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Executive Summary

The Hydrogen Production, Transportation, and Infrastructure Task Force (OK H2 Task
Force) was established by Senate Bill 1021 to research, collaborate, and submit this report
on the viability of growing the production, use, supply chain, and infrastructure for a
hydrogen economy within the state and for energy export.

Industries, investors, research institutions and policymakers will need to work together

to develop and unlock the full value of the hydrogen economy for Oklahoma. Oklahoma'’s
dependable and economical natural gas supplies, extensive natural gas pipeline
networks, vast water supplies, low cost of electricity, and substantial renewable energy
generation provide a strong foundation for the production and delivery of hydrogen for
Oklahoma's benefit and for export to support other states and international economies
focusing on low-carbon fuels.

The job creation and financial impact associated with the development of the Oklahoma
hydrogen economy could add over 6,000 jobs and provide impacts ranging from
approximately $1.5 billion to $2.5 billion for the state of Oklahoma.

Oklahoma's pioneering culture, robust university research resources and business
friendly tax and incentive structures complement our state's geographically
advantageous location to support the nation’s demand for low-carbon hydrogen fuel.
Oklahoma is already home to state-of-the-art hydrogen production facilities, hydrogen
related equipment manufacturers, and long-standing carbon sequestration facilities. The
hydrogenindustrial entities operating today provide a solid foundation for leveraging
our growing renewable energy production and expansive water supplies to produce zero
carbon hydrogen. Oklahoma contains some of the nation’s largest natural reserves of
hydrogen in the form of hydrocarbon fuels, notably natural gas. Additionally, Oklahoma
iIs endowed with abundant geologic pore space available for storage of fuels, which

may include hydrogen fuel, but also carbon capture and storage. With these resources,
Oklahoma can be a national leader in at-scale hydrogen production and distribution.
Additionally, the science and regulatory experience from the history of unconventional
oilland gas production can be harnessed to minimize risks arising in a hydrogen
economy.

The OK H2 Task Force focused on low carbon or no carbon Hydrogen. There is no bias
against.any emerging hydrogen production method, but there are two (2) leading
categories of produced hydrogen; blue and green. Blue hydrogen is derived from natural
gas sourced hydrogen utilizing steam methane reforming (the leading method of
hydrogen production globally today) combined with carbon capture and sequestration.
Creen hydrogen is generally associated with the use of renewable energy and water
using electrolyzing technologies to produce hydrogen. The idea that H2 produced from
renewable resources could also be stored and later converted to electricity, enabling the
low'€ost and carbon free energy produced from wind and solar resources to become
dispatchable, a concept that seems to have merit here in Oklahoma and is addressed
further within. The various methods of hydrogen production and the various methods of
referencing by color type are discussed in detail within the report.
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Near to mid-term commercialization opportunities for hydrogen produced in Oklahoma
lies in the industrial and transportation sectors. Utilizing hydrogen as a transportation
fuel may be the first and most cost competitive sector for this developing low carbon
energy solution. Fuel cell vehicles (FCEVs) have extended range, quicker fueling times,
can carry heavier payloads and offer a fuel economy close to 70 miles per gallon
equivalent. The potential for heavy- duty FCEV trucking is an attractive new alternative
for goods movements along national trucking corridors as well as for local and regional
product deliveries on Oklahoma's interstate crossroads and material handling vehicles.
Adopting hydrogen as a heavy-duty transportation fuel can also reduce the risks
associated with the potential detrimental economic impacts associated with the US EPA
air quality non-attainment classifications for our major metropolitan areas.

The OK H2 Task Force recommendations include continued focus on growing a hydrogen
energy economy here in Oklahoma, assuring hydrogen fuel is included within existing
regulations and legislation similar to compressed natural gas (CNG) and electric vehicles
(EV), readying our infrastructure and supporting policies to champion FCEV heavy-duty
transportation, fuel production and as a back-up power generation asset, aligning our
state’s business and manufacturing friendly taxes and incentives to attract companies
that reflect that full value chain within the hydrogen sector, and continue to investigate
opportunities to collaborate with neighboring states and federal agencies to grow a
competitive hydrogen economy.

OKLAHOMA HYDROGEN ROADMAP
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Section 1. Introduction

Justification for report State Law

Senate Bill 1021, signed into law April 20, 2021, established the Hydrogen Production,
Transportation, and Infrastructure Task Force (OK H2 Task Force) to research and

report on the viability of hydrogen production and use within the state and for export.
Specific areas of focus include availability of water resources and cost competitive
power necessary to produce hydrogen, incentives, and taxation necessary to encourage
the development of hydrogen technology, infrastructure and transportation, and the
development of a state-wide roadmap for a hydrogen economy which includes, among
other things, infrastructure, production, distribution, transportation, and off-taker
market uses. Furthermore, the OK H2 Task Force is charged to investigate the viability
of utilizing the existing pipeline infrastructure to move hydrogen, existing and potential
needs of the pipeline industry to integrate hydrogen, and potentially necessary pipeline
safety standards for distribution of hydrogen fuel.

This document fulfills the reporting obligations under SB 1021, Section H, by publishing
findings and recommendations of the OK H2 Task Force, including fiscal impact
statements for all recommendations by December 1, 2021.

Oklahoma’s Hydrogen Potential

Oklahoma’s extensive interstate, intrastate and local distribution pipeline systems
provide a state-wide platform that could leverage the state’s vast and dependable
natural gas resources (natural gas is a feed stock product to produce hydrogen which
will be discussed later in this report). Oklahoma's natural gas infrastructure also provides
a low cost and dependable transportation mechanism for hydrogen produced from

our state's extensive renewable energy power generation facilities (ranked third in the
US) which can be coupled with our abundant water resources (hydrogen produced via
electrolysis will be discussed later in this report).

As the global economy shifts to low-carbon forms of energy, Oklahoma is uniquely
positioned to fulfill the long-term supply of hydrogen to the US and abroad by
optimizing the many strategic resources available today and in the future. To
complement Oklahoma's dependable, around the clock natural gas supplies to

produce hydrogen, the Department of Energy’s National Renewable Energy Laboratory
(NREL) recently completed research discloses our nation’s potential for hydrogen
production from renewable energy sources like wind and solar, and Oklahoma holds an
advantageous geographic position for hydrogen production from renewable energy (see
Renewable Energy section below). Oklahoma produces 68% more energy than is needed
within the state, the balance of which is exported (https:/mwww.eia.gov/beta/states/
overview).

Oklahoma's midcontinent location is not only strategic from an interstate transportation

perspective but is at the intersection of economical and plentiful renewable energy,
extensive water supplies and manufacturers of the parts and pieces needed to
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produce hydrogen from our abundant resources. In the decades to come, as we
expand our state’s renewable electricity production and leverage our water resources
(e.g.: electrolysis), hydrogen production can utilize off-peak renewable energy which
could provide not only additional energy resources for export but also a dependable
mechanism for balancing our electricity grid during conditions of renewable energy
oversupply (storing wind and solar is difficult while hydrogen storage serves as a
potential solution).

The Oklahoma Department of Transportation has developed the Hydrogen Application
Project, an interactive web-based tool which displays our state's resources and
infrastructure to support stakeholder’s interests in the hydrogen economy. The Hydrogen
Application Project mapping includes a useful list of “layers” that display data sets like
high volume truck corridors, airports, water ways and ports, rivers, lakes, and groundwater
basins, existing fueling stations for heavy and medium duty trucks, CNG and EV charging
stations, potential phase one and phase two hydrogen fueling station locations (which
will be discussed below), and many other useful data. The Hydrogen Application Project
can be found at the link listed below: http:/tinyurl.com/2yhza88p

o
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In Summary, Oklahoma's inherent advantages include, but are not limited to:

Extensive pipeline infrastructure

Highly skilled oil and gas and renewable energy workforces

Lowest-cost electricity

One of the nation's most business-friendly environments

Substantial renewable energy production (3rd largest US renewable energy
producing state and growing)




Access to abundant clean water and alternative water sources

Carbon and H2-ready pore space and geology for Carbon Capture, Utilization

and Sequestration as well as H2 storage.

Underground energy storage

The inland most seaport in the US via Tulsa’s Port of Catoosa.

Cluster of companies currently engaged in the hydrogen economy supply chain (e.g.:
equipment manufacturing)

Low-cost of living and high quality of life

Industries, investors, and policymakers can work together in the developing hydrogen
economy. To unlock hydrogen’s potential in Oklahoma, the following should be
considered:

Kickstarting markets with the needed incentives and support

Create public incentives to bridge barriers to the initial market launch

Support infrastructure development

Expand the use of hydrogen across sectors and achieve economies of scale
Include hydrogen-based options in government procurement

Support research, development, demonstration, and deployment of innovative
hydrogen technologies

Harmonize technical codes and safety standards

Support outreach and workforce development

Review energy sector regulations to ensure they account for hydrogen

Set dependable, technology-neutral low-carbon goals (e.g.: “Oklahoma Hydrogen
Production Goal” concept)

(Road Map to a U.S. Hydrogen Economy. The Fuel Cell and Hydrogen Energy Association:

e
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Section 2. Opportunities and Challenges for Oklahoma

Hydrogen makes sense in Oklahoma

Our state’s fossil fuel exploration and production companies have provided our local
and national economies with dependable and affordable fuel and feedstock supplies
for over a century. Natural gas is currently the primary feedstock to produce hydrogen
and will continue to be the primary source for hydrogen production well into the future

with an anticipated 75% of the US’

2050 hydrogen supplies sourced via
steam methane reforming. (US DOE FE
Hydrogen Strategy July 2020 page 1 and
IEA Energy Technical Perspective 2020
graphic page 141)

The graphic to the right captures
Oklahoma's extensive fossil fuel
resources, and the associated extensive
storage and sequestration potential
within depleted reservoirs and other

EXPLANATION
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SOURCE: OXLAHOMA GEOLOGICAL SURVEY

geological formations. Oklahoma has a diverse geology with some of the world's deepest
sedimentary basins and salt formations, all possible targets for hydrogen or CO2 storage,
see Appendix for Oklahoma Geological Survey Fact Sheet No. 1and the CO2 Storage

Opportunities in Oklahoma White Paper).

The production of hydrogen in Oklahoma has a long standing and resilient history which
could be expanded to meet the growing demand for hydrogen as a diversified fuel
source. Our state’s refineries produce hydrogen; Holly Frontier in Tulsa, Wynnewood

Refinery, Valero in Ardmore and Phillips
in Ponca City, and Oklahoma is home

to state-of-the-art fertilizer plants that
produce their own hydrogen to produce
nitrogen fertilizers; CF Industries facilities
in Woodward and at the Tulsa's Port of
Catoosa, as well as Koch Industries

in Enid.

Electricity prices in Oklahoma are among
the lowest in the country, making it more
economically feasible for a transition to a
low-carbon hydrogen energy economy.

The map to the right shows the predicted
mean annual wind speeds at 80 meters
above ground level. In central and

western Oklahoma average annual wind speeds are shown to range from
7.0 to 9.0 meters per second (approximately 16 to 20 miles per hour).

United States - Annual Average Wind Speed at B0 m
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Areas with good exposure to prevailing winds and annual average wind speeds around
6.5 meters per second (14.5 miles per hour) or greater at 80 meters above ground level
are considered suitable for utility-scale wind turbines which are typically 80 to 100
meters tall but can reach up to 140 m to access even better wind resources. (Wind
resources estimate by AWS Truepower LLC. Map developed by National Renewable
Energy Lab. See also The Nature Conservancy wind power siting tool referenced in the
Appendix)

Oklahoma's long history in the manufacturing of gas processing equipment (natural
gas, natural gas liquids, industrial gases, heat exchangers, etc.) also supports our

nation’s hydrogen production equipment supply chain demands through the efforts

of entities like Linde, Baker Hughes, Chart Industries, GasTech Engineering, American
Hydrogen and others. Our state’s capable hydrogen supply chain companies are
currently manufacturing hydrogen equipment for installation across the US and Canada,
so Oklahoma has an embedded portfolio poised and ready to supply the expanding
hydrogen economy domestically and internationally.

Nationally, the federal government is focusing on investments in the creation of at least
four (4) hydrogen hubs across the US through the Infrastructure Bill, many proposed Bills
supporting hydrogen and carbon capture, and the National Defense Authorization Act

of 2021 which also supports hydrogen fuel development. The OK H2 Task Force initiative
has provided a timely forum for stakeholders and industries to discuss and align to
participate in the developing national hydrogen initiatives.

Implementation Considerations

As mentioned above, a collaborative effort among key stakeholders (e.g., federal and
state agencies, industry, academia, and major research institutions) is key to resolving
the challenges in scaling, designing safe and reliable hydrogen infrastructure, developing
a competitive and locally sourced hydrogen supplies, and creating a safe and economical
method to sequester and utilize captured carbon dioxide (CO2).

To implement a viable hydrogen-based energy economy, the State will need to
promulgate new statutes and regulatory rules to establish a low-carbon initiative with
achievable, near term-goals applicable across industry and across the state (Oklahoma
Hydrogen Production Goal concept). Maintaining achievable goals allows the market to
drive out the best projects with economic, environmental, and stakeholder benefits.

Research is required to identify geologic formations that are appropriate for CO2
sequestration and hydrogen geologic storage taking into consideration the State's recent
history with induced seismicity attributed to produced water disposal and, to a very

small extent, hydraulic fracturing. Detailed geologic mapping of structure, petrophysical
properties, faulting, and formation thickness will aid in determining the capacity

of geologic formations identified for hydrogen storage and for CO2 sequestration.
Described in more detail below, there are many pipelines to transport natural gas across
Oklahoma and research is required to determine blending potential, re-purposing
potential, and to study the potential for new pipeline infrastructure dedicated to the
movement of hydrogen by pipeline. Cooperation between the oil and gas industry and
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academia will be key to this research effort. For each ton of hydrogen produced by
steam methane reformation, 9 tons of CO2 are produced and must be sequestered.

Additionally, training of workforce to transition to a hydrogen-based energy
infrastructure will be key, and should include considerations of social motivations, risk
management and mitigation, behavioral economics, and public policy.

The key technical challenges for hydrogen and related technologies are cost, durability,
reliability, safety, and performance, as well as the lack of hydrogen infrastructure

and lack of present commercial demand. To achieve widespread commercialization,
hydrogen utilization technologies must enter larger markets and be able to compete
with incumbent technologies in terms of life-cycle cost, performance, durability, and
environmental impact. Non-technical barriers also need to be addressed, such as
developing and harmonizing codes and standards, fostering best practices for safety,
and developing a robust supply chain and workforce. https://Awww.hydrogen.energy.
gov/pdfs/hydrogen-program-plan-2020.pdf

Hydrogen should be comparable to conventional fuels and technologies on a cost per-
mile basis to be competitive as a transportation fuel. For fuel cell electric vehicles to

be competitive, the total untaxed, delivered, and dispensed cost of hydrogen likely will
need to be less than $4 per gallon equivalent. One kilogram of hydrogen is equivalent to
one gallon of gasoline on an energy basis, according to the DOE's Alternative Fuels Data
Center. https://www.oregon.gov/energy/energy-oregon/Pages/Hydrogen.aspx

Areas of focus for hydrogen cost enhancements include:

Technology innovations to reduce costs or improve the efficiency of electrolysis
through continued research, development, and deployment

Electricity price optimization, utilizing off-peak, low-priced power for economical
hydrogen production and grid balancing opportunities

Development of a vibrant import and export marketplace for hydrogen
Commercialization of alternative zero-carbon hydrogen production technologies,
including improvements in electrolysis, pyrolysis, and other innovations and solutions
to reduce overall hydrogen production costs

Pore space suitable for CCUS or underground storage of hydrogen within depleted
reservoirs and salt formations in Oklahoma

Developing cost effective technologies to transport hydrogen in pipelines

Developing reliable production methods with sustainable capacity to provide a readily
available supply of renewable hydrogen for private and industrial demand is the
overarching goal. Continued research is needed to develop these novel technologies and
to produce hydrogen at large scale from Oklahoma's extensive and dependable natural
gas resources.

Establishment of regional hydrogen hubs will require convergent approaches across
disciplines and strong partnerships across academia, national laboratories, industry, local
and state governments, and communities. Oklahoma's universities, as experts in 4 \ »
outreach to the public and private sector, research innovation engines, conduits ‘

» A
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for public-private partnerships, and education in leading edge fields will play a vital

role in the creation and sustainability of regional hubs. With our strong scientific,
technical, social, economic, and policy research and practice, OU, TU, and OSU can be
the collaborative linchpins that aligns public and private partnerships in support of an
Oklahoma-led effort to build a regional hydrogen hub and lead in this energy frontier. In
Appendix is a partial and growing list of the faculty and infrastructure resources at OSU
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Section 3. Production

Overview

Hydrogen gas is colorless, odorless and has the highest energy content by weight of

any fuel. When used in a fuel cell, hydrogen can generate electricity with only heat and
water vapor as by-products. Hydrogen gas poses an overall safety risk comparable to
that of methane, although specific risks may differ due to hydrogen'’s distinct properties.
Hydrogen rises and disperses faster than methane when released into the air. (Pipeline
Transportation of Hydrogen: Regulation, Research and Policy Congressional Research
Service March 2, 2021) Hydrogen is the most abundant element in the universe; however,
it is rarely found in its elemental form on Earth. It must be produced from a hydrogen-
containing feedstock (e.g., water, biomass, fossil fuels, or waste materials) using an
energy source. As mentioned above, Hydrogen has the highest energy content by weight
(emphasis added) of all known fuels — 3X higher than gasoline. (DOE Hydrogen Program
Plan))

The primary pathways for producing hydrogen are steam methane reforming,
gasification, pyrolysis, and electrolysis (these methods for producing hydrogen will be
described below in more detail below). Currently, 99% of the US hydrogen production

is derived from fossil fuels and 1% from electrolysis. 95% of fossil fuel derived hydrogen
produced today is from steam methane reforming while 4% is produced via gasification.
Hydrogen is used within oil refineries, to produce ammonia (NH3 for fertilizer) and for
methanol production. (Hydrogen Strategy Enabling a Low-Carbon Economy DOE Fossil
Energy page 5)

The regulation of hydrogen production in the United States is governed by 40 CFR Part
98 Subpart P - Hydrogen Production. The Environmental Protection Agency (EPA) is the
governing body for this regulation. A detailed list of regulations and oversight can be
viewed in the Appendix to this report. https://www.osti.gov/servilets/purl/1773235/

There are several codes and standards related to hydrogen production that are subject
to approval from state or local authorities having jurisdiction which would adopt and
enforce these as regulations. Examples of these codes and standards include but are
not limited to NFPA 2, NFPA 70, ASTM DO03.14, Compressed Gas Association (CGA) H-5.5,
American Society of Mechanical Engineers (ASME) B31, and CGA S-1.1-1.3 [7]. State

and local jurisdictions may adopt these or other codes and standards, and different
jurisdictions may adopt different editions (year published) of these codes and standards.
These ANSI-accredited industry-consensus standards may be incorporated by reference
by federal, state and local jurisdictions.

.




Blue and Green Hydrogen

There are numerous definitions
used to identify the level of
carbon intensity for specific
hydrogen production techniques.
For this report we will focus on 1)
“blue hydrogen” which includes
various technologies like Steam
methane reforming (SMR) or
methane pyrolysis coupled with
carbon capture, use and storage,
and 2) “green hydrogen” which is
defined as hydrogen produced
utilizing renewable energy
sources, water and electrolysis.
For informational purposes, the
graphic below captures four (4)
of the most mentioned “colors”
of hydrogen.
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Steam Methane Reforming (SMR) utilizes steam and a catalyst to separate methane
into hydrogen and carbon dioxide: CH4 (methane) + 2 H20 (steam) CO2+ 4 H2. SMR is
currently the most dependable and affordable means of producing industrial quantities

of hydrogen (Graphic to right from Colorado School of Mines, Hydrogen from Natural Gas

via Steam Methane Reforming January 4, 2015). SMR operators are investigating carbon
capture technologies to de-carbonize their hydrogen production. The main by-product
of producing hydrogen (H, H2 or H2) from natural gas and other fossil fuels is carbon

dioxide (CO2 or CO2) which is in most cases vented to the atmosphere. Carbon capture

will be discussed below.
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Far into the foreseeable future hydrogen
production will depend upon our state’s fossil
fuel supplies, however, managing carbon
through capture and sequestration is paramount
to success in our nation’s low-carbon future.
Oklahoma has the potential for substantial
carbon storage within underground formations
which require additional research, validation,

and implementation. Carbon capture is key to
leveraging our state’s dependable and affordable
natural gas resources for the production of blue
hydrogen. The DOE continues to invest heavily
within the low-carbon and zero-carbon energy
solutions space, and it appears this activity may
increase in the coming years. The DOE's Office of Fossil Energy and Carbon Management
efforts will focus on the following four major R&D hydrogen areas:

ket manifold

1. Carbon-neutral hydrogen production using reforming and gasification technologies
2. Large-scale hydrogen transportation infrastructure

3. Large-scale onsite and geological hydrogen storage

4. Hydrogen use for electricity generation, fuels, and manufacturing

Oklahoma can play a pivotal role in the DOE's research, development, and deployment
processes above. (DOE Hydrogen Strategy Enabling A Low-Carbon Economy, Office of
Fossil Energy and Carbon Management)

Carbon capture will be paired with steam methane reforming, which will open beneficial
markets for not only our state’s natural gas supplies, but also create an additional
marketplace for carbon sequestration enterprises (see Appendix for the Oklahoma
Geological Survey Fact Sheet No. 1). For each ton of hydrogen produced by steam
methane reformation, 9 tons of CO2 are produced and can be utilized or sequestered.
The current federal tax codes provide a valuable incentive for the capture, utilization, and
sequestration of CO2, however, for companies interested in this growing industry we
should review and consider methods for reducing the risk associated with the timeline
needed for permitting (e.g. Class VI), underground pore space use and ownership, and
“pooling” for mineral owner considerations.

Gasification of coal, biomass and waste is similar to SMR regarding energy intensity and
carbon dioxide emissions. An example of an operating gasifier is Basin Electric’'s (North)
Dakota Gasification Company which utilizes approximately 16,000 tons of lignite coal and
converts it into a mixture of carbon monoxide (CO), carbon dioxide (CO2) and hydrogen
(H, H2 or H2). (https:/AMww.netl.doe.gov/research/Coal/energy-systems/gasification/
gasifipedia/great-plains)

Oklahoma does not currently host gasification technology, however, should an entity
show interest in deploying this type of technology in the state, carbon capture
solutions similar to steam methane reforming should be considered.




Pyrolysis is the thermal decomposition of methane within a
reactor containing a catalyst and heat. One of the benefits
of methane pyrolysis is the production of hydrogen and
solid carbon (carbon black), a process that is potentially

a CO2 free source of hydrogen. (Carbon2Chem Project,
Methane Pyrolysis for CO2-Free H2 Production, July 23,
2020) Alternatively, the production of hydrogen with the :
dissociation of the hydrogen atoms from the carbon atom y
in methane can be achieved with catalytic technologies

at relatively high temperatures through the use of molten
metal or molten salt reactors (https:/www.chemistryworld.
com/news/molten-metal-enables-climate-friendly-
hydrogen-production/3008299.article) but the process results in cross contaminated,
“dirty”, solid carbon and catalyst byproducts with uncertain market value . Another
promising technique is catalytic vapor deposition (OU-CoMoCAT process) using a
continuous rotary reactor that produces hydrogen and carbon nanotubes from methane
or other hydrocarbons.

METHANE MOLECULE

Utilizing Oklahoma's natural gas supplies in cooperation with our research institutions is
necessary for the emerging pyrolysis technologies that are moving through the research,
development, and deployment cycle. Additionally, rules and regulations associated with
the permitting process for emerging technologies like pyrolysis will be instrumental

for the implementation process, and the expansion of collaboration with the DOE's

Fossil efforts mentioned above could provide meaningful engagement for our research
institutions and workforce plans. Oklahoma passed an advanced recycling legislation in
2021 which included pyrolytic conversion as an acceptable technology.

Electrolysis utilizes electricity to split water
(H20) into its constituent elements oxygen (O2) Cothode Anode
and hydrogen (H2) and is the most common

technological area of focus for advancement due to

readily available and affordable renewable electricity Hydrogen Oxygen
(wind and solar) in areas with robust water supplies ::' ° ®
and demand for hydrogen. Electrolysis requires o0 0 ®
clean water from de-mineralization or reverse ..0 5 o
osmosis systems, but the supply sources of raw e : :o,,w...
water can be diverse and include fresh water, g e
effluent, and production water. Innovative research ° el

is concentrated on efficiency enhancements to Electroiyte s ?

the electrolysis process. Hydrogen production
from electrolysis is currently more expensive than
steam methane reforming, but less expensive
than methane pyrolysis. Zero-carbon electrolysis
is intermittent due to the nature of renewable electricity supplies like wind and solar,
however, nuclear power is potentially a low-carbon source for hydrogen. Electrolyzers
could provide an advantage for electric grid balancing as this technology can create
demand for electricity during off-peak conditions and shifts the energy potential to on-
peak generation using hydrogen as the fuel source. Electrolysis provides an advantage

OKLAHOMA
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for on-site or distributed applications compared to other hydrogen production methods
as electrolysis can be applied in a modular fashion to meet the existing and future
growth needs for industrial quality hydrogen (electrolyzers can produce 99.99% pure
hydrogen with oxygen as the vent gas or captured and utilized as an enriched

for combustion).

Though electrolysis is a tried-and-true technology, the Department of Energy through
their research laboratories and collaborations with research institutions have committed
to driving the production costs down to encourage the economic uses for green
hydrogen. (https://www.energy.gov/eere/fuelcells/hydrogen-shot-summit) Within our

state, identifying opportunities to fully utilize our existing and expanding renewable
electricity supplies, access to water and transportation infrastructure will be key to the
deployment of electrolysis in both remote areas and for on-site hydrogen generation at
the source of demand.




Renewable Energy

Continued development of renewable Hydbopen Generitior fron WWink Power
energy production, a|ong with _""' . DOE’s National Renewable Energy Laboratory
Oklahoma's access to plentiful

fresh water for use with electrolysis
technologies, will provide opportunities
to produce green hydrogen that will
complement the state's reliable SMR
produced hydrogen. The DOE's National
Renewable Energy Laboratory (NREL)
recently completed research discloses
our nation’s potential hydrogen
production from renewable energy

Hydrogen Generation

sources like wind and solar. NREL's H2@ < W - by Coumiy famayeas)
Scale “Texas and Beyond” initiatives > ﬁmmﬁﬁ
are conducting additional research = D "’@m
for affordable hydrogen production o [l

methods, transportation, storage
and determining the long-term demand potential for hydrogen as an energy carrier to
increase revenue opportunities in multiple energy sectors.
(https://mvww.nrel.gov/docs/fy200sti/77198.pdf page 16 and 20)

Oklahoma continues to maintain its position in the top 3 states for wind production
across the US. The purple and blue NREL map depicts our state's potential for hydrogen
production from current and future wind generation resources, and the map to the right
depicts solar photovoltaic sources of electricity. The continued development of solar

and wind resources, opportunistically
combined with our state's water

resources and natural gas transportation
infrastructure could provide a springboard
for green hydrogen production which i)
complements our SMR based dependable §.-
hydrogen production from natural gas
and other fossil fuels.

Hydrogen Generation from Solar Power
DOE’s National Renewable Energy Laboratory

Renewable energy is of course dependent
upon sunshine and wind, the accurate
predictions for high power generation
days is invaluable. The University of
Oklahoma is home to one of the most
prestigious weather forecasting research :
centers in the world. The University i
of Oklahoma is leading a National
Science Foundation Al Institute for Research on Trustworthy Artificial Intelligence
“Al” in Weather, Climate, and Coastal Oceanography that is being hailed as a “historic
milestone in environmental science.” Accurately predicting opportunities for green
hydrogen production would provide investors an advantage in operational excellence
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and profitability. The collaboration between our major universities’ research centers
provides stakeholders in the hydrogen economy advantages in transitioning innovations
to commercialization.

(https://www.ou.edu/web/news_events/articles/news_2020/ou-receives-20-million-
grant-to-lead-inaugural-national-science-foundation-artificial-intelligence-institute)

Water resources

The Oklahoma Comprehensive Water Plan (OCWP) serves as the overarching long-term
water resources management strategy and the definitive resource regarding current
and future availability
of fresh water and
water quality across
Oklahoma. This
information can

serve to assess the = e
potential for locating
hydrogen production
facilities in our state.
The Oklahoma Water
Resources Board
(OWRB) is currently
updating supply and
demand forecasts by
82 basin regions as
part of the 2025 OCWP update.

In addition, a major policy recommendation from the 2012 OCWP, and resulting
Oklahoma Water For 2060 Act, calls for the development of non-traditional sources of
water, including reuse of traditional wastewater streams and other marginal waters as

a way to add to Oklahoma's water supply budget. Today, as an inaugural member of the
EPA-led 2020 Water Reuse Action Plan, state and local leaders remain hyper-focused
upon developing these resources. H2 from electrolyzers is one of those opportunities.

Generally, surface water is more abundant toward the central, eastern, northeastern, and
southeastern areas of the state, as annual precipitation increases dramatically from the
western side of the state toward the east. Interestingly, the 98th Meridian travels roughly
parallel to Interstate Highway 35 and separates to Eastern more water rich areas of the
U.S. from the Western where areas are typically arid and with less water.

The state’s major aquifer systems are illustrated below. Bedrock aquifers are deep
groundwater resources, distinguished from alluvial aquifers that are typically shallower
and directly connected to surface water systems.




Water Supply

The state’s water resources
include 23 major groundwater
aquifers and numerous surface
water systems. The OCWP
forecasts the physical and
permit water availability of
groundwater and surface water
throughout the state. Water
availability projections are
made from current conditions
through a 50-year planning
horizon in decadal increments,
reflecting forecasted changes in
water use over time. The OWRB
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has completed detailed studies to characterize many of the state's major groundwater

aquifers.

Under Oklahoma law, surface water is owned by the state, whereas groundwater is a
private property right. OWRB administers permits for all water resources across the
state, except surface water in the northeast corner of the state (basins 80 and 81 of 82
basins statewide) where the Grand River Dam Authority administers surface water use.

Water Quality

The OWRB conducts stream sampling on more than 100 river and stream sites each year
and has collected water quality samples from over 750 wells, allowing for long-term
assessment of beneficial uses and water quality trends.

Innovative Water Solutions

With substantial public support,
the OCWP recommended

the state research and build

a framework for appropriate
and safe uses of Oklahoma's
various non-potable sources of
water. Supporting these water
conservation and development
goals, the Water for 2060 Act (HB
3055) was passed in 2012 as part
of a Joint Legislative Committee
recommendation.
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Assessing Water Supply for Hydrogen Production

Highly treated municipal wastewater is perhaps the most readily available water source
throughout the state, both from a water quantity and spatially distributed perspective.
Marginal quality water could also be a suitable source water for hydrogen production.
The information available from the OCWP can be directly utilized to assess areas across
Oklahoma with suitable water supply and water quality for future hydrogen production.
This includes water produced from oil and gas production, which could provide a
beneficial re-use through technological solutions for processing production water.

The role of natural gas

Natural gas is anticipated to continue to serve as the foundational supply chain source
for hydrogen production, extending well into the future (US DOE FE Hydrogen Strategy
July 2020 page 1and |IEA Energy Technical Perspective 2020 graphic page 141). With
Oklahoma's extensive supply of affordable natural gas, our research institutions should
be engaged in the research, development and deployment of novel technologies which
convert natural gas to hydrogen economically with minimal environmental impacts,
striving for co-production of solid carbon forms which can be used beneficially for
building products, or other industrial applications. The cost of H2 cost can be offset by
the value and market volume of carbonaceous by-products. Potential to utilize catalytic
methods to produce graphene or carbon nanotubes (CNTs) which can be used in large-
scale applications. Example applications are environmental remediation, wastewater
purification (adsorption and catalysis), reinforced cement for, carbon electrodes
(batteries, fuel cells), polymer composites, and road pavement.

Availability of cost competitive power for hydrogen production

As mentioned above, the cost of Oklahoma's electricity is consistently the lowest in the
United States. As the hydrogen economy grows in the state, there are many factors

to consider. There are many areas with available power and transmission, however, it

will be a matter of timing to ensure peak load is covered. If build out is required, there
must be consideration of cost recovery, ratepayer protection, transmission planning in
coordination with Southwest Power Pool (SPP), and financing up front construction costs
in lieu of ratepayer risk (https://www.eia.gov/electricity/state/).

On-site hydrogen production concepts

It is plausible that green hydrogen power plants could develop into energy parks or
hydrogen hubs, with offtake users located nearby to the hydrogen source for uses such
in heavy duty trucking, steel manufacturing, commercial bus fleets, personal auto fuels,
fertilizer plants, industrial heat and steam production, use in household appliances

through blending in the natural gas pipeline infrastructure.
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Hydrogen production complements renewable energy (off peak “storage”)

There is potential for collaboration between renewable energy development companies
and hydrogen production companies to develop regional production hubs that maximize
the associated investments for both parties. Off peak power production could be

directed to the production of hydrogen which could be stored and utilized at a later date
when energy demand is higher or injected into the natural gas pipeline infrastructure for
use over the course of many days.

Safety issues

Safety must be a primary concern and should be studied as it relates to production and
transportation, which is discussed below.
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Section 4. Transportation & Distribution Infrastructure

Overview

Oklahoma's central location in the continental United States, extensive natural gas
pipeline infrastructure, and the confluence of major interstate routes make the state a
major link in the nation’s network of trade and commerce and serves as a natural hub for
interstate truck traffic. In 2015, 817 million tons of freight were transported in Oklahoma,
with 512 million tons moving through the state with an origin and destination outside
of Oklahoma. Through traffic accounts for 63% of total freight tonnage and 83% of total
freight value in Oklahoma. With 79 million tons of inbound traffic versus 100 million
tons of outbound traffic, Oklahoma is a net exporter state. 90% of all freight traffic in
Oklahoma is domestic, as defined by the U.S. Department of Commmerce as produced
within the nation’s borders. https://oklahoma.gov/odot/programs-and-projects/
transportation-programs/odot-freight-transportation-plan.html.

In general, most freight transported through Oklahoma is being moved from Texas
northeast toward the Great Lakes area and the northeastern seaboard, or from California
and the western United States to the east coast or northeast.

R e s rs =

| 7 o i
LAl ;:"' 2 Y 1 -
e, g s s 1 prenm— : | I ~\ |
2015 Freight Flow Tons | T % Wl . = ETETO . 4
" 3 o ' A 4
Highway Rail | = ] i *k |
= 3 Million < 3 Millian )/ : kA
! OELAHOMA MUSKOGES b
2 - 499 Milllan 3 - 4,99 Million i oy
E - 14.90 Million 5 - 14.98 Million b ‘ﬁ; & anl 'm‘x. ;
o i@ | v -
1-5 - 48,99 Millian 15 - 49.99 Millisn | | CLNTON | 4 o "b}_w
&l - 88259 Million A - BS B Million o }‘& \ F .
=00 Milian > 90 Mi lien | ¥ |
| 'ﬂ . ¥ ™
y Walerway 1 “ Lawmon . : @ ; < | DB
u®[ | <3 Milien b 1 S S
’ 5 - 4 99 Million T ,
J =5 Millicn Lm\q_\z ? . 4 J : BREKER

Freight traffic by mode of transportation (ODOT, 2017)




Coal and nonmetallic minerals (i.e., limestone, granite, stone, sand, gravel, potash,
phosphate, and other fertilizer miners) represent the largest volumes of commodities
transported by tonnage. Chemical products (i.e., unrefined petroleum such as crude oil
and natural gas) are the largest commodity by value.

In 2015, 473 million tons were transported by truck, 338 million tons were transported by
rail and 6 million tons were transported by waterway. Air traffic represents a relatively
small amount of the total freight movement in Oklahoma but fills a niche by providing
business travelers access to more remote areas of the state.

Transportation recommendations on safety issues

Create research center(s) at Oklahoma colleges or universities to document and
research hydrogen transportation issues, including fuel stations, corridors, economic
incentives, storage technology and safety. The U.S. Department of Transportation (DOT)
has oversight over many of these applications through various relevant administrations
within DOT. This includes pipelines, whether repurposed or new installations, as well

as transportation via roads, railroads, and waterways. https://www.osti.gov/servlets/
purl/1773235/

It is also recommended to develop and implement a state hydrogen safety education
campaign in conjunction with industry partners that focuses on dispelling myths, sharing
knowledge from other states and countries, explaining storage requirements and
technology, and highlighting Hazmat procedures and tools already in place.

Regulatory overview

A short summary of the various regulatory organizations and their associated
jurisdictions is as follows: The Oklahoma Corporation Commission (OCC), Oklahoma
Department of Environmental Quality (ODEQ), Water Resource Board (WRB), Oklahoma
Department of Transportation (ODOT), Oklahoma Department of Public Safety (DPS),
Oklahoma Department of Wildlife Conservation (ODWC) provide regulatory oversite for
organizations that will be involved in the growing hydrogen economy. These regulatory
issues may involve federal regulators as many of the early projects may involve federal
funding which would necessitate a NEPA analysis to determine and study environmental
impacts. This will have an obvious effect on the timing of any commencement

of construction on any projects. The following provides a snapshot of the various
organizations and their areas of focus:

Distribution Pipeline - OCC, ODEQ
Distribution Trucking - OCC, ODOT, DPS
Distribution Blending - OCC, ODEQ
Storage - OCC, ODEQ
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Opportunities to leverage existing pipeline infrastructure (interstate, intrastate and
local distribution company pipelines)

U.5. Natural Gas Pipeline Netwaork, 2008
Oklahoma is advantageously
positioned with extensive and
dependable natural gas pipeline
infrastructure to serve in-state
markets and for the delivery of energy
to major market centers. There are
numerous Department of Energy
studies underway (with Oklahoma
companies engaged in the research
projects), that are analyzing the safe
levels of blending hydrogen into the
existing natural gas systems. As the
map discloses to the right, Oklahoma
could deliver hydrogen via the natural
gas pipeline network to locations
across the USA as pipeline capacity allows.

== Istersiate Plpeines
— - lwirastate Pipeines

Saanca: Enarigy Information Adminksnation, Ofica of il & Gas, Natursl Gas Division, Gas Transponation lifonmason

Pipeline operators engaging in discussions and studies, supplying data, and working
with ODOT and OCC to create map overlays of viable pipelines for blending of hydrogen
or for proposed dedicated construction could provide a valuable tool to aid in the
determination of both production facilities and end users’ locations associated with the
hydrogen economy in Oklahoma.

Pipeline Crossings of Highways and Public Right-of-Way

A myriad of public and private utilities cross Oklahoma highways, including fuel
transmission, electrical, telecommunications, water, and sewer lines. Most of the
highway crossings are facilitated via an underground bore to pass underneath the
roadway, while some select utilities pass over highways via a dedicated bridge or an
attachment on a roadway bridge. As per state law, only public utilities are permitted
to be buried inside of public rights-of-way. Private utilities, such as pipelines for
transmission of petroleum products, may be buried parallel to highways, outside of
public right-of-way through a private easement.

Hydrogen pipelines could be placed parallel to highways, outside of public right-of-way
and would be allowed to cross highways through ODOT's permitting process, detailed
below.

Most volatile petroleum products have specific regulations, such as minimum easement
width, depth, cathodic protection, signage, and excavation restrictions that would prevent
them from being located inside state right-of-way even if they were designated as public
utilities. Not only is ODOT unable to place such restrictions on public rights-of-way, but
the agency also cannot indemnify the facility owners from liability in the

event of a pipeline failure. Highway rights-of-way regularly undergo maintenance




and construction that includes excavation by heavy machinery, which is not conducive for
buried high-pressure pipeline due to risks to the traveling public and to workers.

While hydrogen pipelines would not be permitted to be located inside public right-of-
way, crossings of any type of utility are allowed if they meet specific criteria outlined by
ODOT based on U.S. Department of Transportation Pipeline and Hazardous Materials
Safety Administration (PHMSA) regulations. Primarily, these regulations require such
pipelines to be encased, sealed, and vented in accordance with certain standards and
buried at a minimum of 48 inches below subgrade and not less than 30 inches below the
bottoms of ditches. Proper markers are required to be attached to vents and/or right-of-
way fencing at intervals of no more than 1,000 ft. and be plainly visible to workers, first
responders and the public.

Steel pipelines may be installed without encasement if the pipe material meets certain
standards, employs anti-corrosion countermeasures, and is buried at least 48 inches
below the flow line of drainage ditches or other drainage structures.

Requests for pipeline crossing permits on highways may be made by contacting the
appropriate ODOT Field District office and requesting approval of the District Engineer.
Central office experts in ODOT's Right-of-Way and Utilities Division are available to assist
with consultation and review. Requests for crossings of city streets or county roads must
be made to the appropriate local officials (Oklahoma Department of Transportation. OP-
UT 6-5 of the ODOT Right-of-Way and Utilities Policy & Procedure Manual).

Rail Transportation

Oklahoma has 1,987 miles of railroad currently in operation by Class | operators BNSF
Railway, Union Pacific Railroad and Kansas City Southern, as well as 1,132 miles of
railroads used by Class Il short-line operators. The State of Oklahoma, through ODOT,
owns and maintains 152 miles of railroad, of which 126 miles are operated through lease
agreements with short-line operators.

High volume freight rail routes in Oklahoma:

North-south: BNSF Railway along I-35 and US-77 corridor between Kansas, Oklahoma
City and Texas

East-west: BNSF along US-412/US-64 corridor between Tulsa and the Woodward/Alva
area in northwestern Oklahoma

North-south: Union Pacific Railroad between |1-40 near Checotah, Tulsa and Kansas
North-south: Union Pacific along US-54 between Texas and Kansas and BNSF along
US-287 between and Texas and Colorado in the Panhandle

Since 2005, Oklahoma has had no intermodal rail terminals, which are facilitates that
can transfer containers from one mode of transport to another. The nearest intermodal
facilities are located in Dallas, Kansas City and Memphis.

Railroad-related concerns and mobility issues can be attributed to several factors.
Inadequate track and a rail yard's physical capacity can produce railroad bottlenecks,
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as can the crossing of two or more tracks. Rail bottlenecks in turn, impact rail velocity.
Deficient structures such as bridges can introduce speed restrictions that affect freight
mobility.

These factors not only affect the mobility of rail freight but can also have an impact

on highway traffic. Slow or stopped trains can interfere with motor vehicle traffic at
grade crossings. Even fast-moving trains in high frequency railroad corridors can create
bottlenecks for motor vehicles.

The Oklahoma State Freight Transportation Plan includes a list of 16 locations with
railroad mobility issues, including limitations on standard 286,000 lb. freight cars, lack
of capacity and missing connections; however, the rail network is extensive and can be
improved to facilitate distribution of hydrogen in the state.

Hydrogen as a Fuel Source for Trains

According to the Oklahoma Railroad Association and the Association of American
Railroads, Canadian Pacific, one of AAR's member railroads, is planning to test a
hydrogen powered locomotive. There are other opportunities for Oklahoma'’s rail
infrastructure to adopt hydrogen as a fuel source and we should encourage additional
pilot programs and research activities.

Transportation of Hydrogen by Rail

Feedback on hydrogen transport has been received from the Oklahoma Railroad
Association and the Association of American Railroads that indicates no liquid hydrogen
is currently being transported by train in the United States; however, hydrogen is a
commodity authorized by regulation for rail transport if tendered in a USDOT approved
tank car. While moving hydrogen by tank car is more hazardous than liquefied

natural gas, the rail associations are not aware of industry or regulatory opposition to
transportation by rail if the market demand exists. As a matter of fact, the association is
receptive to the hydrogen transportation market once it opens to Oklahoma, given all
safety precautions are applied.

Due to the cold storage of hydrogen in liquified form, a special insulated tank car

is required to transport hydrogen by rail, and very few of these railroad cars are in
operation nationwide. Both ORA and AAR note that the tank cars currently used to
transport liquefied natural gas, which would be similar to what would be required for
hydrogen, are more expensive than traditional tank cars and are currently estimated at
around $750,000 each.

Title 49 of the Code of Federal Regulations, Part 174 details PHMSA requirements as
they pertain to the transportation of hazardous materials by rail. https:/www.ecfr.gov/
current/title-49/subtitle-B/chapter-l/subchapter-C/part-174




Waterway Transportation

Opened in 1971, the 445-mile McClellan-Kerr Arkansas River Navigation System
(MKARNS) in eastern Oklahoma extends from the Tulsa Port of Catoosa southeast
through Arkansas to the Mississippi River and the Gulf of Mexico.i The MKARNS links
Oklahoma to a 12-state service area with various domestic ports on the U.S. inland
waterways system and foreign ports by way of New Orleans and the Gulf Intracoastal
Waterway. This system can be used as a viable tool in the U.S. for international hydrogen
with some improvements to the MKARNS over time.

The MKARNS is designated Marine Highway 40 by the U.S. Department of Transportation
and is the nation's most westerly inland freight water and provides an ice-free shipping
channel year-round. The navigation system supports 11,000 jobs and provides a national
and international outlet for Oklahoma and regional commodities and products.

Oklahoma has two public ports — the Tulsa Port of Catoosa and the Port of Muskogee
—and other private ports on the MKARNS, including Oakley’'s Port 33 near Inola, C.G.B.
Wagoner, Frontier Terminal and Georgia Pacific near Muskogee-Fort Gibson, C.G.B.
Webbers Falls, and the Port of Keota. These ports process more than 6 million tons of
cargo annually with a $1.6 billion economic impact in Oklahoma. https:/oklahoma.gov/
odot/programs-and-projects/waterways/mkarns-50th-anniversary.html
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General Freight Issues

According to the U.S. Army Corps of Engineers Tulsa District, there is a backlog of
maintenance projects on the McClellan-Kerr Arkansas River Navigation System
(MKARNS) in eastern Oklahoma. Critical backlog projects to address infrastructure with
an estimated 50% chance of failure within a 5-year period include deteriorated gate
mechanisms at the Robert S. Kerr, Mayo, Webbers Falls and Graham locks and dams.

Additionally, the McClellan-Kerr Arkansas River Navigation System has a 9 ft. controlling
navigation depth, compared to a 12 ft. depth on most other inland waterways which
allow heavier loads and larger barges. U.S. Congress authorized a 12 ft. depth on the
MKARNS in 2005, but no funding has been appropriated to USACE for the necessary
dredging. Waterway industry stakeholders and port operators are actively seeking funds
to remedy this deficiency.

Transportation of Hydrogen by Waterway

Feedback has been received from Oklahoma's port operators that acknowledge the
potential for hydrogen to be a prosperous commodity, however, strong concerns
regarding safety were expressed by all Port representatives. Oklahoma’s port operators
expressed strong concerns regarding safety of hydrogen transport and storage, given
that the common perception of hydrogen is that it is highly explosive. While the Ports
feel certain that strict safety protocols and precautions exist, they implore hydrogen
industry leaders to educate ports and industrial locations about the real risks, issues and
challenges associated with production and storage of the gas, as well as the modern
safeguards that are in place to mitigate the risks.

The Tulsa Port of Catoosa has one industry now that produces and maintains pressurized
tank trailers and storage as part of their services. The Port Authority has requested that
future hydrogen tenants provide areas of impact and safety information for review and
approval by its board of directors before allowing large quantities for storage.

CF Industries, located at the Tulsa Port of Catoosa, is the closest thing Oklahoma
currently has to an existing hydrogen production and shipping operation with their
production and transportation of anhydrous ammonia (NH3). BayoTech and Linde
both have a strong presence at the Port of Catoosa and are already in the Hydrogen
production or technology business. Both companies have offered to help with making
Oklahoma a Hydrogen-producing state.

Title 49 of the Code of Federal Regulations, Part 176 details PHMSA requirements as they
pertain to transportation of hazardous materials by waterborne vessel. https:/www.ecfr.
gov/current/title-49/subtitle-B/chapter-I/subchapter-C/part-1762toc=1

The U.S. Coast Guard sets and enforces national standards for waterway transportation.
Title 33 of the Code of Federal Regulations, Parts 154, 155 and 156 detail USCG regulations
for prevention of pollution for vessels carrying hazardous materials. https://Awww.ecfr.
gov/current/title-33/chapter-l/subchapter-O




Title 46 of the Code of Federal Regulations, Parts 38, 150, 151,153 and 154 detail USCG
regulations as they pertain to shipping of hydrogen and similar materials by water.
https://www.ecfr.gov/current/title-46

Transporting by barge is the most economical, safe, and environmentally friendly way of
shipping bulk and oversized cargo, therefore, the transport of hydrogen products seems
like a logical next step towards sustainable growth on the MKARNS. It is the position of
ODOT Waterways, that the production, distribution, and export of hydrogen products via
the MKARNS would open doors to new business opportunities and economic growth.
Furthermore, Oklahoma Ports and industries along the waterways will likely embrace
the addition of this commmodity if their concerns regarding safety are appropriately
addressed.

Oklahoma's ports and the MKARNS are an underutilized resource and provide the state
with an incredible connection to international markets. The Oklahoma Department of
Transportation is heavily involved in promotion of waterborne transportation of freight
and coordination of transportation projects that will enhance the ability of the state's
ports and the MKARNS to recruit more industries to the area.

Heavy-Duty Trucking: Hydrogen Fueling Stations and Corridors

The Fixing America’s Surface Transportation (FAST) Act of 2015 provides for the
designation of alternative fuel corridors for electric vehicle (EV) charging, hydrogen,
propane, and natural gas by the Federal Highway Administration (FHWA). Corridor
designations must identify near-and long-term need for, and location of alternative
fueling infrastructure at strategic locations along major national highways to improve
mobility of passenger and commercial vehicles that employ these technologies across
the United States. https://www.fhwa.dot.gov/environment/alternative_fuel corridors/

State or local agencies can nominate alternative fuel corridors for designation by FHWA.
An eligible corridor is defined as a segment of the National Highway System (NHS),
which includes all interstates and other major highway and turnpike routes in Oklahoma.
Additionally, to encourage the creation of a national network of alternative fuel
infrastructure, a corridor may also include feeder routes/roads that connect to that NHS
segment. Both corridors within a single state and multistate corridors are eligible, with
the goal of connecting communities, cities, and regions to develop a national network of
alternative fuel facilities.

Routes can be nominated as “Pending” when a smaller number of fuel stations are in
operation, or stations are planned but not yet built along a particular corridor. Once a
corridor has been built out with an adequate number of public fuel stations within a
specificized range, the corridor can be nominated as “Ready” and become eligible for
special highway signage.

Designation of Alternative Fuel Corridors are prioritized by FHWA based on the following
factors.
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Alternative Fuel Facilities
Number of existing alternative fuel facilities on corridor
Number of additional planned/projected alternative fuel facilities on corridor
Distance between existing and planned/projected alternative fuel facilities on
corridor
Visibility, convenience, and accessibility to the users on the corridor
Explanation of successfully developing new alternative fuel facilities along the
corridor based on past activity/success

Corridor Scale/Impact
Connections to other segments of the NHS to create and develop a national network
of alternative fuel infrastructure
Whether the corridor connects to one or more major metropolitan areas and/or
multiple States (multiple States that submit a joint application must identify a lead
applicant as the primary point of contact)
Whether the corridor connects to one or more major intermodal facilities (i.e., freight,
transit, etc.)

Emission Reductions

Estimated reductions in greenhouse gas and/or criteria pollutant emissions along

the corridor, or in the area, due to existing and projected alternative fuel facilities are
factors considered. In a November 2021 report developed by the Association of Central
Oklahoma Governments (ACOQ), it was determined that a non-attainment designation
for the Central Oklahoma region could result in $9 to $15 billion in lost economic
opportunity between 2022 and 2050. It is assumed here that a similar economic impact
would be applicable for the Northeastern Oklahoma region over a similar time frame

if that region was designated non-attainment. A non-attainment designation brings
additional federal regulatory requirements for transportation projects, emissions
reductions for facilities, and other economic impacts (see Appendix for reference
document on non-attainment cost).

Development of Team, Degree of Collaboration, and Support

As we move forward with the hydrogen economy, a team should be formed to focus
on collaboration and formation of partnerships regarding alternative fuel vehicles and
infrastructure with both public and private sector entities should include:

State and local officials (homination must include support from the transportation
agency or agencies with jurisdiction over the proposed corridor such as the State,
local government, Indian tribe, and/or Federal land management agency)

Other Federal agencies

U.S. Department of Energy’s (DOE) Clean Cities Program, as well as its associated
network of coalitions and stakeholders)

Representatives of energy utilities; electric, fuel cell electric, propane, and natural

gas vehicle industries; equipment manufacturers; fuel suppliers; Original Equipment
Manufacturers (OEM); public or private fleets; auto dealerships; energy marketers;
utilities/energy companies; alternative fuel and clean air advocacy organizations; local
and regional planning entities; freight and shipping industry; clean
technology firms; hospitality industry; highway rest stop vendors; industrial
gas and hydrogen manufacturers




Demonstrated interest and supyport (i.e., support demonstrated through past

work in the area on alternative fuels, support from local elected officials, public
support, stakeholder support, development of incentives, etc.)

Whether the proposed corridor is an existing electric vehicle charging, hydrogen
fueling, propane fueling, or natural gas corridor been designated by a State or group
of States.

Optional Information and Considerations

Consideration of Clean Cities coalition locations and existing alternative fuel markets, an
FHWA infrastructure coverage criterion for each alternative fuel technology table, and
other important data points are captured in the attached Appendix.

Existing Alternative Fuel Infrastructure

CNG vehicles

Oklahoma is a national leader in the production and use of natural gas products and
features nearly 100 Compressed Natural Gas fueling stations open to the public. The
Federal Highway Administration has designated CNG-Ready corridors that include all
Oklahoma interstates and significant segments of US-412, US-81, US-69 and SH-351/
Muskogee Turnpike. Segments of US-69, US-75 and SH-51 are designated as CNG-
Pending.
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Map of designated CNG-Ready (solid lines) and CNG-Pending (dashed lines) corridors in the continental
U.S. (USDOT, 2021)
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Electric Vehicles

There are 157 Level 3 (fast charging) Electric Vehicle (EV) stations and 112 Level 2 (slow
charging)EV stations in Oklahoma. With charging infrastructure in place, FHWA-
designated EV-Ready corridors include much of [-35, I-40, |I-44, US-75 and SH-51. Major
highways including US-81, US-62, US-69 and US-412 are designated EV-Pending.

Currently, more than 4,000 EVs are registered with the Oklahoma Tax Commission,
including 2,200 Battery Electric Vehicles and 2,000 Plug-in Hybrid Vehicles according to
information from the Oklahoma Tax Commission.

Eeciric vehicle (Ev-Round 1,2,34 and §)

Map of EV-Ready (solid lines) and EV-Pending (dashed lines) in the continental U.S. (USDOT, 2021)

Hydrogen Fueling Infrastructure

For a corridor to be designated Hydrogen-Ready, public hydrogen fueling stations must
be spaced no more than 100 miles apart along the corridor. Hydrogen-Pending corridors
may have hydrogen fueling stations spaced more than 100 miles apart or hydrogen
stations planned for construction. The only Hydrogen-Ready corridors designated by
FHWA in the United States are in California, specifically in Southern California and the
San Francisco Bay area.

Official data from the U.S. Department of Energy’s Alternative Fuels Data Center (AFDC)
indicates that there are 48 public hydrogen stations located in California and one in
Hawaii. AFDC also notes other North American stations are located in British Columbia,
Ontario and Quebec. https:/afdc.energy.gov/fuels/0




Love's Travel Stops and Country Stores, of Oklahoma, estimates that about 15 public
hydrogen fueling stations are planned along the East Coast and notes that other private
hydrogen fueling stations have been built for use by commmercial and public transit fleets
in the United States.

Hydrogen-Pending routes have been designated in nearly 20 states, including Colorado,
Missouri and Texas; which indicates that stations are planned in these areas.

There are currently no public hydrogen fueling stations or known hydrogen-powered
vehicles operating on public roads in Oklahoma. It is known that businesses such as
Amazon are using hydrogen-powered equipment manufactured by Plug Power for
industrial use. This includes powering forklifts with hydrogen through on-site fueling
stations for warehouse operations.
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Designated Hydrogen-Ready (solid lines) and Hydrogen-Pending (dashed lines) corridors in the continental
U.S. (USDOT, 2021)
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Alternative Fuel Corridor Recommendations for Hydrogen in Oklahoma

Oklahoma's rich alternative fuel production and corridor development places the state

in a favorable position for hydrogen production and corridor application. The state's
central location adds emphasis to its viability for such corridors due to the amount of
commercial traffic. The following Oklahoma highway corridors with high traffic volumes,
especially commercial truck traffic, and interstate connection to major cities and hubs
are identified as candidates for future application to FHWA to be designated as hydrogen
corridors.

An extensive list of both proposed Phase | Corridors and Phase Il Corridors are listed in
detail within the attached Appendix.

It's critical to recognize that surface transportation facilities are the first step in
accommodating a hydrogen industry while a network of pipelines is being identified for
use or construction. Additionally, these infrastructures will continue to serve as “last-
mile” delivery means for public travel and industrial applications.

Storage

The regulation of a hydrogen storage system is dependent on the purpose of the
storage system and whether the hydrogen is stored in gaseous or liquid form. The U.S.
Department of Labor Occupational Safety and Health Administration (OSHA) regulates
hydrogen storage through 29 CFR Part 1910 Subpart H — Hazardous Materials. This

CFR provides the safety requirements of the structural components and operations

of gaseous and liquid hydrogen in terms of storage as well as delivery [8]. Note that
there are scope limitations defined for hydrogen storage in this CFR, such as minimum
guantity, which depend on whether the hydrogen is gaseous or liquefied. Additional
information on regulatory agencies is included in the Appendix. https:/www.osti.gov/
servlets/purl/1773235/

Hydrogen can be stored as a compressed hydrogen gas in high-pressure tanks, as
cryogenic liquid hydrogen in insulated tanks, as a compound within other materials,

or on the surface of other materials. Liquid hydrogen has a higher energy density per
volume than hydrogen gas but is costly to produce due to the energy needed for cooling.

Geologic storage, beyond salt caverns, needs to be paired with a responsible evaluation
of the ancillary risks to the environment, such as possible groundwater contamination,
emissions that violate the carbon-neutral goal, and induced seismology. It is also
important to note that wellbore integrity solutions need to be developed in tandem
with geologic storage as an essential element for a comprehensive understanding of
hydrogen underground storage.




Carbon Sequestration

Hydrogen production from natural gas must be coupled with a carbon capture strategy
to meet net-zero carbon emission metrics. Carbon capture and sequestration activities
can provide a platform for valuable tax incentives and credits, as well as public and
private investments, making hydrogen production not only clean but competitive. New
pending legislation surrounding enhancements to the 45(Q) suite of incentives makes
the commercial viability of CCUS much more attractive. Oklahoma has a competitive
advantage over neighboring states in its many developed and undeveloped geological
targets for such a “blue” hydrogen model (see Appendix for DOE's National Renewable
Energy Laboratory document disclosing Oklahoma's 211 billion tons of theoretical
sequestration capacity). Additionally, subsurface storage of hydrogen fuel will require
injection into western Oklahoma's underground salt formations, or newly identified
reservoir targets as mentioned above. Carbon capture use and storage, along with
hydrogen underground storage, require a comprehensive strategy for geological

site investigation, engineering, and monitoring by the Oklahoma Geological Survey.
Oklahoma Geological Survey currently provides the Oklahoma Corporation Commission
with information from the state seismic network which mitigates hazards related to
Class-1l well injection. Future carbon capture and hydrogen storage efforts confront
similar risks, which can be similarly mitigated with coordination between the Oklahoma
Geological Survey the corporation commission and the Department of Environmental
Quality (Oklahoma Geological Survey, 2021, Geological Carbon Management in
Oklahoma, OGS Fact Sheet No.l, https:/www.ou.edu/ogs/publications/factsheets).

Safety issues

Research must be performed to determine which geologic formations are appropriate
for CO2 sequestration given the State’s recent history with induced seismicity attributed
to produced water disposal. Detailed geologic mapping of structure, faulting, and
formation thickness will aid in determining the capacity of any geologic formation to
hold or adsorb CO2. Cooperation between the Oil and Gas industry and Academia will
be key to this research effort. Additionally, a joint study on safety impacts on pipelines

to burner tip customers if hydrogen is blended into the pipeline system with natural gas.
This should include electric generation and gas utility distribution.

Truck Size and Weight Issues

A network of federal and state laws governs size and weight regulations for commercial
trucks, which are enforced by the USDOT Federal Motor Carrier Safety Administration
(FMCSA) at the federal level and the Oklahoma Department of Public Safety (DPS) at the
state level. Carriers seeking to transport an oversize or overweight (OS/OW) load that
exceeds these regulations either within or through Oklahoma are required to obtain a
permit and specific route from DPS.ii Other DPS requirements, such as the use of escort
vehicles and warning placards, may also apply.
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Federal law allows loads of up to 80,000 Ib. Gross Vehicle Weight (GVW) on the interstate
system. It's important to note that the maximum GVW originally set in 1956 Federal-

Aid Highway Act that created the interstate network had a lower weight of 73,000

Ibs., which was then increased in 1974 after much of the system had been constructed.
https://ops.fhwa.dot.gov/freight/policy/rpt_congress/truck_sw_laws/app_a.htm#ex49

All Oklahoma highways are open to legally loaded trucks (80,000 lbs. GVW on interstates
and 90,000 GVW on non-interstate routes); however, certain routes may be restricted,
and certain bridges may be load posted with specific weight limits. The Oklahoma
Department of Transportation has input into the designated weight limits based on
infrastructure capabilities and long-term health.

A provision of the Fixing America’s Surface Transportation (FAST) Act of 2015 states that
vehicles with engines fueled primarily by natural gas may exceed any vehicle weight
limit (up to a maximum gross vehicle weight of 82,000 pounds) under 23 U.S.C 127 by an
amount that is equal to the difference between the weight of the vehicle attributable
to the natural gas tank and fueling system carried by that vehicle and the weight of a
comparable diesel tank and fueling system. A similar provision was made in state law in
2016 to mirror federal exemptions for natural gas vehicles.

The result is that vehicles powered by compressed or liquefied natural gas may exceed
state GVW limits by up to 2,000 lbs. on public roadways — both interstate and non-
interstate routes. These statutes are specific to natural gas and would have to be
amended to extend the weight exemptions hydrogen-powered trucks.

No federal regulations exist for truck heights, but Oklahoma imposes a legal height of 14
ft. for trucks on the highway and turnpike systems and 13.5 ft. on local roads. Trucks with
taller loads are required to obtain a permit and an approved route from DPS to avoid
bridge clearance issues. https:/Awww.oscn.net/applications/oscn/DeliverDocument.
asp?CitelD=436865

The Intermodal Surface Transportation Efficiency Act (ISTEA) of 1991 imposed a national
freeze on routes that are allowed to carry Longer Combination Vehicles (LCVs), which
are tractor-trailer combinations greater than 60 ft. in length. Oklahoma is one of the few
states that permitted LCVs prior to this change and was grandfathered. Doubles with 29
ft. trailers may use any route on the National Highway System in Oklahoma, including
interstates. Doubles with trailers that exceed 29 ft. in length are limited to interstate
highways and 45 individual Oklahoma highway segments, which are listed in Title 23 of
the Code of Federal Regulations, Part 658, Appendix C. According to Oklahoma law, no
combination of trucks and trailers operating on public roads may exceed a total 70 ft.
https://ops.fhwa.dot.gov/Freight/policy/rpt_congress/truck_sw_laws/index.ntm




Hazardous Materials Routes
Motor carriers transporting hazardous materials, including hydrogen, are subject to state
and federal regulations for permitting and routing of truck loads.

The FMCSA maintains the National Hazardous Materials Route Registry (NHMRR), which
includes Hazmat route designated at the request of states. The NHMRR designations for
Oklahoma were made in 1997 and include the following details:

All shipments of hazardous materials should remain on interstate routes as much as
possible while avoiding the centers of large metropolitan areas during times of the
day when congested and also avoiding construction zones if they are able.
Oklahoma City
[-40 between |-44 and |-35 in downtown Oklahoma City is banned from Hazmat
transportation. I-44 and 1-240 are designated as the bypass for this section of 1-40.
Tulsa
[-244 (West and North legs of the Inner Dispersal Loop) should be used for Hazmat
transportation through downtown Tulsa

As far as additional safety concerns for commercial truck transportation, it is important
to note that US-69 in eastern Oklahoma is used extensively by the U.S. Department

of Defense for transportation of explosive materials to and from the McAlester Army
Ammunition Plant in Pittsburg County in southeastern Oklahoma. https://www.fmcsa.
dot.gov/regulations/hazardous-materials/national-hazardous-materials-route-registry-
%E2%80%93-oklahoma

Transportation of Hazardous Materials by Truck

Federal and state regulations exist for commercial trucks and the drivers operating them
in the transportation of hazardous materials. A Commercial Driver License (CDL) issued
by DPS with the following endorsements may be required to transport materials like
hydrogen:

“H" Endorsement: Hazardous Materials
“N" Endorsement: Tank Vehicle
“X" Endorsement; Combination of Hazardous Materials and Tank Vehicle

Additionally, a background check through the Transportation Security Administration
(TSA) is required for the issuance of an Oklahoma CDL. https://oklahoma.gov/dps/
obtain-an-oklahoma-commercial-driver-license/cdl-license-endorsements-or-
restrictions.html

As per The Oklahoma Motor Carrier Safety and Hazardous Materials Transportation Act,
drivers and/or workers involved in an accident or incident during the transportation,
loading or unloading of hazardous materials must immediately notify DPS, which will
produce a report that is sent to USDOT. Those involved in an accident or incident may
also be required to notify USDOT as well. https:/Mww.oscn.net/applications/oscn/
DeliverDocument.asp?CitelD=82814
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The USDOT Pipeline and Hazardous Material Safety Administration (PHMSA) sets and
enforces national standards for the storage and transportation of hazardous materials.
Title 49 of the Code of Federal Regulations, Parts 171, 172,177,178 and 180 detail these
requirements as they pertain to the transportation of hydrogen and similar materials
on public roadways. https://www.ecfr.gov/current/title-49/subtitle-B/chapter-I/
subchapter-C

The USDOT Federal Motor Carrier Safety Administration (FMCSA) sets national standards
for licensing and testing of truck drivers and permitting of hazardous loads. Title 49 of
the Code of Federal Regulations, Parts 356, 389 and 397 detail these as they pertain to
the transportation of hydrogen and similar materials. https:/www.ecfr.gov/current/
title-49/subtitle-B/chapter-II|

Rail Safety Considerations

The Oklahoma Railroad Association (ORA) and the American Association of Railroads
(AAR) provided comments about rail transportation of hydrogen, including safety issues
and concerns.

Due to the cold storage of hydrogen in liquified form, a special insulated tank car

is required to transport hydrogen by rail, and very few of these railroad scars are in
operation nationwide. ORA and AAR note that the tank cars currently used to transport
liquefied natural gas, which would be similar to what would be required for hydrogen,
are more expensive than traditional tank cars and are currently estimated at around
$750,000 each.

Title 49 of the Code of Federal Regulations, Part 174 details PHMSA requirements as
they pertain to the transportation of hazardous materials by rail. https:/www.ecfr.gov/
current/title-49/subtitle-B/chapter-l/subchapter-C/part-174

Waterway

Oklahoma's port operators expressed strong concerns regarding safety of hydrogen
transport and storage, given that the common perception of hydrogen is that it is highly
explosive. While the Ports feel certain that strict safety protocols and precautions exist,
they implore hydrogen industry leaders to educate ports and industrial locations about
the real risks, issues and challenges associated with production and storage of the gas,
as well as the modern safeguards that are in place to mitigate the risks.

The Tulsa Port of Catoosa has one industry now that produces and maintains pressurized
tank trailers and storage as part of their services and has petitioned the port multiple
times for permission to place outdoor storage tanks of hydrogen. Additionally, a past
opportunity involved a welding gas supplier who wanted to produce hydrogen at a
location to dispense to the public. The Port, however, was not in favor of allowing it (in
large quantities) until the company provided a safety plan that demonstrated the area of
impact.




CF Industries, located at the Tulsa Port of Catoosa, is the closest thing Oklahoma
currently has to an existing hydrogen production and shipping operation with their
production and transportation of anhydrous ammonia (NH3).

Title 49 of the Code of Federal Regulations, Part 176 details PHMSA requirements as they
pertain to transportation of hazardous materials by waterborne vessel. https:/Awww.ecfr.
gov/current/title-49/subtitle-B/chapter-l/subchapter-C/part-176?toc=1

28

The U.S. Coast Guard sets and enforces national standards for waterway transportation.
Title 33 of the Code of Federal Regulations, Parts 154, 155 and 156 detail USCG regulations
for prevention of pollution for vessels carrying hazardous materials. Title 46 of the Code
of Federal Regulations, Parts 38, 150, 151, 153 and 154 detail USCG regulations as they
pertain to shipping of hydrogen and similar materials by water. https:/www.ecfr.gov/
current/title-33/chapter-l/subchapter-O

https://www.ecfr.gov/current/title-46

Air

Feedback has been received from the Oklahoma Aeronautics Commission that indicates
hydrogen is not currently being transported by air and is unlikely to anytime in the near
future without significant advances in technology and safety measures.

According to OAC, many in the industry believe it will be a very long path forward to get
the Federal Avigation Administration to certify the technology and orient the public to
be comfortable with widespread use of hydrogen fuel aircraft. Timeframes such as 2040
and 2050 have been tossed around as dates for widespread use of hydrogen in aircraft,
and even then, there is considerable uncertainty as to what vehicles it will be used in at
that time.

Title 49 of the Code of Federal Regulations, Part 175 details PHMSA requirements as
they pertain to transportation of hazardous materials by aircraft. https://www.ecfr.gov/
current/title-49/subtitle-B/chapter-I/subchapter-C/part-175

The Federal Aviation Administration sets and enforces national standards for aircraft,
including design, operation and fueling. Title 14 of the Code of Federal Regulations, Parts
23,25,27,29 and 33 deal with aircraft requirements for fuel sources, which includes
hydrogen power. https://www.ecfr.gov/current/title-14/chapter-I

Oklahoma Opportunities

Filling stations using delivered hydrogen via heavy trucks is possible under current
guidelines. Implementing clear regulator authority similar to those recently developed
in the Oklahoma Drive Act of 2021 for Electric Vehicles would be appropriate and
recommended.

Potential for joint venture projects with power producers for onsite production and
use
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Safety studies and legislative review would need to be analyzed for appropriate
updating

Highway Transportation

Oklahoma's central location and major highway corridors make the state an important
link in the region and nation’s network of trade and commerce, especially for interstate
commercial truck traffic. Oklahoma's highway system includes more than 30,000 lane
miles or more than 12,000 centerline miles of interstates, U.S. highways and state
highways maintained by ODOT and nearly 625 centerline miles of tolled interstates and
highways maintained by OTA. The highway system is the 17th largest in the nation by
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centerline miles, ahead of states like Florida and just behind California.
Major cross-country interstate routes like 1-35, 1-40 and I-44 facilitate transportation of
freight from coast to coast and from Texas and Mexico north to the Great Lakes states

and the Northeast.
High commercial truck volume corridors in Oklahoma (ODOT, 2017) Commercial Truck Traffic

Major routes for freight traffic include Oklahoma's interstates — |-35, 1-44, |-40, |-240,
[-235, |-244 and |-444 (Inner Dispersal Loop in Tulsa) — which are part of the National
Highway Freight Network. Urban High Truck Traffic Volume routes include several major
non-interstate turnpikes and non-tolled freeways, including the John Kilpatrick Turnpike
(proposed future 1-240) in Oklahoma County and US-64/SH-51/Broken Arrow Expressway
in Tulsa County. Rural High Truck Traffic Volume routes include:

US-69 from the Texas state line near Colbert to I-44/Will Rogers Turnpike at Big Cabin
US-75 between the Kansas state line and I-40 in Henryetta

SH-375/Indian Nation Turnpike between 1-40 in Henryetta and US-69 in McAles
SH-351/Muskogee Turnpike between Broken Arrow and 1-40




US-412 between Tulsa and US-69

US-412/Cimarron Turnpike between Tulsa and Hallett

The junction of US-412 and US-270 in Woodward

The junction of US-412 and US-81 in Enid

US-81in Chickasha

US-54 between the Texas state line and the Kansas state line in the Panhandle
US-287 between the Texas state line and the Colorado state line in the Panhandle

Oklahoma has a strong transportation presence and can compete well on a national level
due to its central location, expansive transportation network and recent infrastructure
investments making it a viable hub for transportation and distribution of hydrogen in the
nation. Oklahoma is also well-positioned with existing alternate fuel corridors with high
volumes of commercial truck traffic that can work as a blueprint for future Hydrogen
corridors.

Pipeline Transportation

An extensive pipeline network is needed as the ultimate goal if Oklahoma is to become a
major hydrogen producing state. This will allow Oklahoma to not only produce hydrogen
for use in the state and the U.S. but also to export internationally. However, surface
transportation by truck, rail and waterway will be a key component initially and also after
pipelines are fully implemented for “last mile” delivery, etc. Oklahoma must also continue
to develop modern rules and procedures to facilitate surface transportation of hydrogen
in the near and long-term.

What is most needed for Oklahoma to become a successful hydrogen production,
distribution and transportation center is public-private partnerships that can bring about
interest from hydrogen producers, pipeline owners and fuel station owners who will add
hydrogen to their portfolios.

Transportation Recommendations

Based on thorough research and available data, the Transportation Cabinet makes the
following recommendations to capitalize on state resources in a strategic manner to
help make Oklahoma a hydrogen producing state.

Research and Development (1-2 years)
Create a research center at an Oklahoma college or university to research hydrogen
transportation issues, including fuel stations, corridors, economic incentives,
pipelines, and storage technology, and to pursue federal grant funding opportunities.

Safety Education (1-2 years)

- Develop and implement a statewide hydrogen safety education campaign in
conjunction with industry partners that focuses on dispelling myths, sharing
knowledge from other states and countries, explaining storage requirements and
technology and highlighting Hazmat procedures and tools already in place. This
should be aimed at businesses and the public alike to help familiarize Oklahomans of
the benefits of hydrogen and the related industry job creation in the communities.
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Leqislative and Regulatory Updates (2-3 years)

- ldentify and support necessary updates to Oklahoma state statutes and
administrative rules to remove any remaining barriers and prepare the way for a
hydrogen program, including alternative fuel incentives applicability to hydrogen
Support action on agreed-upon national standards for hydrogen fueling stations
(i.e. 350 bar vs. 700 bar) or other variances that could create a barrier to a speedy
implementation or additional unnecessary costs to fuel station operators or the
industry.

Support authorizing legislation for state incentives for addition of hydrogen fueling
stations and subsequent application for designation of hydrogen corridors

Support federal and state legislation to standardize reasonable truck weight
exemptions for alternative fuel vehicles and extending these exemptions to hydrogen
powered trucks, considering engineering recommendations for infrastructure.

Hydrogen Fueling Stations (2-5 years)

- Develop partnerships with commercial fueling station owners to add hydrogen to the
footprint of their stations on major corridors.
Fuel stations must be in place before corridors can apply for Federal Highway
Administration designation as alternative fuel corridors.
Incentives for fuel station build-outs must consider the cost differential in the more
expensive hydrogen pumps vs. other alternate fuel pumps such as EV or CNG.
Incentives should also require a longer time period before a hydrogen car can be
resold by the first buyer. Early suggestions are no less than 2-3 year ownership. This
will allow the hydrogen industry the longevity to become better established and
dispel uncertainties in hydrogen vehicle ownership.

Alternative Fuel Corridor Designation
Develop and seek Federal Highway Administration approval of Phase | Corridors (1-5
years) in partnership with substate planning districts
Develop and seek FHWA approval of Phase Il Corridors (5-10 years) in partnership with
substate planning districts

Resource Development
Use the below interactive GIS tool, which was developed as a living map to provide
a platform for continued hydrogen research and planning programs across multiple
agencies and organizations:
http://tinyurl.com/2yhza88p
The Oklahoma Department of Transportation website contains the GIS mapping
link above and the Transportation Cabinet report to the Hydrogen Production,
Transportation, and Infrastructure Task Force:
https://oklahoma.gov/odot/about/boards-and-task-forces/hydrogen-task-force.
html




Section 5: Market Uses

Hydrogen is currently utilized within many industries and has a myriad of applications
developing around the globe. Uses for hydrogen include, but are not limited to:

Chemical and industrial purposes (e.g., ammonia production, petroleum processing,
microchip manufacturing, and other industrial applications).

Heaters, boilers, and similar heating appliances

Residential, commercial, and industrial heating systems

Blending into natural gas supply value chain

Production of electricity via fuel cell and combustion systems

Used within combustion turbines or internal combustion engines for power
generation

Power generation via fuel cells for primary and auxiliary power systems. Fuel cells are
adaptable to scale and can be used in a variety of applications including utility-sized
power plants, various forms of surface transportation vehicles, back-up generators,
and many additional applications

(https:/Mww.osti.gov/servlets/purl/1773235) (https://wWww.oregon.gov/energy/energy-
oregon/Pages/Hydrogen.aspx)

A promising early application for hydrogen fuel is in the transportation sector. Fuel cell
vehicles (FCV) utilize hydrogen to produce electricity to drive electric motors (similar

to an electric vehicle that relies upon batteries to store electricity), have the benefits of
extended range, quick refueling and impressive fuel economy which is close to 70 miles
per gallon equivalent (https:/Mwww.epa.gov/greenvehicles/hydrogen-fuel-cell-vehicles).
Oklahoma's strategic location for long haul trucking as disclosed above provides an
opportunity for our state to participate in the hydrogen fueled transportation sectors.

The Department of Energy
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million metric tons per
year up to a theoretical 106
million metric tons per year (not taking into consideration the economics of matching
supply and demand), with a reasonable potential between 22 and 41 million metric tons
per year (taking into account regional economics and current technologies the market is
on the lower end of the range). Transportation is the largest new hydrogen opportunity
with a 27% potential market. (https://www.nrel.gov/docs/fy2losti/77610.pdf)

Figure 1. Existing and emerging demands for hydrogen
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Petroleum refineries are the largest consumers of hydrogen in the US (10 Million Metric
Tons per year), growing approximately 27% from 2017 through 2050. (H2@Scale Demand
Analysis Report Argonne Lab page xii 7.5 vs 5.9 MMT)

Nitrogen fertilizers (Ammonia/NH3) require substantial quantities of H2 (in 2018 9.8MMT
of fertilizer was produced domestically and 3.8MMT was imported). It is important to
note that ammonia is also a viable “carrier” of hydrogen as it is a stable product and can
be moved efficiently via truck, pipeline, and by ship. Ammonia production domestically
is estimated to increase 25% from 2017 to 2024, with an additional 15% growth through
2050. (Argonne National Labs Assessment of Future Potential Demands for Hydrogen in
the United States page pages 25 and 28)

Global hydrogen development strategies have focused on deployment of “clusters”
with large-scale hydrogen off takers. The specific clusters include port areas for fuel
bunkering, port logistics like drayage and marine vehicles, and heavy transportation
vehicles. Additionally, industrial centers that are home to refineries, power generation,
fertilizer and steel production are areas of focus, as are export hubs in resource rich
areas. (Hydrogen Insight Report 2021 Hydrogen Council, McKinsey and Company page
vii)

Sustainability initiatives and Environmental, Social and Governance (ESG) reporting
activities have raised awareness for the management of greenhouse gas footprints
and life cycle impacts to produce energy, goods and services, transportation, and
manufacturing. Natural gas is the most efficient and dependable solution to produce
industrial heat, steam, and electricity generation at this time, however, the trend in
environmental impact reduction commitments by large corporations may provide an
opportunity for blending low-carbon hydrogen into the natural gas pipeline networks
as a method of reducing overall emission impacts. Companies interested in renewable
natural gas (methane produced from animal manure and landfills) for sustainability
reasons may be interested in purchasing low-carbon hydrogen for their industrial heat,
steam, and power generation. One of the most economical methods of transporting
hydrogen is by pipeline, thus blending at the source of hydrogen production into the
state's natural gas pipeline network could provide a safe, dependable, and cost-effective
means of transportation to the point of consumption.

A near term and long-term use for hydrogen as a fuel source showing promise is in the
heavy-duty trucking sector which not only move products within our state, but most of
the tonnage transported by heavy duty trucking moves through Oklahoma. As we have
seen with other previous alternative transportation, the infrastructure for refueling will
be required before stakeholders procure trucks that can use hydrogen as a fuel. The
benefits associated with hydrogen as a trucking fuel include longer range than batteries,
exhaust is water and heat, and refueling time is similar to diesel refueling. Oklahoma

has strategic transportation corridors that would provide advantageous refueling
infrastructure locations to service the next generation of heavy-duty trucks.

Several models of unmanned aerial vehicles (UAVs or “drones”), currently utilize fuel cells
for power while others use batteries. Fuel cells provide the drones with longer ﬂightA '

times and quick refueling compared to traditional battery-operated drones.



Oklahoma’'s UAV stakeholders could be engaged in research, development, and
deployment of novel technologies in the expanding UAV sector utilizing hydrogen
to extend range and airtime. (Fuel Cell and Hydrogen Energy Association fact sheet
Materials Handling and Fuel Cells https://www.fchea.org/transportation)

Ports have been a focal point and high priority target globally for the development of
hydrogen for use as a low-carbon fuel source. Tulsa's Port of Catoosa could be our state's
focal point for a hydrogen “cluster” and region for building critical mass in the developing
hydrogen economy. The Tulsa Port is not only home to a global leader in hydrogen
production, but also home to many industrials and manufacturers which fulfill portions
of the nation’s hydrogen supply chain today. We could implement varying pilot concepts
for transportation (marine, drayage, forklift transportation), and form a corporation
friendly environment for proof-of-concept initiatives (blending for power generation,
electrolysis and pyrolysis concepts using renewable energy).

Lessons learned from previous initiatives in CNG

Oklahoma has experience in the alternative fueled vehicle sector and we learned
lessons over the years. The following captures some of the lessons learned which can be
considered for initiatives associated with growing our hydrogen economy:

Ownership of hydrogen-powered cars should be 2-3 years for incentives to be
applicable
Large local fleet vehicles should be the focus area as the infrastructure will provide
economies of scale and possibly provide public refueling stations
Hydrogen fueling station infrastructure for both public and private applications should
be incentivized
Collaboration with other states that are implementing hydrogen programs, transport,
storage and fueling infrastructure.
Define and publish a goal for inclusion in the State Energy plan to kickstart through
state vehicle purchases

Include appropriate fleet planning steps for long term success
Incentives at a utility level are useful, easy to manage, and result in numerous vehicle
purchases
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Section 6: Economic Opportunities

Overview

Oklahoma's long legacy in energy positions the state to not only be a producer but a
consumer of hydrogen. Adding Hydrogen to our ever-expanding energy portfolio is a
strategic investment both from the public and private investment point of interest.

The Hydrogen sector has many cross-cutting applications that Oklahoma is positioned
to take advantage of. Our abundant amount of natural gas, wind generation and likely
growth in the solar industry provide a path toward a vibrant energy-focused industry in
Oklahoma.
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the natural resources in
Oklahoma, then itis only a
viable economy if there are
end users who need the
products. Moving forward,
it is demand that will drive
the hydrogen economy
not policy makers. Our

job is to catalyze and
support private industry

to participate, innovate, thrive, and create opportunities for the coming markets. In

that sense Oklahoma understands that both production operations and end users must
evolve simultaneously for the economy to prove worthy of the immense amount of
investment needed to stand up operations.
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Hydrogen fuel has the potential to be used in a myriad of ways, including to decarbonize
natural gas distribution systems, industrial processes, thermal power generation, heavy
and long-distance transportation, aviation, aerospace, deep space, defense and more.

A litany of industries are looking to hydrogen as a new clean energy solution. In fact, the
entire world is talking about decarbonization, and hydrogen is an important part of that
process. With it brings a heavy lift in making the transition, yet the shift is well underway.
Demand, research and technology innovation, and federal investment will drive down
any arguments regarding scale and cost which is why the transition is well underway.

While the most obvious benefits of a hydrogen economy lie in the energy sector
there are other industries which this economy can have an enormous impact on.
Aviation and large watercraft such as ferries and barges may very well play a
large role in the hydrogen infrastructure even though the application of
hydrogen to these industries is ongoing. Planes using hydrogen fuel cells
could give battery-electric alternatives and provide a competitive edge.
ZeroAvia, a startup backed by British Airways and Jeff Bezos,




Amazon'’s billionaire founder, completed the first fuel-cell-powered flight in a
commercial-sized aircraft in Britain a year ago. Ferry operators in Norway and on
America’s west coast are now experimenting with short-haul ferries powered by
hydrogen fuel cells.

Airbus is pushing forward and sees hydrogen as a viable solution and are wagering their
support for the transition. In September, it confirmed a plan to power planes using
hydrogen by 2035 stating hydrogen has an energy density three times that of kerosene
and is made for aviation.

Many of the world’s big heavy haul truck makers, including Volvo and Daimler, are racing
against startups like Nikola and Hyzon to bring hydrogen-fueled heavy haul trucks to
market on the basis that the weight and recharging time of batteries means they are not
able to be used. When large trucks with heavy loads need to travel farther than 120 miles
batteries become unrealistic and are unable to serve the demand of the industry. As the
shift to hydrogen begins to take place, we might see a transitional approach in heavy
haul trucking using retrofit hybrid (diesel Hydrogen) engines. Lower costs of a retrofit
option of $50K vs $300K for a 100% hydrogen engine will help to bridge the transition as
heavy haulers with long haul fueling infrastructure that isn't built out yet. As older trucks
are removed from fleets, we will begin to see full conversions hitting the road.

Cummins, known for its conventional diesel engines, is betting big on hydrogen, having
acquired firms making electrolyzers, fuel cells and hydrogen tanks. Tom Linebarger,
Cummins chief executive, says he is highly confident that hydrogen will be “even
money” with diesel on total cost of ownership by 2030. Customers, he says, are worried
about the reliability of vehicles with batteries. Fuel-cell vehicles are a solution as using
hydrogen removes the dependency of the grid.

Job creation Workforce development

With the emergence of a new industry in the state the need for qualified workers will
be immense. The ability for a geographic region to train workers and create jobs in
both quality and quantity will likely be a determining factor in the success or failure in
the creation of a new industry cluster. Should state leaders decide to invest heavily in a
hydrogen economy it will be well positioned to create a workforce in this area because
of the nature and circumstances that surround existing industries.

Currently the largest employment sector in Oklahoma is energy, and technicians are
the job most in demand. In 2020, there were 79,825 active jobs reported in the energy
sector. That number is expected to decrease by nearly 10,000 jobs by 2025. The demand
decrease for jobs can be attributed to afew key drivers; 1) the worlds movement to
decarbonization creates a dynamic shift in the Energy Sector. Experts are projecting

a gradual decline in demand over the next 10 years, and 2) the advent of automation

as it will be the defining lead for workforce in the energy sector as new technology
delivers efficiencies. However, moving toward automation doesn’t mean displacement
of workers. Automation complements laborers and challenges workforce to become
more skilled in an advancing technological industry all the while increasing quality and
production. This thrust will be felt across all industry sectors and will not be specific
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to energy. The opportunity to upskill existing workers will lead to a stronger more
technological economy. Strong preferences for professionals and technologists including
engineers, software developers, analysts, cyber security, and other highly technical skill
sets will be part of a growing demand.

Put simply, if one employment sector is expected to decrease then the best way to
utilize workers in need of a job is to transition into a similar position. Considering the
hydrogen energy similarities with existing energy jobs, workers could be retrained and
reskilled at a faster pace than workers from other industries.

The shifting nature of work will require investments that build upon existing workforce
to reskill and upskill with the intent to transition people into high growth occupations.
Oklahoma employers have relied heavily on the Career Tech system to train and qualify
our workforce, especially in the energy industry. For years energy could be found under
manufacturing and other STEM field. However, in preparation for the future transition
of the industry a new cluster was developed, and in 2020 the Oklahoma Career Tech
system added energy as the 17th career cluster to their system. Oklahoma’s Career and
Technology Education (https://www.okcareertech.org/) provides leadership, resources
and technical assistance using the instructional framework which links what students
learn in school with the knowledge and skills they need for success on the job. All of this
will set the stage for Oklahoma to thrive with the emergence of a Hydrogen Economy.

Hydrogen is set to make a return to the mainstream as the international community
seeks to respond to the world's energy and climate challenges, particularly considering
the targets set by the 2015 Paris Climate Agreement and recent climate activism
around the world. The term ‘Hydrogen Economy’ refers to the vision of using hydrogen
as a clean, low-carbon energy resource to meet the world’s energy needs, replacing
traditional fossil fuels and forming a substantial part of a clean energy portfolio. The
international hydrogen market could be worth up to $2.5 trillion by 2050, meeting 18
percent of global energy demand, providing 30 million jobs around the world.

There are several reasons hydrogen is receiving serious consideration as an alternative
energy source after years of being pushed to the side. In addition to a global desire for
more environmentally friendly fuel sources, improvements in hydrogen technologies,
increasing government support for climate-friendly fuel diversification (e.g., in countries
such as Japan, Korea and Germany) and changes in global energy policy, in emission
standards and in the global technology landscape with renewables that require grid-
scale storage for system stability all help to support the argument for developing the
hydrogen economy. It is also generally recognized that hydrogen has the potential to
decarbonize a range of industries.




Oklahoma recommendations

A few opportunities and recommendations rise to the top of the list when considering
the above information.

Business Recruitment defining Hydrogen production as a manufacturing facility will
be in line with how Oklahoma defines oil and gas refineries.

Develop incentives for established energy companies to build capabilities in carbon
capture vertical (from sequestration to equipment manufacturing and services).
Diversify economic base, expanding Oklahoma'’s energy portfolio.

Creating policy that supports the appropriate development of this new economy.
Create an environment that incentivizes investment in alternative fuels.

Develop metrics around the impacts of alternative energy sources, including
hydrogen and CCUS

Develop regional and national partnerships that allow Oklahoma's unique resources to
compliment other states and industries

Additionally, investments in R&D funding for advancing technologies in the Hydrogen
economy are needed and the production and deployment for emerging hydrogen-based
industries is where Oklahoma should focus. For any technology to be adopted, it must
meet three criteria: it must be technically feasible; it must be affordable; and people
must be willing to adopt it. We need to create policies that support the appropriate
development of this new economy.

Create an energy innovation and alternative fuels fund for R & D tech development.
Investing in a national research center driven by public private partnerships can create a
technology transfer pipeline which will attract thought leaders in alternative fuels.

Federal Infrastructure Bill opportunities leverage Oklahoma's long-standing history of
exporting energy can continue with the delivery of dependable hydrogen supplies from
an advantageous midcontinent foundation. Oklahoma maintains a business-friendly
economy which should also be leveraged to bring hydrogen demand closer to the supply
as a national environmental strategy.
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Section 7: Fiscal Impact Statement and
Recommendations

Fiscal Impact Statements

Calculation of the direct impacts utilized the National Renewable Energy Laboratory
(NREL) report “The Technical and Economic Potential of the H2@Scale Concept within
the United States” dated October 2020, which estimates the anticipated growth

in hydrogen production as well as cost estimates from Enapter, a private company
engaged the manufacture of equipment for the hydrogen market. Costs and direct
impacts from various NREL scenarios estimating total hydrogen production from 22 MMT
of hydrogen to 41 MMT of hydrogen were calculated and it assumes cost of electricity of
approximately 3.5 cents per kWh.

If Oklahoma were to capture 3% of the new growth in the hydrogen market, a market
roughly equivalent to the size of the existing refining capacity in the state of the total
US market, then Oklahoma would produce 0.66 million metric tons (MMT) of hydrogen
when total contiguous production equaled 22MMT and would produce 1.23MMT if the
total market size were 4IMMT. This baseline scenario would require an estimated $1.072
billion in new CAPEX in the state ranging up to $1.998 billion in new CAPEX in the high
production category.

Using similar industries’ composition of CAPEX, approximately 16% of this investment
($171.5 million in the low baseline scenario to $319.6 billion in the high baseline scenario)
would include new construction activities, which increases an additional 18% to
approximately 34% of the total when engineering, installation and contract work:is
included. Machinery and equipment account for nearly two-thirds of the total CAPEX
totaling $675.3 million in the low baseline scenario and up to $1.258 billion in the high
baseline scenario.

If Oklahoma captured greater proportions of the total hydrogen market (up to 25% of the
market is illustrated in the tables captured in the Appendix), then the required CAPEX to
produce the hydrogen would be much greater between $8.932 billion and $16.646 billion
in total CAPEX.

OPEX, or operational IMPACT LABOR VALUE
expenditures, occur annually TYPE EMPLOYMENT  INCOME ADDED OUTPUT

; DIRECT EFFECT 1,626 | $ 11,385,600 | $ 405,370,000 | S  1,450,000,000
and would include the cost INDIRECT EFFECT 2,884 | $219,176,000 | § 370,742,000 | § 837,166,000
to produce the hydrogen. INDUCED EFFECT 1,876 | § 7,933,700 | § 141,910,000 | $ 257,000,000
These costs include electricity’ TOTAL EFFECT 6,385 | 5413,367,000 | S 918,022,000 | S  2,544,000,000

labor/maintenance, and water
expenses. These expenses would total $1.393 billion in the low baseline scenario and
$2.597 billion in the high baseline scenario where Oklahoma is capturing only 3% of the
market. Electricity is the largest expense for a hydrogen facility’'s production costs (and
thus Oklahoma's low electricity rates provide a benefit for hydrogen producers).




Given that the above are costs of production, an economic impact can be estimated.
Assuming only a 4% profit margin, total sales of hydrogen would be $1.450 billion. This
is expected to directly employ over 1,600 people with indirect impact from supplier
industries employing an additional 2,884 people. Given that jobs in similar industries
pay very good wages, the induced impacts, or the impacts from households directly
employed by the hydrogen industry, would create an additional 1,876 jobs resulting in
total employment impacts of 6,386 new jobs in Oklahoma.

Recommendations

Develop legislation, or potentially an Executive Order, for an annual update on
hydrogen economy developments, progress, and challenges for delivery to the
Governor, President Pro Temp, and the Speaker of the House.

Align existing legislation related to CNG, EV and other alternative transportation fuels
by including hydrogen.

Creating policies that support the appropriate development of this new economy,
including streamlining permitting for hydrogen production and use

Determine Oklahoma's carbon sequestration potential storage capacity, de-risk the
timeline for Class VI permitting, and provide processes for all stakeholders involved in
sequestration to provide a pathway for implementation
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Section 8: Conclusion, Action Items, and Roadmap

Industries, investors, research institutions, and policymakers working together and
collaborating to unlock the full value of the hydrogen economy for Oklahoma is key to
our success. Oklahoma's diverse resources (fossil, renewable and water), combined with
its existing infrastructure (roadways, corridors, pipelines, rail, and waterways) intersect
to provide a strong platform from which to produce low-cost hydrogen supporting our
state’'s economy and environment through both in-state applications and for export
across the US.

Legislators, regulators and permitting agencies should review and augment as necessary
existing rules and laws to provide transparent pathways for developers and investors
interested in the Oklahoma hydrogen economy. Our focus on a business-friendly
environment for hydrogen stakeholders will complement activities involving the federal
funding for hydrogen hub infrastructure activities.

Policymakers should consider the creation of a hydrogen collaborative of interested
stakeholders and solidify a required annual reporting of progress, developments,

and updates to executive leadership at the Capitol. Hydrogen will likely develop in a
measured fashion, and it is important to maintain momentum as first movers may hold
an overall advantage in the decades to come.

Oklahoma is home for numerous hydrogen industrial companies which can be leveraged
and grow this industry into the critical mass necessary for a resilient economy. Initially
focusing on heavy-duty trucking to provide the base demand for hydrogen fuel will

lead to expansion into other market segments such as blending H2 into a natural gas-
powered turbine for power generation.

Continued expansion of our state's focus on research and development, in collaboration
with corporate interests in business development and innovation commercialization,
will aid in the attraction of industry participants in the full hydrogen supply chain
vertical (manufacturing of equipment, logistics and storage, transportation of hydrogen,
production and renewable energy). The opportunities to collaborate and participate in
federal programs investigating the pathway to removing or reducing hurdles associated
with the hydrogen economy provides Oklahoma the platform to engage at a national
level.

Hydrogen production intersects two of Oklahoma's largest energy sectors, natural

gas, and renewable energy, which depends upon our natural resources (water), skilled
workforce, and will support growing industries of interest to Oklahoma’'s economy.
(heavy trucking, aerospace, drones, and innovative technology development). We have
the opportunity to focus on developing Oklahoma's hydrogen economy as a first mover
in the midcontinent. The report provides a roadmap for stakeholders to utilize and
engage in activities to implement a hydrogen economy in Oklahoma.




Action Items and Roadmap

The Task Force Chair, Co-Chairs and members engaged a diverse group of stakeholders
in meetings and subcommittee sessions to compile the following list of priority action
items for the State of Oklahoma to kick off the hydrogen economy which will diversify
and complement our energy portfolio, create jobs and for economic expansion. The
following list captures near term and long-term initiatives for consideration and
implementation:

Oklahoma Hydrogen Business Council
Leverage the Oklahoma Energy Initiative for funding and governance opportunities
for H2, Carbon Capture, and other low carbon and advanced technologies.
Create and assemble a purpose driven initiative and team to continue the
development of the Oklahoma hydrogen economy through legislation, executive
order, or other processes.
Development of a detailed hydrogen roadmap that includes an economic
development strategy to advance the hydrogen economy in Oklahoma by expanding
upon market opportunities identified by the OK H2 Business Council.
Host and encourage summit meeting(s), public/private partnerships, innovative
technologies in hydrogen, blending initiatives, green and blue hydrogen production
promotion, other areas of focus that strategically support the hydrogen economy
including storage infrastructure, permitting, and an annual reporting mechanism for
executive leadership.
Identify goal(s) for in-state hydrogen production and work with electric utilities in
Oklahoma to include hydrogen into integrated resource planning and electricity rate
structures.

Leqislation and regulatory efficiency
Identify and support necessary changes or new Oklahoma legislation and regulations
for the hydrogen economy to remove barriers, streamline construction review, codes/
standards and permitting for hydrogen production and fueling facilities.
Add hydrogen to existing legislation (i.e.,, CNG, EV charging stations), create policies
and a business environment that incentivizes investment in hydrogen, and develop
and adopt safety protocols for the transportation and use of hydrogen. This can also
consider amending the Oklahoma Energy Initiative to include hydrogen advancement
and promotion: https://casetext.com/statute/oklahoma-statutes/title-17-
corporation-commission/chapter-23-oklahoma-energy-initiative-act/section-8022-
oklahoma-energy-initiative-duties

Development of end-users to build diverse demand
Identify appropriate opportunities to incentivize the development of innovative uses for
hydrogen that include, but not limited to:
Heavy to medium sized vehicles
Industrial applications
Storage (gaseous, liquified, optimizing surplus renewable energy via hydrogen
storage)
Port transportation (boats, drayage trucks)
Material handling (forklifts)
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Carbon Capture Council

Create and assemble a purpose driven initiative and team to develop the necessary
resources and research to promote Oklahoma’s carbon capture and sequestration

assets, expertise and develop seminars to showcase university and industry expertise.
The carbon capture council should also focus on de-risking the carbon capture,
transportation and sequestration permitting timeline to assure business enterprises have
a transparent process to follow to attain success.

Partnership for Department of Energy Research and Initiatives

Develop and implement a collaborative group to include other state agencies, federal
laboratories, universities and key stakeholders to secure Department of Energy grants
and funding focused on the development of strategic hydrogen hubs.

Regulatory Overview

Determine existing regulatory processes and oversight associated with hydrogen and
update, modify, or create as appropriate. Consider existing regulatory and permitting
processes and streamline to encourage business development and timely processes.
Review state and federal regulations that apply to hydrogen and determine areas of
concern that require solutions.

Pilot Programs
Develop and promote the implementation of pilot programs to build out the
foundational infrastructure necessary to kick start the hydrogen economy in
Oklahoma.
Create a collaborative partnership with our major research universities and private
enterprises to develop, deploy and commercialize novel technological solutions in
the hydrogen sector. This can include, as an example, transportation solutions which
focus on pilot trucking programs and build out of fueling stations and associated
hydrogen fuel supplies for heavy to medium duty road vehicles, material handling
equipment, airport, and port vehicles.

Workforce
Define and develop the necessary skills training to support workforce transitions into
the hydrogen economy.
Consider incentives similar to those provided for automotive and aerospace engineers
to facilitate recruiting of key industry participants.
Align with Department of Commerce, the Oklahoma Manufacturing Alliance,
technical colleges and universities, federal agencies, and others to assure curriculum
and training for hydrogen industry jobs are optimized.

Transportation, Research, and Innovation
Develop, research, and deploy, through the creation of research centers of excellence
and private enterprise partners, solutions for efficient transportation, production, and
storage of hydrogen.

Leverage our major universities’ expertise in the energy and geology research to
develop, deploy, and commercialize technological solutions that promote and
support the profitable implementation of a hydrogen economy for the state.
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Position Oklahoma's pipeline infrastructure network as a crossroads for national
hydrogen distribution and support the development of dedicated hydrogen pipelines.

Safety
- Create a council for the identification of existing safety protocols that apply to all

aspects of hydrogen production, transportation, storage and use, and any gaps in
safety protocols that require solutions.

Develop safety standards and training to assure hydrogen industry participants’
performance is focused on safety.

The above opportunities are vast and broad, with inherent challenges and complicated
timelines. The roadmap to success will unfold as we progress through the process of
initiating a completely new industry within the State of Oklahoma, and the following is
intended to provide a foundation for conversation and collaboration and is not intended
to be the pre-set course for this journey.
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APPENDIX

Oklahoma Hydrogen Task Force Subcommittee Stakeholder Comments

CF Industries
Dear Secretary Ken Wagner,

On behalf of CF Industries, | wanted to share the following recommendations with
respect to the draft “Hydrogen Production, Transportation and Infrastructure Task Force
Report” that is being prepared by the task force pursuant to Senate Bill 1021.

At CF Industries, our mission is to provide clean energy to feed and fuel the world
sustainably. With our employees focused on safe and reliable operations, environmental
stewardship, and disciplined capital and corporate management, we are on a path

to decarbonize our ammonia production network—the world'’s largest—to enable
decarbonized hydrogen and nitrogen products for energy, fertilizer, emissions
abatement, and other industrial activities. Headquartered in Deerfield, Illinois, CF

owns and operates five world-class and highly efficient manufacturing complexes in
the United States, including two facilities in Oklahoma in Woodward and Verdigris. CF
also operates an extensive storage, transportation, and distribution network in North
America.

Since its founding, CF has been at the forefront of addressing one of the defining
issues of the 20th century: feeding a growing and hungry planet. The ammonia that CF
manufactures is the building block for nitrogen fertilizer products essential to global
food production. By increasing crop yields, CF's products also reduce the amount of
land needed to feed the world, helping prevent the destruction of carbon-sequestéring
forests. In the 21st century, CF has a critical role in addressing the existential issue of
climate change. We have already announced projects to produce both green and blue
ammonia in the United States. The decarbonized ammonia that we will produce can
offer a cost-effective way to speed the global shift to a hydrogen economy and help to
decarbonize other sectors. Moreover, CF has committed to achieving net-zero carbon
emissions by 2050, with an interim goal of reducing our operational emissions intensity
by 25 percent per ton by 2030 from a 2015 baseline.

We welcome the task force's work to promote actions to promote the development
of low- and zero-carbon hydrogen production and supply and suggest the following
actions might be considered as part of the recormmendations for the task force feport:

Seek and obtain primacy from the Environmental Protection Agency (EPA) to issue
Class VI well permits for permanent CO2 sequestration. The draft report notes the
need to “de-risk the timeline for Class VI permitting.” One of the most effective
ways for the state to do so is to seek and obtain primacy from the EPA to issue Class
VI permits directly. That would empower the state to issue permits as quickly as
possible, and thus facilitate the development of carbon, capture and sequestration
(CCS) projects.

Explore and emphasize industrial decarbonization as a hydrogen end use.
While we agree that heavy-duty trucking presents a promising end-use




opportunity as outlined in the draft report, there are other opportunities for the use of
hydrogen, including power generation or in maritime that could also be mentioned.
As well, the Task Force should explore and emphasize the importance of hydrogen'’s
industrial end uses across the state. Oklahoma's industrial sector, which already
includes the energy-intensive crude oil and natural gas industries as well several
hydrogen-intensive ammonia production facilities. These account for nearly two-
fifths of the state's end-use energy consumption. Hydrogen can play an important
role in helping these facilities achieve decarbonization objectives.

Develop state policies to facilitate a clean hydrogen economy. The Task Force
should explore state-based policies—including grants, loans, tax credits, and other
incentives—to facilitate clean hydrogen development across the entire value chain.
The Task Force should seek input from a diverse group of stakeholders on policy
concepts unique to Oklahoma that would accelerate clean hydrogen project
deployment, including both CCS and hydrogen produced from renewable sources.

GasTech Engineering

The Gas Technology Engineering team foresees many opportunities in hydrogen
production, storage, and delivery. These opportunities include: Hydrogen production,
with associated carbon capture, using Oklahoma'’s abundant natural gas supply (blue
hydrogen), and Hydrogen production via electrolysis driven by energy from Oklahoma'’s
wind farms (green hydrogen). Gas Tech welcomes the expanded market diversity to
improve the company’s sustainability, create more high paying jobs, positively affect the
environment, and make GasTech more resilient for future generations. - Ron D. Key, P.E.
Chief Technology Officer GasTech Engineering LLC

Nulonic Technologies

Microwave Catalytic Reforming —Natural Gas as feedstock, but without the emissions

In a paradigm shift away from conventional steam rerforming reforming processes and
post-combustion CCUS, Nu:ionic Technologies (www.nuionic.com), has a new take on
hydrogen production. Their process uses catalytic microwave reforming of natural gas

to generate hydrogen, and largely eliminates the greenhouse gas emissions associated
with conventional steam methane reforming for the production of low carbon hydrogen.
The company’s hydrogen technology reduces natural gas consumption for hydrogen
production by 30% and the reformer reactor size is reduced by up to 30 times in

volume, due to elimination of the fired heating equipment. The remaining CO2 is readily
capturable for a net reduction in GHG emissions of 95%. The company is part of a number
of start-ups working to reduce the cost of low carbon hydrogen, and they aim to launch
commercial hydrogen generation units in early 2023. For more information, contact Jan
Boshoff at 918-257-2350, jan.boshoff@nuionic.com

Enel North America, Inc.

1. Production/Consumption Tax Benefit for Clean Hydrogen — Enel supports the final
report adopting a specific recommendation to set up a tax benefit framework that
incentivizes consumers of hydrogen to transition to clean hydrogen usage, creating
demand in the state. The consumer benefit rewards local industries for transitioning
to clean hydrogen, but also would be an attractive draw for out-of-state companies
who are trying to meet their ESGC’s to consider business-friendly Oklahoma.
Additionally, a technology-neutral production incentive for clean hydrogen, modeled
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after the program proposed in federal legislation, would help ensure that there is
supply available to meet increased demand for clean hydrogen. If proposed and
adopted, any such incentive should have an appropriate sunset date and program
caps in order to ensure that, while we are intentionally growing this industry, the
State has certainty for budgetary planning purposes. While all states would see the
benefit from the federal incentive program, any state support will ensure Oklahoma is
the premiere spot for clean hydrogen investment in the region, and a prime candidate
for a federal clean hydrogen hub.

2. Clean Hydrogen Goal — Enel supports the creation of a clean hydrogen goal. While
not being a mandate, a goal provides companies with another layer of support in
attracting purchasers/users of clean hydrogen. Additionally, a goal would signal to
the federal government that we are ready to support clean hydrogen and a hydrogen
hub.

American Hydrogen

Oklahoma Hydrogen Task Force

Blue and Green Hydrogen Market Dynamics

- Though blue and green pathways produce the same resulting hydrogen, the cost and
end-use applications of these production methods are vastly different.
Oklahoma's burgeoning wind industry gives credence to a green hydrogen economy,
though the costs associated with the electrolysis process still remain uncompetitive
with traditional fossil fuels.
Building regional demand will require cheap and reliable access to hydrogen supply,
access that can only happen today as a product of gray or blue hydrogen production.
Investment in demand side infrastructure (i.e., fueling stations, fuel cells, burners) can
only be assured after these supplies are established.
Hydrogen production projects in greenfield markets typically assume a phased
development approach in which smaller amounts of generation are brought to
market.

This minimizes commercial risk and gives projects the ability to scale with demand.

Ongomg Stakeholder Engagement
Any aspirations Oklahoma has of becoming a hydrogen hub will require an alignment
of regulatory guidance/frameworks, economic and environmental interests, and
public/private partnerships.
The biggest takeaway from our participation on the Oklahoma Hydrogen Task Force
was the opportunity to network with other stakeholders working in the hydrogen
economy.

EDP Renewables, NA
Secretary Wagner,

As | conveyed to you last week, we have appreciated the work of the task force to give
industry an opportunity to help define a path for Oklahoma'’s use and developmentA "

of hydrogen technology. EDP Renewables has a dedicated hydrogen business




unit which is now actively working in the US, and they have reviewed the draft report.

While we know our comments may not be timely for inclusion in the final report on
which you're working, we want to offer some thoughts related to action items you could
take, in the event it helps to inform your next steps.

Suggestions:

Adopt an H2 strategy for OK, with clear targets and a roadmap to promote green H2
economy (long term visibility on the policy tools and regulatory framework is key to
attract private investment)

Take advantage of the abundant renewable resources and existing infrastructure to
set goals of electrolytic H2 capacity to be achieved in a 10-yr timeframe

Create funding instruments to support the development of the entire value chain
(electrolyzers capex, logistics, consumption of H2, adaptation of industrial processes
to incorporate H2, heavy-duty and other special purpose vehicles acquisition cost,
etc)

Define favorable rate structures for electrolyzers to help bridge the cost
competitiveness gap

Take advantage of the flexibility of electrolyzers and allow for sector coupling and
their provision of grid services

Ensure coordination with Fed level policies and neighboring States initiatives

Please let us know if you have questions or would like to set up a call to discuss further.

Thank you.

The Nature Conservancy
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Hydrogen Items for consideration of Statewide Hydrogen Taskforce — Economic
Opportunities, Taxation, and Incentives & Market Uses Subcommittee

US DOE Alternative Fuel Data Center
Hydrogen Production & Distribution
Research & Development

Benefits & Considerations

Hydrogen Stations

Vehicles — Availability & Emissions
Hydrogen Laws & Incentives

Air Quality and Emissions Reductions
Lifecycle Emissions

According to the US Department of Energy, “hydrogen, when used in a fuel cell to provide electricity, is a
zero tailpipe emissions alternative fuel produced from diverse energy sources.”

Lifecycle emissions from hydrogen productions, distribution, and use as a transportation fuel should also
be considered when evaluating overall public health and environmental benefits for Oklahomans.

Non-attainment designation

In 2017, all of Oklahoma's metropolitan areas were designated in-attainment or unclassifiable;
otherwise not violating Environmental Protection Agency (EPA) National Ambient Air Quality Standards
(NAAQS) for ozone pollution.

A non-attainment designation brings additional federal regulatory requirements for transportation
projects, emissions reductions for facilities, and other economic impacts.

In a November 2021 report developed by the Association of Central Oklahoma Governments (ACOG), it
was determined that a non-attainment designation for the Central Oklahoma region could result in S9to
$15 billion in economic costs to the Central Oklahoma region between 2022 and 2050.

It is reasonable to say that these economic costs would be comparable to other Oklahoma metropolitan
areas in the event they were designated non-attainment.

Mobile sources of emissions, especially on-road emissions sources, make up the majority of the OKC and
Tulsa metropolitan areas’ ozone causing pollution (NOx and VOC's). Accelerating the adoption of
hydrogen fuel cell vehicle technologies along with other alternative fuels and electrification is critical in
keeping Oklahoma's metropolitan areas in-attainment of EPA air quality standards and improving air
quality for all Oklahomans.




OGS Fact Sheet No. 1
Geological Carbon
Management
in Oklahoma

The
Oklahoma Geological
Survey
November, 2021

1. Introduction

In response to an increasing frequency of
requests to the Oklahoma Geological Survey
(OGS), a group of OGS staff prepared this fact sheet
on geological carbon management (GCM), an
umbrella term for using the subsurface to mitigate
carbon emissions. The focus is primarily on
geological carbon sequestration, one type of carbon
sequestration. Carbon sequestration encompasses a
still wider range of approaches, such as managing
ecosystems to enhance CO, sequestration in soils,
plants, and the oceans'. We focus here on issues
surrounding  geological  site  selection  and
monitoring, leaving out many topics in the politics,
economics, and social science of GCM, as well as
questions surrounding the sources and fransport of
carbon dioxide (CO,) and methane (CH,)**.

2. Carbon capture & storage: definitions & goals

Carbon capture, and storage (CCS) involves
injecting COx into geological formations. CCS is a
form of geostorage, the latter a term that
encompasses the subsurface storage of any fuel such
as natural gas or hydrogen (Hz). CCS contributes to
“net-zero” goals (an economy that contributes no
CO; to the atmosphere) by mitigating and offsetting
industrial CO, emissions from power plants,
fertilizer production, gas processing, and cement
manufacturing, amongst many others. CCS also
offsets emissions from sectors where CO, emissions
are geographically distributed and therefore more
difficult to mitigate, such as aviation and
agriculture. CCS also can sequester CO, collected
by direct air capture (DAC).

Carbon capture utilization and storage (CCUS)
is a subset of CCS where CO, is used for industrial
purposes. A common use in Oklahoma is enhanced
oil recovery (EOR), wherein CO, is used to
stimulate oil and gas production, leaving an
estimated 90-95% of used CO, trapped in the
subsurface®. CCUS also describes the conversion of’
stored CO; into various fuels, industrial minerals,
polymers, agricultural applications, and many

others. A special case of considerable interest for
Oklahoma is the pairing of CCS with of “blue” H,
production from natural gas’.

One unit of measure of atmospheric CO, is parts
per million (ppm). CO, is currently at =400 ppm, up
from ~350 ppm in 1990, and a longer-term <300
ppm during the rise of industrial civilization®°. In
contrast with ppm, most GCM uses units of metric
tons, equivalent to ~1.1 US tons. The use of tonnage
results from the measurable weight of carbon that
makes up >80% of most hydrocarbon fuels'.
Setting aside CH4 emissions, the carbon bonds with
oxygen, resulting in ~3.1 tons of atmospheric CO,
for every ton of carbon. Current estimates of global
CO» emissions are =30 billion tons (Gt) of CO, per
year, with Oklahoma contributing >46 million tons
(Mt) per vyear'> GCM will likely include a
geographically distributed range of sizes and
storage durations to contribute to net zero, and today
there are already 27 CCS focus sites worldwide
targeting 36 Mt of storage with dozens more in the
pipeline®.

3. Carbon capture & storage: principles

CO, is typically injected as a supercritical fluid
brine where it might be frapped in one of the
following ways (Fig. 1).

+well pressure
+remote sensing.

CO, injection well »

Seismic
network

Figure 1. Schematic of carbon management targets in Oklahoma.
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Figure 2. Geological provinces and prominent carbon emissions and facilities 12-2227_ Major CO; emissions are illustrated for the year 2019 along
with known CO: pipelines, geological provinces, and some major oif and gas fields.

CO; brine might be structurally or stratigraphically
trapped against an overlying impermeable layer.
residually in the natural pore space, or dissolved into
surrounding natural pore water (solubility
trapping)"'. Mineral trapping can also occur when
CO; reacts to form a carbon-rich solid"*'”. Such
mineralization is enhanced in magnesium-iron rich,
“mafic” rocks, and has an advantage that the CO;
cannot easily escape once solidified.

As a brine, CO; is similar to many injected
fluids, such as liquid petroleum gas, residual oil, and
even water with low total dissolved solids. These
fluids are less dense than the background “connate™
fluids. In contrast, other injected fluids such as
produced-water or bio-oil are denser than the
connate fluids. The buoyvaney of injected CO; means
that a reservoir must have sufficient storage
capacity. injectivity and a reservoir seal that will
hold the lower density fluid that can migrate upward
along higher permeability pathways including
faults, fractures, or compromised well completions.
At depths greater than 2625 ft (800 m) the density
of the COzis high enough to allow efficient pore
filling and to decrease the buoyancy difference
compared with connate fluids'. In most cases CCS
targets saline aquifers, the porous formations that

reside below wunderground sources of drinking
water (USDWs)'?. Studies of unconventional oil
and gas reservoirs also find that through pore-scale
adsorption and absorption processes the geological
targets for hydraulic-fracturing production of oil
and gas may also be targets for CCS'®.

The simplest estimate of reservoir storage
capacity multiplies the thickness and area of a
potential reservoir by its porosity, along with an
efficiency factor that ranges from 0.0 to 1.0,
typically set at 0.1-0.2' to account for the fraction of
the reservoir that is available for storage'” .
Despite simplifying many obstacles to CO;
invasion, such as pore-throat barriers, pore-closing
mineralizing chemical reactions. and a wide range
of flow instabilities, such simple estimates can be
quite useful for initial mapping of storage potential
over large areas.

4. Storage estimates for GCM in Oklahoma

Oklahoma was an early adopter of GCM?, with
CCUS efforts stemming back to 1982. Today. for
example, CO: is being captured from emissions
streams at fertilizer plants in Emd, OK, and
Coffeyville, KS*'. That CO; is piped to oil fields in
Southern Oklahoma and Osage County where it is
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used, and largely captured, during EOR. The map of
Oklahoma'” %7 (Fig. 2) illustrates the complex
geological landscape of Oklahoma including uplifts
(such as the Arbuckle Uplift and Wichita Uplift)
exposing Ordovician, Cambrian, and pre-Cambrian
rocks at the surface versus deep sedimentary basins
(such as the Anadarko Basin and Arkoma Basin)
that have Permian rocks at the surface. The
generalized cross-section (Fig. 3) shows that the
sedimentary rocks in the Anadarko Basin can be
more than 40,000 ft thick, while the sedimentary
sequence is less than 10,000 ft thick to the north and
northeast of Oklahoma City.

Hunton
Arbuckle roups
and

Simpson
Giroups

Cromwell

Granite Wash Evaporites

Wichita
Mins

Elevation

Woodford Shale
het)

" | - RS TR 957 st o RO

i Busement :
(Izneous and metamorphie rocks)

Figure 3. Generalized cross-section of the Anadarko Basin on the left
or sputh-southwest to the Anadarke Shelf on the right or north-
northwest’. Mafic zones are locally distributed in the basement and
lower Cambrian sections.

Because of the heterogeneity of Oklahoma'’s
geology, there is an abundance of viable target
formations for variable carbon sequestration and use
approaches. By way of example, the OGS has
compiled preliminary effective porosity data for the
Cromwell, Hunton, Simpson, Arbuckle Groups —
note that group is a term for numerous geological
formations of a certain age range and character — as
well as some igneous malic units one might target
for mineral trapping (Table 1). These values were
used to estimate the land area that would be required
to store 10 Mt CO; assuming mean thickness and
porosity, a relatively high efficiency factor of 0.50,
and a density difference of 515 kilograms per cubic
meter®®.

The “CO; areas” shown in Table 1 indicate that
the Arbuckle Group and Malfic units can store 10 Mt
CO; with the smallest footprints owing mostly to
their great thickness. The Cromwell, Hunton, and
Simpson Groups also have tremendous storage
capacities throughout Oklahoma considering that

there are tens of thousands of acres available in each
of several counties. For example, there are more
than 65,000 acres in Haskell County where these
formations reside in the subsurface at suitable
conditions. There may be countless other viable
CCUS targets in Oklahoma and capacity for storing
a combined total of many hundreds of Mt, if not Gt,
of COx.

Table 1 Estimates of land area needed for subsurface storage of
10 Mt CO; in promising target zones in Oklahoma. Note porosity
values use o variety of methods, and are here presented only as

qualitative estimates.
& | mean mean
Zone (# sites studied) | § 2| thickness, | porosity, | €02 2"
$3 hi | ewm | A
Cromwell (7) 58 9.9 5491
S Hunton Group (1] 160 16.0 1230
L
§ simpson Group (7) 147 10.7 2002
] Arbuckle (2) 432 71 1026
Mafic or Precambrian (2) 1080 30 972
mean value from OGS geological studies
calculated footprint required for storage of 10 Mt CO;,

5. Mitigating Hazards of Leakage & Seismicity

As with all geostorage efforts, CCS8 has risks,
with widely discussed hazards of leakage to the
surface along vertical pathways such as
fractures, faults, or the wellbores themselves, as
well as leakage laterally into surrounding
geological formations”. Additionally, any form of
geostorage risks causing a possible increased
frequency of earthquakes, ak.a. induced
seismicity™”.

Leakage is widely discussed in terms of some
acceptable rate, such as 0.01% of stored CO, per
year’’, though it is expected to vary over time as a
function of wellbore integrity, injection rate, and
trapping mechanisms. Leakage is primarily
mitigated through site characterization focusing on
caprock integrity and seal quality. Borehole
engineering also can mediate leakage through the
use, for example, of polymers that stabilize cements
that otherwise dissolve with introduction of
carbonic acids®'. Once captured, regional and site-
specific well-pressure monitoring can detect
leakage, as has been shown by both computational
modelling and active field experiments**.

The other widely considered hazard is an
increase in earthquake activity as has occurred from
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produced-water injection over the last decade®. For
example, 18 earthquakes of magnitude (M) 3 or
greater occurred between 2006 and 2011 at the
Texas Cogdell oil field following the injection of
CO; and other gases®*. This example, along with
a myriad of case studies over the last decade,
illustrates that seismic risk will depend on
hydromechanical properties of the injection
reservoir, state of stress, injection rates and
pressures, and net total volumes of injected fluid.

Underground injection (UIC) of produced
wastewater in Oklahoma illustrates that good site
selection and careful project design can also lower
seismic risk to acceptably low levels™. In these
instances, scismicity can occur from pumping at
moderate rates over years, or very high rates over a
matter of hours as is the case with hydraulic
fracturing. Based on such mitigation efforts, as well
as the mapping of faults in the subsurface via
geological and geophysical investigation, a
common explanation for the earthquake activity is
that the input of water causes pressure changes that
push the fault to failure®. Pairing that scientific
observation and deduction with regulatory action
can then stem the effects of induced seismicity and
borehole leakage.

Currently, the Oklahoma  Corporation
Commission (OCC) works to mitigate seismicity
during wastewater disposal and hydraulic
fracturing. OCC implemented injection reductions
in 2016 across a broad swath of the state that have,
in part, led to a reduction in the number of
earthquakes of magnitude 3 or greater. For example,
over 900 earthquakes M3 or greater occurred in
2015, but this number fell to 45 by 2020. In addition,
after larger events (M4.0 or greater), OCC often
implemented rapid mitigation measures including
shutting-in wells closest to the earthquake epicenter,
the carthquake’s surface point of origin, with
gradual reductions stepping away from the
epicenter. OGS has provided the OCC with direct
scientific observations of the subsurface geology
and associated seismic behavior of activated faults
via the OGS-maintained state-wide seismometer
network”. Through this OGS-supported research,
the regulatory actions reduced the probability of
aftershocks in the affected areas™. Such efforts
provide a glimpse of existing risk-based approaches
that could be evaluated for possible future
implementation during future GCM in Oklahoma.

6. Plain Language Summary Statement

Oklahoma’s diverse and heterogeneous geology
offers numerous opportunities for geological carbon
management, from carbon-dioxide injection
accompanying oil and gas production, to storage of
emissions resulting from hydrogen production, to
long-term and large volume sequestration of carbon
dioxide Experience to date suggests that geological
and geophysical investigations can help mitigate
many of the leakage and earthquake hazards that can
accompany such subsurface, geological carbon
management.
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CO2 Storage Opportunities in Oklahoma
White Paper
Jack C. Pashin
Boone Pickens School of Geology
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Stillwater, OK 74078

Introduction

The Boone Pickens School of Geology and the Petroleum Engineering and Technology
program in the School of Chemical Engineering at Oklahoma State University maintain
a strong presence in CO2 storage research and has led and participated in programs
covering much of the southeastern United States. This research includes regional
characterization of storage objectives, exploration well drilling and characterization,
field testing, microfluidic analysis, and characterization and evaluation of offshore
storage objectives in the Gulf of Mexico and Atlantic regions. Current research includes
characterization of candidate CO2 sinks in Oklahoma as part of the SECARB-USA
initiative, which is led by the Southeastern Regional Carbon Sequestration Partnership,
which is managed by the Southern States Energy Board and sponsored by the National
Energy Technology Laboratory of the U.S. Department of Energy.

Anthropogenic CO2 emissions in Oklahoma during 2018 have been estimated by the

U.S. Environmental Protection agency to be 99.6 million metric tons (Mt), and since 1990
annual emissions from the state have ranged between 91.3 and 113.5 Mt. Assessments of
the CO2 storage resource available in the state have been made by the Southwestern
Regional Carbon Sequestration Partnership and the National Energy Technology
Laboratory ranging between 211 and 340 billion metric tons (Gt), indicating large capacity
for CO2 storage in the state. This capacity is in a broad range of formations ranging

in age from Cambrian through Permian and includes saline formations (sandstone,
limestone, and dolomite), mature oil and gas reservoirs, and unconventional oil and gas
reservoirs (shale and coal). Oklahoma hosts pipeline infrastructure that transports CO2 to
mature oil fields for CO2-enhanced oil recovery operations from anthropogenic sources,
including fertilizer plants in Enid, Oklahoma and Coffeeville, Kansas. Other potential

CO2 sources include power plants and refineries. Direct air CO2 capture also is being
developed in Oklahoma. CO2-enhanced oil recovery is being performed or has been
performed in three parts of the state: Camrick Field in the Panhandle region, Burbank
Field in eastern Oklahoma, and the Sho-Vel-Tum and Golden Trend fields in south-
central Oklahoma.

Storage Objectives

The major priority regions for geologic CO2 storage in Oklahoma include the Cherokee
Platform in the northeastern part of the state, the Arkoma Basin in the east-central part,
and the Anadarko Basin in the western part. Additional opportunities exist in smaller
basins, including the Ardmore and Marietta basins in south-central Oklahoma and the
Hollis Basin in southwestern Oklahoma. In these basins, candidate storage
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objectives exist between depths of 2,500 ft and 20,000 ft, and of these, commercial
potential is greatest in formations shallower than 12,000 ft.

The deepest objective for saline formation storage is Cambrian-Ordovician carbonate of
the Arbuckle Group, although induced seismicity associated with disposal of produced
water from oil and gas operations, particularly within faulted regions, is a known risk.
Risk of induced seismicity decreases substantially upsection, and significant prospects
exist for saline formation storage and CO2-enhanced oil recovery in Ordovician
sandstone of the Simpson Group and Silurian-Devonian carbonate of the Hunton Group.
Similar objectives exist in Mississippian limestone, and numerous stacked objectives
exist in Pennsylvanian-age sandstone, particularly in the Cherokee Platform and the
Anadarko Basin. Reservoir-quality sandstone units are distributed throughout the
Pennsylvanian section, and it is common for oil and gas wells to penetrate multiple zones
suitable for storage in the Ordovician-Pennsylvanian section. Permian carbonate and
sandstone units also include potential targets for CO2 storage and are proven targets for
for produced water disposal in the Anadarko Basin. Unconventional storage targets in
the region include organic-rich Woodford Shale and Caney Shale in the Anadarko Basin
and Cherokee Platform and coal seams in the Cherokee Platform. In these reservoirs,
potential exists for CO2-enhanced oil recovery from mature shale reservoirs and coalbed
methane reservoirs.

Reservoir Integrity and Groundwater Protection

The construction of preexisting wellbores is an important consideration for geologic CO2
storage in the Pennsylvanian-Permian section because hundreds of thousands of legacy
wells have been drilled through this section, and the integrity of well casing and cement
is variable. Another important factor in geologic CO2 storage is the integrity of reservoir
seals, and numerous shale units ranging in age from Ordovician through Permian are
proven seals, and the widespread Permian salt in the Anadarko Basin is also an important
regional seal. Faults are the major factors affecting seal integrity. Faults tend to lose
displacement upward in section and commonly terminate within the sedimentary
cover. Large structural panels lacking known faults have been identified in the Anadarko
Basin and Cherokee Platform, and these areas are considered priority objectives for

CO2 storage in saline formations. CO2-enhanced oil recovery can be performed safely

in faulted regions provided that positions of injection and production wells are planned
carefully to prevent migration of fluids up faults.

Protection of underground sources of drinking water (USDW), which are formations
containing water with total dissolved solids (TDS) content <10,000 mg/|, is an imperative
of Underground Injection Control (UIC) regulatory programs. Analyses of subsurface
water samples from 7,056 wells indicate that protected water is uncommon at depths
below 2,500 ft, although some geologic structures locally have conducted fresh water
to reservoir depth and thus are not considered as storage targets. The typical case for
Oklahoma is the presence of hypersaline to ultrasaline formation water (80,000-300,000
mg/I TDS) at depth >2,500 ft, and so the vast majority of the subsurface contains
unprotected formation water where underground injection activities are viable.
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Injectivity

Data from active UIC wells demonstrate that Oklahoma’s subsurface formations
commonly have high injectivity; that is, the ability to inject large volume of fluid at low
pressure. Injection rates are typically on the order of 100s to 1,000s of barrels per day

in a spectrum of Ordovician-Permian injection targets. Wellhead injection pressures
are typically very low, and a database of 2,577 single-zone injection wells indicates that
many wells are underpressured and accept fluid by simple gravity feed or with pump
pressures <500 psig. Indeed, ~95% of the wells injecting water in Oklahoma employ
surface pumping pressures <2,000 psig, which is exceptionally low and is favorable for
widespread commercial deployment of geologic CO2 storage technology.

Summary Statement

Oklahoma has exceptional potential for widespread commercial deployment of geologic
CO2 storage technology, and CO2-enhanced oil recovery operations have been active
for many years. The principal risks in the region are induced seismicity, leakage of

fluids along faults, and leakage along preexisting wellbores, and all of these risks are
manageable and can be minimized by utilizing the risk assessment and mitigation
strategies that are commonly used when implementing UIC programs. Oklahoma has
abundant candidate CO2 sinks with stacked storage potential throughout most of the
state, and nearly every possibility for subsurface CO2 storage is in play (e.g., saline
formations, mature oil and gas reservoirs, unconventional shale and coal reservoirs).
Saline storage potential is greatest in strata lacking faults, and several major prospect
areas have been identified. USDW intervals tend to be shallow in Oklahoma and are
protected by abundant reservoir seals. Experience from underground injection indicates
that reservoir intervals in Oklahoma commonly have high injectivity, which is favorable
for widespread commercial deployment. In addition, numerous CO2 sources exist in the
state, including power plants, fertilizer plants, and refineries, and the state has budding
CO2 pipeline infrastructure.
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Water Resources Board

Water Supply for Hydrogen Production
Prepared by the Oklahoma Water Resources Board

The Oklahoma Comprehensive Water Plan (OCWP) serves as the state’s overarching long-term water resources
management strategy and the definitive resource for information regarding current and future water supply
availability and water quality across Qklahoma's many diverse regions. The most recent update to the OCWP
was completed in 2012, and the Oklahoma Water Resources Board (OWRB) is now developing the next update,
scheduled for completion in 2025. This information, along with information delivered by the OWRB, including
interactive maps, aquifer yield studies, water rights databases, water well drilling logs, and guidance by staff can
serve to assess the potential for locating hydrogen production facilities in Oklahoma.

Innovative Water Solutions —Water for 2060 Act

The 2012 OCWP process of technical investigation and robust public engagement resulted in a heightened
awareness for the need to increase and diversify our water resource portfolio at the state and local levels. With
substantial public support, the OCWP recommended the State research and build a framework for appropriate
and safe uses of Oklahoma's various non-potable sources of water. Supporting these water conservation and
development goals, the Water for 2060 Act (HB 3055) was passed in 2012 as part of a Joint Legislative
Committee recommendation. The Act set a goal of holding freshwater consumption volumes flat through the
year 2060, while growing Oklahoma's economy, through development of non-traditional water sources such as
slightly brackish water resources or highly quality reclaimed municipal wastewater. The OWRB, ODEQ, and
others continue to work in cooperation with the State Legislature to develop a new statutes and rules that
promote the use and development of these untapped water resources.

The 2012 OCWP Recommendations in conjunction with Water for 2060 initiatives have been the drivers for
multiple pieces of marginal water reuse legislation and studies:

e SB 1043: ODEQ Reuse Framework — authorities and resulting rule development for non-potable reuse
and indirect potable reuse

e SB 1219 & HB 1485: Aquifer Storage and Recovery Framework — authorities and resulting rule
development to store water for reuse and ASR pilot programs

e HB 3405 & SB 998: Authorized completion of marginal quality water wells {(up to 10,000 ppm TDS) and
beneficial use of marginal water

e SB 1875: Qil and Gas Produced Water Recycling Act resolving ownership and responsibilities to
encourage development of produced water reuse.

e OCWP Marginal Quality Water Issues and Recommendations: Statewide overview of known and
potential marginal water sources in Oklahoma with recommendations for further development.

e Brackish water resources: While a formal study has yet to begin, a brief workgroup of interested
professionals in industry, consulting geologists, academia, state, and federal agencies met to discuss the
viability of a pilot to find and delineate substantial brackish resources in Oklahoma. Two zones of
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interest were identified for potential pilots in the western Garber-Wellington and Vamoosa-Ada

aquifers.

Water Supply

Oklahoma is home to an abundant range of water resources and processes for approving new water uses are
well-established. The state's water resources include 23 major groundwater aquifers and numerous surface
water systems (federal, state, and local reservoir storage, as well as streams, and rivers). The availability of
groundwater and surface water supplies is characterized in two separate respects:

¢ Physical availability, referred to as "wet water"” availability, and
e Permit availability, also referred to as "legal" availability.

Physical availability accounts for the amount of water physically present in an aquifer, lake, or reservoir, or the
rate of flow in a stream or river. Permit availability pertains to the maximum amount of water that could be
made available for withdrawals considering long-term average annual rainfall and subtractions of domestic and
permitted use under water rights issued in accordance with Oklahoma water law. Both aspects are crucial to
meeting water needs of the state’s current and future communities, industries, and agriculture. For example,
water flowing in a stream cannot be diverted for beneficial use unless the user has a permit for that use.
Conversely, a permit for water use does not guarantee that the water will physically be present for diversion and

use.

The OCWP forecasts the physical and permit water availability of groundwater and surface water in each of 82
OCWP Basins defined across the state (Figure 1). Each Basin represents a watershed area that has a long-term
flow record from an established flow gage. Underlying aquifers are analyzed using the same 82 Basin

delineations (and as such,
many aquifer boundaries
cross surface water Basin
boundaries). Water
availability projections are
made from current
conditions through a 50-
year planning horizon in
decadal increments,
reflecting forecasted
changes in water use
("demands") in each Basin
over time.

Figure 1: OCWP Planning
Basins and Planning Regions
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The state's surface water systems are illustrated in Figure 2. Generally, surface water is more abundant toward
the central, eastern, and southeastern areas of the state, as annual precipitation increases dramatically from the

western side of the state toward the east.
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Figure 2: Oklahoma's Surface Water Systems

The state's major aquifer systems are illustrated in Figure 3. Bedrock aquifers are deep groundwater resources,
distinguished from alluvial aquifers that are typically shallower and directly connected to surface water systems.
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Figure 3: Oklahoma's Major Groundwater Aquifers
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OWRB has completed detailed studies to characterize many of the state's major groundwater aquifers. The
following aquifers have been studied in detail since the completion of the 2012 OCWP update:

e Arbuckle Simpson

e Garber-Wellington

e Rush Springs

e Salt Fork of Red River Alluvial and Terrace {A&T)
e Washita River A&T Reach |

e Enid Isolated Terrace

e North Canadian River A&T Reach | & Il

e North Fork of the Red River A&T

e Canadian River A&T Reach | & Il

Under Oklahoma law, surface water is owned by the state, whereas groundwater is a private property right.
OWRB administers permits for all water resources across the state, except surface water in the northeast corner
of the state (Basins 80 and 81) where the Grand River Dam Authority administers surface water use. OWRB
permits surface water using a prior appropriation system, commonly referred to as "first in time, first in right" —
meaning that users who put surface water to beneficial use have priority over those who initiated use later. This
system is common throughout western states, and serves as an effective tool for managing supplies, particularly
in times of drought.

Groundwater permits are established by dedicating land overlying an aquifer to a well permit. Per Oklahoma
statute, OWRB permits water based on the results of a detailed study of the aquifer's maximum annual yield
{MAY). Permits are issued based on the equal proportionate share of the MAY, which is expressed as the
amount of water that can be pumped from a permitted well (in acre-feet per year, where one acre-foot is equal
to 325,851 gallons) divided by the area of land dedicated to that permit (in acres). For aquifers where a MAY has
not yet been established by OWRB, an interim value of 2.0 acre-feet per year per acre (AFY/ac) is used for
permitting. Recently, Senate Bill 1294 provides for a phased implementation of the MAY, where the MAY
limitation is not triggered until aquifer development exceeds a defined threshold. This allows for a more gradual
adjustment to well permit limitations for groundwater users, particularly those that were implemented prior to
establishment of the MAY.

The 2012 OCWP update evaluated water supply availability for each of the 82 Basins in decadal increments
through 2060 and summarized that information by aggregating Basins into 13 Watershed Planning Regional
Reports (see https://www.owrb.ok.gov/ocwp/2012 OCWP.php#regionalreports). The OCWP 2012 assessments
of projected statewide physical water availability and permit availability are available at
https://www.owrb.ok.gov/supply/ocwp/pdf ocwp/WaterPlanUpdate/OCWP_PhysicalWaterSupplyAvailabilityR
eport.pdf and

https://www.owrb.ok.gov/supply/ocwp/pdf ocwp/WaterPlanUpdate/OCWPWaterSupplyPermitAvailability.pdf,
respectively.

Water Quality

River and stream water quality monitoring data collected by OWRB are important indicators for determining
compliance with water quality standards, tracking general water quality trends, and identifying pollution
problems. Through the Beneficial Use Monitoring Program (BUMP), stream sampling is conducted on more than
100 river and stream sites each year. Data collected include a variety of chemical, biological, and physical
parameters, allowing for long-term assessment of beneficial uses and water quality trends.
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In 2012, as part of a OCWP priority recommendations package, the Oklahoma Legislature and Governor
appropriated funding to initiate Oklahoma’s first holistic, long-term, aquifer-based Groundwater Monitoring and
Assessment Program (GMAP). The state's extensive GMAP water quality monitoring program includes some 750
wells across 21 different aquifers.

Together, these data provide important information for existing and potential future users of groundwater and
surface water across the state. Trending analyses were conducted for key surface water quality parameters in
each of the state's 82 Basins in the 2012 OCWP update, documented in the 13 Watershed Planning Regional
Reports (see link above). Similar efforts are underway for the 2025 OCWP update; it is anticipated that
groundwater quality information will also be summarized and documented in the 2025 OCWP.

Assessing Water Supply for Hydrogen Production

The information available from the OCWP can be directly utilized to assess areas across Oklahoma with suitable
water supply and water quality for future hydrogen production. The flowchart shown in Figure 4 depicts how
OCWP information can be applied in this context.

Figure 4 depicts two phases of evaluations representing increasing levels of detail in assessing water supply for
hydrogen production. The left half, shaded in blue, shows information development that occurs in the
development of the OCWP. The right half, shaded green, shows how OCWP information can be further
leveraged to site a specific proposed hydrogen production facility.
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Figure 4: Workflow for Hydrogen Production Water Supply Availability Assessments

The upper left portion of Figure 4 depicts how water supply and demand analyses are prepared in the OCWP,
yielding a Basin-by-Basin assessment of physical and legal (permit) water supply availability. This information can
be used to screen out Basins that are anticipated to have limited water supply availability. For purposes of
assessing potential hydrogen production locations, it is recommended that the 50-year projection of supply
availability (rather than current or interim-year conditions) be used to gauge long-term availability for new
industries such as hydrogen production facilities.




On a parallel path, OCWP water quality analyses also yield basin-level information that can be used to assess
viability for hydrogen production. Water quality data can be considered for suitability for hydrogen production
needs in Basins with suitable water supply availability, recognizing that some type of water treatment may be
needed for virtually any source of supply to achieve the water quality standards necessary for hydrogen
production. Together, OCWP Basin-level outputs regarding water supply availability and water quality can be
used to prioritize a list of candidate Basins best-suited for potential hydrogen production facilities.

Local analyses would then need to be undertaken to assess specific siting for a specific proposed hydrogen
production facility. As shown in the right half of Figure 4, this would begin with characterization of facility-
specific water quantity and water quality needs. Examples of the types of questions that might support this
characterization are shown in Figure 4 under the heading "Water Supply Requirements for H2 Production."

The facility-specific water needs can be compared to the prioritized list of Basins from OCWP analyses to further
refine the list of candidate Basins for siting the facility. From there, detailed assessments of local water supply
opportunities would follow, including the potential to obtain water from a public water supply system (i.e., a
municipal or rural water system) or for facility-specific permitting ("self-supplied") for groundwater and/or
surface water diversions.

Highly treated municipal wastewater is perhaps the most readily available water source throughout the state,
both from a water quantity and spatially distributed perspective. This resource would likely meet pretreatment
levels desired for hydrogen production with little or no change in current discharge requirements.

Another notable resource, the state has many known sources of marginal quality groundwater with trace
amounts of arsenic, nitrates, etc. that although require substantial treatment for drinking water could be
suitable as source water at a hydrogen production facility.

OCWP information resources from the 2012 OCWP Update can be utilized to support these analyses while the
2025 OCWP update is being prepared, then updated with 2025 OCWP data when available. OWRB could prepare
GIS summary maps of groundwater and surface water availability, including maps for physical availability and
permit availability. These maps could then be overlaid on maps of hydrogen distribution infrastructure and other
planning considerations to further identify, characterize, and prioritize candidate areas for locating hydrogen
production facilities in the state.




Transportation & Distribution Infrastructure
Reference Materials

Hydrogen Fueling Stations and Corridors

Optional Information and Considerations
Consideration of Clean Cities coalition locations/existing alternative fuel markets
Whether the corridor or segments of the corridor are in in ozone, carbon monoxide, or
particulate matter nonattainment or maintenance areas
Goals for greenhouse gas and/or criteria pollutant emission reductions
Available State and/or local alternative fuel vehicle incentives/programs
Current and future demand for alternative fuel facilities based on current and
predicted usage patterns (passenger, freight, and other commmercial vehicles). The
analysis of future demand/alternative fuel facilities should include description of
how the corridor will be extended and/or how distances between stations will be
shortened (i.e., gaps closed)
Other alternative fuels included under the Energy Policy Act of 2005 but not included
in Section 1413, or vehicle technologies such as Truck Stop Electrification used along
corridor that contribute to greenhouse gas or criteria air pollutant emission reductions
Availability of alternative fuel vehicle support services in the vicinity/region (e.g.
maintenance and repair shops, first responders, safety officials, towing and road-side
rescue services, etc.)
Potential of designation to serve as a national case to document lessons learned/best
practices

FHWA's infrastructure coverage criteria for each alternative fuel technology are
presented in the table below.

Fuel
/ Corridor-Ready® NHS Segment has... Corridor-Pending® NHS Segment has...
Technology
Public DC Fast Charging no greater than 50 miles between one Public DC Fast Charging stations
EV station/site and the next on corridor, and no greater than 5 miles ||separated by more than 50 miles.

Location of station/site- no greater
than 5 miles off the highway.

off the highway. Additionally, each DC Fast Charging site should
have both J1772 combo (CCS) and CHAdeMO connectors.

Charging®

Public hydrogen stations separated by
more than 100 miles. Location of
station- no greater than 5 miles off the
highway.

Public hydrogen stations no greater than 100 miles between one
station and the next on the corridor, and no greater than 5 miles
off the highway.

Hydrogen®

Public, primary propane stations
separated by more than 150 miles.
Location of station- no greater than 5
miles off the highway.

Public, primary propane stations no greater than 150 miles
between one station and the next on the corridor, and no greater
than 5 miles off the highway.

Propane®

Public, fast fill, 3,600 psi CNG stations

Public fast fill, 3,600 psi CNG stations no greater than 150 miles .
separated by more than 150 miles.

CNG between one station and the next on the corridor, and no greater . ¥
s : Location of station- no greater than 5
than 5 miles off the highway. i i
miles off the highway.
Public LNG stations no greater than 200 miles between one Public LNG stations separated by more
LNG station and the next on the corridor, and no greater than 5 miles |ithan 200 miles. Location of station- 5

off the highway.

miles or less off the highway.
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Notes

1.

2.

A corridor-ready corridor is defined as having a minimum of 2 stations. Final
classifications will be made on a case-by-case basis.

If a corridor is being designated as corridor-pending and currently has no alternative
fuel facilities located on it, then a strategy or plan and timeline for infrastructure
build-out should be submitted.

Electric vehicle designations will only consider corridors with DC Fast Charge
infrastructure and both connector types. Tesla charging stations are considered

a proprietary network and do not meet the designation criteria of being publicly
accessible. Therefore, these stations are not eligible for inclusion.

If a hydrogen refueling station currently used for non-road transportation purposes
is being used to support the nomination process, then the station must be compliant
with SAE J2601 standards, and meet all of the criteria outlined in this document for a
hydrogen corridor including being publicly accessible.

For propane stations, only “primary” stations (i.e., those stations that are staffed
during regular business hours, do not require drivers to call ahead in order to fuel,
accept credit cards or fleet cards as a payment type, and are able to fuel vehicles at a
rate of 12 gallons per minute or faster, or at a rate similar to filling a gasoline vehicle,
as designated by the U.S. Department of Energy’s Alternative Fuel Station Locator)
would be considered when determining infrastructure coverage along a nominated
corridor.

Reference: Section 1413 of the Fixing America’s Surface Transportation Act - Designation
of Alternative Fuel Corridors
https://www.gpo.gov/fdsys/oka/PLAW-114publ94/html/PLAW-114publ94.htm

Reference: 81 FR 47852 (July 22, 2016)
https://www.federalregister.gov/documents/2016/07/22/2016-17132/fixing-americas-

surface-transportation-act-designation-of-alternative-fuel-corridors

Reference: U.S. Department of Transportation, Federal Highway Administration.

“2020 Round 5- Request for Nominations, Fixing America’s Surface Transportation Act
Designation of Alternative Fuel Corridors” https:/www.fhwa.dot.gov/environment/
alternative_fuel_corridors/resources/rfns.cfm




Alternative Fuel Corridor Recommendations for Hydrogen in Oklahoma

Phase | Corridors
Round 1 fuel station proposed locations highlighted in Blue
Round 2 fuel station proposed locations highlighted in Green

(L By

e

oy,;,.im,,. Hydrogen Fuel Pending Corridors — Phase | @

L

1-35: 236 miles from Texas state line to Kansas state line
Thackerville (1 mile)

Ardmore (29 miles)

Pauls Valley (74 miles)

Purcell (92 miles)

Oklahoma City (128 miles)

Guthrie (161 miles)

Perry (194 miles)

Tonkawa (222 miles)

[-40: 331 miles from Texas to Arkansas
Erick (3 miles)

Elk City (40 miles)

Weatherford (75 miles)

El Reno (120 miles)

Oklahoma City (148 miles)

Shawnee (188 miles)
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Okemah (228 miles)
Henryetta (249 miles)
Checotah (278 miles)
Webbers Falls (302 miles)
Sallisaw (323 miles)

|-44: 328 miles from Texas to Missouri
Lawton (38 miles)

Chickasha (87 miles)

Oklahoma City (130 miles)

Stroud (188 miles)

Tulsa (238 miles)

Claremore (268 miles)

Big Cabin (301 miles)

Miami (337 miles)

US-69: 254 miles from Texas to Kansas
Durant (20 miles)

Atoka (53 miles)

McAlester (98 miles)

Muskogee (162 miles)

Pryor (203 miles)

Big Cabin (220 miles)

US-75/SH-375/Indian Nation Turnpike: 154 miles from McAlester, Okla. to Kansas
McAlester (1 mile)

Henryetta (36 miles)

Okmulgee (55 miles)

Tulsa (94 miles)

Bartlesville (139 miles)

US-81: 226 miles from Texas to Kansas
Terral (1 mile)

Waurika (21 miles)

Duncan (46 miles)

Chickasha (86 miles)

El Reno (121 miles)

Kingfisher (145 miles)

Enid (184 miles)

Pond Creek (207 miles)

Renfrow (227 miles)

US-412: 88 miles from Arkansas state line to Tulsa
West Siloam Springs (1 miles)

Chouteau (45 miles)

Catoosa (72 miles)

Tulsa (88 miles)




US-54: 60 miles from Texas to Kansas

Guymon (22 miles)

Note: If hydrogen fueling stations are available in Texas or Kansas within 100 miles of this
area, US-54 can still qualify as an Oklahoma hydrogen corridor

e

«won  Hydrogen Fuel Pending Corridors — Phase i @

Transportation

Phase Il Corridors
All proposed fuel station locations included in Round 2, highlighted in Green

US-412: 420 miles from Tulsa to New Mexico
Tulsa (88 mile)

Morrison (150 miles)

Enid (206 miles)

Woodward (293 miles)

Elmwood (362 miles)

Guymon (419 miles)

Boise City (481 miles)

US-183/US-281: 219 miles from Texas to Kansas via Seiling-Woodward-Buffalo; 213 miles
via Seiling-Waynoka-Alva

Frederick (13 miles)

Snyder (30 miles)

Hobart (60 miles)
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Cordell (80 miles)

Clinton (96 miles)

Seiling (142 miles)

Woodward (via US-183) (176 miles)
Buffalo (via US-183) (211 miles)
Waynoka (via US-281) (173 miles)
Alva (via US-281) (200 miles)

US-287: 41 miles from Texas to Colorado
Boise City (25 miles)

Hydrogen Regulatory Map
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This table is specifically applicable to federal regulating entities for the hydrogen supply
value chain. The table also notes which regulations currently have hydrogen directly
listed (green), regulations that cover general flammable or otherwise hazardous gases or
liquids that should indirectly cover hydrogen (olive green), and regulations that specific
to some other material (such as natural gas) that will need to be modified to include
hydrogen (orange). Note that this readiness is based on a current (as of March 2021)
assessment by the authors and is subject to regulatory interpretation and change




in the future. (https://www.osti.gov/servlets/purl/1773235/)

For hydrogen production facilities and storage systems, hydrogen regulations currently
exist for emissions reporting and safety. Hydrogen specific regulations also exist for the
distribution of hydrogen through tanker trucks, rail, and waterways, as well as hydrogen
used as a fuel source for consumer/commercial road vehicles. However, other entities
currently regulate similar materials (e.g., natural gas) and hydrogen will fall under

that entity’s authority with additional or modified regulations. The use of hydrogen

or natural gas/hydrogen blends for electricity production and heating systems are
subject to similar oversight as current natural gas systems. Rail, maritime, and aviation
transportation using hydrogen as a fuel source will be regulated similar to current natural
gas regulations.
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Overview of Regulation and Oversight of
Hydrogen Systems

Reference Summary
g 40 CFR Part Defines source categories and emissions
Froguchon o 08 thresholds for a hydrogen production facility
Dictates the safety of the structural
QOSHA 29 [EII;T.GF‘art components and operations of gaseous and
8o liguid hydrogen storage and delivery
rage
14 CFR Part Dictates the separation distance
Fah 420 requirements for storage of liguid hydrogen
and any incompatible energetic liquids
BSEE 43 UsSC Manage mmpliance programs governing oil, _M_Wﬂm mm:ﬂr.:alyﬂ:r
Part 29 gas, and mineral operations on the OCS development and production of
oil and gas
Regulation of the siting, routing. and overall
18 CFR Part | construction of the pipeline system, as well
153 as the distribution and interstate and
FERC intrastate sale of natural gas
Filing requirements of the siting,
e E;;F‘art construction, and operation of facilities used
for the import or export of natural gas
Transportation Prescribes minimum safety requirements for
by Pipeline 49 CFR Part plpelln.;e faclllrhes _and_ the trﬂlll'l_ﬂ-pﬂl'lﬂtlul'l of
192 gas, including pipeline facilities and the
transportation of gas within the limits of the
outer continental shetf
PHMSA 49 CFR part | Frescribes safety standards used for LNG
103 s faciliies that are used to transport gas via
pipeline
49 CFR Part Prescribes safety standards for pipeline
185 facilities that transport hazardous liquids
Regulations for facilities transferring
UscG + c::;ipﬂrt hazardous materials back and forth from a
vessel to a facility
Lists and classifies hazardous materials for
49 CFR Part | transportation, and prescribes reguirements
172 for papers, markings, labeling, and vehicle
placarding
Frovides requirements for preparing
49 CFR Part hazardous materials for shipment, and
173 inspection, testing, and other requirements
. for transportation containers
Transportation PHMSA
by Road 49 CFR Part Frovides additional requirements when
177 - transporting hazardous materials via public
highways
Prescribes specifications for packaging and
-~ Gr?F'éF’ﬂrt containers used for transportation of
hazardous matenals
49 CFR Part Provides qualification requirements for
180 inspecting and maintaining packages and




System Oversight | Reference Summary
containers used to ransport hazardous
materials
- c;:é 2 Maotor carrier routing requirements
FMcsA | 9 CTRPAM | General motor camier safety reguiations
b EEF.ERT Part Transportation of hazardous materials
Regulates highway safety which includes
FHwa |23 E;;P“” bridges, tunnels, and other associated
elements
FTC 16 CFR Part Describes the certification and posting of
306 automotive fuel ratings in commerce
Gives the authority to authorize a variance
49 UsC that is still at the same safely level, special
5117 permit is required to use an aliemative fuel
that does not have a safety standard
Lists and classifies hazardous materials for
49 CFR Part transportation and prescribes the
172 requirements for papers, markings, labaling.
and vehicle placarding
Provides mquiram;;:m for prepanng
hazardous materials for shipment as well
ix Cf .:;pm ingpection, testing, and other requirements
for containers, including usage instructions
Transportation PHMSA for DOT-113A60W tank cars
g 49 CFR Part Provides additional requirements for
174 transportation of hazardous materials in or
on rail cars
Prescribes specifications for packaging and
~ E1F ;;P“ containers used for transportation of
hazardous materials
49 CFR Part Provides construction requirements for
179 DOT-113A60W tank cars
Provides qualification requirements for
49 CFR Part | inspecting and maintaining containers used
180 to transport hazardous materials, including
DOT-113A60W tank cars
Lists and classifies hazardous materials for
transportation and prescribes the
49 C1F ?REPM requirements for papers, markings, labeling,
and vehicle placarding
Provides requirements for preparing
E’“h“:l"ﬂ”““"“ prmsa | 49 CFRPart | hazardous materials for shipment, as well
Yy Waterways 173 inspection, testing, and other requirements
for containers
49 C1F }%Pm Requirements for transportation by vessel

OKLAHOMA




System Oversight | Reference Summary
Prescribes specifications for packaging and
b cf ?Répm containers used for transportation of
hazardous materials
Provides qualification requirements for
-~ E.rﬂFl.]F‘art inspecting and maintaining containers used
fo transport hazardous matenals
Regulations for transferring hazardous
3351"—:‘““ materials back and forth from a vesse! to a
facility
Transfer of oil or hazardous matenal on the
8 E::;Pm navigable waters or contiguous zone of the
u.s.
46 CFR Part Requirements for transportation of liquihed
a8 or compressed flammable gases
Describes incompatibility of hazardous
UsCG 46 CFR Part materials and rules for transporting these
150 matenals aboard tanks that are loaded and
discharged while on the vessel
46 CFR Pan Regulations for non-self-propelied ships
151 carrying bulk cargo
46 CFR Part | Regulations for self-propelled ships carrying
153 bulk cargo
Regulations for self-propelled vessels that
» C1F ;pm contain bulk liquified gases as cargo, cargo
residue, or vapor
Establishes filing requiremenis to obtain
FERC 18 CFR Pan authorization for the siting, construction,
153 operation, place of entry for imports or place
of exit for exports
Prescribas minimum safety requirements for
pipeling facilities and the transportation of
» Ef :‘;m gas, including pipeline facilities and the
transportation of gas within the limits of the
outer continental shelf
Import/ PHMSA Prescribes salety standards used for LNG
49 CFR Part
Export 193 facilities that are used to transporn gas via
Terminals pipeline
49 CFR Part Prescribas safety standards for pipaline
195 facilities that transport hazardous liguids
Regulations for self-propelled vessels that
= C1F :‘pm contain bulk liquified gases as cargo, cargo
UAGE residue, or vapor
Transfer of oll or hazardous materials on the
33 cf:épm navigable waters or contiguous zone of the
u.s.
Electricity FERC 18 CFR Part Sets requirements for a small power
Production 292 production or cogeneration facility




System Oversight | Reference Summary H: Ready?
Prohibits any new baseload powerplant :
" E:;F&rt without the ability to use coal or another Yes - altemative fuels do not
alternative fuel as a primary energy source explicitly include hydrogen, but
FE ————— . note that fuels obtained from
10 CFR Part May E{rnTlhll e:ustlnatg gﬂerplants lrpm using | alternative f.__,ﬂ} sources would be
504 petroleum or natu gas as g pnmary ll[:h,l:ll!l,‘l
EBNErgy source
FERC 18 CFR Part Provides regulation of energy sales and Mo - these requirements are
284 distribution of natural gas specifically for natural gas
Residential & No - testing requirements for
Commercial 10 CFR Part | Provides regulation of commercial heaters, natural gas and oil-fired
Heating EERE 431 hot water boilers, and eimilar haating furnaces, boilers, etc. Definition
appliances of gas specific to natural gas and
propane.
Dictates the safety of the structural
OSHA 29 CFR Part | components and operations of gaseous and
1910 liquid hydrogen in terms of storage as well
Chemical and as delivery
Industrial Use =T ¥ ‘ "
equires reporting of greenhouse gas
EPA 40 E’;‘: Part emission due to combustion or use of
products in a process
: Yes - requirements are set to
Regulates additional equipment on
FHWA, 48 CFR Part commercial vehicles to ensure it does not mwm_l‘hut m safety Df’.
390 p commercial vehicles even with
reduce the overall safety of the vehicle additional equipment
Regulations for electrical systems,
49 CFR Part generators, protection from hazardous No - Exnaust gases specific to
FRA combustion and battery venting
229 gases from exhaust and batteries, and are addrassed. but not fuel calls
crashworthiness for locomotives !
Mo - specifically for boiler, diesel,
USCG 46 Grﬁ Pan Regulations for pn:;'ﬁ;:upply systems on gas turbine, or steam turbine:
Auxiliary does not include alternatives
iﬁ'::;?": 14 CFR Part Requirements for electrical generating
Piet Suw I 23 Subpart systems including auxiliary and backup
PRy E power for normal category airplanes
14 CFR Pan Requiraments for electrical genarating
25 Subpart gystems including auxiliary and backup
E power for transport category airplanes
FAA Yas - not specific to fuel used
14 CFR Part Requirements for electrical generating
27 Subpart systems including auxiliary and backup
E power for normal category rotorcraft
14 CFR Pan Requirements for electrical generating
29 Subpart systems including auxiliary and backup
E power for transport category rotorcraft
Provides Federal Motor Vehicle Safety ¥es - requirements are spacific
Usa in NHTSA 49 CFR 571 Standards for motor vehicies and motor for CNG vehicles, but have been
Cansumar vehicle equipment used for hydrogen vehicles
Commercial R |
, egulates highway safety which includes Yes - nothing is specific for
Vehicles FHWA 23 CFR Part bridges, tunnels, and other associated transportation of hazardous
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49 CFR Part Locomotive safety design and Yes - indudes requirements for
FRA 229 crashworthiness requirements altemative designs which would
49 CFR Part Safety requirements for passenger likely be part of alternative fueled
238 locomotives locomatives
Use in Rail — Prl?";:ﬂgl;l;mlmﬁﬁxe;gudmy
EiMms m’ﬂi&@ﬂ Eﬂﬂh‘
659 including hazard management and safety Yes - general requirements for
FTA and security plans and review safety and security
- assessments, not fuel-specific
489 CFR Part Mandates stale safety oversight of fixed
674 guideway public transportation sysiems
46 CFR Reguilation of vessel construction for both Yes - these requirements
USCG Parts passenger and cargo applications as well as | include specific requirements for
) 24-196 general fuel requirements based on the flash vessels based on the fusl
MUuu%m point of the fuel properties the vessel uses
aritime
49 USC Requirements for National Public Yes - alternative fuels are noted,
FTA Chapter 53 Transportation Safety Plan for public but hydrogen is not specifically
transportation that receives federal funding
14 CFR Part Provides requirements and airworthiness
23 standards for normal category airplanes
14 CFR Part Provides requirements and airworthiness
25 standards for transport category airplanes
14 CFR Part Provides requirements and airworthiness v S
26 standards for fransport category airplanes ‘es - there are requirements
Use in Aviation FAA analyze flammable gases, but
14 CFR Fart Provides requirements and airworthiness W.mm“
27 standards for normal category rotorcraft
14 CFR Part Provides requirements and airvorthiness
29 standards for transport category rotorcraft
14 CFR Panrt Provides requirements and airworthiness
3 standards for aircraft engines

(https://Mww.osti.gov/servilets/purl/1773235/)




Carbon dioxide sequestration potential by state https://Awww.netl.doe.gov/sites/default/
files/2018-10/ATLAS-V-2015.pdf page 110 and 111

CO, Stationary Source Emissions and CO, Storage Resource Estimates Summary*

€O. Emissions Oil and Natural Gas Reservoirs Unmineable Coal Saline Formation
i Storage Resource Storage Resource Storage Resource
Prsc::::ie Billion Metric Tons Billion Metric Tons
Low Medium High Low Medium ‘High Low Medium High
| Estimate | Estimate | Estimate | Estimate | Estimate | Estimate | Estimate | Estimate | Estimate

Alabama 91 134 0.06 .09 012 192 298 4.37 120.22 307.34 689.67 122.20 310.41 694.16
Alaska 18 63 8.64 13.44 19.75 8.64 13.44 19.75
Alberta 137 182 0.60 1.49 3.57 0.03 0.03 0.03 38.17 76.74 140.30 38.80 78.26 143.90
Arizona 57 67 0.00 0.00 0.01 0.00 0.00 0.00 o 0.42 114 011 0.42 115
Arkansas 44 120 on 0.8 0.25 1.58 246 3.61 4.38 21.20 59.84 6.07 23.84 63.70
il 17 7 0.00 0.00 0.00 088 187 3.58 0388 187 3.58
California 106 374 3.56 4.85 6.63 30.33 147.55 417.07 33.89 152.40 423.70
Canadian
Federal 0.96 4.65 1315 096 4.65 13.15
Offshore
Colorado 49 142 1.31 2.35 2.66 0.49 0.65 0.86 33.48 1311 353.82 35.28 13411 35734
Connecticut 8 47
Delaware 9 18 0.04 0.04 0.04 0.04 0.04 0.04
el
Florida 120 142 0.02 0.03 0.05 1.26 1.95 2.85 101.37 246.45 552.05 102.65 248.43 554.95
Georgia 69 120 0.01 0.02 0.03 145.33 148.70 159.02 145.34 148.72 159.05
Hawaii 8 23
Idaho 3 39 0.04 0.15 0.39 0.04 0.15 0.39
lllinois 120 231 0.10 0.20 0.34 1.45 2.38 2.87 19.68 80.75 213.07 21.23 83.33 216.28
Indiana 149 180 0.02 0.04 0.07 0.09 0.14 017 38.14 66.67 128.52 38.25 66.85 128.76
lowa 68 143 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01
Kansas 42 116 1.25 1.25 1.25 0.00 0.00 0.01 9.63 34.40 85.08 10.88 35.65 86.34
Kentucky 99 122 1.05 e 321 0.14 0.8 0.20 14.72 46.43 110.20 15.91 48.36 113.61
Louisiana 126 282 332 5.70 8.29 8.30 12.89 1891 151.36 73455 2075.23 162.78 753.14 2102.43
Maine 4 28 0.00 0.00 0.00
Manitoba 2 n 0.01 0.03 0.07 6.95 13.14 22,53 6.96 1317 22,60
Maryland 24 52 0.00 0.00 0.00 0.00 0.00 0.00 1.86 1.88 193 1.86 1.88 193
Massachusetts 15 76 0.00 0.00 0.00
Michigan 87 208 017 0.26 0.32 0.00 0.00 0.00 31.55 45.56 66.20 31.72 45.82 66.52
Minnesota 46 130 0.00 0.00 0.00 0.00 0.00 0.00
Mississippi 34 91 0.28 045 0.62 544 8.46 12.45 139.02 459.15 1172.03 144,74 468.06 1185.10
Missouri 95 104 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.10 0.29 0.02 on 0.30
Montana 21 3 0.15 0.38 0.90 033 0.33 0.33 98.21 335.74 856.92 98.69 336.45 858.15
Nebraska 37 72 0.01 0.03 0.07 0.00 0.00 0.00 23.65 54.47 ma 23.66 54.50 111.98

* States/Provinces with a “zero” value represent estimates of minimal CO, storage resource, while States/Provinces
with a blank represent areas that have not yet been assessed by the RCSPs. Medium = p50. (ATLAS V1.1 DATA)
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Oil and Natural Gas Reservoirs Unmineable Coal Saline Formation

CO, Emissions

Storage Resource Storage Resource Storage Resource
F‘rs;:i‘:ip Billion Metric Tons
Low Medium High
Estimate | Estimate | Estimate
Nevada 18 37
New Brunswick 0 0
New Hampshire 4 16
New Jersey 22 96 0.00
New Mexico 37 84 97 971 9N 0.08 016 0.30 3297 129.29 345.08 42.76 139.16 359.09
New York 43 203 0.05 0.08 015 437 437 437 4.42 445 4,52
Newfoundland & 0 0
Labrador
North Carolina 62 99 134 6.51 18.39 134 6.51 18.39
North Dakota 39 48 0.37 091 219 0.54 0.54 0.54 71.94 13650 2347 72.85 137.95 23744
Northwest Territories 0 0
Nova Scotia ] o
Ohio 126 3 0.65 1.08 197 0.a2 012 032 991 991 991 10.68 nn 12.00
Oklahoma 67 151 348 4.40 440 0.00 0.00 om 19.64 7687 207.24 23.12 81.27 211.65
Ontarlo 0 [} 0.0 0.0 0.0 0.0 0.01 0.m
Oregon 9 47 6.81 3315 93.70 6.81 3335 93.70
Pennsylvania 132 281 0.80 134 245 0.27 0.27 0.27 17.34 17.34 17.34 184 18.95 20.06
Puerto Rico 17 23
Quebec 0 0
Rhode Island 4 12
Saskatchewan 24 41 0.38 0.96 21 149.72 285.22 492.63 150.10 286.18 494.94
South Carolina 41 77 3010 3107 3418 3010 31.07 34.18
South Dakota 9 33 0.00 0.00 0.01 3.70 7.04 12.15 3.70 7.04 1216
Tennessee 50 80 0.00 0.00 0.00 0.00 0.00 0.00 0.50 1.85 4.63 0.50 1.85 463
Texas 376 677 133.72 137.60 141.48 14.02 21.80 32.03 33162 1505.79 4199.74 479.36 1665.19 4373.25
U.5. Federal Offshore 5 87 1718 1718 1718 169 263 3.86 472.06 227724 643296 49093 229705 | 6454.00
Utah i8 73 1.3 239 2,66 0.03 0.07 012 2261 88.65 23935 2395 an 24213
Vermont 0 6
Virginia 35 m 0.00 0.m 0.01 0.6 037 0.69 0.27 0.86 22 043 1.24 i
Washington 17 74 0.59 092 1.35 36.03 175.26 495.39 36.62 17618 496.74
West Virginia n 84 5.93 9.684 18.05 0.37 0.37 0.37 1.9 119 1119 17.49 21.40 2961
Wisconsin 54 134 0.00 0.00 0.00 0.00 0.00 0.00
Wyoming 66 18 0.23 0.59 141 6.55 6.64 6.78 146.34 57092 1539.56 153.12 578.15 1547275
North America Tatal 307 186 205 232 54 80 m| 237 21633 | 2618 | BE3 | 21978

* States/Provinces with a "zero” value rej of minimal CO, ge resource, while States/Provinces
with a blank represent areas that have not yet been assessed by the RCSPs. Medium = pS0. (ATLAS V1.1 DATA)
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Hydrogen Investment Annual Hydrogen Demand (million metric tonnes)

m Refining mIndustry =Power w»Transport mBuildings = Other

e Hydrogen revolution

may provide a $2.5 600

trillion investment 500

opportunity through 400 I
2050 for utilities, 300 I
equipment makers, 200 l

and others looking to 100 - B I I
curb emsiion intensity 0 = = = = =m B B B EEEEE I

o Annual xqﬂ"'bqe"_"qe"»qq"‘qq"_}Qo"_}oo‘{fp“'}n»"_ﬁs?}Qs"‘_}n'b?}nhﬁ}oﬁt’_}mu"_}g°
demand could
reach 5%
(Bloomberg)

o Hydrogen to hit 7% of energy use by middle of decade {Woods/Mckensie)

e Hydrogen Investments Look set to Skyrocket.
o During 2018-2020, investments averaged about $1.5 billion/yr, according to Bloomberg
data.
= Investment in hydrogen forecast to increase to $38 billion/yr in the period 2019-
2040. The majority of this investment will go toward investments in ramping
production of hydrogen, while future spending on distribution may account for
only 12-16% of that figure through 2070
e Hydrogen Surge likely would be from a low base

o The next 5 years’ expected surge in global hydrogen investment would be from a small
base

o Key drivers will likely be supportive government policies, decarbonization efforts by the
companies themselves, the declining cost of the technology amid economies of scale
and the learning curve.,

o Wind and solar generation and electrified transport look set to continue to dominate
green investments this decade, but the share of hydrogen and carbon capture and store
(CCS) could increase by mid-2020s from the 2018—20 level of about 0.4% each.

Large variation in growth

trajectory on policy Global Hydrogen Demand Forecasts Vary Hugely

. —WoodMac
e Uncertainty on future —IEA o

carbon prices, — BloombergNEF #»
government subsidies,
economies of scale and
the learning curve
means there is a huge
variation in forecasts
for hydrogen
investment and
consumer growth.
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o WoodMac estimates that a cumulative S1 trillion of capital investments will be needed
by 2050, while the IEA’s projections imply about $2.5 trillion during that period.
= Similarly, there is also a wide variation in projections for hydrogen demand in
2050, with Bloomberg significantly more bullish than WoodMac and the IEA.

] Hydrogen certainly offers growth opportunities to utilities (Orsted,
RWE, Snam), manufacturers (NEL, Plug Power, Alstom), refiners,
transport, metals and mining (Anglo American, ThyssenKrupp) and
other companies seeking to curb emission intensity (Linde, Equinor).

Industry Leaders

Plug Power and recently listed Enapter have the attention of investors as far as pure play
hydrogen goes. Plug Power is currently the industry leader by market value.

NEL, ITM Power and McPhy Energy are among the largest listed companies focused on
producing electrolyzers, while Ballard Power, Bloom Energy, FuelCell Energy and Ceres Power
target fuel cells.

European Qil Major Key Hydrogen Projects

Utilities (mainly in Europe at

this time) are set to use fossil
free electricity to generate

» HZH Baltond - UK 600MW

* H-Vislon -Rottardam Industrisl Complex [|* NOTPHZ - Netherlands, Germany

hydrogen T Isonw
o So far utilities are i + W-Visien ~Rotterdam Industrial + Lingen Green Hydrogen Refinery - Germany
i , Complax 760 MW sorw
leading there oil and e e
« M-Vision -Retterdam Industrial » NortH2 - Netherlands, Germany 10W 2027 40W

gas peers by more Wiyl el  Rotberdam Braan Hub - 200MW

than 50% in hydrogen < Tnangiiakeu chty - oMW"
production. otal « Masshylia - Francs, 40Mw

Big Oil is taking the iniative in
making “blue” hydrogen

(from natural gas via carbon-
capture technology). ;

® 2 pilet prajects - Maly 20MwW
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California
* The California Alternative Energy and Advanced Transportation Financing authority (CAEATFA)
provides a sale and use tax exclusion for qualified manufacturers of advanced transportation

products, components, or systems that reduce pollution and energy use and promote economic
development.

* Annually, the California Air Resources Board (ARB) must aggregate and share the number of
hydrogen vehicles that manufacturers project will be sold or leased over the next three years and
the total number of hydrogen vehicle registered in the state

* The California Energy Commission will allocate up to $20 million/yr. to fund the number of
stations deemed necessary based on ARB’s evaluation and reports.

Montana
* Montana Governor signed a law concerning the inclusion of renewable hydrogen for property
tax purposes.

¢ The law includes measures:
1. Defining relevant terms
2. Creating a new tax classification for green hydrogen and providing tax incentives
3. Exempting green hydrogen from the major facility siting act
4. Revising the state energy policy to include green hydrogen
5. Revising the use of energy development and demonstration grants for green hydrogen

South Carolina
* Hydrogen and Fuel Cell Tax Exemption
* Any device, equipment, or machinery operated by hydrogen or fuel cells
* Any device, equipment, or machinery used to generate, produce, or distribute hydrogen and
designated specifically for hydrogen or fuel cell applications
¢ Any device, equipment, or machinery used predominantly for manufacturing, or research
and development involving hydrogen or fuel cell technologies.
*  Battery Manufacturing Tax Incentive
* For taxation purposes, the taxable fair market value of manufacturing machinery and
equipment purchased for use at a renewable energy manufacturing facility may be reduced
by 20% of the original cost. Qualified renewable energy manufacturing facilities include
those manufacturing batteries for hybrid, fuel cell or other motor vehicles certified by SC
Energy Office.

Utah
* Hydrogen Fuel Production Incentive
* Businesses that convert natural gas to hydrogen fuel or produce natural gas solely for use in

the production of hydrogen fuel for zero emission vehicles (ZEVs), may be eligible for an oil
and gas severance tax credit. Each eligible applicant may receive a tax credit equal to the
amount of the severance tax owed, up to $5 million per year. Entities that produce
hydrogen fuel for use in ZEVs or hydrogen fueled trucks may also qualify for grant funding or
loans from the Community Impact Fund.

OKLAHOMA
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e S.B. 112-Bill authorizes the Utah Inland Port Authority to establish a community enhancement
program to address the impacts of development. (signed by Governor’s office)

¢ S.B. 154-Bill allows for grants to an entity that creates a hydrogen energy hub for a municipal entity.
(signed by Governor’s office)

*  H.B. 59-Bill extends tax credits for up to $13,500 for Class 7 and 8 EV and EV/Hydrogen trucks.
Although tax credit was desired to be higher, a committee in November had approved the lower
amounts on a phase out plan. Lobbyist engagement helped get this passed in session despite a “no
new tax incentives” policy due to the need for a major tax restructuring in Utah yet to take place
(Vetoed by Governar)

* Electric Vehicle, Alternative Fuel Infrastructure, Hydrogen-Related Bill Summaries and Outcomes.
(2020 legislation)

*  S,B. 95-Bill captures $10 million of ongoing state money and redirects it to rural counties for
economic projects. Nikola seeking to develop hydrogen stations or manufacturing facilities in any of
the 24 rural counties could seek local county support for a portion of these funds. (Signed by
Governor's Office)

* S.B. 50-Bill changes the air quality standard for vehicle emissions and added qualifying electric
vehicles to the Commercial Property Assessed Clean Energy Act. (Signed by Governor’s Office)

*  H.B 347-Bill modified definitions to include energy-related facilities to be a part of the infrastructure
of the Utah Inland Port. The bill authorizes the inland port authority to use funds to encourage,
incentivize, or require development with reduced environmental impact and to develop and
implement zero-emissions logistics and modifies a provision relating to a renewable energy tariff.
(Signed by Governor’s office)

*  H.B. 269-Bill creates future tax credits for Nikola or another hydrogen electrolysis system of 2
megawatts and above. The tax credit is equal to 12 cents per kilogram of hydrogen produced or
used with a carry forward provision of seven years if needed (Vetoed by Governor)

Washington

*  Fuel Cell Electric Vehicle (FCEV) Tax Exemption
* Beginning July 1, 2022, 50% of the retail sales and state use tax of 6.5% does not apply
to the sale or lease of the first 650 new FCEV passenger vehicles, light-duty trucks, and
medium-duty passenger vehicles powered by fuel cells, Additionally, all used FCEV sales
and leases are exempt from the tax. The FCEV exemption may not be combined with
the Retail Sales and Use Tax exemption.

Plug Power (Incentive Example)
e Plug Power and Apex Clean Energy announced a 345MW wind power PPA and a development
services agreement for a green hydrogen production facility.
o The hydrogen plant, will be the first and largest wind-supplied hydrogen project in the
US and the largest onshore wind-powered project across the globe
o Once operational, the plant is anticipated to produce over 30 metric tons/day of clean
liquid hydrogen, enough to fuel the equivalent of over 2,000 light commercial vehicles
or over 1,000 heavy duty class 8 trucks
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¢ Plug Power received $2.8 million in sales tax incentives related to their $55 million investment in
a substation that will enable 100% renewable, reliable electricity at less than $0.035/kwh

OKLAHOMA
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Federal Hydrogen Push

e The US Congress is considering two major pieces of legislation that support the Administration’s
infrastructure and climate goals. Within the legislation, clean hydrogen receives a generous
production tax credit and billions in new research funding. If enacted, both bills would provide
unprecedented support for clean hydrogen production, fundamentally changing the industry’s
economics.

o The US House is proposing the first-ever production tax credit for clean hydrogen
projects, reaching up to $3 for each kilogram produced. The credit’s value ranges up
and down depending on a project’s carbon intensity and labor practices; projects that
qualify would receive the tax credit for the first 10 years of production.

o The incentive of $3/kg over 10 years is equivalent to $1.9/kg over and electrolysis
facility’s whole life of 20 years. With this subsidy, electrolysis projects that are to be
builtimmediately and powered by strong wind in regions like Texas can yield hydrogen
for a cost of $1.1/kg. Supposedly competitive against gray hydrogen.

o The proposed tax credit is $1/kg over 10 years for blue hydrogen, if the carbon capture
storage (CCS) facility can cut emissions by 85%. This subsidy is just enough to cover the
additional cost introduced by CCS.

o The US Senate plans to increase spending on clean hydrogen research, development,
and demonstration to $1.9 billion/yr., up from $0.3 billion/yr. Most of this money
would support four new regional hydrogen hubs across the country. The legislation
strongly supports hydrogen produced form fossil fuels from carbon capture, which
increased its support from moderate democrats and republicans.

Table 1:  Summary of U.S. Congress’s hydrogen legislation

Legislation Status Total Hydrogen provisions Next steps Further BNEF
funding reading
Infrastructure Passed the Senate $1 trillion $9.5 billion for research, Must pass the House with a Senate Infrastructure
bill approved on August 10 development and simple majority. Vote scheduled Deal Has $114
by the demonstration before October. Billion for Energy
Senate (web | terminal)
House Announced by the $3.5 A production tax credit A version must be worked out Congressional Drafts
budget House Ways and trillion worth up to $3 per kilogram and agreed upon by both House Would Recharge
reconciliation Means committee for green hydrogen and and Senate, and pass with a U.S. Energy Policy
bill proposal on September 13 $1/kg for blue simple majority in both chambers (web | terminal)

Source: BloombergNEF.

Proposed Incentives

* Power generation and passenger cars are a surprisingly small share of the world’s emissions.
o If both sectors were fully switched to zero-carbon power tomorrow, we’d still have
eliminated only about 40 to 50% of our carbon output.
o Another 25% comes from land use and agriculture.
o The place where governments could make the biggest difference is the 20% of
emissions that come from industrial activities.
o Asatop 10 manufacturing state, keeping our air quality such that the EPA doesn’t
declare areas of the State a ‘non-attainment’ zone is in the best interest of the State.
o Many of our larger manufacturers have already signed MOUs to get involved with the
hydrogen push. (Matrix, Chart Industries, Williams, etc.)
o Equipment manufacturers in the State have long been involved in the hydrogen game.
(Gastec)
o As we've seen in Europe, the negative externalities of rushing to zero carbon can rapidly
lead to famine if not done incrementally.
e Despite several false starts, investments in hydrogen are now set to surge.
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o During 2018-2020, investments i
averaged about 51.5 billion/year. I Wl S o ST T g e T S e, B b WU2000

o This figure is forecast to increase to Carton price (51C0Z

180

$38 billion per annum in 2019-2040

o $181 billion annually 2041-2070,
according to the EIA.

o Most of these investments are
forecast to go toward investments in o Zoos
ramping up the production of ———
hydrogen, while future spending on
distribution may account for only
12-16% through 2070.

o Water supply, value chain, rare metals pose the biggest challenge to the effort.

Severance Tax Credit

10-1 severance tax credit. For every 10% reduction in GHG leads to 1% credit on severance tax due,
capped at 5.5% (half of the 2018 hike). A similar payroll tax credit for manufacturers or possibly explore
a credit exchange program where manufacturers and energy producers work together (simultaneously
addressing the ‘resource curse’). Proposal to reimburse local entities structured much like the ad-
valorem program.

Utah’s Severance Tax Credit language
* Hydrogen Fuel Production Incentive
* Businesses that convert natural gas to hydrogen fuel or produce natural gas solely for use in

the production of hydrogen fuel for zero emission vehicles (ZEVs), may be eligible for an oil
and gas severance tax credit. Each eligible applicant may receive a tax credit equal to the
amount of the severance tax owed, up to $5 million per year. Entities that produce
hydrogen fuel for use in ZEVs or hydrogen fueled trucks may also qualify for grant funding or
loans from the Community Impact Fund.

Gas Processing classified as a Manufacturing industry
o  Midstream companies are large stable employers in Oklahoma. The midstream industry

has seen a downturn in investment due to tax law changes, ESG investing, etc. The
hydrogen push will take a lot of participation from the natural gas industry in Oklahoma.
The oil and gas sector has the experience, skills, and knowledge to develop and scale up
production of hydrogen from natural gas as a low-carbon, low-cost source of energy.
Our goal is to compete with other states and retain jobs.

o In addition to gas processing. Proposal to classify all segments of the hydrogen

industry as manufacturing,
o Similar to the way petroleum refineries are classified.
o Other ideas to spur investment in natural gas/hydrogen infrastructure.

OKLAHOMA
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Carbon Dioxide Capture/Sequestration Tax Deduction (Below is the Kansas incentive)
A taxpayer shall be entitled to a deduction from Kansas adjusted gross income with respect to the
amortization of the amortizable costs of carbon dioxide capture, sequestration or utilization machinery
and equipment based upon a period of 10 years.
e Oklahoma should potentially include language for emerging technologies in this realm
o Oxy-Combustion, dry reforming, carbon sequestration, injecting hydrogen into natural

gas streams, replacing natural gas with hydrogen, replacing coke with hydrogen coking
coal.

Grid Stability Products
® Some form of sales tax exemption for products that lead to grid stability.

Energy Storage Incentive
e Hydrogen can offer large-scale, long-term storage and back-up for the intermittency and
seasonal swings in the production of electricity from renewables.

o California passed A.B. 2514 in 2010 which ‘required’ the California Public Utilities
Commission (CPUC) to open a proceeding to determine appropriate targets, if any, for
each load-serving entity to procure energy storage. After openinga proceedingin
December 2010 to consider the matter, the CPUC adopted an energy storage
procurement framework and established a statewide energy storage target of 1,325
MW by 2020, with Southern California Edison, PG&E, and San Diego Gas & Electric each
responsible for a portion of the total

e Develop an energy storage cost-benefit study like have been done in Massachusetts, New York,
and Nevada.

o To provide the state with the Greatest value, incentive amounts should reflect market
maturity. Therefore, depending on the amount of funds available, an incentive may be
reduced over time or market penetration levels, to reflect declines in soft costs (for
example, interconnection and permitting) that come with increased experience
deploying systems in that state.

o With Oklahoma owning a utility, GRDA could be the trend setter.

Alternative Fueling Infrastructure Tax Credit
e The current language in Oklahoma statutes excluded the Hydrogen language. The $22 mil cap is
highly competitive between the EV and CNG industries. Sounds like the best bet is 3 different
programs for each (EV, CNG, H2). With the cap raised and evenly distributed.
o LE., raising the cap to $33 million and evenly distributing amongst the EV, CNG and
Hydrogen infrastructure segments.

Advanced Transportation Tax Exclusion (California language)

The California Alternative Energy and Advanced Transportation Financing
Authority (CAEATFA) provides a sale and use tax exclusion for qualified
manufacturers of advanced transportation products, components, or
systems that reduce pollution and energy use and promote economic
development. Incentives are available until December 31, 2025. For more
information, including application materials, see the CAEATFA [Sales and
Use Tax Exclusion

Program] (http://www.treasurer.ca.gov/caeatfa/ste/index.asp) website.
(Reference [California Public Resources Code] (http://www.oal.ca.gov/)
26000-26017)
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Utah Natural Gas and Hydrogen Tax:

Compressed natural gas (CNG) and hydrogen are taxed at a rate of \S0.171
per gasoline gallon equivalent (GGE). Liquefied natural gas (LNG) is

taxed at a rate of \50.171 per diesel gallon equivalent (DGE). One GGE

is equal to 5.660 pounds (Ibs.) of CNG or 2.198 Ibs. of hydrogen. One

DGE is equal to 6.06 Ibs. of LNG. The tax rate for natural gas and

hydrogen will be annually adjusted by the State Tax Commission
(Commission) not to exceed \$0.225 per GGE or DGE. The Commission will
publish the adjusted fuel tax no later than 60 days prior to the

effective date. For more information, see the Utah State Tax Commission
[Fuel Taxes] (https://tax.utah.gov/fuel) website. (Reference [Utah

Code] (http://le.utah.gov/xcode/code.html) 59-13-102 and 59-13-301)

Alternative Fuel Vehicle Registration Fees-Utah:
Beginning in 2021, all-electric vehicle (EV), plug-in hybrid electric
vehicle (PHEV), and hybrid electric vehicle (HEV) owners are required to
pay an additional registration fee as follows:
Registration Fee

EV \5120

PHEV \$52

HEV \S20
Owners of a vehicles powered by a fuel other than motor fuel, diesel
fuel, electricity, natural gas, or propane are required to pay an
additional \5120 registration fee. A six-month registration option with
fees at prorated amounts is also available.
(Reference [Utah Code] (https://le.utah.gov/xcode/code.html) 41-1a-1206)

Recently Announced Projects: $bn
+ In May 2019, Mitsubishi Hitachi 60

Power Systems and Magnum 50
Development announced an Divestment Clean energy investment
initiative to launch their 4
Advanced Clean Energy Storage 30
project in central Utah. The
initiative will develop 1,000 2
megawatts of 100% clean energy 10
storage, including storage of . - L
green hydrogen. The project will &> ConocdPhiliips = E:;(onMohII _ w3 S
utilize new gas turbine

technology that enables a
mixture of hydrogen and natural gas to produce power with lower carbon emissions. The project
aims to use 100% green hydrogen as a fuel source with the result that the turbines produce
electricity with zero carbon emissions.
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A green hydrogen project was launched in California in May 2020 by the global energy company
SGH2. The facility in Lancaster, California will be able to produce up to 11,000 kilograms of green
hydrogen per day using a proprietary biogenic waste gasification technology, pursuant to which
it gasifies plastic, paper, and other waste to produce hydrogen it describes as ""greener than
green" because it uses no externally sourced energy and avoids more carbon dioxide emissions
than green hydrogen from renewables.

A $10.8 million project to integrate hydrogen storage, fuel cells and fuel cell refueling property
began in September 2020 through a partnership between Frontier Energy, the University of
Texas, and the Department of Energy, known as H2@ Scale. The UT-Austin campus will host a
project integrating commercial hydrogen production, distribution, storage, and use. The
hydrogen power will power a stationary fuel cell and supply a hydrogen station with fuel for a
fleet of hydrogen fuel cell vehicles.

Early Hydrogen Players:
Nama Tickers Market Cap (USD Sector Coul Analyst
e Oklahoma has several early entrants to iy e oo i g B ot
A Liguice SA Al FP 77634 Materials France Jason Minar
the hydrogen game, Orsted AS ORSTED DC 58037 Utiies Denmerk  Elchin Mammaciov
Alr Products and Chemicals Inc APDUS 62.254  Materials United States  Jason Miner
o Matrlx Chal’t |I’Idustries GaSteC LG Chem Ltd 051810 KS 50,396 Materials s:m.mm Hm::- Chan
sanlss, ' 4 AnEAS it on B3 vemes Curany G aperasn
Williams, ONEGAS, ONEOK e i e -
o Oklahoma has the demand for pensiivy Py e i sy
Snam SpA SRG M 10671 Utlities taly Elchin Mammadoy
hydrogen (fert plants 5 :ru'::n?lrhc :‘I:S;ZS ::;:: :::::“ :I::;Smu l&u:m:u;m
L Mitsublshi Heevy indusiries LU 7011 P 10,520 Inustrials Japan Taheshi Ktaus
reﬁneriesr severa| glass plants’ Ballard Power Systems Inc BLOP CN 7.242 Enm Congiling i M.r?lnln
metal foundry E 0%bn >0.018bn >0.18bn >1$bn >108bn
m
@
imi Cora+ Big Engey -
& |- . >1$bn
& L)
7] Ty ﬁil G
. : E & >
Commercial Vehicles 5 g@ﬂ"““ E @ 50 - o
auv
Development of hydrogen fuel cells for passenger £l LS = >0.18bn
vehicles is 10 years behind battery-only models. g & =
’ 2 - iy
¢ Butcommercial and other uses-where 4 2 L
EVs’ lengthy downtime to recharge is a 5 Gaitlary R
o ¢ Ty > >08b
margin disadvantage—may serve as the Bt T o Ee ® ¢ T
4 [ G il Investment not aligned with care business streams
proving ground that accelerates costs cuts g
and advance the technology to make it
viable for automakers.
e With the mature infrastructure in Oklahoma, the demand for and infrastructure of hydrogen
lessens the carrot and the stick scenario. (5 petro refineries, several fertilizer plants)
o Lithium-ion battery pack prices plunged below $200 in 2020 from $1,200 in 2010,

o Applying a similar rate of decline to fuel cell costs could accelerate hydrogen initiatives.




Oklahoma Department of Commerce Total Economic Impacts Associated with the National Renewable Energy Laboratory
report “The Technical and Economic Potential of the H2@Scale Concept within the United States” dated October 2020

Direct Economic Impact of Hydrogen Production in Oklahoma

MT of Hydrogen

roduction in the Percent Oklahoma Hydrogen

ontiguous US = Capture Production MMT ﬂ Estimated CAPEX ﬂ Estimated OPEX with 8.035&:
22 5% 11 $1,786,400,000 $2,322,320,000
22 10% 22 $3.,572,800,000 $4 644 640 000
22 20% 44 $7,145,600,000 $9,269.280,000
22 25% 55 $8,3932,000,000 $11,611,600,000
41 3% 1.23 $1,937.520,000 $2,596,776.000
4 5% 2.05 $3,323,200,000 $4,327,360,000
41 10% 4.1 $6,658,400,000 $8,655,920,000
4 20% 8.2 $13,316,600,000 $17.311,840,000
41 25% 10.25 $16,646,000,000 $21,639.600.000

CAPEX Distribution based on similar industry composition

Engineering,

MMT of Production Oklahoma Hydrogen

Percent Real Property [requiring Installation &
Contiguous US = Capture Production MMT construction) ﬂ Machinery & Equipment ﬂ Contract Work ﬂ
22 3% $675.259.200 $132,931.200
22 5% 11 $285,824,000 $1,125,432,000 $321)552,000
22 10% 22 $571.648,000 $2.250,864,000 $643,104,000
22 20% 4.4 $1,143,236,000 $4,501,728,000 $1,286,208,000
22 25% 55 $1,423,120,000 $5,627,160,000 $1,607, 760,000
41 3% 123 $319,603.200 $1.258,437.600 $353,553.600
41 5% 2.05 $532,672,000 $2,097,396,000 $593,256,000
Ll 10% 4.1 $1,065,344,000 $4,134.752,000 $1,198.512,000
41 20% 5.2 $2,130,686,000 $8,383,564,000 $2,337,024,000
41 25% 10.25 $2,663,360,000 $10,486,980,000 $2,996,260,000

OPEX Distribution based on similar industry composition
Oklahoma Hydrogen

MMT of Production

Labor &

Percent
Contiguous US ﬂ Capture Production MMT electricity ﬂ Maintenance ﬂ
22 3% 0.66 $1,125,432,000 $130,152,000 $137,608,000
22 5% 11 $1,875,720,000 $216,920,000 $229,680,000
22 10% 2.2 $3,751,440,000 $433,840,000 $453,360,000
22 20% 4.4 $7,502,880,000 $867,680,000 $918,720,000
22 25% 55 $9,378,600,000 $1,084,600,000 $1,148,400,000
41 3% 123 $2,037,336,000 $242,556,000 $256.524,000
41 5% 2.05 $3,495,660,000 $404,260,000 $426,040,000
41 10% 4.1 $6,931,320,000 $608,520,000 $656,080,000
41 20% 82 $13,982,640,000 $1,617,040,000 $1,712,160,000
41 25% 10.25 $17,478,300,000 $2,021,300,000 $2,140,200,000

'ODOT Waterways/Multimodal Division, “MKARNS marks 50th anniversary” (2021) https://oklahoma.gov/
odot/programs-and-projects/waterways/mkarns-50th-anniversary.html

iOklahoma Department of Public Safety, “Administrative Rules Subchapter 3 - Size and Weight Permit
Load” (2021) https://oklahoma.gov/dps/administrative-rulesO/size-and-weight-permits/size-and-weight-

permit-load.html
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Possible Hydrogen Pathways for Oklahoma

for The Univesity of
Oidahoma)

e-mai| oddress

Departm, ool
The Institute for Resibent Emirormental and
Energy Systems (IREES)

fic areofs) of research copobilities {list oll relevant areas) red tools or focilities
Filley is the Director of the OVPRP Instituze for Resilient Environemtnad and Energy
Systems. The Institute for Resilient Emironmental and Energy Systems (IREES)
acdresses sustainability grand challenges for Oldahoma, the ration and the workd,
Our goal s to develop equitable sobutions that help drive the transformation of the
LS. energy sector toward a net-zero carban economy, that provide access to dean
water, air, and safe built emironments and do so without degrading our planetary
ecosystems and chimate.

(With this focus on challenges at the intersection of sodiety, the environment, and
energy systems, IREES works to create inclusive, collaborative and convergent
research ecosystems that leverage the strengths of OU's research faculty and cur
public and private sector partners, Our efforts will build on and expand research
|peegrams across three key areas: Obsendng and predicting Earth systems;

Transfs erergy and infs systems; Cc h

resilience and emironmental justice.

Clusters,

Well Construction Technology Center (WETE]

The Well G r ter is an w"‘woﬂ\f research
certer that incomporates high pressure, high temperature fluid flow applicaticns
using bath field scale and lab scale equipment for the oil industry,

Integrated Core Characterization Center (IG3)

The Integrated Core Charactenzation Center consists of the complete Amoco Rock

Phrysics Laby This lab has lleled Industrial, e |, and academic
capabilities and offers the widest range of measurement and research
in the industry. Originally i seismic velogity

laboratory, it evobved into an integ! ity that provides a vast
array of petrophysical, seismic, and rock mecharics capabilithes.

Institute for Applied Surfactant Research (IASR) | The institute for Applied Surfactant Research is 3 multiciscipling research facility

that is composed of undergracuate students, graduate students, postdoctoral
students, and hers wha canduct phase equilibrium, sand pack, and core
flood studies for both ermronmental and crude ol recovery applications,




Carbon-Free H2 Production and Storage
(CHERS]

Finding green enc affordable ways to procuce energy. The energy needs worlduride
NErease 03 yearly basis, but current production of energy leadsta greennolse
lgas emizsians, Thatis why the sroduction of ererey withow: harming the
ervironment i€ 3 grart challenge far our future. 17 the United States, and in
Oldahame in particular, we nave a lot of natuwal gasthat ean be utilized to produse
yerogen, which does not produce C02 when it burrs. Howeever, we reed to

tevel optechnelogies that can take methzre molecules end dissociate the
werogen from the caraen without carkan dioxide production.

e went to produce hydrogen withous oracuding 002 ardtnento develop safe and
economically feasible technalogies for storage and brarsporzation of bydregen

Oklahoma Water Survey

Tre Cklahera Water Survey is commitied to providrg leacarsnipto facilitate
research that incudes both acadernic and non-academic stakebo lders througho e
the Ckiahorna water commurity to develon innovative, interdiscipinary soluions
for Odahoma’s water challerges, Water-reuse strategies enmphasizec,

Mewibourne School of Petroleum amd
Geologlcal Engineering

OL's Mewbourne School of Petroleurn and Geological Engineering is world-
renowred for its research expertise, and Facilities inthe areas of subsuface
rwerog en storage, g ecthenal energy, tarkon-sequestration erd fazsil fuels, wish
mew research and educationa| initiztives, the department is helgng transform
Okahama’s enengy future,

S amuel Roberts Noble Microscopy Laboratory
(VPRP)

magieg anel enalysis of raterizls (all types) from the atormie, nana, o the
microseale

sared-use hiurnan and equiprent/piyacel infrastructure for ranoscale (Maging
and analysis, 3 PhuD. staff researchers, Transmission eectran microscopy (3
ncluding ¥-ray analysis, diffraction, STEM-EDRA, etc: Scennirg eledron microscopy
14} Indludng EDXA, EBSD, envirermertal, bigh-reselution, ec. laser seanning
corfocal with mutiproton/F LUK FRET, 30 imege analysis; many semple
oreparation tools, Directed by Prof. Andrew Elwood Ma dder

QU Water Research Center

U has deph of expertise to study the water tyce, which will be e key elernent in
ydrogen production, including research on produced water, ground water
sortamiration, water modeling {drougat and fload)

David Ebert

hine Learning, [

alization and Har

rmo nization, Signal Proc.

Electrical & Camputer Engineerng, ©5, DISC

Security

"redlictive &nalytics, visual analytics, human guided Al trusteble &

Or, Ehert I the cirector of the Data Science Institute for Socetsl Challeng es (D1SC) (Mtasy ou.edufdise), OI5C]
Is &0 Irterdiscplinary center thiet helps coardinate and faster researeh ndata science, maching learning, and
arical Irtelligence, and data-enasled soence seross ossiplines at the University of Ckahama, DISC
corwenes affil ated researchers through workshogs snd seminars to find corvergent data-driven approaches to
rew ard unespected research oppo turities, The ceter s a bus that brirg s together experts In varlous
research giso plines ba sclve societal challenges through seminars and workshops,

ustin Meteilf et @ au e Elcti cal and Camputer Enginering sl processing and machng learring Advanced Radar Research Center [ARRC)
ATy W eGovem BIT6E DN EITIE L Sennal of Cornputer Selence in the Gallogly ‘achine learning/data minirg/data science far the physical seiences; Real-world — |Under the eirection of [ead 2| Amy MeGovem, the University of Okshoma is eading a Hatianal Science
College of Ergineerrg and in the Schoal of applications with a speclal nterest Inbigh-impact weather, STEM education, Foundation Al institute for Research on Trustworthy Atificial Intellg erce “Al" in Weather, Dimate, and
Meteorolagy irithe College of Atmosphesic ane Cogstal Qeeanography that (s being hallec as & "histaric milestane inemironmental stience.”
Geographic Stiences
Dean Houg e OUEENGE T Computer Seiense artificial el gence, incud rg mashing leamirg, raboties/in eligent cortral, and
mmulti-agent systems; indudes superised, unsupervised, and renforcer ent
earning; interoretable ard irform ative mechine learning; and eveluticnary
computation
heo Lan Compuler Science 1%L, snomsly detection
Le Gruenwald Camputer Sclence rmiaehing learning, sersor and stream data rining, spatial and temporal data
|reragernent, intelligent maragement of irfrasteucture, security, enamaly
tetection
i Hwvan Park ark 0 uedy Computer Sciense visaelization, visual sralytics, machine learnirg /ceep learning, umar-computer  |large-stale surrozate modeling e data analysis

nleraction, &R/VR

Energy-Related

Diritelos Papavassiliou

e @0 ed. i

School of Geosciences

Sefsmicnberpretation, processing, altribute snalysis, mach e learring, &

oo mputationa Facilities for ML, date anahics

I en genemtion, Elect

Chemical, Biolog cal and Meterals Englinesring

nsing, Transportation, Henewables, Usag

Flow rd transpart phenormena, interf aces, simulations, hyerog en production,
porous meda

Supercomputing at Ol and at NSF ded cated resources [KSEDE), molecular computetions, macmsoopie
amulations

IPejman Kazem poor jaka zarmpoor@oLLRd Arrospace and Wechan cal Engineering FLel cals, Elertroyaes, Electrocnemizal reactars, Hycrogen storage and Leading the expansion of the hyeragen demonstration site at OU ta Indude Industrial size pgu pment and
ransportation Precess madeling and simuiatien, Techric-ecanarilc analysis, Ufe-  [eevices
tycle pssessment, COQ capture, Ervlssiens recuction, Water-energy nex.s, Energy
orage

SLvin osslay ldevengossemoned) Chiermical, Bloloa eal and Waterals Engineenng |catalyss, hydrogen praduction, CO2 capture, hydragen transporatior, salid carbon |autodave, fluldized bad and flow reators, pyralysls, materals characterization e prent

Jeroctuction, upeyeling of polymers
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Iran Ghamarlan

[nerospate and Methanieal Eng ineering

Wiersstrueture-paperty relationsnips, materlals shasacterization, tribology besting,
myerogen embrittlervent and fracture analysis, hydraen-incuced stress comasion

Seaanirg and transression electron rieraseopes avelabie at SINML soante outfit with mutifunetioral
tribameter and fatigue rachine

craceing analysis, adeitive manufacturing of metzls, and mathine leaming

meahe@ouedy

iriral sehiz |ierospace 2nd Mechanical Eng ineering Compazite manufactuning end Lesting, enengy barvesting and storage, Tlexible

sensor design and manufacturirg, zddtve merufacuring
Spray and gas diffuson Fames, emissions, turbulent mu'tiohase flows

Cornpression molding, 30 priners, materials tedting maching, Slectrozgnning, High terrperature fumzce [hex
andtube), ultrzsanic liquid processing, atomizer, centrifuge
chambers to study flames at stmospheric pressure, temperaturs end emissions messurement

Rarmkumar
Parthasarathy
Zahed Siddicue

|herosmzce 2nd Mechanical Enginsering

|Aerosaace and Mechani cal Engineering Design anc cevelcomert of experimertal setuoto test leak and ernission across
sariers jo-rirgs, sezls, ate] for oil and gas applicationg; high prescure and high

remourature charaterization of matenals; rotating and recizrocating equisment for

High-pressure, high ternaerztuce, high rotational soeed, anc high torgue testing equipment s to test arnd collect
lezk and emigsion data

resting
Harnidreza Shabgard il 2 oy ed |Aerosazce and Mechan cal Engineering Wultiphase heat transfer, freeze and themmal desalination, thermal energy storag e, |Freeze desslination system, computational study of rmultiphase hest transfer
feat pipes
Hjaltl Sigrmarssan Larssnns Electrical & Camputer Eng Ineerirg Wulti-vatenal adetive manufacturing, elecromagnetic characterization of rSerypt 30n-300 drect @ gital manufacturing d atform, netvire analysis capabllities up to 330 GHz, mutiple
materials, custom filament mixirg and extrusion FOM 2rd SLA winting platforms
obn Klier lier® piue Dean of the OU Gallagly College of Wovel materizls for high performence wostings and schesives
Ergireenrg
L Sorg Lsnre@oiLect: |Aerosaace and M echanical Engineering Energy distribubion and BVAC syster efficiency, smart sensrg, learning based 10T technoiogy test bed insmart building setting

cortrol ard diagostic

Birbin Weng binbirmwere S ouedy Electneal and Comp.ter Enginearing Nanomaterial growth, neneohatonic engineering, and chermical sensirg techrology |Overseas the operation of Unvarsty's MREC Cleanraom faeiliy, lead 2 trerediciplinary team at OU feor 2 new
develoorment {infrared, Raman and chemiresistive methods) methare emission monitaring solution developrment.
Yingtao Lu ile=i-0t |herospzre 2nd Mechanica| Engineering additive manufacturirg, functional palymers, composites, and renccomposites, retal, palymer, and composite ackiitive maruf acturing systams availabele, Multi-sezle machanical testing
non-tdestructive evalustion, expenmenta| mechanics platforms. Wethees and approaches to merusaciure poraus paiymers, compeates, and naracompasices
potertially forgas cleanrg, filtering, storage, and host matarials for calalysts,
g oc Bul chemical, Bioiogical and Materials Engineering |Water-Enargy nexus, separation science, membrane sence, interfaces, memirzane synthesis, schienk ling, centrifuge, membrane-based separation systems, potentiostats

& Civil Engireering manomaterisls, resource recovery

IVichde Galizia Chermical, Bioiog ical and Meterials Enginsering {membrenes, separation of reaction products membrane swthesis and characterzation lak

| effrey Harwell £l Zy Chermieal, Bioiog eal and Materials Engineering | Colloid science, d:saersion stability, emulsions, fluid-solid intersetians, carbon Figh pressure, high termpersture coce Fond soparatus; rheometers; materals cherseterization equioment
capture & secuastration, reservoir chemizal trestmant
Lance Looban llohbang cuecd chernical, Biological and Msterials Enginsering |Reaction engineering, high lemperature reactions, reaction mechanisms and Lench scale rezctors, raterial s characterization equipent.

catalysis, biomass to fue's

Ravzoeh Mogharl oo WIbEEmE Petrileum and Genlogicel Enginesring cus, TEA MPGE |ab faclity, Incustry partners, sccess to expertise inthe DOE Caroon Utilizatinn ancl Storage Partnersni
{0USP} cammunicy
Seoldeh Razavl Srazavi@Eouedy Chiemical, Blo'ozical and Materials engingerning | surfaces and Intarfaces, ollaios, nanoparticles, sufactants, assembly and self- irterface and colloid seence lab, Langmulr troug tensiemeter, rheameter and interfacal sheclogy accessony,

aszemdy rnicroscopy, dynzmic light scattering

Dariel Resasco Curesasco @ ail.cor Chemical, Biological and Materials Enginsering | Catalysis, hydrogen production, 002 capture, hydrogen trangportation, solid carbon Jauted sve reactore, pyralysis, materials characterzalion equipent, IP for COMOCAT process, micrescapy
arocuction

Alkerto Striclo Lo Cremical, Bioiogics| and Materals Enginsering |Hydrogen transportation, meterals, bydrogen procuction, molecularineractians,  |Susercomputing at natiomal 13ks and OU, molecular compueations and mesazcopic srmuations
separations, strusture-t ransoort relations, surfactance, collolds, Interfzcial gystems
alse interested in sncial and ethical asperts [eg., socisl licenseto opersts}

Bin Wang yanz ol 2 L Chemical, Bio'ogical and Materals Enginsering 4ol ecular and ab-initio comautaticrs, catalyst desgn, catalysis, hyerogen computting at OU ane at mational labs, ab-ritio computing, mol ecular dynamics

rogugtion
Combustion of blended fud {hydrogen-methang], hydr oz en-oxygen enricned zir
combustion, study particle and g2s emissions,

Viflslon Merchan-
herchan

|nerospare & Mechanieal Engineering A microturbing, an adequate space to conduct hycrazen combustien eperimerts, GC andgas enalyzers and
elactron Micresoapy. Pertinent equipmant for hydrogen-methane and oxygen-nitrogen blending [ fud

riiking thambers, oxyg en-air mixing charbers, fowmeters, ete.),

Produced water reuse

2500 Vogel

jasnnvoge @ou.edy Schoal of Givil Ergineenng and Erwironemntal

Sicence; Oirector, Okahoma water Survey

The Oklahame Water Survey is committec to provicing |eadershipto Facilitate researchthat inchucles koth
aczdermic 2nd nonkacademis stakernlders thraughou: the Cxlahoma water communizy to develop Innovative,
irterdisd plingry salutions for Oklshoma's water chalienges,

Despak Ceveg owds Petroleurn and Geologicsl Erginesring Carhon gee-sequastration, hydragen geo storzge, reactive and norrreacive
molegular madeling, machine leaming, sJbzurface flow, Flow in porovs meda

neluding cements/zails,

Cornputationzl bools 2rg softwzre Far optimization, moceling fluid flow at naro- to b -scale, end machine
lezraing soplications [hotge/ fus nowedu)

deenzk ceveanwdzfouedy

(Chandrz Ral Petrileun and Gealoglcal Englneering Hpdragen gec-storege, cabengeo-sesuestration, wellbore irtegrity, expermental €600 s ft exoerimertal Facilty [Integ rated Core Characterization Center, |C3) capable of high pressure, high
roce physics end petraphysics, bydraulic fracturing, seismic moritoring. termperature custorized core- and weli-scale.
Iehn Figott | pizatt@oueduy Senool of Geasdences Carkonate G ealogy & G eaphwsics, Basin Aralysis, Seisic Stratigraphy, Carkon

Oydes; COUS;




Ardrewy Elwaod Macden |armadden@ o, edy

iGeoscences

ranagecseence, nanoscel e seience and tachnology, geochemizry, materials
stience, chem sty of Interfaces, enviranmentz| microbiology

etrographic microscapy, quartitative minera’ chervictry via elestron microprobe

anaerodlc chamber for perferming redox chervictry, expertise working with redox chermistry and anaerable
processes | electzon transter reactians, powder Keray ciffraction and quartitetive analyas of erystalline

materizls, thermacynamic madeling of mineralwater interactions, indudng precipsation and dissalution of
cartonates, redox proczsses, charactenzation of redox reactiors between solutions and materlals,

cata analytics anal statistical eveluation of chamical data tiedto soatil analyais/ 613 with groundwater wells,
etc. Raman microspectroscopy, pressare vessels far mineral water interaction expermerts, ingubator systems|
for zerrperature-zant rolled microkal and/or mineral water interaction expenments

[falt Pranter

mztthew orar d

Scnol of Geasdiences

Subsurface reservoir characterizatian: gealagic storage site characteristics
neludieg litho'ogy of host ane sealing formations, pare pressures, porasity,
ozreablity, ene other petraphysicsl proderties

3. reservair mocleling integrating maching learning and geadtatistical rmethos
Quzntitative seismic interpretation for geclogical, petrophysical, and
penrnechanical properties of subsurface formatiens

Reservoir Charactenzetion and Maodeling Laboratary — high-end werkstations for subsuface data aralysis and
rterpretasion and 3-D static) dyrarmic reserveir modeling of sunsuface Formations Bruker Tracer [1-50
Handhield K-z Fluorescence Analyzer for major/minor/trace dernents of rock semples

Xzowel Chen

iaowe chan@ouedy

Se00l of Geoscences

Subsurta ce stress 2nd fault fracture distributians, and near-surface
characterizatians, Inducad seismioty (2., related to subsurface fluid injection],
and the related fluid pathways,

Figld seismic equipment

iagan Ehwood Wacden

melwocd@ou.edy

Schcol of Geosdences

Lowrtemperature g eachermistry; water-rock reactions, ete,

hydrates lsb [Low T, high Pj for synchesis and study bydrogen cathrate, Pressure reactors, P-T monitors, efc

Barrien Moore berrendoled) Diean, College of Atmospnenc end Geograshic |Lead P geostationary Carbon Cucle Observatony {GenCar), W ationg) weather Accurate prec ctian fo westher and climate are essential for sustainakle renewaale enery and ety warning
Scences, Director Netiane| Weather Certrer  feerter - hitpe/www.ouedfi of severe wesather impattsto the errgy infrastructure, The Wetional weether center warks to imarove our
unclerstanding of Earth's strosphere, provide acourate and tirely forecasts on severe weather, and to
educate and train futura meteorolagists,
Greg MeF arquhar rctarg@oweds Scool of Metenralogy (noperative Insticute for Severe and Hizh-Impact Weather Research and CISHIWRC leverazes OUs leadership in manitaring and moceling metearological shenomena, weather radar,
Operations [CSHIWRS) and regional climete to help preduce better forecasts and warnings thiet save lives and properties.
it osy/ cimmz.o uedy indexphe, 2021106/ 15/ ou-earns-lead-for-up 40 -208-illion-noaa-severe-w eather-
researchiindituta)
Timoty Filley Eillew ou.edy Departrment of Geography amnd Ewironmenzal {Organie geochemistry, deep soil gas ranitaring - themical composition ard table |Filley isthe Director of the OVPRP Institute for Resilient Bwironeminal and Energy Systeme,
Sutalrabllity; Sehool of Geaseisnces sotopas. Tools to explore Delow-ground leaskage of (02 and soil impacte at
peclogic storage sites. Filley directsthe Orgeric Geochernsitry and Stable Isetoe
and hass Spectrometry facilty at QL which apens in Spring 2022,
(Caitlin Hodgas hodoes@au, Scrool of Geosdiences Daap 50l 235 dyramics! monitoring. Tools to axp/ore below ground leakegaof (02

and sol impacts &t geologic storege stas

Maurdl Resources, and Energy Centers Adjuncs
| fussociate Professor of Energy Management OU
Prce Collegs of Business

Ot & g2 real property 1smez, Domeshic ad invenaional sneray policy & zeop

Hatural resonree property ssnes

O Law 15 andion; tzr 1o il and gas, nahuedl 5, & nergy lew, Our e

offerings are syntiesized wuthin our OWE Center, covening our acedemic degeees and cerhfcates — [0, cerbifisass
nd an LU, = energy and aigurdl resources, aud an online M.L.S, i oil, gas, and energy law = and
progremmeng O Law hosts the snual Fugere Kuntz Conference oa Natuwel Rescures Law and Pakcy, the
largest confersnce of its lind in the country, and 3 home to the 0l and Gas, Namrd Resources, and Energy
Jovmal (DWE I, the drstjoumel of its nd

Firat Dernir

fdermirE ow.ety

Deoartment of Econernics

Developmert economics, Sustanaale cevelopment, 3trustural change,
maeroeconarmics, labor

erathan McF adlden

miecfaddengd ou.edy

Diepartrnent of Econemics

Ervirommental economics, agricuttural economics, resource developmant

na Tsezsura

tsetsure@ouedy

Journalign and Mase Comminization

Ascessenent of commurizy neacs and perceptions cmmunity end legiclatve
communieation ard support; ik and eisis commuri catian management; issues
management; strategic carmmunicetion, public relations, puolic affairs, and public
support

ribust multtimede produttion ard eistibution eapabilities; mived methods socal sdentific researzn to 2ssess
enmmunity pereeptions and needs isunveys, faeus grouns, irterviews]; weo and (remet presence
Fttosy/ S auicheps.org

Department of Peythology

Or. Comnely 15 the Director of tha OWPRP "ingt tute for Saciety and Community
Transfarmetion [ISCT). Dne relevent ares of focusin the |SCT is understanding
he intersection of tectenlogy and saciety. Wew techrologies infuence theworle of]
work, sommunities, ang sociey in profaund ways, offering cpparturities that can
transform fives, bt alse intradueing rew threats, some of which undermine
Auman health and well-beirg. A second area of Focus within 130T is advancing
auity and spportunity by engaging in veszarch and coromunity partnershipsto

shane Cornelly scornelly oucedy wnderstand and address drivers of education, hea'th, and workplace disparities.

Zev Trachterberg ztractitenbers @ su.ecy Deoartnent of Philosapiy Archropeg enic ervirermertal transformation, social science, political ideasand  |Blog on innakiting the anthroposphere nttps/fichekitingtheanthropocena.com,
ransformiztion of environment

Cirg)ing Shi dshiFoyeds Deoartment of Paychology Quizntitative paychalogy, neteorks, public perception of technalogical changes snveys, quantitative anatys s taols for network analvas, statistics for cecsion melong

Adam Feltz afeltz@oiet Degatment af Pathalogy ethical decision making, sommurication of techrical infermation ta nan-technical |Graup end individual testing stations; evetracking; facial recognition and user experience equisment; ability
experts, maral judgemnert, sublic sceeptance of hydrogen to collert user experierce and humenfactors infield studies

Cirging Sni el | Departrnent of Poycholozy guzrtitative payehology, networks, public pereeption of technolagizal charges srveys, guantitative anatys s tools for network analyds, statistics for cedsion making

OKLAHOMA




Farrokh Mistree

farrakh.mistreefou.edy

Gregory durge ghurg eifn wedy

Rerospace and Mechancal Engineering

Policies for disuiptive innovation; realization and monitering of complex cuber-
oiysical-sncial (C25) systems,

Four reseerch morographe that are foundational Lo the realization enc managerment of evolving cyber-
physical-sodal systems: Fail saf e supaly netwarks, dyramic menagement of ergineered systems, ca-cesgn of
cisgrete rultifunctional syservs, cloud-based decision support. Plus software,

Department of Econcmics

Land usereguletian

evin Kunic Bunouedy Departrment of Econcrrics Agricultural econom cs, erwirorm ental ecommics

%th- and 20th-century science; scence 3nd social thoughe; history of technology;
Hurter Heyee hteyek@ou. ety Higtory of Scierce anc Medizing rifarrnation techielcay and society; technoloay and Lie enviranmert

Cperatians of puslic palldes and their effects on palitical, sacizl, ard ecorormle
Devin Carlsan decirlsanmouedy Department of Pelitical Srience outeornes of interest

Regulatory Palitics & Pelicy, Buresucracy, Arnerican Politics, Puolic Pollcy, Agendz
Sam Workman R =R I Z Department of Political Science Setting, Research Methods
Adam Feltz Jafelzo ouedt Department of Peychology [Theoretical sn applied spience for ethical and infarmed desisonmaking.

loepn Suflita (Ementis
5Le)

ullita @au ety

Mizrooislogy end Plert Blology

anaerooic Micrabialogy, Biacormsion, Biodegradstion, Bioremediation, Wicrooia
Eealogy Ervirermental hicrabiolagy - Atemative fugls and biocerrasion feURI

Teresa Shaft

Erirma Celven Sriacclvend ol edy

Interratioral Ares Studies

Gecgrapher and poltical ecclogist, socn-ecolegical charge, eironmental
expertise, anc envirenmerital pelitics, sacal and emvironmental justice

1t oll! g&lk

Wzragement inform ation systems

rale of 1 in ewmnmental marsgement

Risk Uteracy end Sclence for Infarmed Dedsien Making, Deeisicn Vulnerability and
Hurnan Factors Engineering, Risk Commurication, Data visualization, and Adzptive
Dieeision Support, Exert Performance, Skill Acquisitian, anel Treining Tecnologies,
Decision Analytics, Data Soience, and User Expenence [UX)

[ntitute for Public Policy Resesareh and
Analysis

Eowird Cokely Degertment of Peychology
Jaret . Allen 1 Ingusteial & Systems Engineering Evolvirg eyber-physical-saciel -systems (CPS]: managing urcertainty: predicive Four resegreh morograpns that are fourdational to the real zation anc ranag erent of eyler-prysical-sacial
analytics. systems: fall-safe supply netwarks, dynemic management of ergineered systems, e desgn of discete
rnultifunetonal systems, cloud-based decision suppert. Plus saftware,
LinnSeote <lifn ou.edu Price Dollege of Busness (Finance) Energy markets and energy or ces; velustion end finarcing of energyvertures: real [Econmetric/statistical expertise; ulation: masro o5 well 85 mitro economic modeling.
aptiore; invesimert in Infragtructure for the bydrogen econamy,
Ceparksr Ghosh dibash@ouedy Price College of Busness (Accountirg) orlFary research nberests are In rianageral and erergy accountivg, geecifically,
accownting Infarrration far jutkoment and e sion meking, maragement contra|
systerns, performance measures, negotlalon, and translfer ondng,
C5ihi ilalea@oiedy Departrrent of Political Science; Director IPPRAY New techrnlogy adoption fae ity siting: saclally I‘fUMEdE‘GIﬂ!EI‘IFﬁ dlesign; rieky Jlang running pene! sunveys in oklahorna; sadlel media seraprg capabilities; text enalyss leky saclel valuation

sk pereeption; soclal valuation; market valatior; regulatory analyais; Doley
analysle; policy desgn; berefit cost analysis; public andl staxeholder survey
research; facus growos socal meda analysis,

rieasurement/ealzul ation capakilities; panel of Dklahoma stakeholders in erery, water, snd infragructure;
foous grouo/stakenolder faclitation lang-term expertise In energy and ervionmentel palicy

H. Jenkine-Smith

Degartment of Political Science; Director [PPRA;

[net tute for Public Palicy Resesaren and
Analysis

Wew Lechralogy adoptiors Fecility siting: sacially rformed enginearing design; rlsk;
isk percention; sooial valuation; market valuatior regulatory analyss; poley
analysis; policy desgr; berefit cost analysis; public and stakehe|der survey
research; facus grouog saclel meca aralysis,

long ruaning pare! surveys in oklahorna; sacel media scraprg cepalblities; bext enalysis laky sacil valusbion
rmeagarement,/calouletion capabilibies; penel of Oklahoma stakeholders inenergy, walter, and infradructure;
faous group/stakeholder faclitation larg term expertise In energy and ervironmertal pol iy

111 Ecly

Degartment of Communication

alitical cornmurdcation, pualic opnion, medis and oolitics,

fethi cs for assessing the effects of communlcation, How cormpunicaltion shages the poltical sgenda,

Cynthia L Rogers

Depertment of Econermics

aenavioral ecoromics. acal economic developrient, stete and ocel tax policy,
snciohydroiogy.

flehalas Haymean

Oklahama Gealogicel Suney

Geclogy, zeophy

Aralysis of carservation pricing and consumer resporses to socisl messaging.

Director of Okiaharna Gealogical Survey, Physical Expenments e, w/barehole palymers, gelcgical madeling
and characterzation e, subsurface storage

i olly Yurker Oklahama Gealog cel Suney Education & Outreach far Earth Stlences Resouree ron far public open house, K-12 Program, OG S workeshion ard publzations

lacah Welter Oklahama Gealogicel Survey Geophysics (Seismalagy) State Seismoalogist, Regionzl seigmic network, geostorage hazards, leed on state coardingbing councll (GCC-
065}

Richard Tarver Oklahama Gealogicel Survey COklahama PEtroleurn Information Certer (OPICH State repository For well dogging cata, Core repository

Leeh Jacksan Oklahoma Gealogice Suney |werogeology Iydrogealogy inclueling of g eastorage, maintaing field instumertation (soncles), lab essentials

irg Suriamin Okiahama Gealogleal Survey Petroleum GEology fegonal stratigraphy and reservoir characten zationy geocheristry, rasouce g ecgraphy (pipelines, well
cistributian), sorehole grophys cs

Carla Eicaler Oklahama Gealogical Survey STATEMAP, g eol gy f1eld geolegy, sedirmertology, USAS STATERA® program, g ealugy labaratory

Uridsey Hunt
Metra Regmi

Okiahama Gealogical Sunvey

Winera chemistry, petrelogy

Electran Wicreora be Facllity

Oklahama Gealogicel Survey

Remote Sersing, Surface Processes, Geomaphalogy

Rernote Sersiog Laboratory, MASA, FEMA, LIDAR




RonVan Den Bussche

Senjor Associate Vice President for Research

ronvan_den_bussche@okstate edu

drogen and

Faculty Memb:

Email

Ron will serve as the initial primary point of contact for Oklahoma State University with regards to thisinitiative

Departmant/Scheol

Spacific area(s) of research capabilities

Notes, including specialized tools or facilitiss

Camelia Knapp

camelia knapp@okstate.edu

Boone Pickens
School of Geology

Geaphysical characterization for

COZ sequestration in geologic strata; petroleumn
exploration; environmenta geophysics; marine
geophysics; hydrogeophysics, gas hydrates

Pl or co-Pl on 4 major DOE carbon capture,
utilization, and storage (CCUS). Stateofthe art
industry standard software used for CCUS
applications inciuding: (1) Halliburton's Landmark
Solutions (~-$30M donation);, Schiumbergers
Petrel Platform (-8M donation); ¢3) Paradigm
Platform (~-1.5M donation); (4) CGG Veritas ~
Hampson Russell (-3M donation), (5) Computer
Modeling Group - GEM reservolr simulating
software.

Structural and geodynamic evolution of the
continental lithosphere through integration of
surface geclogical and active and passive-source
selsmological data Application of geolodical and
geophysical analysis to hydrocarbon exploration
and carbon sequestration using both 2-0and 2-D
seismic reflection data Design, acquisition,
processing and Interpretation of selsmic

Boone Pickens experiments from shallow to lithospheric scale to
James Knapp ames knapp@okstate edu School of Geology  fsolve structural and tectonic problems. Same
Pioneering the CCUS arenain the LS as one of
the founding members of the DOE funded carbon
sequestration partnerships. Many reszarch
Sedimentary Geology, Coalbed Methane Shale projects for CCUS funded by DOE including one of
Boane Fickens Gas; Conventional Reservoirs; Geological Carbon [the S CarbonSafe projects for cormmercial
Jack Pashin iack pashin@okstate.edu School of Geology  [Sinks; Basin Analysis deploymentof CO2 injection.

Javier Vilcaez

vilcaez@okstate edu

Boone Pickens
School of Geology

Experimental and computational research on the
multiphase flow and reactive transport of CO2 in
geological storage sites atboth the pore- and field
scale levels, ML algorithms 1o predct flow
praperties of carbonate and siliclciastlc rocks
from well log data and pore-scale simulations;
conduct field-scae multiphase reactive transport
simulations to history-ratch feld data and
predict the fate of COZ in geological storage sites.

hitps://vilcaezwordpress.com/lab/

Aoueous geochemistry research for various
geological setfing; extensive experiences using
synchrotron ¥-ray based technigues to
characterize samples, design of in-house
experiments best representing the geological
reservoir conditions, collect samples from field
and lab, and analy ze samples using various
technicques 10 ensure the safe storage of COZ and

X-ray Absorption Fine Structure (XAFS)
spectroscopy

X-ray Surface Scattering (YR and RAXR)
Inductively coupled plasma-optical emission
spectroscopy (ICP-QES)

Inductyely coupled plasma-mass spectrometry
(CP-MS)

Powder ¥-ray diffractometry (XRD)

SCANNING electron microscope (SEM)

Boone Pickens predict the change of geochemistiy In geological | Transmission electron microscope (TEM)
Tingying Xu fingvingxu@okstate.edu School of Geology  |storage sites EET analysis
Geophysics and advanced computer application;
application of machine learning technology for
the characterization of reservoirs and storage
Boone Pickens complexes; rock physies and poroslasticity,
Privank Jayswal priyank jalswal@okstate edu School of Geology  |inverse theory.

Michael Grammer

michasl. grammer@okstate edu

Boone Pickens
Schoal of Geology

Carbonate Sedmentology and Stratigraphy;
Carbonate Reservoir Characterization; Petroleum
Geology; Carbon sequestration.

Care and slabbed samples

Outerop and feldwork

Thin section petrography

Image Analysis of Thin Sections

Dl Inspire 1 Pro Drone (Drone photography)
Digital Outcrop modeling with Agisaft Phatoscan
Software

GigaPan Epic Pro for high resolution cutcrop
images

Machine Learning Artificial Meural Metworks, iK-
Means Cluster, K-Mearest Neighbor

lon Mill

Muclear Maanetic Resonance Speciroscopy
(MM R

Optical Cathodiuminescence

Scanning Electron Micrascapy (SEM), Micro-CT

In Env. Eng, we have toois for microbial
charactenzation {1 H2 production s microbial in

Civil and Engineered treatment of paperboard {and similary {nature) gas chromatography for H2 (and any
Environmental waste streams for the production of hydrogen gas |other gas) quanfitative measurement
Jorge GonzalezEstrella jorgego@okstate edu Engineering during decomposition Manomaterials characterization,
Chvil and
Environmental Life cycle analysis of H2 production, such as €02
Mary Faltz rary.foltz@okstate edu Engineering impacts from production methods
CO2 capture, separations, colloids, emlusions, high pressure gas/liquid separations, lab scale
Chemical Interfacial phenomena, wettability alteration, distillation, phase doppler interferometer,
Clint aichele clintaichele@okstate eduy Engineering hydrogels diffusion NMR
heterogeneous catalysis asitrelates to steam
Chemical refarming of natural 9as to €O and H2 (blue
Jeffwhite jeffwhite@okstate edu Engineering hydrogen initiatives) with CCS catalyst synthesis and testing equipment

OKLAHOMA




David Carter

david.canen@olistate edu

Finance / Spears
School of Businass

| have a B S in Chemical Engineearing with an
emphasis on Energy and Envircniment. Even
though my PhD s in another ares, my ChemE
degres gives me the backaround to sppreciate the
engineering issues related to the use of Hydrogen
as an energy source. | haveindustry experience
parfarming capital investrmeant analysis for a
natural gas pipeline company. | have published
research on the hedging of jet fusl by airines |
currently co-teach an Energy Business course.
We cover renewable eneray as part of the course
material.

Finance/Spears

Asser pricing, market microstructure, quantitative

Louis R Piccotti louis r.piccotti@@okstate.edu School of Business  |finance
Fuel Pricing, Structure products, Risk
Finance/Spears managerment, Strategic Planning, Price discovery,
Joe W, Byars joe w byeraiolkstale edu School of Business |Supply chains/logistics | have industry contacts
Regional/Rural/Urban economies, Applied
E conometrics, Energy Econornics, Regional
Dan Rickman dan rickman@olstate edu Economics/SSB Economic Forecasting
Reaional/Rural /Urban economies, Applied
Econametrics, Energy Econarnics, Regional
Honabe Wang hongho wanabokstate edu Economics/558 Econamic Forecasting
Analytics/DataScience/Al, Energy analytics -
Mart. Sclnfo worked with Central Electric to perform
Rarmesh Sharda ramesh, sharda@akstate edu Sys/SSE renawable energy performance anaysis
A part of tha research in my group is focused on
developing new synthetic methods to convert
fossil fuel hydrocarbons to their alcohol
derivatives as liquid fuels. Another research
project is to develop cost-effective metal catalysts|
for hydrogen production from forric acid
dahydrogenation as a clean and sustainable
Laleh Tahsini Chermnistry eneray source.
Petroleum
Hunicoles hunjoo lecifokstate edy Engineering Carbon capture and storage, basin modeling
Petroleumn
Moharmred A Dashaishi r.aldushaishi@olstata edu Engineering Carbon capture and storage; basin modealing

Panka Sarin

pan kaj sarini@ ckstate edu

Materials Sclence &
Engineering

Protan conducting solid oxide fusl cells, High
temperature materials and technology
davelapmeant for hydrogen production and carbon
capture (in collaboration with Jirn Sray (Materials
Science &Engineenng); Materials development
for sustanable hydrogen and natural gas storage

Materials synthesis, microstructure
charactarization, in-situ high ternperature
investigation of materials and processes

Specific area(s) of rasearch capablitles (list all

Faculty Member rtrment /School|relevant areas) Notes, Including speciallzed tools or facllities
Bicloglcal Treatrment of an Industnal Waste
Stream Containing Wasts Ink and Surfactants,
Examining the Effects of Vanaus Environimental
F actors on the Biotransformation of Chloringted
Aliphatic Compaounds in Landfills, nitroaromatic
compounds (such as THT and RDX) in soils and in
Greg Wilbur CEAT/CIVE engineered trealment systems
Gaosynthatics
Ground improvarmart
Geo-hazard
Geothermal and eneray pile foundation
Hiaoming Yeng CEAT/CIVE Hydraulic fracturing technology
Modealing Dynamic Fluid Loss
Proppant Transpert in Slick-water Fracturing of
Shale-gas Formations
Petar Clark CEAT/CHEME The Crosslinking of Water-Soluble Polymers
Ermulsion Formation and Stability
Improved Separations for Algae Fuel Production
Gas Treating
Clint Aichele CEAT/CHEME Life Cycle Assessment
CAS Microbiclogy &
Babu Fathepura babu. fathepur eokstate adu M olacular Genetics
JavierVilcaez vilcaeaolstate adu CAS fGeclogy
CEAT/Mechanical
and Aerospace
Khaled Sallam Jkhaled sallam@okst ate edu Engineering
CEAT/Chemical
Prem Bikking prarm bilkin a@okstate adu Enginaering
CEAT/Chernical
aak-Jhin Kim sackjhinkim@olstate.adu Engineering
odd Halihan todd halihandbolcstate adu CAS/Geology
racy Guan tracy. quan@okst ate edu CAS /Geology
a0 Wu wutacl SBl@arnail com CAS/Geology
CEAT/Chernical
Jindal Shah Jindal shah@okst ate edu |Engineering
Srallplot of large scale field faciitas to evaluate
COZ saquastration by crop or native plants, carbon farming and sequestration, State of the ant
Carbon farming, Lifs cycle analysis; Sensors and  [sansors tameasura GHGS, Drone based
FCA/Mant and Sail  |dronaes for data capture; Carbon intensity Ryparspectral, LIDAR and thermal platforms |
Gopal Kakani vg kakani@okstate edu Science calculation Image and big data analytics
Water quality, water chamistry, water and
wastawater treatmeant, advanced oxldation
kiranmay | mangalgl ri@okstate ed processes, photolysis and photdegradtion, water
Kirarmay Mangalgin u DASNR/BAE rause, contarrinants of ererging concern
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Producsd Watar - Malarlals

CEAT/CIVE

Specific areals) of rasearch capabl[Itlas (st all

Departrment /Schoal|relevant sreas)

Notes, Including speciallzed tools or facllltles

Concrete materials with an emphasis on concrete
durability and sustainability.

Three-dimensional chemical mapping of cements
and mineral admixtures and the changes of these
materials in chemistry and microstructure in
different exposure environments.

Devaloprment of inexpensive, passive, and
wireless sensors

Construction engineering with an emphasis on
providing equivdent or superior structural
systems through innovative methods and
materials that increase speed, constructability,
and econormy.

Structural engineering, specifically where
structural design decisions impact concrete
materials and vice versa

Tyler Ley

Gair Hareland

CEAT/CHEME

Drilling Optirization and Drill Bit Maodeling
Rock Mechanicsin Drilling and Complation
Oparations

Drilling Fluids and Hydraulics

Drilling Systern Parameter [ntearation and

Opti i 2ation

Well Completions and Stimulation Optimization
+DESDE Camenting

David Mcliroy

dave.mcilr oy@akistate.sdu

CAS Physics

Panlal Sarin pankaj sarin@okstate edu

Produced Watar -

CEAT/Material
Sclences

Low cost ceramic mernbranes for ultrafiltration/
nano filtration of produced water (in collaboration
with Jim Smay, Materials Science & Engineering ),
novel high performance electrodes for produced
water tred ment through electrocoagulation,
Capabilities: Materials synthesis, microstructure
characterization

Mark Kramarzick

CEAT/CIVE

Spaclfic areals) of research capabl|itias (list all

Notas, Including spaclallzed tools or facllltias

Impact of ail/gas production fluids on sl
microbial communities

PCB and TCE bicremediation with the co-
amendment of natural organochlorines
Reduction of 2,4-dinitrophenal and study of nitro-
reductase genesin soil bacterial communities.

Saleh Taghyasian

saleh taghvaelan@okstate adu

|BAE/DASNR

Ag water management, smart irrigation systemns,
irmgation scheduling, remote sensing of crop
water use, managing high salinity in water,
hydrology, DASHR Extension Spacialist

Gopal Kakani

v.g ealani@olstate edy

FCA/PSS

For Bioanargy Crop Production; Field and
Greenhouse facilites to evaluate the impact of
produced water, Bioamass quality analysis

Jason Warren

Hailin Zhang hailin zhang@okstate edu

FCA/PSS

Soil and water chernical characterizations, and
contaminated soil remediations.

Jiason warren@olstate edu

[FCA/FSS

LIt| Il_zi_ng produced water frorm crop production

Al Mirchi amirchidolstata adu

DASNR/BAE

Watar resources planning and man agemaent,
system dynamics modeling for management and
policy inslaht, watershed modeling and water
quality managerment, sustainable socio-ecological
systerns, climate impacts

John Long lichrmm lona@okstate edu

DASNR/BAE

Intelligant machine systerns, precision agnculture,
crop managerment, field applications for
agricultural technologies, DASNR Extension
Specialist
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Opportunities across

the entire value chain:

Heat

1. Energy Resources &
Generation

2, Transmission &
Distribution

3. EnergyStorage

4, Transportation
Infrastructure

TVERSITY of

yA
- /a\

TU Research Contact:

Brenton Mclaury

Head Faculty Member

e-mail address

_c_nu Provost for Research & Dean of the Graduate School

Department fSchool/ affiliation

Specific area(s) of research capabilities {fist all refevant a

inchuding s

Mohan Kelkar (Energy
Transition Lead at TU)

McDougall School of Petroleum Engineering

Mohan Kelkar (s currently Chair of Petroleum Enginesring program at the
University of Tulsa, With resurgence in discussion related to renewable energy
sources, he has focused on transforming the existing PE program with emphasis
on Energy Transition, While maintaining the focus on expertisein sub-surface
engineering (which Is the main domain of petroleum engineering), the program
has introduced many new courses which capture the energy transition. These
include CCUS, Geothermail Energy, Interm|ttent Storage and Produced Water
Wanagement,

He is currently focused on bullding research coslitions which would Invalve using

TU has expertise n large scala fluid flow experiments, drlling and completion research, compact separation and
arti ft methods, With some modifications, the exsting facilities can be used for hydrogen transport,
hydrogen storage and hydrogen production,

Research Centers/Clusters/Programs at The

Evren Ozbayoglu

fversity of Tulsa fnot e xhaustive)
Department /School,
Tubsa University Drilling Research Projects

all refevant areas)
Evren M. Ozhayoglu s currently a “Chapman Endowed Wellspring Professor” of
The University of Tulsa (TU), MeDougall Sehool of Petroleum Engineering and the
Director of The University of Tulsa, Drilling Research Projects (TUDRP), Dr
Ozbayoglu has numearaus publications and particpated in several industrial
projects on major drilling engineering topics as well as wellbore hydraulics, hole
cleaning and tubular mechanics, He was awarded for SPE Reglonal Drilling
Engineer Awardin 2013,

cluding speckalized toofs or facilf
The Well Construction Technology Center is an advanced technology research center that incarporates high
pressure, high tem perature fluid flow applications using both fleld scale and lab seale equipment for the oil
Industry. &lso, geomechanics facilities hav the capability of simuating undergroud storage process in various
formations including conventoinal reservoirs as well as salt,

Cem Sarica

Tubsa University Fluid Flow Projects (TUFFP.org)

Dr. Cem Sarica s currently serving as the director of three industry-supported
consortia at the TU: Fluid Flow, Paraffin Deposition, and Haorizontal Well Artificial
Lift Projects at the University of Tulsa. His research has primarily been funded by
oll and gas Industry through consortium format, Heconsistently manages over
$2,000,000/year research budgets, He is a member of the Society of Petraleum
Engineers (SPE) Projects, Facilities and Construction Advisory Committee (2002 =
Present) and a member of the Executive Committee of Flow Assurance Technical
Section of SPE (2013 - Present).

The Tulsa University Fluid Flow Projects (TUFFP)is a cooperative Industry-University research group supported
by several oil and gas production, consulting, service member companies and government agencies, The group
was formed January 1, 1973 by Dr. James P, Brill. The mission of TUFFP s to conduct applied research and
devalop solutions for problem s encounterad by tha member companies pertaining to mutiphase fluid flow in
pipes, At any givan timea, thera could be between 4 and 7 research projects actively being conducted that are
selected by the TUFFP member companies, Research is supported by annual membership fees,

Holden Zhang

Tulsa University Artificial Lift Projects

Dr Holden hang directs artificial lift projects

The Tulsa University artificial Lift Projects (TUALP) Is a cooperative industry-university consortium to conduct
research on artificial lift technologles and strat egies for petroleum production. Our primary objective (s to
provide our memhbers with experimental results and theoretical analyses on the perfarmances of various artificial
lift methods, and useful tools for artificial lift applications and production optimization,

Tulsa University Paraffin Deposition Pr
(TUPDP.org)

As stated above, Dr, Sarica also directs the Tulsa Univer sity Paraffin Depasition
Project on TU's North Campus,

The chjective of Tulsa University Paraffin Deposition Project (TUPDP. org) is to utilize the current test facilities at
The University of Tulsa, as well as member company expertise, to enhance our understanding of paraffin
depaosition in single and two-phase (gas-oil) flows; conduct focused experiments to better understand various
aspects of deposition physics; and utilize knowledge gained from experimental modsling studies to enhance the
computer programs devel oped in the previous JIP for predicting paraffin depasition in single and two-phase flow
environments, Thase refined computer modeals will then be testad against field data from member company

pipelines.




Rami Youris

TU Future Reservoir Simubation Systems &
Technology

Dr. Younis is an Associate Professor at the McDougall School of Petroleum
Engineering at The University of Tulsa. He is the Founder and Director of the
Future Reservoir Simulation Systems and Technology (FURSST) joint-industrial
research consortium. His research aims to: 1)develop fundamental advances in

computational methods that are foundational to ing tect gies atthe
systems-scale 2) advance algonthms and software infrastructureto enable
automatic ity and perf o2 op of scientific research

software and 3) leverage data and computation to evaluate optimize, and
design more efficient and prudent operations. Dr. Younis serves as Associate
Editor for the SPE Journal, Guest Editor for the Jounal of Petroleum Science and
Engineering, and Organizing Committes member for the SPE Reservoir Simulation
Conference.

TU-FURSST is an Industry-University research consortium founded in 2015, The TU-FURSST collaboration
addresses significant and timely technical opportunities in subsurface engineering where computation plays a
first-order role. Our approach combines engineering science, computational mathematics, and scientific
computingto develop methods and workflows enabling engineering design, operations management, and early-
stage technical innovation, all at the system scale.

D OE-OSU: Large volum e fragmentation of rock
using targeted pulsed ener gy sources and
seismic wave interactions

Dr. Younis is the Principal Investigatoryion a 3 year DOE supported project is
devel oping a technology to emit high energy shock waves into subsurface
formation in order to vastly increase permeability and create porosity. The
mechanism applies short-duration energy pulses, and multiple benign seismic
waves interact to create intense shear zones at target locations. This waterless
technology may be applied to create large-scale subsurface storage zones ina
geographically oblivious manner,

Mustafa Onur Tulsa ¥ i Exp Projects [Mustafa Onur is MchMan Professor of the McDougall School of Petroleum The University of Tulsa Petroleum Reservoir Exploitation Projects (TUPREF) s a cooperative industry-university
(TUPREP) Engineering at University of Tulsa and Director of TU Petroleum Reservoir research project group founded in 1989 to address basic and applied research needs of the subsurtace upstraam
Exploitation Projects (TUPREP). His current research is on the application of energy industry in the areas of reservoir charact erization, pressure rate and temperature transient data
inverse problem theory, mathematical optimization, and data scienceto madeling and analyses methods, and the application of inverse problem theory, mathematical aptimization and
problems of relevance in optimal reservoir management and development, data science to problems of relevance in optimal reservoir management and development, assisted history
assisted history matching and uncertainty quantification for oil, gas, pressure and | matching and uncertainty gquantification for conventional and unconventional oil, gas, and geothermal systems.
wireline formation testing and conventional and unconventional geothermal
reservoirs. He is currently the Associate Editors of SPE Journal and Journal of
Petroleum Science and Engnearing. He is the recipients of the 2010 SPE
Formation Evaluation and 2018 Reservair Description and Dynamics Awards and
a distinguished SPE member.
Ovadia Shoham Tulsa y hnology Projects | Dr. Shoham is the Floyd M. Stevenson Distinguished Professor of Petroleum Established in 1394, the mission of Tulsa University Separation Technology Projects (TUSTP) university/incustry s
(TUSTP) Engineerijng. His research interests are in the production, transportation, and to advance the state-of the-art of compact multiphase cyclonic separation technology for gas-oil-water-sand
separation of multiphase flow, along with two phaseflow module He is theco-  |flow. This indudes development of individual compact separator components, such as the Gas-Liquid Cylindrical
director of TUSTP, which is invol ved in many projects related to separation of oil, |Cyclone (GLOC®), the Liquiddiquid Cylindrical Cyclone (LLOC®), the Liquid-Liquid Hydrocyclone (LLHC), Horizontal
gas and water using compact seprators. Pipe Separator (HPSD), flow conditioning facilities such as the Slug Damper (SDO), and integrated compact
multiphase separstion system (CMSS®). More recently R&D on oil-water emulsion stability and breakup and
peoduced water treatment,
Rarn hMohan ram-mohan@utulsa edu Tulsa ity i gy Projects |Ram Mohan teaches and conducts research in the areas of control system design, | Dr. Mohan partners with Dr. Shoham on the R&D direction and result transition for the Tulsa University
(TUSTP) compact separators, multiphase transport phenomena, dispersion Separation Technology Projects (TUSTP) as described above,

characterization, system optimization, instrumentation and measurements,

com puter-aided design, and manufacturing processes. He is currently serving as
the Co-Director of The Tulsa University Separation Technology Projects (TUSTP)
and is the Site Director of the NSF industry/University Cooperative Research
Center on Multiphase Transport Phenomena at the University of Tulsa and directs)
several projects supported by Chevron TU Center of Research Excellence (TU-
CoRE)

Eduardo Pereyra

Tulsa Univeristy Horizontal Well Artifitial Lift
(TUHWALP.org)

Eduardo Pereyra Is assistant professor at the McDougall School of Petroleum
Engineering and associate director at theFluid Flow Project and Horizontal wells
Artificial Lift Projects of The University of Tulsa. His research interests are
multiphase flow systems and transport, flow assurance, artificial ift and
separation technologies. Eduardo counts with several refereed jounal and
conference papers in his area of interest.

The Tuksa University Horizontal Well Artificial Lift Projects (TUHWALP) addresses the challenges of horizontal
wells and develops new methods for advancing artificial lift and other production related technologies. Our
mission is to work cooperatively with the oil and gas industry to develop data science and physics based models,
technologies and predictive tools; that enhance the knowledge and ffectiveness related with the production of
horizontal oil and gas wells. Visit our wehsite for more information. Gain full access to our continuously
developing technology and software by becoming a member,

Hefma Ramisurn

Russell School of Chemical Engineering-
Bioproduct Laboratory

Dr. Hema Ramsurn has worked with sub- and supercritical water as aliquefaction
and gasification medium to depolymenze biomass to produce biofuels, biochar

and singss.

The Bioproduct Laboratory has facilities to study catalysis, methane pyrolysis to hydrogen, biomass gasification
to hydrogen, (biojcarbon materials, and activated carbon. In addition, Dr. Ramsurn efforst indude graphene
synthesis and graphene metal costing as corrosion prevention.

D oE (co-Pi):Carbonized Microva scular
(Com posites for Gas Receivers

Nagu Daraboina

Daraboina Research Group

Dr. Ramsurn Is also part of a 3-year Do€ project on Carbonized Microvascular
Composites for Gas Receivers.

This 3-year Dok funded project is investigating the synthesis of a novel carbon-carbon composite as a metarial
for solar recei vers using supercritical CO2 as the heating fluid,

Dr. Daraboina is an assistant professor in the Russel School of Chemical
Engineering His main research interest is in the areas of flow assurance, carbon
dioxide capture & storage, petroleun thermodynamics, and polymer
degradation. He has authored or coauthored more than 40 publications inthese

areas.

Dr. Daraboina’s lab is equipped with facilities to study produced water desalination, carbon captureand
sequestration, gas separation, and hydrocarbon thermodynamics.

OKLAHOMA



(TUPDP.org)

Tulsa University Paraffin Deposition Project

Dr. Daraboina is the assodate director of the Tulsa Univarsity Paraffin Deposition
Project (TUDPD.org}

The objectiveof this program is to utilize the current tet facilities at The University of Tulsa, as well as member
company expertise, to enhance our understanding of paraffin deposition in single and two-phase (gas-oil) flows;
conduct focused experiments to better understand various aspects of deposition physics; and utilizeknowledge
gained from experimental modeling studies to enhance the computer programs developed inthe previous AP for
predicting paraffin deposition in single and two-phaseflow environments. These refined computer models will
then be tested agsinst field data from member company pipelines.

Earth Systems Energ

v-Related Research (Charmacterization, Management, Monitoring, Mo

delling, Storage, CCUS)

e-mall address Department /¢ olf affiliation ic areafs) of research capabilities (it olf refevant areos) Motes, including specialized took orfociiitie s
Evren Ozbayogiu Petroleum Engineering Drilling, well completions, geomechanics, fluidflow Large scale hydrogen underground storage and productio tu simulation with the capability of Cartesian
stress state environment, and corresponding geomechanical modeling of the system.

Halden Zhang Petroleum Engineering Artificial Tift, multiphase flow, heat and mass transfer, ol and gas production, and | Water cycle stability - the Sahars desertification process and how to reverse Wrote book Revive Eden - Green
flow assurance Sahara Now.

Rami Younis Petroleum Engineering Computational methods; Computer-aided engineering design and analysis; Coupled full physics simulation models for High Performance Computing machines to handle seismicity, non-
subsurface flow, mechanics, damage/fracture, and samic response isothermal and reactive multiphase transport, and reok fracture

Juri Lu Petroleum Engineering Reservoir engineening, colloid science, emulsions, fluid-solid interactions, multiple high pressure, high temperature coreflood units; rheom eters; microfluidics; goniometer; ICP-OES; IC; GC
reservoir ch treatment, geo istry, carbon capture & sequestration, etc.

Edusrdo Pereyrs EduardoFersyra@utulsa.edu Petroleum Engineering surfacefacilities, pipsiines, flow messurement, separation and process Figdd scale experimental facilities for fluid flow and process experiments. State of the art instrumentation.

Cem Sarica Cem-Saricai@utulsa edy Petroleum Engineering Mulkiphase flow, fluid flow transport, heat transfer; flow assurance Unique large scale experimental facilities with advance instrumentation. Design and construction of customized

experimental facilities

Mustafa Onur

mustafa-onur@utulsa.edu

MeDougall School of Petroleum Engineering

Reservoir Engneering, application of inverse problem theory, mathematical
optimization, and data science to problems of relevance in optimal reservoir
management and devalopment, assisted history matching and uncertainty
quantification for oil, gas, conventional and enhanced geathermal systems.

High-fidelity reservoir simulator-based and machine-learning-based history matching and uncertainty
quantfication algorithms, roboust and deterministic life-cycle reservoir production optimization algorithms, new
models and methods for modeling monotroing, and analyzing pressure, production rate, and temperature
transient data acquired from subsurface enargy sources.

Cyber Security Research and Technology Development (not exhaustive)

Tyler Moore

e-mall address

School of Cyber Studies

Department /Schoolf Affiliation

Specific areafs) of research capabifities {list all relevant areas)

Dr. Mooreis the inaugural chair of the School of Cyber Studies. He is a founder of
the area of secunity economics 25 demonstrated by an esteemed article in Sdence
tit led “The economics of information security”. Dr. Moore's research blends
security economics with cybercrime messurement and cybersecurity policy. He is
a founding Editor in Chief of the Jourmal of Cybersecurity beginning 2014

Notes, including specialized tools or fadiiities
Dr. Moore manages StopBadware, a non-profit anti-malware organization:

John Hale

Tandy School of Computer

Science

Dr. John Haleis Chairperson and Professor of Computer Science. He holds the
Tandy Endowed Chair in Bioinformatics and Computationz| Biology at the
University of Tulsa. These projects indude research on neurpinformatics, cyber
trust, information privacy, attack modeling, secure software development, and
cyber-physical system security. Hehas testified before Congress onthres
separate occasions 25 @ cyber security expert, and in 2004 was awarded a patent
on technology he co-devel oped to thwart digital piracy on file sharing networks.

He is a founding member of the TU Institute of Bioinformatics and Com putational Biology (IBCR), and a faculty
research scholar inthe Institute for Information Security {iSec),

Mauricio Papa

Tandy School of Computer

Science

Mauricio Papa Is the Brock Assooate Professor at The Tandy School of Computer
Science. His primary research area is critical infrastructure protection and

oper ational technology (OT) security, areas in which he has helped design process
control testbeds to support cybersecurity efforts.

Dr. Papa is the Principal Investigator on a recent &rmy Engineer R&ED Center multi-million dollar project to study
OT threat analysis across multiple domains, such as electric power, gas pipelines, and additive manufacturing
The Critical Infrastructure Protection lab has a scaled-down version of an electric power substation using
redundant controllers that communicate over the network using the NP3 protocol, In the transportation sector,
with funding from the Department of Justice and the NSF, he worked on projects involving heavy vehidles. Inthis
area, he helped build forensic toolks for use in crash reconstruction as well as a testbed that could be usedfor
cybersecurity experimentation.

Peter Hawrylak

Engineering

Departm ent of Electrical and Computer

Dr. Hawrylak is an Associate Professor in Electnical & Computer Enginesring with a|
joint-appointment in The Tandy School of Computer Science. His primary
research areas sre high-performance computing and hardware/embedded
system design. With respect to high-performance computing Dr. Hawrylak
focuses on incorporation of heterogeneous computer architectures, specifically
FPGas into high-performance computing workflows.

Hz s a named inventor on num erous patents in the wireless and RFID areas with several being commerci alized,
Dr. Hawrylak led a multi-institution DOE NEUP effort (including The University of Tulsa, Washington State
University, and PNML) to investigate the cyber-security of the 1& C systems in nuclear research reactors as they
move from analog 1&C systems to digital 18C systems. Significant outcomes of this research included a set of
tools to model the cyberphysical attack surface of thel&C system and the development of a sandbox testbed
platform to evaluate proposed mitigation tools, procedures and strategies.
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