 19,501 - 26,000 Class 6 (Medium-Duty) School Buses
uses Ibs
Class 4- Heavy Duty Vehicle 7:
B ) GVWR 26,001 - 33,000 Class 7 (Heavy-Duty) Transit Buses
uses bs
Class 5: Heavy Duty Vehicle 4:

Single Unit - 2-Axle Trucks
2 axles, 6 tires

GVWR 14,001 - 16,000
Ibs

Class 4 (Medium-Duty)

Light Heavy Duty (LHD)
Vocational Vehicles

Heavy Duty Vehicle 6:

Class 6: . Pickup and Delivery
Single Unit 3-Axle Trucks GVWR 19,@21 - 26,000 Class 6 (Medium-Duty) Trucks
Class 7: Heavy Duty Vehicle 8a:
Single Unit 4 or More Axle GVWR 33,001 - 60,000 Class 8a (Heavy-Duty) Refuse Trucks
Trucks Ibs
Class 9:

Single Trailer 5-Axle
Trucks, Single Trailer

Heavy Duty Vehicle 8b:
GVWR > 60,001 Ibs

Class 8b (Heavy-Duty)

Day Cab Trucks, trailer
attached (Short-Haul)

Class 10:
Single Trailer 6 or More-

Heavy Duty Vehicle 8b:
GVWR > 60,001 Ibs

Class 8b (Heavy-Duty)

Sleeper Cab Trucks,
trailer attached (Long-

Axle Trucks, Single Trailer

Haul)

Table D2 lists the fuel reduction values (FRVs) that were used in this study and how they were

delineated by vehicle class and engine type. For the respective vehicle class and engine type,

the specific FRV was applied to Eq. 12 to determine the fuel economies for each vehicle.
Table D2. Fuel Reduction Values for MHDVs (liter equivalent per km kg)'"?

Vehicle Class/Vehicle Engine Type FRV (per km kg)
Class 4-6* ICE (Diesel Fuel) 0.000009
Class 7-8* ICE (Diesel Fuel) 0.000007
Class 4-8* EV/FC (Electricity/Hydrogen) 0.000044
Transit Bus ICE (Diesel Fuel) 0.00001
Transit Bus EV/FC (Electricity/Hydrogen) 0.0000032

*School buses were included here due to the vehicle weight breakdown from the cited paper
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https://www.zotero.org/google-docs/?ZBL3wS
https://www.zotero.org/google-docs/?OYCEqO
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Figure D1. Map of the Weigh-in-Motion (WIM) Stations where data was pulled from to

determine the vehicle payloads for Class 6 PnD and Class 4 LHD vocational vehicles

-
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APPENDIX E - INDUSTRY GHG & NOx EMISSION FACTORS

Table E1 and E3 list the different industry GHG emission factors extracted from GREET for
analysis years of 2030 and 2050, respectively. Table E2 and E4 display the industry NOx
emissions factors also pulled from GREET for analysis years of 2030 and 2050, respectively.
Both sets of emission factors are broken down by the type of fuel, the production pathway, and
the combustion type. Emissions from transporting hydrogen were omitted from the industry
emissions analysis as it was assumed that hydrogen would be produced on-site for the purpose
of the analysis.

Table E1. Industry GHG Emission Factors from GREET (2030)

Production Combustion
Fuel Production Pathway Emissions Combustion Type Emissions
(grams / MMBtu) (grams / MMBtu)
Natural Gas boiler/
Natural Jlatural Gas as 12,644 Industrial Boiler 53,808
¢4 (> 100 MMBtu/hr)
Natural Gas SMR 74,769
Natural Gas SMR with
ccs 26,420
Low Temperature
Electrolysis using PEM 0
Hydrogen via renewables Boiler 0
Low Temperature
Electrolysis using PEM 156,925
via RFC Grid Mix
High Temperature
Electrolysis with SOEC 1,786
using Nuclear LWR
Coke from Coal Industrial Boiler -
Coke Production for Steel 13,617 101,045
Petroleum Coke
Manfact.
Coal Coal for Power Plants 5,840.60 Industrial Boiler - Coal 94,471
Production of oxygen
Oxygen (grams per ton of 127,911 N/A N/A
oxygen)
Blast
Furnace N/A N/A Blast Furmace Gas 294,200
Gas ombustion
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Table E2. Industry NOx Emission Factors from GREET (2030)

Production Combustion
Fuel Production Pathway Emissions Combustion Type Emissions
(grams / MMBtu) (grams / MMBtu)
Natural Gas boiler/
Natural atural Gas as 38.8362 Industrial Boiler 34.50
y (> 100 MMBtu/hr)
Natural Gas SMR 40.0958
Natural Gas SMR with
ccs 67.0528
Low Temperature
Electrolysis using PEM 0
Hydrogen via renewables Boiler 60
Low Temperature
Electrolysis using PEM 106.1
via RFC Grid Mix
High Temperature
Electrolysis with SOEC 3.8849
using Nuclear LWR
Coke from Coal Industrial Boiler -
Coke Production for Steel 35.3424 121.63
Petroleum Coke
Manfact.
Coal Coal for Power Plants 5.1984 Industrial Boiler - Coal 121.63
Production of oxygen
Oxygen (grams per ton of 96.7498 N/A N/A
oxygen)
Blast
Furnace N/A N/A Blast Furmace Gas 127.741
Gas ombustion
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Table E3. Industry GHG Emission Factors from GREET (2050)

Production Combustion
Fuel Production Pathway Emissions Combustion Type Emissions
(grams / MMBtu) (grams / MMBtu)
, Natural Gas boiler/
N"g:;a' Natural Ga,fuaelssStat’O”ar y 12,621 Industrial Boiler 53,808
(> 100 MMBtur/hr)
Natural Gas SMR 53,808
Natural Gas SMR with
ccs 26,192
Low Temperature
Electrolysis using PEM 0
via renewables Boiler 0
Low Temperature
Electrolysis using PEM 150,302
Hydrogen via RFC Grid Mix
High Temperature
Electrolysis with SOEC 1,600
using Nuclear LWR
Coke from Coal Industrial Boiler -
Coke Production for Steel 13,499 101,045
Petroleum Coke
Manfact.
Coal Coal for Power Plants 5,807.30 Industrial Boiler - Coal 94,471
Oxygen Production of oxygen 106,576 N/A N/A
(grams per ton of oxygen)
Blast
Furnace N/A N/A Blast Fumace Gas 294,200
Gas Combustion
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Table E4. Industry NOx Emission Factors from GREET (2050)

Production Combustion
Fuel Production Pathway Emissions Combustion Type Emissions
(grams / MMBtu) (grams / MMBtu)
. Natural Gas boiler/
Natural | Natural Gas as Stationary 38.8171 Industrial Boiler 36.40
(> 100 MMBtu/hr)
Natural Gas SMR 40.0629
Natural Gas SMR with
ccs 66.8929
Low Temperature
Electrolysis using PEM via 0
Hydrogen renewables Boiler 60
Low Temperature
Electrolysis using PEM via 101.6
RFC Grid Mix
High Temperature
Electrolysis with SOEC 3.7315
using Nuclear LWR
Coke from Coal Production Industrial Boiler -
Coke for Steel Manfact. 35.2487 Petroleum Coke 121.63
Coal Coal for Power Plants 5.1761 Industrial Boiler - Coal 121.63
Oxygen Production of oxygen 79.0113 N/A N/A
(grams per ton of oxygen)
Blast
Furnace N/A N/A Blast Furnace Gas 127.741
Gas Combustion
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APPENDIX F - TRANSPORTATION GHG & NOx EMISSION FACTORS

Table F1 and F3 list the different transportation GHG emission factors used for the modeled
vehicle classes for 2030 and 2050, respectively. Table F2 and F4 display the transportation NOx
emissions factors for the same vehicle classes for 2030 and 2050, respectively. The emission
factors are broken down by fuel type, production pathway, and vehicle class. For emissions
from diesel, most vehicle classes have similar emission factors, especially vehicles that have
similar engines and weights. These tables also include different hydrogen production pathways
and their relative GHG and NO, emissions intensities.

Table F1. Transportation GHG Emission Factors from GREET (2030)

Production,
Transportation, Operation Operation
Fuel Production and Vehicle Class Emissions with a Emissions with an
Pathway Compression Full Payload Empty Payload
Emissions (grams / MMBtu) (grams / MMBtu)
(grams / MMBtu)
Class 8b:
Sleeper Cab 79,081 79,081
Class 8b: Day
Cab 79,081 79,081
Class 8a:
Refuse Trucks 79,081 79,081
. Conventional Class 7:
Diesel Diesel 15,854 Transit Bus 79,081 79,081
Class 6: PnD 79,186 79,186
Class 6:
School Bus 79,186 79,186
Class 4: LHD 79,186 79,291
Vocational
Natural Gas
SMR 95,213
Natural Gas
SMR with 41,426
CCSs
Low
Hydrogen Temperature All Vehicles 0 0
Electrolysis 0
using PEM via
renewables
Low
Temperature
Electrolysis 182,641
using PEM via
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RFC Grid Mix

High
Temperature
Electrolysis
with SOEC
using Nuclear
LWR

14,678
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Table F2. Transportation NO, Emission Factors from GREET (2030)

Production 8 .
L Operation Operation
Transgtr:(rjtatlon, Emissions Emissions
Production - ; with a Full with an Empty
Fuel Compression Vehicle Class
Pathway Emissions Payload Payload
(grams | (grams / (grams /
MMBtu) MMBtu) MMBtu)
Class 8b: Sleeper Cab 106 142
Class 8b: Day Cab 72 91
CIassT?S\(::IZefuse 108 129
Diesel Conventional Diesel 17 Class 7: Transit Bus 129 83
Class 6: PnD 73 80
Class 6: School Bus 77 137
Class 4: LHD
Vocational 45 49
Natural Gas SMR 53
Natural Gas SMR 81
with CCS
Low Temperature
Electrolysis using 0
PEM via
renewables All Vehicles 0 0
Low Temperature
Electrolysis using 118
Hydrogen | PEM via RFC Grid
Mix
High Temperature
Electrolysis with 14
SOEC using
Nuclear LWR
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Table F3. Transportation GHG Emission Factors from GREET (2050)
Trz:;dléﬁla:::;n Operation Operation
Fuel Production and Co?n ressio’n Vehicle Class Emissions with a Emissions with an
Pathway Emisspions Full Payload Empty Payload
(grams / MMBtu) (grams / MMBtu) (grams / MMBtu)
ngggrggéb 79,081 79,081
C'asscztg Day 79,081 79,081
Class 8a:
Refuse Trucks 79,081 79,081
. Conventional Class 7:
Diesel Diesel 15,778 Transit Bus 79,186 79,186
Class 6: PnD 79,186 79,186
Sg:izf g;s 79,186 79,186
C\'f‘j'csa‘t‘i:oh::) 79,186 79,291
Natural Gas
SMR 94,355
Natural Gas
SMR with 40,392
CCSs
Low
Temperature
Electrolysis 0
using PEM
via
renewables
Hydrogen All Vehicles 0 0
Low
Temperature
Electrolysis
using PEM 175,585
via RFC Grid
Mix
High
Temperature
Electrolysis
with SOEC 13,668
using Nuclear
LWR
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Table F4. Transportation NO, Emission Factors from GREET (2050)

Production . .
L Operation Operation
Transgtr:(rjtatlon, Emissions Emissions
Production . . with a Full with an Empty
Fuel Compression Vehicle Class
Pathway Emissions Payload Payload
(grams | (grams / (grams /
MMBtu) MMBtu) MMBtu)
Class 8b: Sleeper Cab 128 173
Class 8b: Day Cab 77 98
CIassT?S\(::IZefuse 121 144
Diesel Conventional Diesel 18 Class 7: Transit Bus 147 155
Class 6: PnD 78 90
Class 6: School Bus 84 87
Class 4: LHD
Vocational 48 52
Natural Gas SMR 53
Natural Gas SMR 80
with CCS
Low Temperature
Electrolysis using 0
PEM via
renewables All Vehicles 0 0
Low Temperature
Electrolysis using 114
Hydrogen | PEM via RFC Grid
Mix
High Temperature
Electrolysis with 14
SOEC using
Nuclear LWR
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APPENDIX G - TOTAL NEAR-TERM (2030) GHG & NO, EMISSION REDUCTIONS
Table G1. and Table G2. demonstrate the GHG and NOy emissions of the 2030 “Near-Term
Hydrogen Opportunities” scenario, including emissions from the industry sector, the
transportation sector, total sum of emissions, and the total net emission reduction compared to
the “Incumbent Technology” scenario.

Table G1. GHG Emissions Summary for 2030 “Near-Term Opportunities” Scenario

Net Reduction
Industry Transportation Sum Compared to the
Technologies (million metric (million metric (million metric Incumbent
tons/year) tonsl/year) tonsl/year) (million metric
tons/year)
Incumbent 13.77 5.62 19.39 /
PEM Electrolysis
with REC Grid Mix 13.12 5.64 18.76 0.64
Natural Gas SMR
with CCS 12.07 5.58 17.65 1.74
Natural Gas SMR 12.40 5.61 18.01 1.38
SOEC Electrolysis 11.87 5.57 17.44 1.95
with Nuclear
PEM Electrolysis 11.85 5.57 17.42 1.97

with Renewables

Table G2. NO, Emissions Summary for 2030 “Near-Term Opportunities” Scenario

Net Reduction
Industry Transportation Sum Compared to the
Technologies (thousand metric | (thousand metric (thousand metric Incumbent
tonsl/year) tonsl/year) tons/year) (thousand metric
tons/year)
Incumbent 9.15 6.72 15.87 /
PEM Electrolysis
with REC Grid Mix 9.11 6.70 15.81 0.05
Natural Gas SMR
with CCS 8.80 6.68 15.48 0.38
Natural Gas SMR 8.55 6.67 15.23 0.64
SOEC Electrolysis 8.29 6.66 14.95 0.92
with Nuclear
PEM Electrolysis 8.26 6.65 14.91 0.96

with Renewables
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APPENDIX H - TOTAL LONG-TERM (2050) GHG & NO, EMISSION REDUCTIONS
Table H1. and Table H2. demonstrate the GHG and NOy emissions of the 2050 “Low Hydrogen
Use” scenario, including emissions from the industry sector, the transportation sector, total sum
of emissions, and the total net emission reduction compared to the “Incumbent Technology”
scenario.

Table H1. GHG Emissions Summary for 2050 “Low Hydrogen Use” Scenario

Net Reduction

Industry Transportation Sum Compared to the
Technologies (million metric (million metric (million metric Incumbent
tons/year) tons/year) tonsl/year) (million metric
tons/year)
Incumbent 13.80 6.33 20.13 /
PEM Electrolysis
with REC Grid Mix 13.23 6.37 19.60 0.53
Natural Gas SMR
with CCS 11.67 6.14 17.81 2.31
Natural Gas SMR 12.28 6.23 18.51 1.61
SOEC Electrolysis 11.36 6.10 17.46 2.67
with Nuclear
PEM Electrolysis 11.34 6.08 17.42 2.71

with Renewables

Table H2. NO, Emissions Summary for 2050 “Low Hydrogen Use” Scenario

Net Reduction

Industry Transportation Sum Compared to the
Technologies (thousand metric | (thousand metric (thousand metric Incumbent
tonsl/year) tons/year) tonsl/year) (thousand metric
tons/year)
Incumbent 11.06 8.46 19.52 /
PEM Electrolysis
with REC Grid Mix 11.11 8.31 19.42 0.10
Natural Gas SMR
with CCS 10.68 8.25 18.93 0.59
Natural Gas SMR 10.34 8.21 18.55 0.98
SOEC Electrolysis 9.88 8.14 18.03 1.50
with Nuclear
PEM Electrolysis 9.83 8.12 17.96 1.57

with Renewables

99




Table H3. and Table H4. demonstrate the GHG and NOy emissions of the 2050 “High Hydrogen

Use” scenario, including emissions from the industry sector, the transportation sector, total sum
of emissions, and the total net emission reduction compared to the “Incumbent Technology”

scenario.

Table H3. GHG Emissions Summary for 2050 “High Hydrogen Use” Scenario

with Renewables

Net Reduction
Industry Transportation Sum Compared to the
Technologies (million metric (million metric (million metric Incumbent
tons/year) tons/year) tonsl/year) (million metric
tons/year)
Incumbent 13.80 6.33 20.13 /
PEM Electrolysis
with REC Grid Mix 13.51 6.52 20.03 0.10
Natural Gas SMR
with CCS 11.28 5.40 16.68 3.45
Natural Gas SMR 12.15 5.84 18.00 213
SOEC Electrolysis 10.84 5.18 16.02 411
with Nuclear
PEM Electrolysis 10.81 5.06 15.87 4.25

Table H4. NOx Emissions Summary for 2050 “High Hydrogen Use” Scenario

Net Reduction
Industry Transportation Sum Compared to the
Technologies (thousand metric | (thousand metric (thousand metric Incumbent
tonsl/year) tons/year) tonsl/year) (thousand metric
tons/year)
Incumbent 11.06 8.46 19.52 /
PEM Electrolysis
with REC Grid Mix 11.28 7.71 18.98 0.54
Natural Gas SMR
with CCS 10.65 7.43 18.08 1.44
Natural Gas SMR 10.17 7.20 17.37 2.15
SOEC Electrolysis 9.52 6.88 16.40 3.12
with Nuclear
PEM Electrolysis 9.45 6.77 16.22 3.30

with Renewables
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Table H5. and Table H6. demonstrate the GHG and NO, emissions of the 2050 “Complete
Hydrogen Substitution” scenario, including emissions from the industry sector, the transportation
sector, total sum of emissions, and the total net emission reduction compared to the “Incumbent
Technology” scenario.

Table H5. GHG Emissions Summary for 2050 “Complete Substitution” Scenario

Net Reduction
Industry Transportation Sum Compared to the
Technologies (million metric (million metric (million metric Incumbent
tonsl/year) tons/year) tonsl/year) (million metric
tons/year)
Incumbent 13.80 6.33 20.13 /
PEM Electrolysis
with REC Grid Mix 14.84 7.26 22.10 -1.97
Natural Gas SMR
with CCS 2.60 1.67 4.27 15.86
Natural Gas SMR 7.38 3.90 11.29 8.84
SOEC Electrolysis 017 0.57 0.74 19.39
with Nuclear
PEM Electrolysis 0.01 0.00 0.01 20.11
with Renewables

Table H6. NOx Emissions Summary for 2050 “Complete Substitution” Scenario

Net Reduction
Industry Transportation Sum Compared to the
Technologies (thousand metric | (thousand metric (thousand metric Incumbent
tonsl/year) tonsl/year) tonsl/year) (thousand metric
tons/year)
Incumbent 11.06 8.46 19.52 /
PEM Electrolysis
with REC Grid Mix 15.65 4.70 20.35 -0.83
Natural Gas SMR
with CCS 12.23 3.32 15.55 3.97
Natural Gas SMR 9.58 2.17 11.76 7.77
SOEC Electrolysis 6.00 0.56 6.56 12.96
with Nuclear
PEM Electrolysis 5.63 0.00 5.63 13.89
with Renewables
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