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Preface

Thisreportis the result of work by the
Houston Energy Transition Initiative's
(HETI) Hydrogen Working Group, a
collaboration organized by the Greater
Houston Partnership (GHP) and the
Center for Houston's Future (CHF) to
develop a shared vision for how the
Houstonregionandthe state of Texas
canleadthe energy transition.

HETI seeks toleverage Houston's
energy leadership to accelerate global
solutions foralow-carbon future.
HETI's objectiveisto createavision
and ablueprint for growing theregion’s
economy, exporting low-carbon
products and expertise, equitably
creatingnew jobs, and helping
Houston achieve the goals of its
Climate Action Plan.

Thereport examines one aspect of that
goal: the viability of a Houston-led clean
hydrogenregionalhub and describes
what the state could achieveinterms

of scale, cost, and diversity of projects
overtime.

The Department of Energy (DOE)
definesaregional clean hydrogen

hub as “anetwork of clean hydrogen
producers, potential clean hydrogen
consumers, and connective
infrastructure locatedin close
proximity.” Inaddition, intherecently
passed Infrastructure Investmentand
Jobs Act, Congress defined “clean
hydrogen” as hydrogen production that

meets specific CO, emissions targets.>
Consistent with these definitions,
thisreport focuses onbuildingaview
of the physical clean hydrogenvalue
chainin Texas, including competitive
advantages andunlocksrequiredto
drive the creation of the hub. More
specifically, the report discusses the
supply of and the demand for clean
hydrogenin Texas and offers a vision
and aroadmap for how a hydrogen
ecosystem led by Houston could
develop.

Thisreport presents a baseline view of
cleanhydrogenin Texas, reflectinga
shared understanding of the potential
among several players across the value
chain. This view has beeniteratively co-
developed andincorporatesinputs
from members of the Hydrogen
Working Group.

Thereportdemonstrates how Houston
canbecomeatrue hydrogen economy,
which willrequire markets, infrastructure,
pricing, carbontrading, andrisk
management. Suchan ecosystemwillbe
transformative by enabling participants
acrossdifferent value chainsegmentsto
driveinnovation.

1 DOE Update onHydrogen Shot, RFIResults, and Summary of Hydrogen Provisions in the Bipartisan
Infrastructure Law, U.S. Department of Energy, December 8,2021. Retrieved from:
https://www.energy.gov/sites/default/files/2021-12/h2iq-12082021.pdf

2 H.R.3684-Infrastructure InvestmentandJobs Act, U.S. Congress website, November 15,2021.
Retrieved from: https://www.congress.gov/bill/117th-congress/house-bill/3684/text
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Inaddition, the report examines

four cross-cutting enablers: policy,*
infrastructure, innovation, and talent.
Thereport concludes with a synthesis
of this effort and highlights areas to
explore furtherin subsequent work.
Finally, the appendix provides additional
details onthe assumptions, tools, and
references usedin this analysis.

Theintended audience for the report
includes members of the business
community, non-profits, academic
institutions, policymakers, and
other organizations withaninterest
inHouston's future clean hydrogen
economy. Thereportis organized
for bothlinear flow and modularity:
Readers canchoosetofocusona
specific chapter without havingto
reference earlier chapters.

Thereportdiscusses statistics,
forecasts, and other figures obtained
from publicly available sources,
companiesinthe hydrogen working
group atthe Centerfor Houston's
Future, andinterviews with subject
matter experts. Estimated costs of
hydrogen production, storage, and
transportare context specificand
reflecta particular set of conditions. The

analysisis cost-based and excludes profit

margin; 2020 was used as a starting point
because thisyearrepresents the most
complete andaccurate data available at
the time of writing.

Thereportattemptstoclearly
delineateinclusions and exclusions
for these estimates whererelevant.
Therefore, any attempt to compare
estimatesinthisreport with other
published data on clean hydrogen
production costs, forexample,
must take the specific context and
assumptionsinto account.

While this report primarily focuses
onachieving the emissions and cost
targetsrequiredtodevelopaclean
hydrogen hub, more work is required
toensurethat the benefits ofaclean
hydrogen hub flow to all communities.
Achieving outcomes that support
environmentaljustice, create good
jobs, andincentivize U.S-based
manufacturing are all core to the vision
ofasuccessful clean hydrogenhubin
Texas. While much of this work is still
indevelopment, thereportreferences
many evolving efforts to build the
hydrogen economy, including several
key environmentaljjustice, workforce,
and otherinitiatives that willbe integral
tothe cleanhydrogenvisionand
roadmap.*

3 Whilethisreportaddresses policy and focuses on the economics of hydrogendemand and
production,itdoes not take anadvocacy stance. Thisisanareawhere additional work is
warranted, and there are several efforts currently underway.

4 Forexample, the City of Houston haslaunched Complete Communities and Resilient Houston to
supportequity initiativesin under-resourced communities.



"We meet at a college noted for knowledge, in a city noted for
progress, in a State noted for strength, and we stand in need

of all three, for we meet in an hour of change and challenge,

ina decade of hope and fear, inan age of both knowledge and
ignorance. ...[T]his city of Houston, this State of Texas, this
country of the United States was not built by those who waited
andrested and wished to look behind them. This country was
conquered by those who moved forward...."”

President John F. Kennedy

Moonshot Speech, Rice University
September 12,1962

"Clean energy takes all kinds of forms into the future, and
Texas can be aleader. (Houston) powered the past and we
want [Houston] to power the future.”

“This is our generation's Moonshot.”

Jennifer Granholm

U.S.Energy Secretary
April23and June 1, 2021
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Executive
summary

Around the globe, governments
arerecognizing theimportance of
clean hydrogeninbuildinganenergy
systemto reach net-zero carbon
emissions. As of October 2021, 17
governments had published hydrogen
strategiesand more than 20 werein
the process of developing strategies.!
The U.S. Department of Energy (DOE)
has declared clean hydrogen crucial to
achieving President Biden's goals of a
100% clean electrical grid by 2035 and
net-zero carbon emissions by 2050.2

The current economics of clean
hydrogen production and distribution
donot currently supportlarge-scale
adoption by customerstoreplace
lower-cost, higher-carbon-intensity
alternatives. Regional hydrogen hubs
have the potentialto accelerate the
scaling of hydrogen through concerted
development of demand, supply, and
infrastructure. But policy interventions
willberequired to drive down costs
andincentivize the adoption of clean
hydrogen.

AHouston-led clean hydrogen

hub could have sizeable and lasting
impactontheregion.Basedonthe
estimated potential, the economic,
environmental, and social benefits

in 2050 could be substantial,
fundamentally shaping thelong-term
vision of the hydrogen hub.
Thisvisionrests onanassessment

Exhibit 1

Vision for Texas as a hydrogen hub, 2050 snapshot

in hydrogen production,
use, innovation, talent
development, equity
and justice

of clean hydrogen
production in Texas,
including 11MT local

Sources: U.S. Bureau of Economic Analysis, McKinsey estimates

potential direct,
indirect, and induced
jobs to be created in
demand, 10MT export  the hydrogen economy

potential addition ~ Global CO,

to Texas' GDP, abatement

i.e., 6% of Texas' potential from
2019 GDP 21MT of hydrogen

of the clean hydrogen value chain,
including both supply and demand, and
sample projects. Realizing the vision
willrequire implementing a core set

of enablers. Key findings across these
topics are summarized below:

Supply

* Many factors give Texas significant
advantagesonthecostand
capacity of hydrogen production
such as abundant renewable power
generation and low-cost natural
gas, existing hydrogen production
capacity, favorable geological
formations for storing hydrogen and

CO,, andlocaldemanddrivers, as well
astop-caliberacademicresearchand
industry-ledinnovation.

— Texas already benefits from
access torenewables and natural
gas, with Texas producingmore
wind-powered generationand
natural gas thanany other state.?

— Cleanhydrogen production costs
in Texas could improve from
2022 to 2050, with electrolysis-
based hydrogen costdecreases
attributable primarily to lower
renewable costs and electrolyzer
system capital expenditures

1 Global Hydrogen Review 2021, IEA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021

2 DOEEstablishes BipartisanInfrastructure Law’s $9.5 Billion Clean Hydrogen Initiatives, Department of Energy, February 2022. Retrieved from: https://
www.energy.gov/articles/doe-establishes-bipartisan-infrastructure-laws-95-billion-clean-hydrogen-initiatives

3 Texas State Energy Profile Overview, EIA, April2021. Retrieved from: https://www.eia.gov/state/?sid=TX



(capex), and natural-gas-based
hydrogen cost decreases
attributable to system efficiency
gains and capexreductions.

— The estimated cost of producing
natural-gas-based hydrogen with
carbon capture and storage (CCS)
in2030 could meet the DOE's
goal of $1/kg of clean hydrogen;
however, electrolysis-based
hydrogenis unlikely to achieve
this target without government
interventionsin the form of
research and development funding
ordirectincentivesfor hydrogen
productionand supporting
technologies, such asrenewables
and CCS.

¢ Texas has naturaladvantagesin
developing cost-effective hydrogen
transport and storage, givenits
extensive oiland gas and hydrogen
pipelines, experience in hydrogen
storage, salt caverns, and developed
portinfrastructure.

* The Gulf Coastis positioned to
be the center of aclean hydrogen
U.S. export hub, givenits ability to
potentially compete with likely major
exporters (e.g., Australia, Chile, and
SaudiArabia) onthe delivered cost
of hydrogen by leveragingits cost
advantages and significant port
infrastructure. Several strategic
considerations (e.g., security,
reliability, and capacity) also provide
advantages.

Demand

* While global clean hydrogen demand
is limited today, itis expected to
grow 6-8% each year onaverage
between2030-50. Hydrogenis
expectedto playacriticalrolein
decarbonizing sectors suchas

H Houston as the epicenter of aglobal clean hydrogen hub | May 2022

industry, mobility, and power -
potentially addressing 660 million
tons (MT) of worldwide demand by
2050, accordingto the Hydrogen
Council.*

Demand for clean hydrogenin
Texas couldreach 21 MT by 2050
—comparedto current demand of
3.6 MT for conventionally produced
hydrogen. The expected demand
in 2050 comprises 11 MT for local
demand and a surplus of 10 MT for
export.

— Export of hydrogenand hydrogen-
basedfuelsisthelargest driver of
theincrease, contributing ~10 MT
of hydrogendemand.

— Industrial applications are the
second largest driver, with
feedstock and heatingin sectors
such asrefining, petrochemicals,
ammonia, iron and steel, and
cementaccountingfor ~6 MT of
hydrogendemand.

— Mobility is the thirdlargest driver
with ground transportation (trucks,
light commercial vehicles, and
buses)accountingfor~2.3 MT of
hydrogen demand and marine and
aviationaccounting for ~1.5 MT of
hydrogen and hydrogen-based fuel
demand.

— Utility power generationis the
fourthlargest driver with energy
storage andlocal grid natural gas
blendingaccounting for ~1.6 MT of
hydrogen demand.

Vision and strategic roadmap

¢ The proposed 2050 vision could have

massive impact on climate, jobs, and
the economy, including an estimated
220 MT of global CO, abatement,
$100billionin economic value, and
the creation of 180,000 jobs.

¢ Withtheright supportive policy
frameworks, Texas with Houston at
its core could become the global
leaderinclean hydrogen production,
application, development, and
exports; theresulting thriving
hydrogen community could push
innovationand develop the necessary
talent to conceive and deliver
hydrogen projects.

* Realizingthe 2050 visionrequiresa
multiphaseroadmap.Phase 1
(2022-25) should jumpstart a vibrant
ecosystem while advocating for
regulatory and policy incentives. Phase
2(2025-30) should decarbonize
existing applications while exploring
new ones. In Phase 3 (2030-35), the
hub should seek to achieve the target
of $1/kg of clean hydrogen while
further scalinglocaldemandand
exportinPhase 4(2035-50).

* Texas could substantiallyimprove
social and environmental conditions
forallcommunities, especially by
focusing on environmental justice
(EJ) for disadvantaged communities
affected by industrial pollution. Thisis
an opportunity to better serve those
residents who might be
disproportionatelyimpacted by poor
air quality and other environmental
factors.

Sample projects

¢ Asthecleanhydrogenecosystem
develops, avariety of projects
addressing supply, demand, and
infrastructure might spread across
the state, concentratedinareas
around Greater Houston, Corpus
Christiand South Texas, Dallas and
the Texas Triangle, Beaumont and
East Texas,and West Texas.

* The hub structure would enable

4 HydrogenforNet-Zero,Hydrogen Council, McKinsey & Company, November 2021. Retrieved from: https://hydrogencouncil.com/wp-content/

uploads/2021/11/Hydrogen-for-Net-Zero.pdf
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anintegrated ecosystem, which
balances supply, demand, and
infrastructure needs. Achieving
an end-to-endbalance would
require an orchestrated approach
by participants across the clean
hydrogen value chain.

Cross-cutting enablers

* Government commitments,
directincentives, andregulatory
frameworks are the major policy
instruments for decreasing cost
andincreasingdemand. In addition
to federal policies, Texas should
implement state-level policies to
accelerate progress towardrealizing
the 2050 vision. Thisreport provides
aninitial view on policy topics. More
workis needed to flesh out the
appropriate options.

* Scaling hydrogen will require
developinginfrastructure, including
hydrogentransportand storage,
fueling stations, CO, transport
and storage, water purification
and transportation, electricity
transmission, portinfrastructure,
and a mature supply chain for critical
materials.

* The hub would benefit froma
vibrantinnovation ecosystem,
includingaresearch consortium
thatfosters collaborationacross
institutionallines, ajoint-venture/
start-up network thatleverages
existingassetsanddemandinthe
region, atestingfacility to scaleand
commercialize new technologies, and
local equipment manufacturing.

* Meetingthe hub’s talent needs
would requireimplementing
equitable workforce development
programs. Community colleges,
institutions of higher education, and

companies could all play key roles
intraining the workforce for the
hydrogen economy.

Next steps

The next phase of this work will build
onthefindings presentedin thisreport
to develop ademand-centricroadmap
for 2022-2030. More specifically, the
next phase willidentify the sectors
thatarereadytorespondtonet-
zero-driven demand signals for clean
hydrogenandto projects thatcan
meet demand via a network of supply,
shared infrastructure, and storage. This
phase will also explore hub funding
requirements, sector-specificlegaland
regulatory unlocks, and ways to build
theright coalitionforanintegrated
effort to develop the hydrogen hub.
Collectively, these actions will create
the blueprint for Houston to navigate
the energy transitionand continue
thriving as the energy capital of the
world.
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Supply

Clean hydrogen production might
emerge along various pathways,
including electrolysis, natural gas
reforming, and methane pyrolysis.
Thesetypes of hydrogen are often
depictedas colors, e.g., green, blue,
and turquoise. However, the primary
determinants of any pathway’s
adoption are the costand carbon
intensity of hydrogen production.
These factors would determine Texas'
ability to compete economically and
environmentally onthe world stage as it
seeks tobecome a clean hydrogen hub.

Thisreportistechnology-agnostic

on hydrogen productionbut focuses
primarily on electrolysis-based!

and natural-gas-based production
pathways toillustrate the magnitude
of potential cost reductions over time
and the competitiveness of Texas' clean
hydrogen production.

1. Global cost trajectory

Significant cost reductionsin clean
hydrogen production over the next
30years could fuel globaladoption of
hydrogen.

Electrolysis-based hydrogen
production costs onaverage could
drop significantly by 2030.2 This cost
reduction would be due primarily to
the expected decreasein capexcosts,

aswellasthe scaling of electrolyzer
systems. Otherfactorsin production
costsinclude continued advancements
inrenewable energy, i.e., falling
levelized cost of energy (LCOE) and
increasing capacity factors.?

Natural-gas-based hydrogen
production costs could also fallin

the coming years. Steam methane
reforming (SMR) is the dominant
technology for creating hydrogen
fromnatural gas. However, other
technologies exist such as autothermal
reforming (ATR), atype of natural-gas
reforming technology with natural

gas as feedstock. Carbon capture
equipment canbe added toboth
technologies. Carbon capture rates for
SMR and ATR have improved, further
reducing emissions; and the cost to
capture each ton of carbon dioxide is
expectedtodrop. ATR may be adopted
more widely inthe future due to the
low carbonintensity of its hydrogen
production, but SMR will likely remain
commonduetoits current market
share.

Several emerging technologies for
producing hydrogen (e.g., methane
pyrolysis, synthetic biology, and
photocatalysis) might also develop.
Thisreportacknowledges that some
ofthese technologies couldbecome

economically attractive and contribute
to future hydrogen supply.

For the purposes of developinga
detailed economic view, thisreport
focusesonthetwo clean hydrogen
pathways currently projected to
provide the largest share of supply
in Texas.

2. Texas' current cost of
supply advantages

Texas currently produces 3.6 million
tons perannum (MTPA), or a third of
the country's totalannual hydrogen
production.*

Texas enjoys abundant natural
resources (e.g., wind and natural

gas), existinginfrastructure (e.g.,

the largest network of hydrogen
pipelinesinthe U.S.), favorable
geological formations for storing
hydrogenand CO, (e.g., salt caverns
and saline formations onshore and
offshore), significant and concentrated
industry demand (e.g., refiningand
petrochemicals alongthe U.S. Gulf
Coast), and a highly skilled workforce
(e.g., oiland gas and manufacturing
expertise)—all of which could support
hydrogen production fromboth
electrolysis-based and natural gas-
based pathways.

Abundant naturalresources: West

1 Forthepurposesofthispaper, electrolysis-basedis defined as hydrogen produced usingrenewable energy, i.e., this excludes hydrogen producedvia
electrolysis using nuclear power and other sources of energy.

2 Hydrogeninsights Report 2021, Hydrogen Council, McKinsey & Company, July 2021. Retrieved from: https://hydrogencouncil.com/en/hydrogen-

insights-2021/

3 HydrogenInsights Report 2021, Hydrogen Council, McKinsey & Company, July 2021. Retrieved from: https://hydrogencouncil.com/en/hydrogen-

insights-2021/

4 Texas couldbecome nation’s leaderin production of hydrogen energy, Houston Chronicle, February 2021. Retrieved from:
https://www.houstonchronicle.com/business/texas-inc/article/ Texas-could-become-nation-s-leader-in-15941151.php

Hydrogen Production,U.S. Department of Energy, Retrieved from: https://www.energy.gov/eere/fuelcells/hydrogen-production
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Texas enjoys some of the strongest, Exhibit 2
sustained wind speedsinthe country,
allowing Texas to produce abundantand
cheaprenewable wind energy. Texas General Production capacity Transportation
produces the most wind-powered and cost and storage
generationinthe United States.s This
gives Texas astrongadvantagein
producing clean hydrogen through
electrolysis, as electricity is the single
largest costdriver.

Texas enjoys many advantagesin scaling up hydrogen production

Proximity to " Welcoming { Accesstolow- rl Largest network
h demand favorable %)% environment for Y cost renewable 3 of hydrogen

to driving early infrastructure energy capacity |J

adoption development

. Existing Environmental Access to Access to
hydrogen justice impact CO, storage \ geologic
- I 04

pipelines in the US

capacity and locations formations for
expertise seasonal storage

West Texas does not have easy access
towater, but the cost savings from
abundant andreliable wind are far larger _

thanthe cost of transporting water fncjj:tr:;_cdi?fen 222
totheregion. For example, increasing ippeyation

the cost of water five-fold (from, say,
$0.50/m3to $2.50/m3) increases the
total cost of hydrogen by less than 1%.¢

Concentration of @ Highly skilled Access to low-
P ) workforce cost natural gas

Exhibit 3
The United States enjoys some

ofthe lowest natural gas pricesin
theworld. Furthermore, Texas has

Annual average wind speed in the United States®

Wind speed, m/s

cheaper natural gas than the rest of the >105
country. Accordingtothe U.S. Energy 1%1%
Information Administration (EIA), the gg
price of natural gas used by power L
producersin Texas has been ~9% lower - e
thantherestofthe country since the ,k 25
EIA started tracking this datain 1997." . <o
Low prices give Texas a substantial
competitive advantage since natural o
gasisthelargest cost componentin
producing hydrogen from natural-gas- :
based pathways. B ’
e

Existing infrastructure: Pipelines
are the most economical means of
transporting hydrogenlocally and
regionally, while transportation
by sea is more competitive for The Texas Gulf Coasthasaccessto900  pipelinesinthe United States and one-
transcontinental distances.® miles of hydrogen pipelines, accounting  third of the world's total.** Unlike natural

for more than half of allhydrogen gas pipelines, which allow open access,

Texas: State Profile and Energy Estimates, U.S. Energy Information Administration, April 15,2021. Retrieved from: https://www.eia.gov/state/?sid=TX
Assuming ~85 MW alkaline electrolyzer system

Texas Natural Gas Prices, U.S. Energy Information Administration. Retrieved from: https://www.eia.gov/dnav/ng/ng_pri_sum_dcu_stx_a.htm

Global Hydrogen Demand Outlook 2021, IEA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021

U.S. Average Annual Wind Speed at 80 Meters, U.S. Department of Energy. Retrieved from: https://windexchange.energy.gov/maps-data/319

W 0 N O U

10 Houston: The Low-Carbon Energy Capital, University of Houston, October 2020. Retrieved from: https://uh.edu/uh-energy/symposium-
archives/2020-2021/low-carbon-energy-capital/
HyBlend: Opportunities for Hydrogen Blending in Natural Gas Pipelines, U.S. Office of Energy Efficiency & Renewable Energy, June 2021. Retrieved from:
https://www.energy.gov/eere/fuelcells/hyblend-opportunities-hydrogen-blending-natural-gas-pipelines
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hydrogen pipelines are not regulated
by the Federal Energy Regulatory
Commission (FERC) and provide only
“bundled” sales and transportation

via bi-lateral contracts betweenthe
pipeline owners/operators (primarily
large, industrial gas companies) and
theirindustrial clients. This existing
infrastructure points toa competitive
advantagein the form of knowledge
and expertise withrespect to hydrogen
pipelines. Texas also has one of the
nation's most extensive networks

of natural gas pipelines, which can
potentially be repurposedto transport
hydrogen.

Favorable geological formations: The
Texas Gulf Coastalso has salt caverns
that can store hydrogenand carbon
dioxide for extended periods of time.
Texas has three of the four operational
salt cavernsin the world used for
hydrogen storage. ConocoPhillips has
been storinghydrogeninthe Clemens
Dome, about 850 meters underground,
since 1983. Air Liquide stores hydrogen
in Spindletop, the largest salt cavernon
the Gulf Coast. Praxair uses the Moss
Bluff salt cavern, whichis connected to
ahydrogen pipeline network. These
caverns have working storage of

82 GWh, 278 GWh, and 125 GWh,
respectively.?

The Gulf Coastregionalso has the
largest saline formation capacity
forstoring CO, inthe United States.
This onshore and offshore capacity is
estimated at one trillion tons, or the
capacity needed to store 10,000 times
Houston's current annual emissions.*

Exhibit 4

Existinghydrogen systeminthe Guilf Coast area*

LOUISIANA
Lake Charles

t*

H2 pipeline

Conroe continues to
Baton Rouge and
Houston New Orleans

Beaumont il
Baytown

Texas City

Galveston

Freeport

~— Hydrogen pipeline
M H2 Production Unit
@A H?2 Storage Caverns

Exhibit 5

Composite map of the CO, storage capacity in saline formations and

active oil fields in Texas'?

s

CO2 injection wells

Active CO2 injection wells
Non active CO2 injection wells

CO2 direct emitters (excl. oil and gas extraction

and natural gas pipelines and distribution)

N

X o & %

Chemical manufacturing

Electric power generation, transmission,
and distribution

Others

Other manufacturing

Petroleum refineries

Waste treatment and disposal

CO2 direct emitters: 2018 emissions in tons
(same exclusion as above)

0-513,078
513,078 - 1,590,215
1,590,215 - 3,476,313

3,476,313 - 7,180,671

7,180,671 - 14,870,599

CO2 pipelines

State vs Federal lands

B State
I Federal

Active oil and gas wells
Saline formation

11 Energy Transitionandthe Houston Region: A New Vision, Center for Houston's Future, April 2021. Retrieved from: https://www.h-gac.com/getmedia/
babc5d55-8dcb-4ee2-824d-61b27bff6b96/04-09-21-Brett-Perlman-Center-for-Houston-s-Future-April-2021

12 Global Hydrogen Demand Outlook 2021, IEA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021
Comments by the Center for Houston's Future to the U.S. Department of Energy’s Earthshot Request for Information, Center for Houston's Future, July

2021.See Appendix C for hyperlink

13 Expanding Carbon Capturein Texas, Rice University's Baker Institute for Public Policy, January 2021, https://www.bakerinstitute.org/media/files/

files/8e661418/expanding-ccus-in-texas.pdf

14 Evaluating Net-Zero Industrial Hubs in the United States: A Case Study of Houston, Columbia University, Center on Global Energy Policy, June 2021.
Retrieved from: https://www.energypolicy.columbia.edu/research/report/evaluating-net-zero-industrial-hubs-united-states-case-study-houston
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Both Texas and the federal government
have aroletoplayindeveloping
offshore CO, storage. Texas is uniquely
situated to take advantage of this
capacity because it hasjurisdiction

over the first ten miles of shelf fromits
shoreline, while most states control
only about three miles.’* Thereisan
opportunity to collaborate with the
federal governmentindeeper

offshore waters.

Concentrated industry demand:
Texasis likely tobe ademand hub for
hydrogen givenits high share of U.S.
industrial activities and population
growth, as seenin potentialdemand
clusters such as Greater Houston,
Corpus Christi, and the Texas Triangle.
Proximity to demand could help
hydrogen producersintheregiondrive
early adoption.

Highly skilled workforce and advanced
research: Texas boasts a highly skilled
workforce and a sophisticated, in-state
manufacturing network that could help
build the neededinfrastructure for the
hydrogen economy at a competitive
cost.

Texas also enjoys a high concentration
ofacademicresearchandindustry-
driveninnovation. An estimated 300
researchers at major Texas universities
are working on hydrogen-related
projects, and the state has more
certified hydrogen pipelineinspectors
than other states.

Given the abundance of workers'
development programs and talent
pipelines for the energy industry,
Texas could readily deploy significant
trainingand education to create jobs
incleanhydrogen. These programs
should continue to prioritize targeting
disadvantaged communities.

3. Trajectory of Texas'
cost of supply

The hydrogen value chaininvolves a
complex set of components, regardless
ofthe production pathway. Costs differ
across the value chain, and any cost
analysis must make choices about
what toinclude and what to exclude.
These choices help frame which inputs
toinclude when calculating hydrogen
“cost of supply” in Texas.

Thisreportattempts to be explicit
about which costs (e.g., capital
expenditures and operating
expenditures) areincluded or excluded
and why. Comparison with other
analyses, or analysis of a different
project scope, might require adjusting
this approach.

Additionally, thereport takes a
“"modular” approach to examining
costsdiscretely along the value chain,
meaning that the analysislooks at
production, transport, and storage
costs separately.

A. Cost of production

Pathway #1: Electrolysis-based
pathways

The primary technologies for producing
hydrogen via electrolysis today include
alkaline, proton exchange membrane
(PEM) and solid oxide electrolyzer cell
(SOEC).In 2020, alkaline accounted

for ~60% of installed capacity and

PEM accounted for ~30%.% SOEC and
emerging technologies accounted for
therest.

Alkalineis amature and durable
commercial technology that does not
use precious materials andis well
suited for large-scale deployment

(>10 MW) through 2030. PEM
electrolyzers are capable of beingused
forlarge-scale deployments as well as
smaller applications.

Exhibit 6

Texas hydrogen production economics from example pathways

Texas hydrogen production economics
by technology, $/kg

4.0 Alkaline (growing size)

PEM (growing size)
35 — ATR with CCS (base case cost)
— SMR with CCS (base case cost)

3.0 — SMR without CCS (conventional)
2.5
2.0
1.5
1.0
0.5

0

2020 25 30 35 40 45 2050

Source: McKinsey Hydrogen Insights

Key assumptions

« Hydrogen production costs exclude hydrogen transport and
storage costs

* No carbon pricing or subsidies (e.g., PTC, 45Q) unless otherwise noted

* Al i ing those not rep here) can play arole in
developing Texas into a hydrogen hub. Alkaline and ATR were chosen
as repi i ies to highli Texas' cost

lydrogen pi ion costs includ pi ion to 30 bar in capex

* Electrolysis-based hydrogen pi

— Electricity cost which uses the top quartile of TX wind (assumes
co-location of renewables and production, i.e., no T&D costs):
$28/MWhin 2020, $21/MWh in 2030
For alkaline electrolysis: assumes a system of ~2 MW in 2020, ~20
MW in 2025, and ~85 MW system in 2030-50
— For PEM electrolysis: assumes a system of ~2 MW in 2020, ~20 MW

in 2025, and ~85 MW systemin 2030-50

* Natural-gas-based hydrogen p

— Industrial electricity prices average $0.07/kWh, natural gas costs
between ~$2.5/MMBtu and ~$3/MMBtu from 2020 through 2050

_ Capex: includes capex for carbon capture but not transport or
storage

— Opex: CO, transportation and CO, storage is held constant at $6/ton
and $10/ton, respectively; opex for carbon capture is included

— ATR plant capacity = 500,000 Nm?3/h; SMR plant capacity = 100,000
Nm?/h; ATR and SMR have carbon capture rates of 98% and
70%, respectively

15 Evaluating Net-Zero Industrial Hubs in the United States: A Case Study of Houston, Columbia University, Center on Global Energy Policy, June 2021.
Retrieved from: https://www.energypolicy.columbia.edu/research/report/evaluating-net-zero-industrial-hubs-united-states-case-study-

houston

16 GlobalHydrogen Demand Outlook 2021,1EA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021
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Thebulk ofthisanalysis focuseson
alkaline electrolyzers due totheir

lower projected cost curves through
2030 comparedtootherelectrolyzer
technologies. (See Exhibit 6). Inthelong
term, multiple electrolyzer technologies
will play akeyroleinhydrogen production.
PEM's current materialsinclude platinum,
iridium, andtitanium—expensive materials
subjectto supply and price fluctuations.”
SOECsoperateataveryhigh
temperature, allowingthe systemtorun
onrelatively inexpensive nickel electrodes
anduse some oftheheattoreducethe
electricity demands of electrolysis.® Due
toalkaline and PEM's majority share of the
currentand near-termmarket, alongwith
lower cost curves, thisreport hasfocused
onthesetechnologies.” SOEC's will likely
playaroleinthefuture, particularly for
useinindustrial sites where waste heatis
available.

Thefollowing analysis focuses
exclusively on alkaline electrolysis as
atechnologyrepresentative of the
broader electrolysis-based pathway.
Asindividual projects come online,
producers will likely evaluate site
criteria, including the load profile of
thelocalrenewable electricity supply,
todetermineifbatteries or alternative
electrolyzertechnologies would create
the optimal production facility.

Inclusions/exclusions: The electricity
costinthisanalysisis basedonthe
levelized cost of energy (LCOE) for
onshore wind energy generation.

This portion of the analysis assumes
behind-the-meter wind generation
and co-location of renewable energy
generation with hydrogen production,
i.e.,notransmissionand distribution

Exhibit 7

Components of modeled electrolysis-based hydrogen production
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H, storage

costs of either electricity via wires or
produced hydrogenviapipes. Those
costsarediscussedinsection2.3.B.

The analysis assumes that the
hydrogen producer will cover capital
expenditures (capex)thatinclude

the cost of the electrolyzer system,
transporttosite, balance of plant,
installation and assembly, cost of
building, andindirect costs (e.g., labor
and admin). The producer’s operating
expenditures (opex) are assumed to
include costsrelatedto electricity,
stackreplacement, water,?and the
purification, drying, and compression
of hydrogen post-production.

This production analysis does not
include the cost of transporting water
tothesite, transporting or storing
hydrogen, optimizing power costs by
utilizingboth wind and solar, or using
the grid or batteries to manage the

intermittency of renewable energy
sources. The analysis also does not
account for subsidies when calculating
production costs, unless stated
otherwise for sensitivity analyses.
Furthermore, the analysis does not
assume any tax on carbon emissions.

By excluding these costs, the analysis
highlights the production process,

which allows for apples-to-apples

cost comparisons across production
estimatesfor different yearsandregions.

Inputs: The single greatest cost

in electrolysis-based hydrogen
productionis the cost of electricity,
whichisrepresented by LCOE in this
analysis. Thisreport estimates that
the average LCOE of wind without the
Production Tax Credit (PTC) in Texas>
coulddrop from $28/MWhin 2020 to
$21/MWhin 2030, with continuous
decline inwind capex.

17 WaterElectrolyzersand Fuel Cells Supply Chain,U.S. Department of Energy, February 24,2022. Retrieved from: https://www.energy.gov/sites/
default/ files/2022-02/Fuel%20Cells%20%26%20Electrolyzers%20Supply%20Chain%20Report%20-%20Final.pdf

18 Greenhydrogen costreduction: Scalingup electrolysers to meet the 1.5°C climate goal, IRENA, December 2020. Retrieved from: https://www.irena.
org/publications/2020/Dec/Green-hydrogen-cost-reduction

19 GlobalHydrogen Review 2021, 1EA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021

20 Waterisassumedtobe potable;noon-site purificationisassumed

21 Representssystemaverageratherthan costforthe best wind projectsin Texas
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The analysis also assumes a capacity
factor of 46%in 2020 and 51% in 2030
withagrowingelectrolyzer system

of ~2MWin 2020to ~20 MWin 2025

to ~85 MW in 2030 through 2050. This
scenario's LCOE incorporates the top
quartile of Texas' wind speed, whichis
primarily wind resources in West Texas.

Outputs: Based onthese assumptions,
the analysis predicts that the cost of
electrolysis-based hydrogenin Texas
couldbe ~$3.2/kgin 2020, ~$1.5/kgin
2030,and ~$1./kgin 2050.

Sensitivity tochangesin LCOEs

However, considering thatinputs are
subject to change, the analysis takes
into account the possibility of higher
LCOEs for Texasinorderto offera
range of potential electrolysis-based
hydrogen production costs.

Todo so, the analysis uses two Texas-
specific scenarios: Scenario A (high
LCOE) and Scenario B (low LCOE).

Scenario Aestimates that the average
LCOE of wind without PTC in Texas
couldbe ~$37/MWhin 2020 and ~$26/
MWhin 2030. The capacity factor
isassumedtobe 34%in 2020 and

39% in 2030 with the same growing
electrolyzer systemasinthelow-LCOE
scenario. This scenario’s LCOE

reflects ageneralaverage of all Texas'
wind speed.

Exhibit 8

Potential hydrogen production costs, 2020-50

For alkaline electrolysis with growing system size!

Cost of hydrogen, USD/kg

4.3

2020 25 30 40

[l Scenario A (high LCOE)
[l Scenario B (low LCOE)

Key assumptions

* Scenario Arefers to high
cost LCOEs of $37/MWhin
2020 and $26/MWh in 2030

* Scenario B refers to low
cost LCOEs of $28/MWh in
2020 and $21/MWh in 2030

* Costreduction driven by
changesin assumed
electrolyzer system size of
~2MWin 2020, ~20 MW in
2025,and ~85 MW in 2030

2050

1. Growing size is defined as using electrolyzer system size of ~ 2 MW in 2020, ~20 MW in 2025, and ~85 MW in 2030 through 2050

Source: McKinsey Hydrogen Insights

For Scenario B, the assumptions are the
same as before with LCOEs of
$28/MWhin 2020and $21/MWhin 2030
and a capacity factor of 46%in 2020 and
51%in 2030.

Output?: Texas' electrolysis-based
hydrogen production costs could
range from~$3.2to~$4.3/kgin 2020
and~$1.5t0~$1.9/kgin2030. These
reductions are attributable largely to
declining costs for renewable wind
energy, further reductionsin the cost of
electrolyzer systems, and the assumed
increasein electrolyzer system size
from~2MWin 2020to ~20 MW in 2025
to~85MWin 2030 through 2050.
Increasing system sizes were used
tobetterreflect the likelihood that
electrolyzer systems will continue to
scaleinthe comingyears.

22 Forcomparison, the system size costs usedinthis analysis areinline with other publicreports:

Greenhydrogen costreduction: Scaling up electrolysers tomeet the 1.5°C climate goal, IRENA, December 2020. Retrieved from: https://irena.org/-/
media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
The Future of Hydrogen, International Energy Agency, June 2019. Retrieved from: https://iea.blob.core.windows.net/assets/9e3a3493-b9a6-4b7d-
b499-7ca48e357561/The_Future_of_Hydrogen.pdf
Lazard'’s Levelized Cost of Hydrogen Analysis— Version 2.0, Lazard, October 2021. Retrieved from: https://www.lazard.com/media/451922/lazards-
levelized-cost-of-hydrogen-analysis-version-20-vf.pdf

Other considerations: Theabove
analysis assumes behind-the-meter
power supply only. However, there
isan opportunity todrive electricity
cost optimization enabled by the
ERCOT market structure, which does
not currently have a forward capacity
market. ERCOT has aunique way of
measuring peak power: The ERCOT
market essentially charges for use
ofthe electricgridbasedonauser’s
volumes during times when the gridis
most strained.

While the above analysis does not
account for these features of the
ERCOT market, this structure could be
a competitive differentiator for clean
electrolysis-based hydrogenin Texas
inthree ways.
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* By curtailingdemand during those
periods when ERCOT is measuring
power for grid cost allocation,
electrolyzer users can significantly
avoid network costs

* Usingless energyforhydrogen
production during high-priced hours
and sellingunused energy back tothe
ERCOT ancillary markets canfurther
reduce costs

e Turning off electrolyzers during
extremely high-priced hours can help
optimize costs

While high-priced hours are not
common, they can have an outsized
impact on economics whentheydo
occur, even for short durations. These
eventsare part of ERCOT's energy-only
market structure and are needed to
supportinvestmentin new generation
assets.

Participationin such high-priced
events canbe lucrative. While the cap
on energy prices was recently reduced
from $9,000/MWh to $5,000/MWh,?*
wholesale energy prices over $1,000/
MWh have occurred during 41 hours
over the past three years.? Onthe
other hand, ERCOT grid connections
couldincrease the carbonintensity of
produced hydrogen since the gridis not
100% powered by renewable energy.

Pathway #2: Natural-gas-based
pathways with carbon capture

Multiple technologies exist today for
producing hydrogen via natural gas with
carbon capture, and storage (CCS).
Steam methane reforming (SMR) and
autothermalreforming (ATR) currently
have the highest technology-readiness
levels. Both processes mix natural gas
with high-temperature steamto create
hydrogen and (ultimately) carbon
dioxide.

SMRis the dominant technology used
today. Traditional SMR uses external
heating, leading to COz creation both
inside the reactor (~70%) and outside
thereactor (~30%). In the traditional
SMRprocess, the COzcreatedinside
thereactoris capturedrelatively

easily, but the COz outside thereactor
isharder (and more expensive) to
capture. Modern SMR designs are based
onlimiting the COzcreation through
heat of combustionand creatinga
single COzrich stream for efficient
carbon capture. Asaresult, SMRs with
CCS could have a CO:z capturerate of
70-95%, depending on whether older
or newer versions of the technology are
beingdeployed.

ATRis typically somewhatless efficient
than SMR. However, dependingonthe
needs for process preheat through heat
of combustion, high levels of CO, canbe
generatedinside the primary reactor,
providing the potential for

arelatively pure stream of CO,for
capture. ATR canlead to CO: capture
rates of 98%. ATR willbe amore suitable
solutionforlarge system sizes; SMR
willtend to be adoptedinsizeranges
below 300,000 Nm3/h since ATR canbe
less efficient at theseranges. Whether
retrofitting existing SMRs with carbon
captureis more economical than
replacinga SMR plant withanew ATR
plantrequires further analysis and will
likely vary from plant to plant depending
on capacity.

Inclusions/exclusions: Natural-
gas-based hydrogen production, as
modeled, has four main components:
hydrogen production, carbon capture,
carbontransportation, and carbon
storage. For hydrogen production, this
analysis assumes stable, low natural
gas pricesin Texas; ERCOT industrial
electricity prices; and purification,
drying, and compression of hydrogen
post-production. For carbon

Exhibit 9

Components of modeled natural-gas-based hydrogen production

Natural
gas
supply
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Hydrogen
production with
CO, capture
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electricity
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CO,storage

CO, pipelines

Points of demand

H, pipelines

23 2020 State ofthe Market Report for the ERCOT Electricity Markets, Potomac Economics: Independent Market Monitor for ERCOT, May 2021. Retrieved
from: https://www.potomaceconomics.com/wp-content/uploads/2021/06/2020-ERCOT-State-of-the-Market-Report.pdf

24 Thisanalysis excludes Winter Storm Uri (February 2021).
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capture, this analysis assumes that

the producerisresponsible for both
capital expenditures and operating
expenditures. The capexincludesthe
plant (considering ATR as the base
case), carbon capture systemon
site,and other capex (e.g., catalyst,
balance of plant/utility, installation, and
assembly). Operating expenditures
include electricity costs.

For carbon transportationand
storage, the analysis assumes that
the producerisresponsible only for
the operating expenditures of using
the pipelines, not for the capital cost
of buildingthem. These assumed
expenditures are the equivalent of
atransportationand storage fee.
This exclusion allows the analysis to
focus on production costs, thereby
allowingfor betterapples-to-apples
cost comparisons across production
estimates for different years
andregions.

Inputs: The below analysis assumes
that the operating costsfor CO,
transportationand CO, storage remain
constantat $6/tonand $10/ton,
respectively.? Natural gasis assumed
to costbetween ~$2.5/MMBtuand ~$3/
MMBtu from 2020 through 2050. This
estimateisbased on Henry Huband
assumptions about available North
American gas supply through 2050.%
Industrial electricity prices are assumed
toaverage $0.07/kWh for allthe years
studied.”

Theanalysis examines both ATR with
CCSand SMRwith CCS.ATRand SMR
have differentadvantages at different
scales. Forthe purposes of this analysis,
ATR plant capacityisassumedtobe

500,000 Nm3/hwithacarbon capture
rate of 98% and the SMR plant capacity
isassumedtobe 100,000 Nm?3/h with
acarbon capturerate of 70%. These
assumptions matter because the size
oftheplant, (andits corresponding
efficiencies at scale), and the amount of
carbon captured, (i.e.,how muchmust be
transported and stored), affect the price
of eachkilogram of hydrogen produced.

The carbon capture rate of 70% was
chosenbecause thisrepresents the
conventional way for traditional SMR
units toreduce the carbonintensity
of hydrogen. Inthe future, alternative
cost-efficient means may be developed
toincrease SMR's captureratesto
approach those anticipated of ATR,
thereby maintaining SMR's relevancy
as aviable alternative for smaller scale
blue hydrogen production.?

This analysisincorporates the tax
creditknown as 45Q as defined by

the U.S. Internal Revenue Service for
capturedand stored COZ, meaning the
creditincreases from ~$32/ton of CO,
to $50/ton of CO, in 2026 and remains
constant through 2038. This federal tax
credit could substantially decrease the
cost of natural-gas-based hydrogen
production. Using these carbon capture
assumptions, the modelincorporatesa
credit for SMR with CCS of ~$0.2/kgin
2020and ~$0.3/kgin 2030, and for ATR,
the creditis ~$0.3/kgin 2020 and
~$0.4/kgin 2030.

Outputs: Basedonan SMR plant
capacity of 100,000 Nm3*/hwitha
carbon capturerate of 70%, this
analysis estimates the cost of hydrogen
viaSMRat~$1.2/kgin 2020 and ~$1.1/
kgin2030.

Exhibit 10

Modeled cost of SMR with CCS including 45Q for 2020, 2030

Production costs could drop ~6% without Furtherdiscussed [l Capex M Opex [l Taxcredit
accounting for 45Q
Hydrogen cost, 2020, USD/kg 2030, USD/kg
1.2 11
L
-0.2 0.8
. B
SMR +CCS 45Q SMR +CCS +45Q SMR +CCS SMR +CCS +45Q

Assumptions

* Plant capacity = 100,000 Nm?/h; natural gas = ~ $2.5-3/MMBtu; greenbuild
« Carbon capture rate of 70%; unabated CO, emissions of ~9 kg CO,/kg H,
* Tax credit of ~$32/ton captured CO,; captured CO, rate of ~6.5 kg CO, / kg H,

* Plant capacity = 100,000 Nm3/h; natural gas
=~ $2.5-3/MMBtu; greenbuild

* Tax credit of $50/ton captured CO,;
captured CO, of ~6 kg CO, / kg H,
* Tax credit = ~$0.3/kg H,

25 Thesenumbersare the midpoint of estimatedranges. This analysisassumes pipeline to Galvestonand ~50km offshore sequestration sitein the
Gulf of Mexico. Assumes offshore storage location, with low end of the range assuming the reuse of wells for storage while the high end of therange
assumes significantrebuildis required. Only accounts for low cost of capture (with high purity stream). Assumes 25-year lifecycle.

26 Significant shale gasresources existin North America with over 1500 TCF of technically recoverable resources estimated to exist below $3/
MMBtu; thesereserves are estimated to be sufficient to meet 20+ years of North American demand. Long-term availability of low-cost gas may be
challenged, however, by midstream constraints, resultingin the sourcing of gas from more expensive basins.

27 Forcontext, $0.07/kWhis similar to the EIA’s pricing through 2050 and does not include carbon pricing. Annual Energy Outlook 2022, U.S. Energy
Information Administration. Retrieved from: https://www.eia.gov/outlooks/aeo/data/browser/#/?id=8-AEO2022&cases=ref2022&sourcekey=0

28 Techno-economic Evaluation of Deploying CCSin SMR Based Merchant Hz Production with NG as Feedstock and Fuel, Energy Procedia, July 2017.
Retrieved from: https://www.sciencedirect.com/science/article/pii/S1876610217317277
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Thetaxcredit 45Q couldreduce
these coststo ~$0.9/kgand ~$0.8/kg,
respectively. (See Exhibit 10).

Beyond 2030, hydrogen production
costsare expectedtoremainrelatively
stable with aslight reductiontojust
over anestimated ~$1/kgin 2050
without tax credits. Natural gas
represents thelargest cost, whichis
estimatedinthis analysis toremain
stableinthelongrunbut mightvary
significantly inany given year.

Based onan ATR plant capacity of
500,000 Nm?*/hwith a carbon capture
rate of 98%, this analysis estimates
the cost of hydrogen via ATR with CCS
at~$1/kgin 2020 and almost the same
at~$1/kgin 2030. The 45Q tax credit

reforming natural gas and

lowering emissions per kilogram

of hydrogen produced. Capital
expenditures might fall slightly due

to technologicaladvancements and
expectedfutureinvestmentas ATR
becomes more common.? Operating
expenditures are expectedtoincrease
through 2050. Natural-gas-based
hydrogen facilities willdepend
increasingly on electrification for the
ATR heating process (instead of burning
natural gas as aheat source).

For boththe SMRand ATR pathways,
this analysis assumes produced
hydrogenis pressurized at 30 bar,
meaning additional compression
costs could be needed for pipeline

Hub, as noted above. However,
predictingany energy commodity

is difficult, and prices could change
substantially year to year. Exhibit 12
shows the natural gas price sensitivity
for hydrogen production. For 2020

and 2030, hydrogen production costs
include natural gas pricesranging

from $2.5/MMBtu to $4.5/MMBtu. If
natural gas cost $2.5/MMBtuin 2030,
for example, the analysis projects that
hydrogen production could cost ~$1/kg
via ATR with CCS and ~$1.1/kg via SMR
with CCS. But, if natural gas cost $4.5/
MMBtuin 2030, hydrogen production
costs couldjumpto~$1.3/kgand ~$1.5/
kg, respectively. Natural-gas-based
hydrogen production costs willincrease
as natural gas pricesrise.

Exhibit 11

Modeled cost of ATR with CCS including 45Q for 2020, 2030

Production costs could drop ~3% without accounting

for45Q

Hydrogen cost, 2020, USD/kg

1.0

ATR+CCS 45Q

Assumptions

* Plant capacity = 500,000 Nm?/h; natural gas = ~$2.5-3/MMBtu; greenbuild
« Carbon capture rate of 98%; unabated CO, emissions of ~8.5 kg CO,/kg H,
* Tax credit of ~$32/ton captured CO,; captured CO, rate of ~8 kg CO, / kg H,

ATR +CCS +45Q

Furtherdiscussed [l Capex [ Opex [l Taxcredit

2030, USD/kg

1.0

0.6

ATR + CCS +45Q

ATR+CCS

* Plant capacity = 500,000 Nm?3/h; natural gas
=~ $2.5-3/MMBtu; greenbuild

* Tax credit of $50/ton captured CO,;
captured CO, of ~7kg CO, / kg H,

* Tax credit = ~$0.4/kg H,

Exhibit 12

Hydrogen production cost sensitivity
to changesinnatural gas prices

($2.5/MMBtu -
$4.5/MMBtu)

($2.5/MMBtu -
$4.5/MMBtu)

Natural
gas prices

ATR ~$1-$1.4/kg
w/ CCS

~$1-$1.3/kg

SMR ~$1.2-$1.6kg
w/ CCS

~$1.1-$1.5/kg

couldreduce these coststo ~$0.7/kg
and ~$0.6/kg, respectively. Beyond
2030, hydrogen production costs are
expectedtoremainrelatively stable
with costsreachingjustunderan
estimated ~$1/kgin 2050 without tax
credits. (See Exhibit 11).

From2030t0 2050, ATRwith CCSis
expectedto seeefficiency gainsin

transmission, trucking, or storage. This
analysis does notassume any taxon
carbon emissions.

Sensitivity to changesin natural gas
prices

The analysis assumes that natural
gas prices willremain stable at
~$2.5/MMBtu to ~$3/MMBtu for the
foreseeable future based onHenry

29 BasedonHydrogen Council's analysis of anonymized data.

Meeting the DOE’s goal of $1/kg for
clean hydrogen

Theaboveanalysisillustrates howthe
costs of differenthydrogen production
pathways vary with natural gas prices. At
thelowend,both SMRwithCCSand ATR
with CCS canapproach $1/kgofH,in 2030.
Butthese production costswilldependon
the size of the plant, theamount of carbon
captured, andthe naturalgas price.
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Exhibit 13

Direct fiscalincentives can significantly lower near-term production costs

Texas hydrogen tax credit sensitivity, $/kg

Alkaline (growing size)®
Alkaline (growing size) with PTC

35 — ATRw/ CCS - 45Q?
— ATRw/ CCS - No 45Q

3.0 Q Parity
2.5
2.0 Q
1.5
1.0
0.5 K/

0

2020 25 30 35 40 45 2050

1. Growing size is defined as assuming an increase in electrolyzer system size
from ~2 MW in 2020 to ~20 MW in 2025 to ~85 MW in 2030 through 2050
2. 45Qis assumed to expire in 2038

Source: McKinsey Hydrogen Insights

Assumptions

Electricity, $/MWh (LCOE expectations for
onshore wind in Texas)
— Without PTC

40
- - With PTC
20 FSOEET y; (through 2030)
0

- - 45Qthrough
2038)

2020 25 30 35 40 45 2050

Conclusion

Electrolysis-based hydrogen production costs will
reach parity with natural-gas-based hydrogen after
2045 even with PTC and 45Q. If either of these tax
credits were extended beyond 2030 and 2038,
respectively, this point of parity could change.

ATRwith CCS, as modeledinthis
analysis, couldmeetthe DOE's
Hydrogen Shot, which seeks to reduce
the cost of clean hydrogen—defined as
producing no more than two kilograms
of CO, / kilogram of produced hydrogen
—to $1per 1kilogramin1decade
("111").> Theanalysis projects that
the cost of hydrogen produced via ATR
with CCSin Texas couldreach ~$1/

kg by 2030 with~0.2kg CO, /kgH,
(measured at the point of production,
asincorporated within the definition of
Scope 1 emissions).*

The small SMR with CCS plants
modeled here did notreachthe DOE's
targets. Its expected production cost
was ~$1.1/kg with emissions of ~3 kg of
CO, / kg ofhydrogen, basedona70%
capturerate. However,improvements
on SMR technology could allow the

DOE's goals to be reached.

Theelectrolysis-based pathway
discussed above will likely fall short
ofthe DOE's targets. The cost of
hydrogen produced via alkaline in Texas
is projectedtoreach ~$1.5/kgby 2030.

Tax policies supporting both
production pathways can assist
inmeeting DOE's clean hydrogen
costtargets. Forexample, federal
taxcredits, suchasthewind PTC,
could help lower costs dramatically
for electrolysis-based hydrogen
production. Assuming that the wind
PTCis extendedthrough 2030,
at-scale electrolysis-based hydrogen
production costs couldreach ~$1.1/kg
in2030.

For natural gas-based hydrogen
production, the 45Q tax credit could
substantially lower the cost of clean
hydrogen. Without 45Q, the cost of ATR
with CCS looks largely flat at ~$1/kg.
With 45Q, the cost decreases by ~$0.3/
kgin 2020 and by ~$0.4/kgin 2030.%

Achievingthe DOE's goal of $1/kg

of electrolysis-based hydrogen by
2030 would require decreasing capital
expenditures by atleast 20%, assuming
anLCOE of $14/MWh andawind PTC
extension through 2030.*

Pathway #3: Emerging technologies

While electrolysis-based and natural-
gas-basedtechnologies are currently
the two most common pathways

for producing clean hydrogen, other
pathways (e.g., methane pyrolysis,
synthetic biology, and photocatalysis)
could developinthe future. Emerging
technologies could have asizeable
impact after 2035, provided these
pathways get sufficient supportand
funding.

B. Cost of transport and storage

Thetransportationand storage of
hydrogen are critical elements of the
hydrogenvalue chain. This section
examines the costs associated with
suchtransportationand storage.

Hydrogen transport

Hydrogen transportation has two key
components: the vehicle (e.g., truck,
pipeline, or ship) and the carrier, or

the formthat the hydrogen will take
(e.g.,liquid hydrogen [LH,],ammonia,
compressed gaseous hydrogen [CGH_],

30 DOEUpdateonHydrogen Shot,U.S. Department of Energy, December 8,2021. Retrieved from: https://www.energy.gov/sites/default/files/2021-

12/h2iq-12082021.pdf

31 TheU.S.Environmental Protection Agency defines Scope 1 emissionsin the followingway: “Scope 1 emissions are direct greenhouse (GHG)
emissions that occur from sources thatare controlled or owned by an organization (e.g., emissions associated with fuel combustioninboilers,

furnaces, vehicles).”

Scope 1and Scope 2 Inventory Guidance,U.S. Environmental Protection Agency. Retrieved from: https://www.epa.gov/climateleadership/scope-1-

and-scope-2-inventory-guidance

32 Nosubsidies: ATRwith CCSis $1/kg; alkalineis $1.5/kg (based onreduced cost of wind power in Texas andimproved electrolyzer economics; With
subsidies (in 2030): ATR with CCSis $0.6/kgwith 45Q (no PTC for ATR); Alkaline is $1.1/kg with PTC; Carbon intensity kg CO, perkg H, (in 2030): ATR
with CCS =0.2 (assuming 98% carbon capture rate)

33 McKinsey estimates.
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or liquid organic hydrogen carriers
[LOHCI). Allfour carriers are currently
viable low-carbon solutions.

Methanolis also a potential hydrogen
carrier due toits highhydrogen
content (18.75% hydrogen by weight)
andits ability to remain a stable liquid
at most operatingtemperatures,
thereby allowingit tobe storedand
transported with minimal additional
operating costs. Methanol might
provide a source of low-carbon fuel for
the maritime industry moving forward.
This possibility warrants further study,
giventhe Gulf Coast's existing port and
petrochemicalindustries.

Accordingtoa 2019 DOE study,*
methanolis more cost-effective for
transporting hydrogen from the Gulf
Coast to California than conventional
ammonia and hydrogen. But the
report did notaccount for the cost of
producing clean hydrogen or consider
the carbonintensity of each pathway.
The cost andlifecycle emissions of
bio-methanoland green methanol as
carriers need further study.

Trucking: TruckingLH, or CGH, canbe
expensive but suitable for handling low
orvariable demand, such as at hydrogen
refueling stations, or bridging the gap
before constructinga pipeline. Texas
has a high-density trucking market

and enjoys multiple interstate highway
corridors.

Pipelines: At short-to-medium
distances (0-500 km), retrofitted

Exhibit 14

Transport option choice depends on use case, terrain, and distance and could

be a meaningful portion of delivered cost

Overview of major hydrogen transport options?

<0.1USD/kg [ 0.1-1USD/kg [l 1-2USD/kg [l >2USD/kg

Costs by 2030 (based on EU benchmarks)

Distribution Transmission

0-50km 51-100km 101-500 km

Onshore
transmission

Pipelines® Retrofitted
1 pipelines

Regional distribu-

Gy tion pipelines

Onshore
transmission

New Regional distribu-

City grid tion pipelines

pipelines

>1,000 km

Onshore/ sub sea

>5,000 km Most likely applications

Pipelines achieve the lowest H, transport
costs for short distance and high demand

Carrier shipping s expensive but
outcompetes pipelines for

distances; ammonia is more economical if
required in end use case

LOHC ship LOHCship

NH;*
LOHC*

i ]
truckin 2

=R o

rewmle'  cGLH,

trucking®

Distribution truck Dlstrlbutlon truck D\Strlbutlon truck
CGH,*

Trucking is most attractive for low or
fluctuating demand - LH, is likely preferred
for HRS as FCEV can use LH, despite higher
cost than CGH,

1. Alternative distribution methods, such as shipping by rail, could also be feasible pending further research; 2. Gaseous Hydrogen, Liquid Hydrogen LH,, Liquid Organic Hydrogen
Carriers (LOHC), ammonia (NH3), Methanol, LNG/LCO, (dual-use vessels carrying liquefied natural gas on one trip and liquid CO, on the return trip) and solid hydrogen storage; 3.
Assuming high utilization; 4. Including reconversion to H,: LOHC cost dependent on benefits for last mile distribution and storage; 5. Compressed gaseous hydrogen

Source: Hydrogen Council and McKinsey 2021, European Hydrogen Backbone 2021

pipelines could achieve very low
transport costs, below $0.1/kg for

up to 500 km of distance traveled.s®
Achieving costsin this range would
depend onthe availability of existing
pipelines and their suitability for
retrofittingas wellas ontransporting
high volumes of hydrogen to ensure
high utilizationrates. Retrofitting can
save 60-90% ofthe cost of new pipeline
development.”’

Atlongdistances (>1,000km),
onshore and undersea pipelines could
transporthydrogen. The costs of
pipelines canvary greatly. Based on
European examples of repurposed
existinginfrastructure,* capex costs

for onshore transmission networks,
including compression, wouldrange
from $0.6 million/km to $1.2 million/km
for retrofitand from $2.2 million/km to
$4.5 million/km for new build, resulting
inarange of hydrogen transport costs
of ~$0.10-0.25/kg for each 1,000km.*
Underseatransmission pipeline costs
would be 1.3-2.3 times higher, given the
challenges of undersea construction
and operation forboth theretrofitand
new build options.

Distribution pipelines could become
relevant when hydrogendemandin
buildings exceeds the natural gas
blending threshold. These distribution
pipelines would cost muchlessona

34 Variousliquid organic hydrogen carrier materials are available, e.g., dibenzyltoluene (DBT) and benzyltoulene.

35 Outlook of Hydrogen Carriers at Different Scales, Department of Energy Hydrogen Carriers Workshop, H,@Scale, November 2019. Retrieved from:
https://www.energy.gov/sites/prod/files/2020/03/f72/fcto-hydrogen-carriers-workshop-2019-anl.pdf.

Assumes 50 tpd of hydrogen demand. Assumes the hydrogenis transported once every 10 days by train to California storage terminal from the Gulf
Coast(3,250km)andthentransportedlocally by truck (150 km) to the city gate. Assumes methanol created by one-step ATR plane (10,000 tpd)

36 Hydrogeninsights Report 2021, Hydrogen Council, McKinsey & Company, July 2021. Retrieved from: https://hydrogencouncil.com/en/hydrogen-

insights-2021/

37 Hydrogeninsights Report 2021, Hydrogen Council, McKinsey & Company, July 2021. Retrieved from: https://hydrogencouncil.com/en/hydrogen-
insights-2021/. The option toretrofit depends on the existing pipeline (material, age, location), operating conditions, and availability, which might be
limited due to thelong-term natural gas transmissionagreements.

38 EuropeanHydrogen Backbone, Enagas, Energinet, Fluxys Belgium, Gasunie, GRTgaz, NET4GAS, OGE, ONTRAS, Snam, Swedegas, Teréga, July 2020.
Retrieved from: https://gasforclimate2050.eu/wp-content/uploads/2020/07/2020_European-Hydrogen-Backbone_Report.pdf

39 Thisrangeincludesamixofretrofitand newbuild.
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per kilometer basis than transmission
pipelines, considering the lower
pressure and smaller size involved.

Shipping: Hydrogen shipping could

be competitive with pipelines for
distances >1,000km, and they are

more suitable for transcontinental
distances (>5,000km).LH,, LOHC, and
ammonia are the carriers with the most
traction. By 2030, carrier shipping costs
could cost $2-3/kg, assuming at-scale
infrastructure for productionand
shipping.«

Both pipelines and shipping have
advantages anddisadvantages. The
optimal choice depends onuse-case
needs, transportation requirements
afterlandingat port, and storage
time.

Establishing an advantage in marine
shipping costs might be challenging
sinceimportinglocations determine
the costsat port: Costs forprocesses
such as cracking and purification (for
ammonia) or dehydrogenation“ (for
LOHC), depend ontheimporting
countries' electricity costs, which could
be high, and the availability of large-
scale plants near port.

Hydrogenliquefaction: Since
liquefactionincreases hydrogen's
storage density, liquid hydrogen
could meet the growing demand for
low-carbon hydrogenin mobility
(suchas heavy duty trucks and fuel
celllocomotives) and as a storage
solutionin several different ways. First,
distributingliquid by truck, today's
predominant distribution mode,
provides between 10-12 times more
storage capacity compared to tube
trailers at various pressures. Moving
hydrogenviarailin 30,000-gallon rail
carsinthefuture willrequire liquid

Exhibit 15

Comparing hydrogen pipeline production costs

Description

Ease of retrofitting

Cost estimation
Capex in Million
USD/km

Source: Hydrogen Council

Onshore tr ission pipeli

Large, high pressure transmission
pipelines transporting gas onland

ot

High

Potential availability constraints due to
long-term natural gas commitments
and capacity contracts

2.2-4.5

0.6-1.2

Retrofit New

tr pip

Large, high pressure transmission
pipelines transporting gas through

oceans

Low
High compression requirements and

subsea transmission network may
be challenging

4.7-7.1

~1.3-2.3x

costs of onshore
transmission pipelines

1.3-3.1

Retrofit New

Distribution pipelines

Smaller, lower pressure pipelines for
last-mile gas delivery to end users

e

Medium

Distribution network location in
densely populated areas could be
problematic

~15%
of costs of onshore
transmission pipelines

0.3-0.7
0.1-0.2

Retrofit New

Exhibit 16

Comparing advantages and disadvantages of LH,, ammonia, LOHC

Advantages/
suitable
applications

Disadvantages

LH,

Liquid or high-purity
H,isrequired
Dehydrogenation/

cracking to convert
togaseousH,isnot

Ammonia

Endusersneed
ammonia(e.g.,
fertilizer, marine fuel,
co-firingorammonia
for power generation)

required, saving costs
andincreasing purity

Boil-offlossesin
storageandtransport

High volumetric density

Commercially available
ammonia ships

High cost of cracking
backtoH,

Purification necessary
for high-purity
applications
Handlingand storing

restrictionsdueto
toxicity

LOHC

Existing diesel
infrastructureisusable
for non-flammable and
non-toxic materials

Ability touse cheaper
storagetanks

Storageforlong periods
withoutloss

Dehydrogenation
processrequireslarge
amounts of heat

LimitedH, carrying
capacityvs.LH,and
ammonia

40 Hydrogeninsights Report 2021, Hydrogen Council, McKinsey & Company, July 2021. Retrieved from: https://hydrogencouncil.com/en/hydrogen-

insights-2021/

41 Dibenzyltoluene (DBT)asahydrogen carrier can be used to extracthydrogenat 99% purity.
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hydrogen. Second, on-board liquid
hydrogen storage provides sufficient
density to allow for long-distance
trucking without refueling (1000+
miles) and for fuel cell locomotives.
Finally, at hydrogenrefueling stations,
liquid storage could replace high-
pressure gaseous storage since

more molecules canbe compressed
and since liquid hydrogen pumps
consume less electricity. In addition,
hydrogen liquefiers, liquid hydrogen
storage tanks, and heat exchangers
for hydrogenliquefaction units canbe
madein the United States.

Hydrogen Storage

Selectingastorage option should take
into account volume, duration, the
required speed of discharge, and the
availability of geological options. Texas
has both geologicaland engineered
options.

Geological storage would be the

best option forlarge-scale, long-

term hydrogen storage that could
bridge seasonal changesin electricity
supply or provide systemresilience.
Saltcaverns, depleted oiland gas
reservoirs, and water aquifers are three
options that warrant consideration.

Salt caverns are amature option,

witha Technology Readiness Level
(TRL) of nine out of tenin 2021. They
offer significant economies of scale,
low operational and land costs,

high efficiency (~98%),2and low
contamination, as well as high discharge
rates enabled by highinjectivity and
productivity.

Texas has salt cavern capacity and
expertise. Three out of the four
currently operational sites worldwide

arein Texas, with total capacity of 485
GWh* (over 14,500 MT). The local cost
of cavern storage couldbe aslow as
$0.2/kg of hydrogen.*

Hydrogen storage indepleted oiland
gasreservoirs and aquifersisless
mature, witha TRL of twoin 2021.
Depletedreservoirs are typically
larger than salt caverns and offer high
storage capacity but need to be proven
feasible for hydrogen storage. Texas
has abundant capacity of depleted
oiland gas reservoir storage, which
could be good candidates forlong-
term cyclingiftheir ability as hydrogen
storage unitsis provenfeasible. Saline

aquifersrequire additional site-specific

characterization work to determine
feasibility.

Microorganisms, fluids, and rocks
may react with hydrogenand trigger

losses or contamination. For further
usein FCEVs and other high-purity
applications, hydrogen storedinsalt
caverns, depletedfields, or saline
aquifers would likely require additional
processing.

Engineered storage tanks are best for
small-scale applications and short-to-
medium time frames, including hourly
storage for hydrogenrefueling stations
and days or weeks for industrial
applications to protect against short-
termmismatchesindemandand
supply. Tanks typically store CGH, or
LH, with high discharge rates and enjoy
efficiencies of ~99%.

Exhibit 17

Texas production costsin 2030 could be cost competitivein
both electrolysis- and natural-gas-based hydrogen'

Cost of hydrogen production
(electrolysis-based) in 20302
Further acceleration scenario, USD/kg

Texas

Cost of hydrogen production
(natural-gas-based) in 2030
Further acceleration scenario, USD/kg

Texas

!

- 5
o

Saudi Arabia

Japan

1. Further Acceleration Scenario refers to a scenario where global hydrogen demand reaches 540 MTPA in 2050. This scenario is described in

more detail in Section 3.1

2. Electricity costs based on solar in Australia, Chile, KSA, wind in Texas, China, Japan, and EU; 2. Germany example

Source: McKinsey Hydrogen Insights

42 Definedas quantity of hydrogeninjected divided by the quantity available for extraction.

43 Global Hydrogen Review 2021, 1EA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021.

44 Assumesstoringat44-176 barin 3 * 300m? caverns, 6 cycles peryear.
45 Liquefaction plants assume that the boil offfromthe storage tanksis captured and used againinthe process.
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4. Texas' export
competitiveness

Local production costs are one of the
most significant factorsin exporting
clean hydrogen: These costs vary
considerably across geographies
andtechnologies with electricity and
natural gasrepresenting thelargest
costinputs for the two pathways
modeled here. The analysis puts
Texas' electrolysis-based hydrogen
production costin2030at ~$1.5/kg
inthe base case, but this cost could
increase upto $1.9/kg (as discussed
insection 2.3.A). Thisrange could

be competitive with Chile and Saudi
Arabia; Texas' modeled natural-gas-
based hydrogen production costin
2030is ~$1/kgbut couldincrease up to
$1.3/kg for ATRwith CCSif natural gas
prices were torise (see Exhibit 12). This
range could be competitive with other
countries’ natural-gas-based hydrogen
exports.

The production costsabove are
representative of an alkaline
electrolyzer system size of ~85

MW size. Differencesin capexand

other opexreflect different annual
production outputs as each system
assumes adedicated behind-the-meter
renewable energy system, whichisin
turn affected by the renewable energy
resources available in eachregion.

Transportationcostsarealsoa
significant considerationin export:
While Australiaand Saudi Arabia are
geographicaly closer tolikely hydrogen
demand centers such as Japanand

the European Union, respectively,
Texas could potentially compete on
landed cost. The estimated cost at
harbor for electrolysis-based hydrogen
transportedto Europe or Japan,
asammoniaor LOHC, is similar for
Texas, Australia, and Saudi Arabia. The
followingammonification costsare
inline with existing greenammonia

Exhibit 18

Estimated landed cost in 2030, $/kg hydrogen

Japan

Australia

Texas

Ammonia®!  Production
Ammonification
Shipping?
N/Awhen used
as ammonia

Cracking®
Purification®
Cost at harbor

Production

LOHC
(DBT) Hydrogenation

Shipping?

==
==

importing country's fuel and electricity costs

Delivered cost of hydrogen can be competitive between Texas and Australia /
Saudi Arabia despite their proximity to destination

[ Production [ Shipping
Il Conversion

EU

Saudi Arabia Texas Saudi Arabia

| |
| |
| |
| |
44 I

I | 1 | I

| | | | ]
Dehydrogenation’ - - - - -
Cost at harbor I :.0 3.2 3.0 3.1 3.1

1. For applications where ammonia can be used directly (e.g., marine fuel, coal blending), ammonia s a lower delivered cost than LOHC; 2. Unlike LH,, ammonia and LOHC shipping
costs are less sensitive to distance because they incur lower hydrogen losses. Import and export fees are a significant portion of shipping costs not correlated to distance whereas
ship rental, fuel (assuming global HFO averages), and labor costs are correlated with distance; 3. Conversion process costs after landing are determined by hydrogen loss costs and

Source: McKinsey Hydrogen Insights; note totals may not match with sum of subtotals due to rounding
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production costs from the International
Energy Agency (IEA) and the DOE

when accounting for similarly scaled
projects.#

Three mainfactors explain Texas' cost
competitiveness on marine transport:

* Shipping costs forammoniaand
LOHC are not very sensitive to
distance (boil-off makes liquid
hydrogen shipping costs more
sensitive to distance).”

* Thevalue of hydrogenlossesinboth
processing and shipping depends
onproduction costsinthe exporting
country; costsin Texas are
relatively low.

* The cost for end-of-journey
processing (e.g.,ammonia cracking
and purificationand LOHC
dehydrogenation) that takes place
intheimporting country accounts
foralarge portion of transport costs
andis not necessarily affected by the
exporting country.#

This exportanalysis does notinclude
the costs of transport orintermediate
storage when moving electrolysis-
based hydrogen from West Texas to
demand centers along the Gulf Coast.
However, most conversion sites and
facilities (e.g., liquefaction,ammonia,
andtruck centers) incorporate storage
or willdraw multiple sources for use
atscale.

Beyond productionandtransport
costadvantages, severalnon-cost
strategic considerations could make
Texas an attractive choice for export.
Theseinclude geopoliticaland national
security considerations (e.g., Europe’s

efforts to diversify its sources of
naturalgasimports and accelerate
hydrogen uptake); the potential for cost
optimization (e.g., takingadvantage
of natural gas price fluctuationsin
different regions); the speed of capital
deployment and capacity build (e.g.,
Texas might achieve scale earlier

than Saudi Arabia and Australia);
stability through diversification

and more predictable sources; and
long-term offtake agreements that
create a potential vehicle for trade
collaboration.

In many ways, the market for hydrogen
exports could resemble the evolution
oftheliquified natural gas (LNG)
market. Similar to LNG, supply-based
hydrogen hubs such asin the Middle
East, Australia,and North America
could compete to servedemandin
East Asia (e.g., Japanand South Korea).
Giventhe costassumptions, Texasis
likely toleverageits costand strategic
advantagestoexporthydrogenandits
derivative products.

46 Outlook of Hydrogen Carriers at Different Scales, Department of Energy Hydrogen Carriers Workshop,

H2@Scale, November 2019. Retrieved from: https://www.energy.gov/sites/prod/files/2020/03/
f72/fcto-hydrogen-carriers-workshop-2019-anl.pdf.

The Future of Hydrogen, International Energy Agency, June 2019. Retrieved from: https://iea.blob.core.
windows.net/assets/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of_Hydrogen.pdf.

47 These costs could bereducedinthe future by using boil offto power vessels.
48 Besides differences caused by hydrogen losses (see second bullet point).
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Demand

This chapter highlights expected
global hydrogen demand and hydrogen
demandin Texas across a variety of
applications, includingindustrial,
mobility, power and heat, and exports.
This chapter assesses whether Texas'
supply advantages can potentially be
paired with correspondingdemand
signals. These applications were
selectedfortheirrelevance to the
region and for their potential growth
through 2050.

1. Globaldemand

The worldis racing to cut emissions.
More than 130 countries have set, or
are considering, atarget of net-zero
emissions by 2050 to limit global
warmingto 1.5°C.* Clean hydrogen
offersalong-term, scalable option

for decarbonizationin hard-to-abate
sectors, complementingrenewable
power, biofuels, and energy efficiency
improvements. With an estimated
abatement potential of 7 GT of CO, in
2050, hydrogen could contribute 20%
of the total global abatement needed
in 2050.°

Global demand for hydrogenis
expected togrowatanaveragerate
of 4-6% per year between 2020-

30, accelerating to 6-8% per year
between2030-50: Hydrogendemand

couldreach 540 MTPAin2050in

the Further Acceleration scenario

(see below). With more aggressive
regulatoryrequirements and policy
support, hydrogen demand could
reach ~660 MTPAin 2050.3 The overall
market, including related technologies
such as electrolysis and fuel cell
equipment, could top $2.5 trillion by
2050.*

Demand signals are core to creating
demand use cases based on a specific
industry need. Each demandsignal,
inturn, should spur the creation ofa
value chain thatinvolves the supply
ofhydrogen and/orits derivate end
products (e.g.,ammoniaand green
steel). Infact, in some sectors
(e.g.,commercial aviation) the demand
signal for low-carbon products vastly
outstrips the current supply.

Exhibit 19

Arange of scenarios were considered for global demand

Faster

Speed of

energy Co,

transition 9

Scenario Fading Current Further Achieved 1.5C

description momentum trajectory i i trajectory
Fading momentum Current trajectory Further acceleration Net-zero 1.5-degree
in cost reductions, of renewables cost of transition driven commitments? pathway is
climate policies and decline continues, by country-specific achieved by leading adopted globally,
public sentiment will however currently commitments, countries through driving rapid
lead to prolonged active policies though financial and purposeful policies, decarbonization
dominance of fossil remain insufficient technological followers transition investment and
fuels to close gap to restraints remain at slower pace behavioral shifts

ambition

Average abatement <$50 $60-150 $85-160 $115-200 $230+

cost / shadow

CO, price?

$/tCO,, 2030-50

Hypothesis on >3.5°C 2.5-3.5°C 2.0-2.5°C 1.8-2.0°C ~1.5°C

global warming?®

1. Hypothesis based on industry wide surveys, benchmarking, and EU net zero outputs and based on assumption carbon price will be key policy
instrument to decarbonize sectors; 2. Excluding international bunkers; 3. Warming is an indication of global rise in temperature by 2100

Source: McKinsey Global Energy Perspective, Feb 2022

1 Foralivable climate: Net-zerocommitments must be backed by credible action, the United Nations. Retrieved from: https://www.un.org/en/

climatechange/net-zero-coalition

2 HydrogenforNet Zero: A critical cost-competitive energy vector, Hydrogen Council, November 2021. Retrieved from: https://hydrogencouncil.com/
wp-content/uploads/2021/11/Hydrogen-for-Net-Zero_Full-Report.pdf

3 Hydrogenfor Net-Zero, Hydrogen Council McKinsey & Company, November 2021. Retrieved from: https://hydrogencouncil.com/wp-content/

uploads/2021/11/Hydrogen-for-Net-Zero.pdf

4 Hydrogenscaling up: A sustainable pathway for global energy transition, Hydrogen Council, November 2017. Retrieved from: https://hydrogencouncil.
com/wp-content/uploads/2017/11/Hydrogen-scaling-up-Hydrogen-Council.pdf
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While the sheer economics ofagreen Exhibit 20
premium might deter poten‘tial buyers,  pemand for clean hydrogen could reach up to ~21 MTPA by 2050; export and
net-zero targetsand commitments industry are the largest categories

mightincrease willingness to pay

premiums. For example, net-zero ‘\
commitments by automakers couldlead .’
to greater willingness to pay for “green Export &
steel,” enabling the steelindustry to

boost demand for clean hydrogen. Industry

The hub concept provides aforum for 10 0
identifying alegitimate demand signal
and activating a clean hydrogenvalue MTPA

=1 ﬁ%
Mobility

chain (of suppliers, off-takers, and

others) through catalyzing projects

Power & Heating
3.8
MTPA
that can grow organically to meet

increases indemand. Potential to add up to 180K jobs resulting in
$100B contribution to local economy by 2050

6.0

MTPA

2. Texas' priority use cases

Production of clean hydrogen from
the Texas hub catchment area (the
geographicboundary used for this
analysis) could reach 5 MTPA by 2035 aviation), and power and heating A. Industrial applications
and 11 MTPA by 2050 for meetinglocal (-2 MTPA for utility power generation,
demand, inadditiontoexporting3MTPA  energy storage, and natural gas

by 2035 and 10 MTPA by 2050:1n 2050, blending for buildings).

Texas' production of ~21 MTPA would be

Note: Numbers do not add up exactly due to rounding

Catchmentarea: Hydrogen canbe
usedinindustrial applications as either
afeedstock orafuel. As afeedstock,

] Sizingmethodology: This analysis hydrogen can be used in refining,
the equivalent of ~4% global hydrogen . . L

i ) estimates that Texas has an export petrochemicals, ammonia, iron,and
demandin 2050, wellabove Texas' share . L .
ofthe global economy (~2%in 2019).5 potential of ~10MTPA, consideringa steel. As afuel, hydrogen can be usedin

9 ylmeo : range of 8-12 MTPA based on current high-grade heat applicationsin theiron,

In 2050, export (~10 MTPA of hydrogen market share of LNG exportsand steel, cement, and chemicalindustries.
and hydrogen-based fuels) would be assuming Texas' current percentage Many organizationsinthese sectors
thelargestdriver of demand, followed of global hydrogen production remains have production facilities across Texas
by industrial applications (~6 MTPA constant.® The hydrogen would likely and Louisiana, and their corporate
including feedstock and heating be exportedin the form of ammonia or officesinthe Houston area make
applications), mobility (~4 MTPA for other hydrogen-based carriers.’ purchasing decisions.

ground and marine transportand

5 2019 Texas GDP of $1.8trillion,U.S. Bureau of Economic Analysis, December 2021. Retrieved from: https://www.bea.gov/sites/default/files/2021-12/
qgdpstate1221_1.pdf. Global GDP of $85 trillion, World Bank. Retrieved from: https://data.worldbank.org/indicator/NY.GDP.MKTP.CD

6 Thisanalysistakesatop-downapproachindeterminingthe export potential for hydrogenfromthe Texas region by averaging two different
methodologies. The first methodology assumes that Texas maintains its current share of hydrogen production, (estimated at ~4% today) and maintains
that share through 2050. Assuming a global demand for hydrogen of 540 MTPAin 2050, Texas would be responsible for 23 MTPA, or ~12 MTPA after
accounting forlocaldemand. The second methodology assumes that a) Texas maintainsits current share of liquified natural gas (LNG) exports ataround
8%, asreportedbythe EIA;andb) that around 20% of the estimated global 540 MTPAin 2050is traded, as estimated by the IEA. This leads to atotal MTPA
fromthe Texas region of ~8 MTPA. Together, these methodologies lead to an estimated export potential of ~8-12 MTPA, or ~10 MTPA.

U.S. Liquefied Natural Gas Exports by Point of Exit, U.S. Energy Information Administration, March 31,2022. Retrieved from: https://www.eia.gov/dnav/
ng/ng_move_poe2_a_EPGO_ENG_Mmcf_a.htm

Global Hydrogen Review 2021, IEA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021; Texas' current
hydrogen productionis estimated at ~3.6 MTPA with global hydrogen production estimatedat ~84 MTPA

7 GasUnie, HES, Vopak planammonia, hydrogen terminal at Rotterdam, Reuters, April 11,2022. Retrieved from: https://www.reuters.com/article/
netherlands-hydrogen/gasunie-hes-vopak-plan-ammonia-hydrogen-terminal-at-rotterdam-idUSL2N2W918W
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Therefore, both Texas and Louisiana
areincludedinthe Houston catchment
areaforindustrial hydrogen demand.

Sizingmethodology: The 2050industrial
demandsizingrepresents the full
potential for hydrogen demand assuming
thatallfacilitiesinthe targeteduse
casesin Texas and Louisianaadopt clean
hydrogen, unless otherwise noted. Inthis
analysis, facility-level GHG emissions
datafromthe EPA's Greenhouse Gas
Reporting Program (GHGRP)® has been
translatedinto hydrogendemand
potential by application.®

The 2035 demand sizing reflects how
much of the full potentialis achievable,
by application, by then. Texas' large
number of refining, petrochemical,
and ammonia facilities could

gradually adopt clean hydrogen by
2030, creating substantial hydrogen
demand. However, given the

relatively smallnumber of iron and
steeland cementfacilitiesintheregion,
these sectors willlikely not be a major
demanddriver overthe next 15 years.

Refining: Texasrefineries have the
capacity to process 5.9 million barrels of
crude oil per day, accordingto the U.S.
Energy Information Administration.

As of January 2020, thisamounted to
~31% of total U.S. refining capacity.®
TheHoustonareaishometoten
refineries that collectively process
more than 2.7 million barrels of crude oil
per day, or ~14% of all U.S. production.*

Exhibit 21

Industry and export could drive most of the demand that come online by 2035,
with mobility and industrial heating to follow

W 2035 [ 2035 to 2050

Category Application Clean hydrogen demand, MTPA % of 2050 total
Industry® Industrial feedstock?® -I 4.4 21%
Industrial heating |. 1.6 8%
Ground transportation I- 2.2 11%
Mobility? Marine* || 0.4 2%
Aviation* |l 1.1 5%
Power Utilitys N ES! 5%
and heat? Buildings ‘I 0.5 2%
Export Export® -_ 9.9 46%
Total 100%

1. Sizing includes Gulf Coast (Texas and Louisiana); 2. Sizing includes Texas; marine only includes Port of Houston; 3. Includes refining, petrochemicals,
ammonia, iron, and steel; 4. Includes synthetic fuels and hydrogen propulsion for Texas; 5. Includes natural gas power generation and energy storage; 6.
Represents hydrogen and hydrogen-based fuels (e.g., for aviation and marine) produced in Texas and consumed elsewhere.

Exhibit 22

Industrial facility CO, emissions in Texas and Louisiana, 2019°

Industry Type
[ © Ammonia
[ O ® Cement
LIS @ Chemicals
L] ® Hydrogen

@ Iron and steel
Refineries

Sum (CO, Emissions),
MPTA

.3 i8S se :
- ° o % o' . .. 20
'.- 5 K ™ .“8
- y
o
60"
..,

1. Analysisuses 2019 datafromthe U.S. Environmental Protection Agency's FLIGHT database as wellas proprietary data from McKinsey's
EnergyInsights emissions database

8 GHGP 2019 Data Summary Spreadsheet, EPA, August 2021. Retrieved from: https://www.epa.gov/ghgreporting/data-sets. Note where possible,
2019 datais usedasthe base yearacrossapplicationstoreduce noise from COVID-19impact.

9 Demandfactorsare0.11tH,/t CO,eforrefiningand petrochemicals, 0.085t H,/ t CO,e forammoniamanufacturing, 0.1t H, /t CO_eforironand steel
production,and0.008tH,/t CO,e for cement productionbased on H, needed and CO e emitted per ton of productinthe U.S

10 Texas State Energy Profile, EIA, April 2021. Retrieved from: https://www.eia.gov/state/print.php?sid=TX

11 Refinery Capacity Report, EIA, January 2020. Retrieved from: https://www.eia.gov/petroleum/refinerycapacity/archive/2020/table5.pdf



Houston as the epicenter of aglobal clean hydrogen hub | May 2022

Currently, oil refineries use about
two-thirds of the ten million tons
of on-purpose feedstock hydrogen
produced eachyearinthe U.S.*?

Oilrefining willremainanimportant
application of hydrogen, but asthe
energy transition decreases global
demand for hydrocarbon liquids by
2050, thelong-term need for refining
capacity willdecline. Inthe Further
Acceleration scenario, the global
distillation capacity of 105 million
barrels perdayin 2019 willdrop ~27% by
2035and ~55% by 2050.**

Thereduction of refining capacityin
North Americawillbeuneven. The
United States Gulf Coast (USGC)
enjoys significant advantagesin
thisregard: highly complex assets
(producing the highest-quality yields
and achieving highmargins), strong
operating capabilities and system
efficiencies (flagship facilities, talent,
andinfrastructure, including the
existinghydrogen network), and better
access to export markets than other
North Americanrefininglocations. A
larger share of capacity might closein
the Midwest, the West Coast, Alaska,
Hawaii,’* and Canada. Therefore, this
analysis assumes 10% reduction of
refining capacityin 2035 (vs. 2019), and
30%in 2050, leading to demand for
refininghydrogen of 2.0 MTPAin 2035
and 1.6 MTPAin 2050.

Petrochemicals: Houstonisresponsible
formorethan 42% of U.S. petrochemicals
capacity, according to the state of
Texas.” This production generatesan
estimated ~$40billioninrevenue each
year.'® Petrochemicals are expected to
remain a sizable application forclean
hydrogenin 2050. The estimated total
demandfor cleanhydrogeninthe
petrochemicals sectorwillreach1.5
MTPAin Texas and Louisiana by 2050,
including, but notlimited to, replacement
of currentdemand for conventionally
producedhydrogen;applicationsin
methanol, nylon, and butanol production;
and substitutionfornaturalgasasa
source of heatin petrochemicals.

Ammonia: The totaldemand for clean
hydrogeninammonia manufacturing
isexpectedtoreach 1.2 MTPAin Texas
and Louisiana by 2050, mostlyin
Louisiana. Leveraginglow natural gas
costs, the Gulf Coast region produces
asignificantamount of ammonia, used
primarilyinfertilizer production. Natural-
gas-based hydrogen production could
serve this marketand meet the demand
forlow-carbon products, atleast until
electrolysis-based hydrogen production
costsdecrease.

Ammonia could grow to meet other
productionrequirements, including
marine fuel (demandincludedin marine
use case) and seaborne hydrogen
transport (demand accounted forin
other use cases).

Ironand steel: The total demandfor
clean hydrogeninironand steelis
expectedtoreach0.2 MTPAin Texas
and Louisiana by 2050. Given that
Texas already has highly advanced
directreduction plants, the state could
lead the nationin the development ofa
low-carbon steelindustry.

Directreduction ofiron (DRI) uses
natural gas to produce steel with lower
CO, emissions compared to steel
productionthat usesblast furnaces.
The DRI process canuse mixtures

of reformed natural gas, i.e.,carbon
monoxide and hydrogen, or even 100%
hydrogen to make the DRI. Experts
suggest a 30% mix of hydrogen

with natural gas is feasible without
significantly altering the production
process. The higher the proportion of
greenhydrogenthatisused, the lower
the CO, emissions from the direct
reduction process.”

Cement: Totaldemand for clean
hydrogeninthe cementsectoris
expectedtoreach0.1 MTPAin Texas
and Louisiana by 2050. Texasishome
tothe U.S. headquarters of CEMEX,
which has already introduced hydrogen
technologyinto the fuel mix of allits
cement production facilities in Europe.
CEMEX has announced plansto do

the samein other facilities outside

of Europe, making the company a
potential user of hydrogenin the Texas
region.®

12 The Technicaland Economic Potential of the H2@Scale Hydrogen Concept Within the United States, The National Renewable Energy Lab, January 2021.
Retrieved from: https://www.nrel.gov/docs/fy210sti/78956.pdf#:~:text=The%20economic%?20potential%200f%20hydrogen,4.1X%20
current%?20annual%20consumption.&text=electrolysis%2C%?20fuel%20cells%2C%?20and%20hydrogen%?20distribution%20technologies.

13 Energy Insights’Global Downstream Model, McKinsey & Company, June 2021.
14 Specifically the Petroleum Administration for Defense Districts 2 and 5 in the United States
15 Petroleumrefining & Chemical products, Texas Government, June 2015. Retrieved from: https://gov.texas.gov/uploads/files/business/petroleum-

snapshot.pdf

16 Industry revenue of “petrochemical manufacturing”in Texas from 2012 to 2024, Statista, September 2021. Retrieved from: https://www.statista.com/
forecasts/1205390/petrochemical-manufacturing-revenue-in-texas

17 Commentsbythe Center for Houston's Future to the U.S. Department of Energy’s Earthshot Request for Information, Center for Houston's Future, July
2021.See Appendix C for hyperlink. Expertinterviews were also conducted

18 CEMEXsuccessfully deploys hydrogen-based ground-breaking technology, Cemex, February 2021. Retrieved from: https://www.cemex.com/-/
cemex-successfully-deploys-hydrogen-based-ground-breaking-technology
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Industrial heating:'® Total demand for
clean hydrogen for industrial heating
isexpectedtoreach1.6 MTPAin
Texas and Louisiana by 2050, with 1.1
MT in Texasand 0.5 MT in Louisiana.
Hydrogen could replace fossil fuelsin
high-grade heat applications (above
5000C), which are used primarily by
theiron, steel, plastics, and chemical
industries. For low-grade heat (below
1000C) and medium-grade heat (100-
5000C) applications, electrification
islikely to be the preferred solutionin
most situations.

Hydrogen could account for up to 5% of
high-grade heat applications by 2035.
By 2050, hydrogen could meet 20-25%
of high-grade, 5-10% of medium-
grade,and up to 5% of low-grade heat
and power requirements.?° Research
and development of hydrogen-
compatible equipmentis needed to
enable further adoption.

B. Mobility

Catchmentarea: The primary

mobility applications of hydrogen
include hydrogen fuel cell trucks, light
commercial vehicles (LCVs), and buses.
Thereport considers the entire state
of Texas as the catchment area for
hydrogen demand in mobility since
infrastructure willneed to be expanded
acrossthe state to service fuel cell
electric vehicles (FCEV), such as trucks

alongl-10,1-45,and other corridors.

Sizingmethodology: To size road
transportation demand for hydrogen

in 2050, this analysis replaces current
demand for liquid fuels by LCVs, buses,
and trucks?* with hydrogen.? The sizing
assumes an FCEV penetrationin 2050
of 12% for buses, 5% for LCVs, and 10%
for heavy-and medium-duty trucks
(HDTsand MDTs).?* The 2035 road
transportation demand assumes FCEV
penetration of 3% for buses, 3% for
LCVs, and 6% for trucks.

The demand sizing for marine transport
assumes the following: that Houston's
regional hydrogenuse as ashare of U.S.
marine hydrogen demand maintains

its 6.8% share of U.S. port activity.?
Energy consumptionin marine
transportis expectedto be fulfilled

by hydrogenat2%in2035and 35%in
2050.%

Heavy-duty trucks: Total demand for
cleanhydrogeninthe Texas HDT sector
is estimatedtoreach2 MTPA by 2050,
with ~25% of that demand materializing
by 2035.

Heavy-duty trucks (HDT) representan
ideal application of hydrogen for the
Texasregion for the following reasons:

Trucking would need limited new
infrastructure to supply hydrogenas
afuel. Texas already has several high-

concentration trucking markets, which
would further reduce the cost ofany
new infrastructure.

Hydrogen fuel cells offerimprovements
over batteriesin electric vehicles—in
weight and fueling time —making
hydrogen better suited to heavy-duty
truckingand mining vehicles than
batteries. Indeed, thisreport expects
FCEVsinHDTs to break even with

ICE vehiclesinthe U.S.by 2032, as
measured by total cost of ownership
per km-ton traveled.

Texas could also develop hydrogen
infrastructure at the Port of Houston,
replacing diesel-powered trucksin port
drayage with FCEVs. Drayage trucks
areusually Class 8 heavy-duty diesel
trucks, which are the single largest
contributor to emissions of NOxamong
mobile sources.

19 Sizingmethodology assumes Texas and Louisiana’s shares of total U.S. hydrogen demand from industrial heating (5MT in 2030, accordingto FCHEA
report) are proportional to their 2019 shares of U.S. industrial energy consumption of 22% and 9%, respectively.

20 RoadMaptoaU.S. Hydrogen Economy, FCHEA, October 2020. Retrieved from: https://www.fchea.org/us-hydrogen-study#:~:text=New%20
Report%200ffers%20Road%20Map%20t0%20US%20Hydrogen%20Energy%?20Leadership&text=The%20Road%20Map%20stresses%20
the,heat%20and%20feedstock%20t0%20industry.

21 Roadway Inventory AnnualReport 2019, Texas DOT website, 2019. Retrieved from: https://www.txdot.gov/inside-txdot/division/transportation

planning/roadway-inventory.html

22 Hydrogen Conversion FactorsandFacts Card, U.S. Department of Energy. Retrieved from: https://www.nrel.gov/docs/gen/fy08/43061.pdf. Assume
around 1kg of H, replaces 1gallon diesel or gasoline accordingto US DO.

23 Global Energy Perspective 2021, McKinsey & Company, January 2021. Retrieved from: https://www.mckinsey.com/industries/oil-and-gas/our-
insights/global-energy-perspective-2021. Assuming Texas FCEV penetrationis aligned with U.S. Adoption estimates are based onaverage TCO per

km forICE,BEV,and FCEV

24 Top30U.S. Ports, Logistics Management, May 2021. Retrieved from: https://www.logisticsmgmt.com/article/
top_30_u.s._ports_big_ports_got_bigger_in_2020.US portactivity measured in twenty-foot equivalent units (TEUs).

25 Global Energy Perspective 2021, McKinsey & Company, January 2021. Retrieved from: https://www.mckinsey.com/industries/oil-and-gas/our-

insights/global-energy-perspective-2021.
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Accordingtoa 2013 study, drayage
trucks servicingthe Port of Houston
made 2.1 million gate visits, collectively
emitting 325 tons of NOx emissions.?
Asoflate 2021, 10,000 trucks arrived at
the port every day to unload more than
280,000 containers.?’

Port drayage projects could also benefit
disadvantaged communities. Areport
by the Natural Resources Defense
Counciland the Texas Environmental
Justice Advocacy Services found that
pollutiondisproportionately affected
communities near the Houston Ship
Channel. Hydrogen-powered trucks
couldreduce these emissions.?

Light commercial vehicles (LCVs) and
buses: Total demand for clean hydrogen
inthe LCVandbus sectorin Texasis
estimatedtoreach0.3 MTPA by 2050,
with 20% of that demand materializing
by 2035. The HoustonareaMETRO

has ~1,200 active busesinservice
today.? These buses canbe near-term
candidates for electrification. Battery
electricvehicles (BEVs) and FCEVs

could decarbonize city and school buses
almost completely by 2035. FCEVs could
capture 60% of the city bus market,
whichruns daily trips of ~120 miles, by
2030.3°Thisreportdoesnotexpect LCVs

to be amajor use case for hydrogen, due
primarily to the popularity of BEVs. In
the LCV sector, FCEVsare expectedto
achieve cost parity with BEVs seven to
tenyears after BEVsachieve cost parity
withICE vehicles. By then, alarge portion
ofthe addressable market will likely have
transitioned to BEVs.*!

Marine: Thisreportexpects totaldemand
for cleanhydrogeninthe marine sectorin
Texastoreach0.4 MTPAby 2050, including
0.3MTPAforhydrogen-basedfuelsand
0.1 MTPA for hydrogen fuel cell ships.

Demand for hydrogenin marine
transportincludes hydrogen fuel cell
ships and hydrogen-basedfuels,i.e.,
ammoniaand methanol. Thereport
estimates that hydrogen-based fuels
could meet 60% of U.S. marine energy
needsin 2050 with hydrogen fuel cells
meeting 20% of that need, up from 9%
and 7%, respectively, in 2035.

Hydrogen fuel cells have limited
marine applicability. While there have
been demonstrations with coastal
and short-distance vessels since the
early 2000s, commercial operations
of fuel cell vessels are nascent. The
first fuel cell ferries only launched
commercial operationsinthe U.S.and
Norwayin 2021.*2In addition, the low

volumetric density of hydrogen limits
its direct use to short-and medium-
range vessels, or those vessels with
high power requirements that battery
electrification cannot meet.*

In contrast, majorindustry stake-holders
have announced plans to make 100%
ammonia-fueled engines available as
earlyas 2023 and plans to offerammonia
retrofit packages for existing vesselsin
2025.**Methanol, another possibility, is
more compatible with existingmarine
engines but hasless decarbonization
potentialthanammonia.

Aviation: Total demand for clean
hydrogeninaviationin Texasis
expectedtoreach1.1 MTPAin
2050,mostly serving synfuel production
ratherthan hydrogen propulsion.

Aviationis one of today's most carbon-
intensive industries. Airplane emissions
reached almostone Gtin 2019, or
~2.8% of the world's total emissions,
accordingtotheEA.*

Texas is home to some of the busiest
airportsintheworld. Almost 60 million
people passed through Houston's
airportsin 2019.%*¢ Total jet fuel demand
in Texas accounted for 9% of U.S. jet
fueldemandin 2019.%

26 Cleanairstrategyplan, Port Houston, 2021. Retrieved from: https://porthouston.com/wp-content/uploads/CASP_Clean-Air-Strategy-Plan_2021-

Update_Port-Houston_v20210122.pdf

27 'Truckaftertruckaftertruck’: Port Houston supply chain struggling to meet demand, Houston Chronicle, November 2021. Retrieved from: https://www.
houstonchronicle.com/business/retail/article/10K-trucks-per-day-arrive-at-Port-of-Houston-as-16627026.php

28 ToxicAir Pollutionin the Houston Ship Channel: Disparities Show Urgent Need for Environmental Justice, NRDC, August 2021. Retrieved from: https://
www.nrdc.org/resources/toxic-air-pollution-houston-ship-channel-disparities-show-urgent-need-environmental

29 Whoweare, METRO website, 2022. Retrieved from: https://www.ridemetro.org/pages/aboutmetro.aspx

30 McKinsey Energy Insights’ Global Energy Perspective, McKinsey Center for Future Mobility, February 2022.

31 McKinsey Energy Insights’ Global Energy Perspective, McKinsey Center for Future Mobility, February 2022.

32 Hydrogen-poweredferrytodebutin San Francisco, CBS News website, December 2021. Retrieved from: https://www.cbsnews.com/news/hydrogen-
powered-ferry-to-debut-in-san-francisco/; LMG Marin: World's first hydrogen-powered ferry delivered to Norwegian owner Norled, Hydrogen
Central, July 2021. Retrieved from: https://hydrogen-central.com/Img-marin-first-hydrogen-powered-ferry-delivered-norwegian-owner-norled/

33 Global Hydrogen Demand Outlook 2021, IEA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021

34 Aker Clean Hydrogenand Kuehne+Nagel partner on green container shipping, Ship Technology, February 2022. Retrieved from: https://www.ship-
technology.com/news/aker-clean-hydrogen-green-shipping/
Waértsild launches major test programme towards carbon-free solutions with hydrogenand ammonia, Wartsila, July 2021. Retrieved from: https://
www.wartsila.com/media/news/14-07-2021-wartsila-launches-major-test-programme-towards-carbon-free-solutions-with-hydrogen-and-

ammonia-2953362

35 Tracking Aviation 2020. More efforts needed, IEA, June 2020. Retrieved from: https://www.iea.org/reports/tracking-aviation-2021

36 HoustonAirports Departs 2019 WithaRecord-breaking Year, Houston Airports, February 2020. Retrieved from: https://www.fly2houston.com/
newsroom/releases/houston-airports-departs-2019-record-breaking-year

37 Jetfuelconsumption, price, and expenditure estimates, 2020, EIA, September 2020. Retrieved from: https://www.eia.gov/state/seds/data.
php?incfile=/state/seds/sep_fuel/html/fuel_jf.html
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Inthis analysis, hydrogendemandin
aviationincludes demand for synthetic
fuels (power-to-liquid) production

and hydrogen propulsion. Demand
estimates assume that synthetic fuels
willmeet 35% of U.S. aviation demand
in 2050, and that hydrogen willmeet 3%
ofthat demand, up from 8% and 0%,
respectively, in 2035.38

Production of synthetic fuels combines
hydrogenwithacarbonfeedstock to
create akerosene-like fuelthat current
aircraftengines andfuelinginfrastructure
canuseasadrop-infuel, meaningno
major change to existingequipment

is needed.* While less mature today,
hydrogen propulsion could fuel short-
and medium-rangeaircrafts. Hydrogen
propulsionwith fuel-cell systems has the
potentialtoreduce emissions by 75-90%,
followed by hydrogenturbinesat 50-75%,
and synfuels with directair capture at
30-50%.%°

In addition to airplanes, hydrogen has
otherairportapplications, including
buses, stationary power, ground
support equipment, taxis, trains, and
freight trucks.*

C.Power and heat

Catchmentarea: The primary power
and heat applications of hydrogen

include natural gas blending for utility
power generation, building heating,
and grid-scale energy storage.
Utility-scale blending would require
investment and coordination across
the value chain, includingupstream
production, CCS, transmission
infrastructure for natural-gas-

based hydrogen, renewable energy
infrastructure, and electrolysis
investment for electrolysis-based
hydrogen. Such projects would
benefit from state-level policy and
coordination. Therefore, thisreport
considers the entire state of Texas the
catchment areafor hydrogen demand
inpower and heat.

Sizingmethodology: To size the
demand for utility power generation
and building heating, the analysis uses
natural gas consumption by endusein
Texas,*? assuming the same CAGR for
natural gasin Texas as across the U.S.**
The analysis assumes that blending by
volume could reach 5% of natural gas
demandin 2035 and 30% in 2050, with
technical limitations.

Pipelines designed to deliver natural gas
canlikely handle blends containing up
to 20% hydrogen, by volume, with only
modest modifications.** Higher blends
might require significant upgrades

duein partto hydrogen’s chemical
properties, which can embrittle steel
pipelines and create concerns about
backfiring.*®

Inthe following sections, the report
sizesdemandin three areas: utility
power generation, energy storage,
and buildings (both commercialand
residential).

Utility power generation: Total
demand for clean hydrogeninthe utility
power sectorin Texasis expectedto
reach 1.1 MTPA by 2050.

This demand estimate assumes
achievinga 30% volume blendfor all
Texas natural gas demandin power
generationin 2050, with a 5% volume
blendin 2035. This estimate aligns with
efforts underway by GE and Mitsubishi
Power toretrofit existing turbines to
handle 30% blends of hydrogen, by
volume, startingin 2025.4¢ To handle
high-hydrogen fuels, existing gas
turbines might need to switchtoa

new combustion system because

of hydrogen'slower energy density

by volume and higher flame speed,
compared with natural gas.

38 Mission Possible Partnership, McKinsey Sustainability, October 2021.Retrieved from: https://www.mckinsey.com/business-functions/sustainability/

how-we-help-clients/cop26/insights

39 Hydrogen-poweredaviation, Fuel Cells and Hydrogen Joint Undertaking, May 2020. Retrieved from: https://www.fch.europa.eu/sites/default/files/
FCH%20Docs/20200507_Hydrogen%20Powered%?20Aviation%20report_FINAL%20web%20%281D%208706035%29.pdf

40 Hydrogen-poweredaviation: afact-based study of hydrogen technology, economics, and climate impact by 2050, Fuel Cells and Hydrogen 2 Joint
Undertaking, July 2020. Retrieved from: https://data.europa.eu/doi/10.2843/766989; Airbus set the goal of havinga commercial aircraft available by
2035 (capacity up to 200 passengers, 3,700-kmrange); ZeroAviaaims to have a900-km range commercial offeringin 2024

41 Opportunities for hydrogenin commercialaviation, CSIRO, February 2022. Retrieved from: https://www.csiro.au/en/work-with-us/services/
consultancy-strategic-advice-services/CSIRO-futures/Futures-reports/hydrogen-commercial-aviation

42 Natural Gas Consumptionby End Use, U.S. Energy Information Administration, February 2022. Retrieved from: https://www.eia.gov/dnav/ng/ng_

cons_sum_dcu_stx_a.htm

43 Global Energy Perspective, 2019, McKinsey & Company, January 2019. Retrieved from: https://www.mckinsey.com/~/media/mckinsey/industries/
0il%20and%20gas/our%20insights/global%20energy%?20perspective%202019/mckinsey-energy-insights-global-energy-perspective-2019_

reference-case-summary.ashx

44 Pipeline Transportation of Hydrogen: Regulation, Research, and Policy, Congressional Research Service, March 2021. Retrieved from: https://sgp.fas.

org/crs/misc/R46700.pdf

45 Hydrogenembrittlement of steel pipelines during transients, Procedia Structural Integrity, 2018. Retrieved from: https://www.sciencedirect.com/

science/article/pii/S2452321618302683

46 Intermountain Power Agency Orders MHPS JAC Gas Turbine Technology for Renewable-Hydrogen Energy Hub, Businesswire, March 2020. Retrieved
from: https://www.businesswire.com/news/home/20200310005195/en/Intermountain-Power-Agency-Orders-MHPS-JAC-Gas-Turbine-
Technology-for-Renewable-Hydrogen-Energy-Hub

Power to gas: Hydrogen for power generation, General Electric, February 2019. Retrieved from: https://www.ge.com/content/dam/gepower/global/
en_US/documents/fuel-flexibility/ GEA33861%20Power%20t0%20Gas%20-%20Hydrogen%20for%20Power%20Generation.pdf
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Inthe shortterm, prioritizing blending
near existing pipelines could reduce
emissions. If every Texas power plant
located within three miles of an existing
hydrogen pipeline blended 5% of their
natural gas, by volume, with zero-
carbon hydrogen, total emissions for
these plants could drop 1.8 million

tons peryear. Thisreductionwould be
equivalent toremovingalmost 400,000
carsfromtheroad. A30% blend would
be equivalent to removing 2.3 million
carsfromtheroad.”

Building heating: Total demand for
clean hydrogenin the buildings sector
in Texas is expected toreach 0.5 MTPA
by 2050.

This demand estimate assumes
achievinga 30% volume blend for all
Texas natural gas demandinresidential
and commercial buildings in 2050,
witha 5% volume blendin 2035. While
today's home appliances likely cannot
handle natural gas blends with a high
percentage of hydrogen, this could

be feasible by 2050. The demand for
hydrogen blendingwould be limited
because alarge percentage of Texas
buildings use electricity rather than
natural gas. Forexample, sixinten
Texas homes use electricity as their
primary heating source, compared
with the national average of fourinten
homes, accordingtothe EIA.*®

Energy storage: Texas could be aleader
in storing excessrenewable energyin
the form of hydrogen due toits high
generation of wind and solar power,
abundant salt cavern storage options,
and hydrogen pipeline network.

Asrenewable energy becomes more
common throughout Texas, the ERCOT
power region might needlong-duration
energy storage (LDES) in the form of
hydrogen.By 2035, ERCOT forecasts
that renewable energy might constitute
53% of the grid.** Seasonal LDES would
probably be required when the grid hits
60-70% variable renewable energy, so
Texas could see a significant hydrogen
demandfor LDES after 2035.%°

Because thereportexpects most
re-electrification of stored hydrogen
to happenat natural gas-fired power
plants,*! the analysisincludes energy
storagedemandinthe hydrogen
demand estimated for natural gas
blendingrelated to power generation.

D. Export potential

Trade could account for 20% of total
demand for globalhydrogenand
hydrogen-based fuelin 2050, according
tothelEA.*?

Countries mightimport hydrogen for
severalreasons:

Renewable energy capacity might not
be able to meet the domesticdemand
forboth green electricity and hydrogen
production. For example, Japan,
Korea, central Europe, andlarge parts
ofthe U.S. have limited wind and solar
resources.

Local production might face high costs,
likely driven by less favorable renewable
generation costs or the high cost of
natural gas.

Countries might have ambitious climate
goals thatrely onusinghydrogenat
ascale that exceeds their domestic
production capabilities.

Japan, South Korea, and parts of
Europeare likely tobe netimporters

of hydrogen, while Australiaand

New Zealand, Chile, the Middle East,
and North Africaare likely to be net
exporters, accordingtothelEA.
Hydrogen exporters could supply 1,800
petajoules (PJs) to Asiaby 2050, under
today's announced net-zero pledges.*

47 HydrogenBlendingin Texas Natural Gas Power Plants at Scale, The University of Texas at Austin, H2@UT, January 2021. Retrieved from: https://sites.
utexas.edu/h2/files/2022/01/TX-H2-Power-Plant-Blending.pdf

48 Texasuses natural gas for electricity generationand home heating, EIA, March 2021. Retrieved from:https://www.eia.gov/todayinenergy/detail.

php?id=47116#

49 2020Long-Term System Assessment forthe ERCOT Region, The Electric Reliability Council of Texas, December 2020. Retrieved from: https://www.

ercot.com/gridinfo/planning.

50 Net-zeropower:Longdurationenergy storage forarenewable grid, Long-Duration Energy Council Storage, November 2021. Retrieved from: https://w
ww.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/net%20zero%20power%20long%20duration%20
energy%?20storage%20for%20a%20renewable%20grid/net-zero-power-long-duration-energy-storage-for-a-renewable-grid.pdf

51 The Technicaland Economic Potential of the H2@Scale Hydrogen Concept within the United States, NREL, October 2020. Retrieved from: https://www.
nrel.gov/docs/fy210sti/77610.pdf. NGCT and NGCC power plants, as the cost of using variable renewable generation and energy storage is higher
thanthe costs ofthe dispatchable generation options.

5

N

GlobalHydrogen Review 2021, |IEA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021.

53 Global Hydrogen Review 2021,1EA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021.
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Given Texas' competitivenessin
production costs, delivered costs,

and other strategic considerations,
the state could become a major global
exporthub. By 2050, Texas could
export 8-12 MTPA, assuming the state
maintainsits current share of global
hydrogen production (~4%) or future
exports match Texas' current share of
the global LNG export market (~8%).

Exhibit 23

Competitiveness andinvestment oflow carbon hydrogen will be
geographically driven based on resource quality

Availability and economy of resources for electrolysis-based and @ Vost optimal resources
natural-gas-based hydrogen production D Less optimal resources

Least optimal resources

Wind and solar power resources for electrolysis- Natural gas resources for natural-gas-based
based hydrogen production costs hydrogen production

Limited resources for electrolysis-based hydrogen Optimal resources for both electrolysis-based and
production in Japan, Korea, central Europe and natural-gas-based hydrogen productionin the
large parts of US Middle East

Source: IEA, McKinsey
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Vision and strategicroadmap

The preceding chapters examined
three critical factorsin buildinga

robust regional hydrogen hub: Texas'
advantagesin hydrogen productionand
potential hydrogen demand.

This chapter outlines the vision for
buildingand expanding the hydrogen
hubin Texas. The chapterincludes
guiding principles that shape the
vision, the elements of the vision,
and a strategicroadmap to deliver
onthevision, includingafocuson
environmental justice.

1. Guiding principles

Five guiding principles anchor the vision
androadmap for developing Texas into
ahydrogen hub.

* Usedemandto scale supply: Texas
should fund and develop major
drivers of demand to encourage
market-basedinnovationonthe
supply side that could decrease
costsandincrease capacity. These
efforts would complement Texas’
currentresearch-basedinnovations
inhydrogen technologies.
Furthermore, developing multiple,
replicable projects could accelerate
scalingand managerisk more
effectively than pursuingasingle
path within each driver of supply and
demand. Texas, however, should
also support supply to ensure that
demand signals can be effectively
met.

* Createabroad-basedregional

ecosystem: Texas should createa
vibrant, well-connected ecosystem
that brings together diverse supply
sources,demanddrivers, and
coordinated transportand storage
infrastructure. This approach
should be comprehensive and foster
collaboration across public, private,
and academicinstitutions.

Texas should also pioneer the
development of two key enablers

of the hydrogen economy that look
beyond physical assets—adigital
layer that would support openand
transparent measurement of carbon
emissions and the verification
neededtolevel the playingfield

for competitionamongdiverse
production pathways;' and afinancial
layer that supports tradinghydrogen
contracts, credits, and other
instrumentsin aliquid market.

Focus on economicgrowth and
emissions reduction: Texas
should pursue economic growth
and emissions reduction as fully
as possible. To scale the hydrogen
economy while curbing emissions,
the hub must reach and eventually
exceed the DOE targets of $1/

kg of hydrogenand 2kg CO,/ kg
ofhydrogen.?Effortsto level the
playingfield for all production
pathways should proceed with
these ultimate goalsin mind. Texas

should scale and improve existing
clean hydrogen technologies, while
settingrigorous standards for carbon
emissions, lowering the costs of new
technologies, and developing the
requisite infrastructure.

Ensure equitable and just growth:
Texas should emphasize energy and
environmentaljustice, Diversity,
Equity & Inclusion (DEI), and
innovation efforts by academic,
industry, and government
participantsin the ecosystem.Inline
with the Justice40Initiative, the clean
hydrogen hub should seek to reduce
the energyburdenondisadvantaged
communities; encourage
development of the domestic supply
chain; and set high labor standards
for hydrogen jobs. Texas should
ensure an early and continuing
participatory process through which
impacted communities are prioritized
for clean hydrogen development.
The state should also ensure
meaningful, robust engagement
with disadvantaged communities
asitdevelops the clean hydrogen
economy.

Innovate at scale: Texas should
build an end-to-endinnovation
ecosystem that extends from
basic R&D to commercialization.
The state should also tap top-
tier talent conducting hydrogen
research atlocal universities and

1 OpenHydrogenInitiative, Gas Technology Institute. Retrieved from: https://www.gti.energy/ohi/#home-ohi
2 DOEUpdate onHydrogen Shot,U.S. Department of Energy, December 8,2021. Retrieved from: https://www.energy.gov/sites/default/files/2021-12/

h2iq-12082021.pdf



organizations to build collaborative
teams across institutionallines and
seek opportunities to work with
researchers beyond statelines.

2.Elements ofthe vision

Adheringto the guiding principles, this
report offers a multiphase vision for
Texas to buildand expand a hydrogen
hub over the next 30 years. Thevision
and strategic priorities reflect bold
aspirations forthe state—stretch
goals that could propel Texas toward
globalleadershipin hydrogen across
demand, supply, and enablers (including
infrastructure, innovation, talent,
environmental justice, and DEI)

by 2050.

Therightincentives could make Texas
agloballeaderinhydrogen production,
hydrogenuse, innovation, and talent
developmentby 2050. The state's

total clean hydrogen production
couldreach 21 MT, including 11 MT
tomeetlocaldemandand 10 MT to
export. The hydrogen economy could
create ~180,000 jobs, including direct,
indirect, and induced jobs (see section
6.4 for details), and could add an
estimated $100 billion to Texas' GDP,
whichis equivalent to 6% of Texas' 2019
GDP. The 21 MT of hydrogen production
could cut global CO, emissions by

220 MT.

3. Strategicroadmap

This section translates that bold vision
into a high-levelroadmap showing how
Texas could progress toward achieving
that vision.

Phase 1(2022-25): Jump-start the
ecosystem

Texas could jumpstartlocal demand for
clean hydrogen by substituting clean
hydrogen for conventional hydrogen
inindustrial applications and replacing
diesel trucks with FCEVs. Supply could
be developed by retrofitting current

E Houston as the epicenter of aglobal clean hydrogen hub | May 2022

hydrogen producing facilities with

CCS equipment. Texas canalso start
building infrastructure for transport,
storage, and exportintheregionwhile
also developingregulatory frameworks
and policy incentives.

These efforts could lead to Texas
producing a total of ~4 MT of hydrogen
(~30% higher than 2021). Texas should
pursue average production cost
targets of $2/kg for natural-gas-based
hydrogen and $3/kg for electrolysis-
based hydrogenby 2025.

Phase 2 (2025-2030): Scale existing use
cases and explore new use cases

After establishing the hub ecosystem,
Texas could increase demand by scaling
existinguse cases while exploring

new ones. Toincrease supply, Texas
could continue to lower production
costs, scale capacity, and explore
emergingtechnologies. Expanding
infrastructure and conductingexport
pilots will further enable Texasas a
hydrogen hub.

By 2030, Texas could seelocal
production of ~5MT (~70% higher
than 2021) and should seek average
production cost targets of at least
$1.50/kg for natural-gas-based
hydrogen and $2/kg for electrolysis-
based hydrogen.

Phase 3(2030-2035): Lead the nation
on hydrogen

Texas shouldincrease demand for
electrolysis-based hydrogenasit
becomes more competitive to help
lead the U.S.in hydrogen. With demand
drivers fosteringinnovationonthe
supply side, Texas can continue to
lower supply costs. Texas could also
integrate infrastructure with other
national hubs andincrease export
capacity.

By 2035, Texas could seelocal
production of ~5 MT (~2 times 2021)
with additional production of ~3 MT for
export. The state should seek to hit
production cost targets of $1 orless
per kilogram for all forms of hydrogen.

Phase 4(2035-2050): Assume global
hydrogen leadership

Texas could expand demand by
pursuing 100% clean hydrogen
penetrationacrossuse cases,i.e.,
eliminate hydrogen produced without
CCS. Tostrengthen supply, Texas
could continue effortslaunchedin
Phases 2 and 3 to decrease costs and
emissions andincrease capacity. Texas
could finalize its export infrastructure
for hydrogen and hydrogen-based
fuels, thereby building onits national
leadership to become a globalleader.

By 2050, Texas could see local
production of 11 MT, with additional
surplus production of 10 MT for export.
Texas should pursue further cost
reduction, including on adelivered cost
basis.

The following roadmaps for building
demand and supply adhere to the
multiphase timeline outlined above.

A.Demandroadmap

Industrial applications

Refining and petrochemicals:
Hydrogenuseinrefiningand
petrochemicals offers early
opportunities to leverage clean
hydrogen for decarbonization, given
the current scale and maturity of use
cases.

New industrial applications: Texas
could develop new industrial uses of
hydrogen at scale.Inthe nearterm,
Texas could pilot clean hydrogen use

in existing natural gas applications and
eventually substitute clean hydrogen
fornatural gasinhotbriquettediron
(HBI) plants, such as the Corpus Christi
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Exhibit 24

Potential demand roadmap for Texas, 2050

Refining and
petrochemicals

Phase 1
2022 to 2025

Phase 2
2025 to 2030

Phase 3
2030to 2035

Phase 4
2035 to 2050

Pilot substituting natural-gas-
based H, for mature
conventional hydrogen

Test hydrogen as a natural gas
substitute for fuel (e.g., in
crackers, cogeneration)

Scale clean H, use for industrial
feedstock and industrial
heating

Clean hydrogen
penetration should grow
steadily to ~100%

New industrial
applications

Pilot clean H, use in current
natural gas applications

Substitute hydrogen for natural
gasin HBI plants

Scale clean H, use in new steel
& cement production

Clean H, penetration
should reach ~100%

Ground
transportation

Initiate local H, ground
transportation network

Expand network to Texas
Triangle

Enable longer-distance
trucking use cases

Expand the network and
access to fueling stations

Marine
transportation
and aviation

Pilot hydrogen-fuel-cell-
powered tow tractors, FCEV
forklift trucks

Explore the use of H,-powered
airport support vehicles

Commercialize airport and port
support applications

Reduce costs and scale
infrastructure to match
demand

Power & energy
storage

Conduct trials of 30-50% gas
turbine blending

Test power generators that use
hydrogen blends

Implement 100% H, or
ammonia-capable turbines

Deploy H, grid storage & H,,
NH; generators at scale.

Export

Begin to build LH, and ammonia

Pilot natural-gas-based

Expand natural-gas-based H,

Scale domestic and

infrastructure
Japan and Europe

hydrogen or ammonia exports to

and ammonia exports to reach
2-4 MT total export volume

international exports to
reach ~10 MT in 2050

directreduction plant of Voestalpine®
forlow-carbon steel production.

Mobility

Ground transportation: With fuel-cell
vehicles maturing steadily, ground
transportationdemandhingeson
developing afueling network. Inthe
near term, Texas could seek to build
thelargestlocal hydrogen ground
transportation network by creating
openaccess networks for HDTs, linking
private hydrogen networks, and piloting
hydrogen vehicles for public transit and
anchoredfleets withlocal operations.
While compressed hydrogen will likely
be the preferred fuel for heavy-duty
trucksinthe near term, Texas could
investigate how LH, could help increase
mileage and reduce fueling times.

ThislocalHouston network could
eventually expand to the Texas Triangle,
extendinginto hydrogen corridors on
1-10, 1-45,and |-35 and potentially into
Californiaon1-10.Inthelongrun, Texas

could expand the interstate network

to enablelong-distance truckinguse
cases while also expanding the network
of fueling stations.

Marine transportation and aviation:
Port vesselsandairport support
vehicles offer some early opportunities
toincrease demand before hydrogen
propulsion and hydrogen-fuel-
supportedairplanes and vessels
become available. Texas could pilot
hydrogen-fuel-cell-powered tow
tractorsasairport tugs, hydrogen-
powered tugboats, and ammonia- and
methanol-fueled ships at the port.

Inthelongrun, Texas could expand the
pilot of ammonia- and methanol-fueled
ships. Because syntheticfuels promise
tobecome moreimportantinthe
marine and aviation energy mix after
2030, Texas should also conduct pilots
in synfuel production.

Power and energy storage

Inthe near term, Texas could conduct
trials of 30-50% gas turbine blending,
distributed fuel-cell-power generation,
and hydrogen to combine heat

and power. Texas could test power
generators that use higher-percentage
hydrogen blends, including piloting
100% hydrogen- orammonia-capable
projects as some products mightbe
available by 2025.* Texas could also
buildintegrated power and hydrogen
storage projectsforlarge-scale
turbines (2200 MW).

Inthe long run, Texas should implement
100% hydrogen-orammonia-capable
gas turbines. Texas could also build
combined hydrogen generation

and power plants at scale for clean
hydrogen production, co-located with
zero-emission power generation, while
also conducting extensive pilots of
hydrogen forlong-duration, seasonal,
grid-scale energy storage.

Export

Hydrogen exportrequires scaling

local supply, building the requisite
infrastructure, and forminglong-term
exportpartnerships. Inthe near term,
Texas could begin buildingammonia
infrastructure (e.g.,ammonification)
near major ports such as Houston

and Corpus Christito support marine
export. Texas could pilot natural-gas-
based hydrogen orammonia exportsto
JapanandEurope because the absence
of cracking or purification makes
demandforammoniaasanendusecase
more cost-effective.

Building out the necessary
infrastructure forammonia exports
willrequire further study. But ~60% of

3 TheHBldirectreductionprocess, Voestalpine, November 2016. Retrieved from: https://www.voestalpine.com/blog/en/innovation-en/the-hbi-

direct-reduction-process/

4 MitsubishiPower Developing 100% Ammonia-Capable Gas Turbine, Power Magazine, March 2021. Retrieved from: https://www.powermag.com/
mitsubishi-power-developing-100-ammonia-capable-gas-turbine/
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current domesticammonia production
capacity sitsin Louisiana, Texas, and
Oklahomadue to theiraccess to natural
gas, whichisusedin conventional
ammonia production.® This accessible
expertise could help Texas accelerate
the development of ammonia export
infrastructure.

Texas could also consider building

LH, infrastructure around the Port

of Houston. Aliquefaction plant here
could serve as adistribution center for
LH, to be trucked throughout the state
(and surrounding states) for smaller
applications such asrefueling stations
and forklift operations. This approach
could help meetlocalhydrogen
demands before awider buildout

of hydrogen pipelines. An at-scale
liquefaction plant could eventually be
usedfor LH, exports for short distances
throughbulk LH, carriers.

Exportactivityis already happeningin
Gulf Coast ports, which are orienting
themselves for potential exports of
hydrogen and derivative products.
For example, the Port of Corpus
Christi signed amemorandum of
understanding (MOU) with the Port of
Rotterdaminearly 2021 that outlines
several shared objectives, including
the development ofinnovative
technologies such as hydrogen. Such
arrangements could pave the way to
create green corridors designed to
connect clean hydrogen supplyinthe
Gulf Coast with demand abroad for
hydrogen products.®

B. Supply roadmap

Using the same multiphase timeline,
this section details the strategic

5 Nitrogen (Fixed)—Ammonia,U.S. Department of the Interior, U.S. Geological Survey, January 2022. Retrieved from: https://pubs.usgs.gov/periodicals/

mcs2022/mcs2022-nitrogen.pdf

priorities for managing supply.
Rootedin the guiding principles of
reducing emissions and costs, the

roadmap emphasizes scaling existing

technologies and exploringemerging

technologies.

Natural-gas-based capacity and

industrial scale

Inthe near term, there may be
opportunities to retrofit existing
SMRs with CCS. This effort could cut
emissionsin certain plants where a

retrofitis feasible.”

Texas could also expand natural-gas-
based hydrogen capacity (e.g., through
SMR and ATR pathways) beyond the
current asset base. Furthermore, Texas
could exploreindustrial-scale, clean
hydrogen generation (e.g., through
sorbent-enhanced reformers with

CCs).

Inthelong term, Texas could explore
opportunitiesto replace SMRs with
new plant designs better suited to
higher CO, capturerates and continue

Emerging pathways offer opportunities

Emerging pathways

toincrease production and decrease
carbonintensity, especiallyona
lifecycle basis.

toreduce emissions and costs.

Texas canbe aleaderin developing

and piloting new technologies. As

discussedinsection 6.3, Texasis
hometoavibrant venture capital
and start-up community, numerous
top-tieruniversities, incubators

such as Greentown Labs, and major

corporations willing to dedicate
resources to fundinginnovation.

Inthe near term, for example, pilots
could be developed using waste-to-
hydrogen, renewable-natural-gas-
to-hydrogen, and other emerging
technologies such as synthetic

biology (e.g., Houston-based startup

Cemvita Factory) and photocatalysts
(e.g.,Houston-based startup Syzygy
Plasmonics).The Carbon Hub at Rice
University in Houston has been

Exhibit 25

Potential supply roadmap for Texas, 2050

Natural-gas-
based and
industrial scale

Phase 1
2022 to 2025

Phase 2
2025 to 2030

Phase 3
2030 to 2035

Phase 4
2035 to 2050

Consider retrofitting SMRs
with CCS & commercializing
byproduct H,

Expand natural-gas-based H,
capacity (e.g., through SMR
and ATR pathways)

Explore opportunities to replace
old SMRs with plants with higher
carbon capture rates

Increase production scale
and decrease carbon
intensity

Electrolysis-
based
pathways

Build capacity for high- and
low-temperature
electrolysis

Scale capacity and lower
production costs closer to
the DOE target of $1/kg

Further reduce production
costs to reach and exceed
the $1/kg target

Increase hydrogen
production and decrease
costs

Emerging
pathways

Pilot waste-to-hydrogen,
RNG-to-hydrogen, and
other emerging
technologies

Pilot offshore electrolysis &
H, production powered by
nuclear, geothermal energy

Pilot methods like woody
biomass gasification and
renewable liquid reforming

Continue to explore
alternative pathways

6 PortofCorpus Christi, Port of Rotterdam Enter Into Historic Agreement, Port of Corpus Christi, February 25,2021. Retrieved from: https://portofcc.

com/port-of-corpus-christi-port-of-rotterdam-enter-into-historic-agreement/

7 Resourcing Byproduct Hydrogen fromIndustrial Operations, Argonne National Laboratory, May 2017. Retrieved from: https://www.energy.gov/sites/
prod/files/2017/05/f34/fcto_may_2017_h2_scale_wkshp_elgowainy.pdf
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developing pyrolysis technologies
that transform natural gasinto
carbon nanotubes (i.e., solid carbon)
and hydrogen. This technology has
alearning curve of 30-40% per year
(approximately twice as fast as solar
technology). Cambrian Energy
operates abiomethane extraction plant
in Dallas that produces the equivalent
of 60,000 gallons of renewable natural
gas (RNG) per day; HubZRO is already
working to use this RNG to produce
hydrogen.

Texas could also pilot offshore
electrolysis (similar to RWE's demo
projectinthe Dutch North Sea?®),
natural-gas-based production that
uses existing pipelines at sea, or
smaller-scale electrolysis-based
hydrogen production powered by
nuclear and geothermal energy.*

Inthe long term, Texas could pilot
methods such as renewable liquid
reforming (e.g., ethanol) or woody
biomass gasification. Gasification
projectsusingwoody biomassasa
feedstock could generate up to
70tons ofhydrogen perday andare
under developmentinthe Houston
area. These projects are currently
focused on higher-value liquid fuels

as the end product, but hydrogenis
produced duringanintermediate step.
If hydrogen productionisincentivized,
woody biomass gasification, combined

with CCS, could achieve anegative
carbonintensity andbecomean
importantlarge-volumerenewable
source of hydrogeninthe Houston area.

4.Environmentaljustice

While Texas' role as the energy capital
ofthe world has benefited thelarger
Gulf Coastregion economically,
disadvantaged communities have
disproportionately shouldered the
costs ofindustrial activities. Some
disadvantaged communities,*
composed predominantly of minorities,
have suffered from the emissions of
nearby industrial facilities and heavy-
duty diesel trucks.

Communities along the Houston Ship
Channel have experienced a host of
healthissues due to their proximity to
industrial facilities. For example, the
Harrisburg/Manchester neighborhood
houses atleast 30 industrial emitters of
air contaminants, and 97% of residents
are people of color. Bordering the
shipping canal, Galena Park has over
50industrialfacilities across the wider
community; 20% of residents live below
the poverty line.?? Communities around
the Port of Houston have also been
exposed to substantial NOx pollution
from the heavy-duty trucks servicing
the Port.

By becomingahydrogen hub, Texas
could address the dual challenges

ofrevitalizing its energy economy

and mitigatingthe impact on the
communities that have suffered. Texas
could take a phased approachto this
effort (similar to the approach used
inthe supply and demand roadmaps).
An environmentally just approach to
creating aclean hydrogen economy
could seeincreased life expectancyin
disadvantaged communities and more
economic opportunities forthose
communities.

Some organizations have already begun
toaddressthisissue. HETlaims to
exploreand understand the vision that
all stakeholders have for Houston's
energy transitionandfor enabling
access toclean, reliable, resilient,

and affordable energy as part of that
transition. Working with awide range of
stakeholders, HETIwilldevelop a broad,
practicalagendaforaddressing climate
equity and environmental justice issues
as part of Houston's energy transition
strategy. Working with experienced,
science-driven, solutions-based
organizations, such as the Houston
Advanced Research Center (HARC) and
stakeholder engagement experts, HETI
is developing a framework to identify
andimplement energy transition
strategies and actions that willaddress
both CO, emissions and the equity and
environmentaljustice issues that affect
communitiesinthe Houstonregion.

8 Rice expert: Using carbonis key to decarbonizing economy, Rice University website, August 5, 2021. Retrieved from: https://news.rice.edu/news/2021/
rice-expert-using-carbon-key-decarbonizing-economy

9 North Seagreenhydrogenprojectto harness offshore windand use existing pipeline, CNBC, February 2022. Retrieved from: https://www.cnbc.
com/2022/02/16/green-hydrogen-demo-that-will-use-offshore-wind-planned-for-north-sea.html

10 Temperaturesat 10km, SMU GeothermalLaboratory, 2011. Retrieved from: https://www.smu.edu/-/media/Site/Dedman/Academics/Programs/
Geothermal-Lab/Graphics/TemperatureMaps/SMU_2011_10kmTemperature_small.png?la=en.Texas has advantagesin geothermal resources
alongthe coastas demonstratedin 10km temperatures

11 InterimImplementation Guidance for the Justice40 Initiative, The White House, July 2021. Retrieved from: https://www.whitehouse.gov/wp-content/
uploads/2021/07/M-21-28.pdf. The White House guidance defines disadvantaged as: 1) lowincome, high and/or persistent poverty; 2) high
unemployment and underemployment; 3) racial and ethnicresidential segregation; 4) linguistic isolation; 5) high housing cost burden and substandard
housing; 6) distressed neighborhoods; 7) high transportation cost burdenand/or low transportation access; 8) disproportionate environmental
stress or burdenand high cumulative impacts; 9) limited water and sanitation access and affordability; 10) disproportionate impacts from climate
change; 11) high energy cost burden and low energy access; 12) jobs lost through the energy transition; 13) limited access to healthcare

12 Double Jeopardyin Houston: Acute and Chronic Chemical Exposures Pose Disproportionate Risks for Marginalized Communities, Center for Science and
Democracy, August 2016. Retrieved from: https://www.ucsusa.org/resources/double-jeopardy-houston
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The HETIframework for climate equity
and environmental justice willbe
research-based andincludes several
key elements:

* Community-based participatory
research with disadvantaged
orimpacted communities to
identify and develop solutions with
communities fromthe start.

* Development of aprogrammatic
agendato address the specific
equity and environmental justice
issuesidentified throughresearch,
including:

— Climaterisk: climate and flood

adaptationandresilience.

— Energyburden: accessand
affordability.

— Environmental hazards: quality of
airand water.

— Workforce development: access to
cleanenergy jobs.

¢ Identification of key metrics toassess
progress against the developed
solutions.

By bringingtogetherawiderange
of organizations —corporations,

communities, universities, and
municipalities—HETI, with support
from trusted organizations suchas
HARC, willwork to bridge the gap
between corporate climate actionand
environmentaljustice and develop
solutions that canbothreduce the
emissions associated with climate
change andimprove the quality of life
forallHoustonians.

Environmental justice roadmap

In phase 1, Texas could identify
disadvantaged communities
experiencing the greatest cumulative
effects from environmental hazards.
Subsequently, Texas could actively
form, strengthen, andinvite input from
advisory panels representing suchlocal
communities, includinginitiatives like
Houston Complete Communities to
study and address theissuesraised.
This would require setting goals for
leveraging clean hydrogentoreduce
the energy burden (including adverse
health and psychological outcomes)
and communicating those goals to the
public. Texas couldimplement air and
water monitoringindisadvantaged
communities (e.g., mobile equipment

Exhibit 26

Potential environmental justice roadmap for Texas, 2050

Phase 2

Phase 1 2025 to 2030

Phase 4

Phase 3 2035 to 2050

2030to 2035

2022 to 2025

Identify disadvantaged
communities (DACs?) most
affected by pollution and
understand how to redress

Environmental
justice

Establish and communicate
pollution reduction goals

Increase air monitoring
stations in DACs

Build early mobility network
inand around DACs, i.e.,
near Houston Ship channel

-

Ensure that 40% of the benefits
from pilot investments into the
hydrogen economy flow to DACs

Continue to reduce
pollution levels to meet
EPA standards for
health

Reduce pollution levels in
DACs to be equal to state
averages

. Use the White House's July 2021 "Interim Implementation Guidance for the Justice40 Initiative," which defines "disadvantaged" as: 1) low income,

high and/or persistent poverty; 2) high unemployment and underemployment; 3) racial and ethnic residential segregation; 4) linguistic isolation;

5) high housing cost burden and substandard housing; 6) distressed neighborhoods; 7) high transportation cost burden and/or low transportation
access; 8) disproportionate environmental stressor burden and high cumulative impacts; 9) limited water and sanitation access and affordability;
10) disproportionate impacts from climate change; 11) high energy cost burden and low energy access; 12) jobs lost through the energy transition;

13) limited access to healthcare

or stationary sensors) to establish
abaseline and monitor progress.

Texas could also prioritize launching
transportation networks fueled by
FCEVs forairport and port support
applications as wellas for school buses
and public transit, whichmanyresidents
of disadvantaged communities rely on.

Inphase 2, Texas should ensure

that 40% of the benefits from pilot
investmentsinto the hydrogen
economy flow to disadvantaged
communities, with careful planningin
land-use processes andin keepingwith
the Justice40 Initiative.™

Inthe process, Texas should require
careful examination of the designand
placement of emerging hydrogen
production technologies for resiliency
ininclement weather conditions

(e.g., extreme temperatures) and
againstroutine wear and tear, thereby
bolstering the preparedness of
disadvantaged communities against
future emergencies and disasters.
Through collaborations with private
players and educationalinstitutions,
Texas could also prioritize providing
educationto disadvantaged
communities, so they are empowered
with unique skillsets tobe more
competitiveinthe energy transition
jobmarket. Setting requirements for
minority-owned business contracts
anddiversity recruitment willalso be
criticalwhile hydrogeninfrastructureis
being built.

In phase 3, Texas could continue
toreduce thelevel of pollutantsin
disadvantaged communities to or
below statewide averages. Inphase 4,
Texas could continue measuringand
reducing pollutionindisadvantaged
communities to levels considered
healthy by the EPA.

13 Suggestionsinthisreportrepresent only sampleinterpretations of Justice40. Actualimplementation should follow updated guidelines.



Houston as the epicenter of aglobal clean hydrogen hub | May 2022

Sample projects

The hydrogen ecosystemin Texas
is likely to grow in different ways.
This growth will probably manifestin

projects alongthe hydrogenvalue chain

that fallinto three broad categories:
demand, infrastructure, and supply.
This chapter seeks to briefly outline

sample potential projectsin Texas that

could develop withinthe 2030 time
frame, and their collective implication
ontheformation of ahydrogen hub.

Demand-based projects

1. Large-scale new natural gas-based

hydrogen production serving
refining and petrochemicals
operationsinindustrial centers
such as Houston: Refiningand
petrochemicals production could
create significant demand signals
that new natural gas-based
hydrogen facilities with CCS could
meet. These facilities could reduce
emissions substantiallyinthe near
termand alleviate air pollutionin
communities near refiningand
petrochemical plants.

2. Large-scaleelectrolysisusing
wind, solar, battery storage,
and pipelines servingdemand
centersinEast Texas: Large-
scale electrolysis usingwind and
solarinplaces such as West Texas
could take advantage of battery
storagetoreduce production
costsand compensate for the

intermittency of renewable energy.
The electrolysis involved would likely
be low-temperature electrolysis
suchas PEM or alkaline. This project
couldrequire building pipeline
infrastructure totransporthydrogen
fromthe point of productionto the
point of demand, although trucks
could alsobe usedtotransport LH=
todemandcenters.?

. High-temperature electrolysis

co-located with demand centers
in East Texas: This project would
co-locate electrolysis-based
hydrogen production with demand
and would use high-temperature
electrolysis (e.g., SOEC). This
project would demonstrate the
cost-effectiveness of hydrogen
productionwithoutincurring
transport costs.

. Hydrogenblendinginlocal

natural gas grids servinglocal
demand centersincities around
Texas: Hydrogen blending would
demonstrate the potential of

using natural gasinfrastructure for
hydrogento accelerate adoptionand
reduce capital expenditures. This
project would also demonstrate the
potential of decarbonizing energy-
intensive buildings.

. Exportofcleanhydrogenor

hydrogen-based fuels to East Asia
from major ports suchas Houston

and Corpus Christi: Texas enjoys
substantial advantagesin producing
clean hydrogenand hydrogen-based
fuels (e.g.,ammonia and methanol),
asdiscussedinsection2.4. This
project would capitalize on Texas’
attractive production economics
and prepare theinfrastructure
needed to export clean hydrogen
and hydrogen-based fuels.

. Clean hydrogen for hot briquetted

iron (HBI) productionin facilities
such asthosein Corpus Christi:
Texas has the largest, single-
module HBIplantand therefore an
opportunity todemonstrate that
clean hydrogen canreplace natural
gas as areducingagentand make
emissions-free HBIto decarbonize
steel production.

Infrastructure-based
projects

7. Portapplicationsindrayage,

material handling, distributed
power generation,and marinein
places such as the Port of Houston:
Switching from diesel-powered
drayage trucks to hydrogen-
powered trucks would immediately
improve the air quality around
ports, tothe benefit of surrounding
communities. Afueling stationata
port could get supply from nearby
waste-to-hydrogen production or
aconnectiontoalocalhydrogen

1 Accordingto one study by the University of Texas, transporting hydrogen by pipeline from West Texas would involve one-third of the cost of
transmitting West Texas electricity to the point of use in Houston and producing hydrogen there.
Renewable Electrolysisin Texas: Pipelines versus Power Lines, The University of Texas at Austin, H2@UT, August 2021. Retrieved from: https://sites.
utexas.edu/h2/files/2021/08/H2-White-Paper_Hydrogen-Pipelines-versus-Power-Lines.pdf



pipeline network. This project
would demonstrate the viability of
aninterconnected hydrogen hub

in Texas. Port support vessels and
vehicles for material handling could
also transitionto hydrogen, further
reducing water and air pollution.

. Local fueling network built for
HDTs and publictransit buses
around the Texas Triangle and for
vehicles at airports suchas George
Bush Intercontinental Airport:
Building alocalhydrogen fueling
network for heavy-duty trucks

and public transit buses would
immediately reduce diesel pollution,
i.e.,PMand NOx. This open network
would also lay the foundation for
extendingthe fuelinginfrastructure
for FCEV adoption at scale after
2030to the entire state of Texas.

. Seasonal energy storage using
geological hydrogen storage along
the east and south coasts of Texas:
This project would demonstrate
the feasibility of seasonal energy
storage, while showcasing Texas'
geologicaladvantage. Seasonal
energy storage would especially
matter as more of the Texas grid
becomesrenewable and susceptible
tointermittency.

10.Natural gas and hydrogen dual fuel

power plant / pure ammoniaor
hydrogen power plant such as the
oneindevelopment near Bridge
City, Texas: A dual fuel power plant
using natural gas and hydrogen
—orgasturbinesrunningon pure
ammonia or pure hydrogen—would
demonstrate the feasibility of Texas
transitioning away from natural gas
for power and heat.

Supply-based projects

11.Nuclear heat source for hydrogen

production using Texas’ nuclear
power plants: Texas houses two

12.
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nuclear power facilities. Using
energy from these facilities

to produce hydrogenwould
demonstrate the diversity of
electricity sourcesin Texas and the
feasibility of co-locating production
next to anuclear power plant.

Waste-to-hydrogen pilot for
hydrogen production in major
cities such as Houston, Dallas,
and San Antonio: Developing
hydrogen from waste would
diversify Texas' production
pathways, while deliveringa
carbon-negative fuel. Hydrogen
developed from waste produces
less hydrogen, makingitbetter
suited to use cases such as mobility
ordistributed fuel cells.

Fromahub perspective,
Texas could develop
diverse projects across
atleast five emerging
clusters of hydrogen
value chain formation
by 2030.

~
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Exhibit 27

Texas hydrogen hub potential project examples by 2030
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As discussedbelow, Texas andthe entire
Gulf Coastregionare uniquely situated
to create asubstantial hydrogen
ecosystembecause the assets extend
across both Texas and Louisiana.

A. The Greater Houston Area could
house clean hydrogen production
fromvarious pathways, serving
applicationsinindustrial feedstocks
(refining,ammonia, and methanol,
amongothers), utility grid natural gas
blending, portapplications,andexport
ofhydrogenandhydrogen-based
fuels. Greater Houston couldalsohost
onshoreand offshore CO:zstorage
supportinghydrogen production.

B. Corpus Christiand South Texas

could house clean hydrogen
production, servingapplications
suchasironand steeland export of

hydrogenand hydrogen-based fuels.

. Dallas and the Texas Triangle could

house aregionalhydrogen fueling
network for ground transportation
supplied by sources suchaswaste-
to-hydrogen production. This
network could eventually connect

withnearby states, such as Louisiana.

. Beaumont and East Texas could

house clean hydrogen production by
expanding upon existing hydrogen
infrastructure, servingapplications
such as power generation.

. West Texas could houserenewable

and natural gas supplies,
onshore CO:storage, and clean
hydrogen production co-located
withrenewables.
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Cross-cutting

enablers

This chapter examines four cross-
cutting enablers that could accelerate
the development of Texas as a hydrogen
hub: policy, infrastructure, innovation,
and equitable workforce development.

Exhibit 28

Key enablersin creating the hydrogen
hub

Hydrogen Hub Vision
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1. Policy

The scalingup of hydrogeniis likely
to face significant challengesin
developing R&D support, direct
financialincentives for clean
hydrogen productionandrelated

sectors suchasrenewablesand CCS,
demand enablement, and regulatory
frameworks. Overcomingthese
challenges will likely require policy
interventions at the federaland state
levels. Thisreporthas adoptedan
accelerated timeline, which could be
disrupted by severalfactors.

Firstand foremost, policymakers could
failto create the neededregulatory
architecture to help encourage
development of ahydrogen hub.
Companies are not likely toriskinvesting
innew infrastructure orassets without
an establishedregulatory framework
(e.g., lack of detailed guidance on
permittingand siting). This possibility
is especially real for Texas, as the state
legislature meets every other year and
could conceivably be busy with other
pressinglegislation during the next
session, thereby delaying the hydrogen
hub's development by two moreyears.

Another potentialimpediment would
be theinability to coordinate the supply
chain around the development of new
technologies or capacity related to
hydrogen production and export, (e.g.,
requiredammonia carrying vessel
capacity for exports.)

Finally, ahub ecosystemwill hinge
uponindustrial trunkline development
with openaccess. This willrequire
coordinated action between key

players, supported by fit-for-purpose
incentives which spurinvestmentsin
sharedinfrastructure. Any failure on
this front could significantly limit scaling
hydrogen productionintheregion.

This section offers examples of
promising policy approaches, both
existingand potential. The policies
discussed are not exhaustive; they
presentasample view. Efforts torefine,
prioritize,and advocate for appropriate
policies would require further study.

1.1.Federal interventions

National commitments and targets

The U.S. Department of Energy has
setagoal of $1/kg of hydrogenand
anemissions goalof 2kgof COz/ kg
of hydrogen as part of the Hydrogen
Earthshot effort.:

Many countries have started settinggoals
for reaching specifiedlevels of hydrogen
consumption. Forexample, Japan has
setthe targets of consuming3 MTPAand
producing 420KT by 2030. Canadahas
setthe goal of using4 MTPA by 2030.?

The Department of Energy has
announced multiple initiatives to fund
hydrogen R&D and pilots, including $8
billion for regional clean hydrogen hubs
and $500 million for clean hydrogen
manufacturing and recyclinginitiatives.>

1 DOE Update onHydrogen Shot,U.S. Department of Energy, December 8,2021. Retrieved from: https://www.energy.gov/sites/default/files/2021-12/

h2ig-12082021.pdf

2 GlobalHydrogenReview 2021, 1EA, October 2021. Retrieved from: https://www.iea.org/reports/global-hydrogen-review-2021

3 FactFact Sheet: Biden-Harris Administration Advances Cleaner Industrial Sector to Reduce Emissions and Reinvigorate American Manufacturing, The
White House website, February 2022. Retrieved from: https://www.whitehouse.gov/briefing-room/statements-releases/2022/02/15/fact-sheet-
biden-harris-administration-advances-cleaner-industrial-sector-to-reduce-emissions-and-reinvigorate-american-manufacturing/
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— Section 136405 would create an
alternative fuelrefueling property
creditthat would raise the current
capontheinvestmenttax credit
from $30,000to $100,000, which
would help support the building of

Direct federal incentives for hydrogen
productionand storage

production process that reduces
lifecycle greenhouse gas emissions
atleast 40%, compared with existing
hydrogen production pathways,
e.g.,SMR.

Thetaxcredit woulddependon

Several pendingbillsinclude policies
toencourage hydrogen production
and storage.

* Build Back Better Act (H.R.5376),

introducedinto Congressin
September 2021, would provide
production tax credits of up to $3/

kg of hydrogen for tenyears after the
hydrogen production facility goes
into service. To qualify for the full tax
credit, the produced hydrogenwould
have toreducelifecycle greenhouse
gasemissions by atleast 95%,
compared with hydrogen produced
via SMR today. The tax credit would
decreaseonasliding scale; the lowest
possible credit would be $0.60/kg of
hydrogen produced.*

— Section 136403 would createa
30% credit for qualified commercial
electricvehicles andincludes fuel
cellelectric powertrains.*

hydrogen fueling stations.®

Clean H, Production Act of 2021 (S.
1807), introduced into Congressin
May 2021, would grant atax credit
ofupto $3/kgfor producing clean
hydrogen. The bill defines clean as
hydrogenthatreduceslifecycle
greenhouse gas emissions at least
50%, compared with hydrogen
produced today using SMR without
CCS. Thebillwould also provide
taxincentives forinvestingin clean
hydrogenfacilities.’

Clean Hydrogen Production and
Investment Tax Credit Act of 2021
(H.R.5192), introduced into Congress
in September 2021, would grant a tax
credit for producing qualified clean
hydrogen. The bill defines qualified
clean hydrogen as any hydrogen

the exact percentage of emissions
reduction, witha maximum credit of $3/
kg ofhydrogenforthe tenyears after
the hydrogen productionfacility goes
into service.? This tax credit structure

is very similar to the House-passed
version ofthe Build Back Better Act.

Growing Renewable Energy and
Efficiency Now Act of 2021 (H.R. 848),
introducedinto CongressinFebruary
2021, would expand a30% investment
taxcredit (ITC) to “energy storage
technology,” including equipment

for hydrogen storage, that begins
constructionin 2022 through 2026.°

Several otherapproaches warrant
consideration.

Contract for Difference (CfD)
approach under consideration by
the U.K. Department for Business,

4 H.R.5376 —BuildBack Better Act,U.S. Congress website, September 2021. Retrieved from: https://www.congress.gov/bill/117th-congress/house-
bill/5376

5 BuildBack Better Act—Rules Committee Print Section-By-Section,U.S. House Committee on Rules. Retrieved from: https://rules.house.gov/sites/
democrats.rules.house.gov/files/Section_by_Section_BBB.pdf

6 BuildBack Better Act—Rules Committee Print Section-By-Section,U.S. House Committee on Rules. Retrieved from: https://rules.house.gov/sites/
democrats.rules.house.gov/files/Section_by_Section_BBB.pdf

7 5.1807-CleanH2 ProductionAct,U.S. Congress website, May 2021. Retrieved from: https://www.congress.gov/bill/117th-congress/senate-
bill/1807?s=1&r=5

8 CleanHydrogen ProductionandInvestment Tax Credit Act of2021,H.R.5192,2021, U.S. Congress website, September 2021. Retrieved from: https://
www.congress.gov/bill/117th-congress/house-bill/5192?s=1&r=28

9 H.R.848-GREENActof2021,U.S.Congress website, February 2021. Retrieved from: https://www.congress.gov/bill/117th-congress/house-bill/848
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Energy and Industrial Strategy (BEIS).
Responsible for energy policy inthe
U.K.,BEIS isworkingwithindustry
toidentify the most efficient
approach to supporting hydrogen
productionand storage and CO-
capture. The groupis considering
CfD to guarantee selling low-carbon
hydrogen at prices comparable to
incumbents (e.g., petroland diesel)
forthe duration of the contract,
potentially 15 years.®

* Hydrogeninvestment taxcredit
against the cost of hydrogen
production equipment would further
encourage the production of hydrogen
and domestic manufacturing.

Direct federalincentives for renewable
electricity production canbe foundin
currentand potential policies.

* TheProduction Tax Credit (PTC)
appliestorenewable electricity
generation, but only torenewable
energy construction started before
December 31,2021. Qualifying
construction canreceive 60% of the
full creditamount, orabout $15/MWh."
Anextension ofthe PTC would further
reduce the cost of electricityin
electrolysis-based hydrogen, amajor
source of cost. APTC valued at the
full $15/MWh could have substantial
impactonthelevelized cost of
hydrogen. The cost of hydrogenin
2025 and 2030 would drop 23% and

29%, respectively, ifthe PTC continued
throughthe end of the decade.

* Thelnvestment Tax Credit (ITC)
for solaris setto decrease from 26%
today to 10% for construction after
December 31,2023. Extending the
ITCat 26% would further reduce the
costof solar energy and therefore
electrolysis-based hydrogen
produced withrenewable energy
generated by photovoltaic systems.®

Federal CCSincentives stimulate
investmentin CCS value chains.

* Thefederallyadministered tax credit
pertonofcaptured CO,knownas
45Qis setto expireinJanuary 2026,
too soonforsome projectsinthe
planning phase to qualify. Supporting
a45Qextensionmightbe apriority for
Texas.Inaddition, 45Q does not always
provide adequate commercial certainty
forlarge-scale projects;alternatives
and extensions warrant exploration.

* Coordinated Action to Capture
Harmful Emissions Act (H.R.3538),
introducedinto Congressin May 2021,
could address theaboveissues. The
billwouldincrease the 45Q tax credit
to $85/ton of CO, sequestered.™

The U.K.is consideringaregulated
long-termreturns model for hydrogen
and CO:pipelines, funded through
the existingRegulated Asset Base
(RAB) model. Other models under

considerationinclude a publicand
privately owned entity, cost plus open
book, waste sector type contractor,
and hybrid models.*

Federal policies to build hydrogen
demand exist today, but more are
needed to encourage differentend
userstoadopt hydrogen. Current
policiesinclude:

* The Zero Emissions Airport Vehicle
and Infrastructure Pilot Program
reimburses airports up to 50% of the
cost of purchasing zero-emissions
vehicles or modifying existing
vehicles to handle hydrogen.'

* ThePortInfrastructure
Development Program provides
funding through 2026 for projects
thatreduce or eliminate port-related
emissions, including hydrogen fueling
infrastructure. The Infrastructure
Investmentand Jobs Act of 2021
appropriated $450 million to this
program for fiscal year 2022.

The Department of Transportation
isplanningagrant program to direct
funding toward alternative fuel
infrastructure, including hydrogen
fuelinginfrastructurein publicareas,
parks, roads, and schools. The program
might offset up to 80% of project costs
and would focus especially onlow-and
moderate-income neighborhoods."

10 HyNet North West, HyNet website, 2020. Retrieved from: https://hynet.co.uk/wp-content/uploads/2020/10/HyNet_NW-Vision-Document-2020_

FINAL.pdf

11 Production Tax CreditandInvestment Tax Credit for Wind,U.S. Department of Energy's Office of Energy Efficiency & Renewable Energy. Retrieved

from: https

12 Guidetothe Federal Investment Tax Credit for Commercial Solar Photovoltaics,U.S. Department of Energy, Office of Energy Efficiency & Renewable
Energy. Retrieved from: https://www.energy.gov/eere/solar/homeowners-guide-federal-tax-credit-solar-photovoltaics

13 H.R.3538—Coordinated Action to Capture Harmful Emissions Act,U.S. Congress website, May 2021. Retrieved from: https://www.congress.gov/

bill/117th-congress/house-bill/3538

14 Business Models for Carbon Capture, Usage and Storage, Department for Business, Energy, & Industrial Strategy, September 2019. Retrieved
from: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/819648/ccus-business-models-

consultation.pdf

15 HydrogenLawsandIncentivesinFederal,U.S. Department of Energy, Alternative Fuels Data Center. Retrieved from: https://afdc.energy.gov/fuels/

laws/HY?state=US

16 AboutPortinfrastructure Development Grants,U.S. Department of Transportation, Maritime Administration, February 2022. Retrieved from: https://

www.maritime.dot.gov/PIDPgrants

17 HydrogenLawsandIncentivesinFederal,U.S. Department of Energy, Alternative Fuels Data Center. Retrieved from: https://afdc.energy.gov/fuels/

laws/HY?state=US
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Potential regulatory frameworks
warrant consideration as Texas plans
efforts to build ahydrogen hub.

* CCS:Considerationsin CCS policy
andregulationsinclude R&D support,
onshore pore space access, utilization
for geological storage of CO2, and
long-term ownership andliabilities.

* Hydrogen safety and blending
codes: Buildingon current natural
gasregulatory frameworks could
simplify and accelerate efforts
tocreateahydrogenregulatory
framework. Hydrogenis currently
regulated as a “flammable gas” under
the Department of Transportation’s
Pipeline and Hazardous Materials
Safety Administration (PHMSA), which
alsoregulates existinghydrogen
infrastructure.® The Federal Energy
Regulatory Commissionregulates the
interstate transmission of natural gas.

1.2. State policies

State commitmentsandtargets

Texas could set goals for reaching
certainlevels of hydrogen adoption by
application, suchas FCEV adoptionin
trucking. These commitments would
help to align the efforts of private and
public businessesinthe hydrogen
economy and establish Texas as a global
leaderin hydrogen.

Texas could provide funding for
development of a hydrogen hub
inthe state and partnerships with
neighboring states.

Directincentives couldencourage action
onseveral dimensions of hub building.

e Statetaxincentives couldinclude
Chapter 313 renewal (the Texas

Economic Development Act), Chapter
311 (TaxIncrement Reinvestment
Zones), and atax freeze or ten-year
exemptionfor hydrogen production
and consumption.

* Development of alow-carbon fuel
standard could encourage the
production of hydrogen fuel by
offering a tax credit for each kilogram
ofhydrogen produced.

* Renewable electricity policies could
include additional funding for
transmission infrastructure, such as
Competitive Renewable Energy
Zones I (CREZII).

* Statefundingfor CCSandother
elements of the value chain required to
produce hydrogen, including
production, pipeline distribution,
energy storage, carbon captureand
sequestration, and fueling
infrastructure. This funding could also
supporta quality jobs program for
hydrogeninfrastructure development.

State policies are needed to encourage
adoption of hydrogen by different end
users. Potential policiesinclude:

* Hydrogen-specificrevisions of TERP
guidelines: The Texas Emissions
Reduction Plan (TERP) offers
incentives tobusinessestoreduce
vehicle emissions. Texas couldrevise
the TERP toincludeincentives for
businesses to switch to hydrogen for
vehicles or equipment.

* Taxcredits,rebates,and/orgrants
forhydrogen fuel cell vehicles: Texas
could offer tax credits or deferments
forthe purchase of these vehicles,
structured like the $7,500 federal
taxcredit currently available for the

18 Pipeline Transportation of Hydrogen: Regulation, Research, and Policy, Congressional Research
Service, March 2021. Retrieved from: https://crsreports.congress.gov/product/pdf/R/R46700

19 Undernew law, Minnesota gas utilities couldplay arole in electrification, Energy News Network,
July 2021. Retrieved from: https://energynews.us/2021/07/21/under-new-law-minnesota-
gas-utilities-could-play-a-role-in-electrification/

first 200,000 models ofaBEV.Agrant
program could encourage private
companies to switch to hydrogenfuel
cellcommercial trucks.

Renewable portfolio standards:
Texas could establish arenewable
portfolio standard for hydrogen,
such asdirecting utilitiestoblend a
certain percentage of hydrogeninto
natural gas.

Rate baserecovery: Texas could
allow utilities torecover the cost

of hydrogen blending. Minnesota's
Natural Gas Innovation Act shows
this practiceinaction. Thelawlets
utility companies petition state
regulatorstorecoverthe costs of
innovative projects todecarbonize
operations, i.e., hydrogenblending.?

Distributed energy incentives:
California's Self-Generation Incentive
Program givesrebates to customers
who haveinstalled qualifying
distributed energy systems suchas
fuel cells. Texas could create sucha
program to encourage businesses to
use fuel cells.
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Potential regulatory frameworks that
Texas could consider while planning to
build a hydrogen hub.

* Expandingunderground storage
warrantsrevisiting. In March 2022,
the Texas House of Representatives
interim committee for the
Committee on Energy Resources
mentioned aninitiative to explore
options for expanding the state's
underground natural gas storage
capacity. The committee could
considerincluding hydrogen storage
to thisinitiative.®

* CCS: The EPA oversees Underground
Injection Control (UIC) program
requirements, and states canapply
for primacy toimplement UIC
programs. Texas does notyet have
primacy for UIC Class VIwells for
permanent CO:zstorage. As of June
2021, the Railroad Commission (RRC)
has solejurisdictional regulatory
authority over Class Vlwells. If the
RRC were to seek primacy from
the EPA, this move could help to
streamline the permitting process,
address some uncertaintiesin
permitting, and lay the foundation for
future CCS developmentin Texas.?

2.Infrastructure

This sectionfocuses onthe
infrastructure needed tohelpdevelop a
hydrogen hub.

Hydrogen storage
Capacity needed

The U.S. has anatural-gas-storage-to-
consumption ratio of ~13%, while the
globalratio stands at ~11%. This means
thatthe U.S.and the world have ~50and
~40days of gas storage, respectively.?

Thisratio might need to be higher
because hydrogenhas no natural storage
areas. Hydrogen storage demand might
be greater than naturalgas demand
because grid-scale energy storage might
require hydrogen to compensate for
theintermittency ofrenewable energy.
Texas might need 1-2 MT of storage for
hydrogenin2035and2-3MTin 2050,
based on estimated productionlevels of
8MTand 21 MT, respectively.

Approachesto acceleration

Since the salt caverns near Houston
getheavyuse, Texas shouldinvestigate
therequirements for converting other
existing salt cavernsto hydrogen
storage. Researchintobedded salt
compatibility with hydrogen storage
might be helpfulin West Texas for
co-location with future electrolysis-
based hydrogen production.

Othertechnical challenges to salt
cavernstorageinclude material
compatibility, testingrequirements,
and microbial activities.? Additional
research willbe required to overcome
these technical challenges.

2.2.Hydrogen transport

Capacity needed

The 2020 European Hydrogen
Backbone study proposed a hydrogen
transportinfrastructure acrossten
European countries based mostly
onexisting energy infrastructure.
The analysis estimated beingable

to develop ~4,200 miles (6,800 km)

of hydrogen pipeline by 2030, with
~14,200 miles (22,900 km) in place by
2040. This analysis assumed that 75%
ofthe backbone would be retrofitted
natural gas pipelines and the remaining
25% new hydrogen pipelines.?

The ten European countries have
about 150,000 km of natural gas
transmissionlines. Assuming that the
proposed hydrogen pipeline structure
is proportional to the existing natural
gasinfrastructure suggests that Texas
would need ahydrogen transportation
network of ~1,500 milesin 2030 and
~5,200 milesin 2040, givenits existing
network of ~35,000 miles of natural gas
transmission pipelines.?

Approaches to accelerationand
development considerations

The analysisidentified three
approaches for Texas' consideration.

* Planregional or superregional
transport and storage system:
Holistic planning for transportand
storageinfrastructureinaregioncan
enable morerapid developmentand
collaboration.

20 Texashouse ofrepresentatives 87thlegislature, Interim committee charges, March 2022. Retrieved from: https://house.texas.gov/_media/pdf/

interim-charges-87th.pdf

21 New Legislation Signals Strong Support for CCUSin Texas, JD Supra, LLC, June 2021. Retrieved from: https://www.jdsupra.com/legalnews/new-

legislation-signals-strong-support-5380562/

22 Expert Commentary—The Role of Gas Storage in Balancing Gas Marketsinthe E.U.and U.S., GECF, March 2020. Retrieved from: https://www.gecf.org/
events/expert-commentary-the-role-of-gas-storage--in-balancing-gas-markets-in-the-eu-and-us

23 Commentsbythe Center for Houston's Future to the U.S. Department of Energy’s Earthshot Request for Information, Center for Houston's Future, July 2021.

See Appendix C for hyperlink.

24 EuropeanHydrogenBackbone, Enagas, Energinet, Fluxys Belgium, Gasunie, GRTgaz, NETAGAS, OGE, ONTRAS, Snam, Swedegas, Teréga, July 2020.
Retrieved from: https://gasforclimate2050.eu/wp-content/uploads/2020/07/2020_European-Hydrogen-Backbone_Report.pdf

25 Texas Pipeline System Mileage, Railroad Commission of Texas, 2021. Retrieved from: https://www.rrc.texas.gov/pipeline-safety/reports/texas-

pipeline-system-mileage/
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For example, the European Hydrogen
Backbone Initiativeinvolved 23
gasinfrastructure companiesin
designing ahydrogen network to
connectall parts of Europe and allow
imports by 2040.

The Port of Rotterdam has announced
itsintentiontobuilda24-inch
hydrogen pipeline as part ofits project
HyTransPort.RTM. The projectis
openaccess—any company wishing
topurchase or supply hydrogencan
connecttothe pipeline.lts construction
will facilitate ahydrogen marketinand
around Rotterdam, while equipping the
porttoconnecttoalarger European
hydrogen networkinthe future.®

Texas has ongoing efforts to support
holisticinfrastructure planning. For
example, the H2@Scale project at

the University of Texas at Austinis
investigating pathways for deploying
cleanhydrogeninthe Texas energy
economy. The projectteamis

building a spatially resolved, optimal
infrastructure developmenttoolthat
canlocate the lowest-cost, optimal
deployment ofhydrogeninfrastructure
tomeet future hydrogen demands.
Themodeluses hydrogendemand

and willingness to pay and determines
the optimalamount of productionand
distributioninfrastructure to meet that
demand, ifit canalsomeet the price.
Results from this modeling effort will

feedintotheteam’s strategic planand
framework for clean hydrogen hub
activitiesin Texas.”

Cluster physical assets: Clustering
physical assets around production
anddemandwith transportand
storageinfrastructure couldincrease
utilizationand decrease costs. For
example, HyNetinthe UK plansto
buildaconnected system of low-
carbon hydrogen production (Stanlow
refinery), COztransportand storage
(offshore depleted gas reservoir
beneath Liverpool Bay), hydrogen
pipeline, salt cavern storage, industrial
use, and natural gas blending
(Liverpool, Manchester, Warrington,
Wigan, and North Cheshire).?

Repurpose natural gasinfrastructure:
Natural gas utilities could help Texas
decarbonize by creatinga cleanfuels
network that complementsthe
renewable energy ontheelectricgrid.
Cleanfuels suchashydrogenand
biogas, usedinthermal generation,
couldhelp maintainareliable, resilient
power systemwhenrenewable energy
productionistoolowtomeetdemand.

Utilities areideally suited to play
thisrole, thanks to their extensive
experience developingand
maintaining pipelines, navigating
regulations, andfinancinglarge-scale
infrastructure projects.

Switching to cleanfuels could be

26 Thehydrogenpipeline for the Port of Rotterdam, HyTransPort, July 2021. Retrieved from:
https://hytransportrotterdam.com/en/de-wate%C8%91stofleiding-voo%C8%91-de-

27
28
29

30

rotte%C8%91damse-haven___/

H2@Scale project team at University of Texas at Austin, as of March 2022.
Whatis HyNet?, HyNet websit. Retrieved from: https://hynet.co.uk/about/

Decarbonizing U.S. gas utilities: The potential role of a clean-fuels systemin the energy transition,
McKinsey & Company, March 2022. Retrieved from: https://www.mckinsey.com/industries/
electric-power-and-natural-gas/our-insights/decarbonizing-us-gas-utilities-the-potential-
role-of-a-clean-fuels-system-in-the-energy-transition#:~:text=A%20clean%?2Dfuels%20
system%20could,and%?20diversifying%20pathways%20to%20decarbonization.

Pipeline Transportation of Hydrogen: Regulation, Research, and Policy, Congressional Research

Service, March 2021. Retrieved from: https://sgp.fas.org/crs/misc/R46700.pdf

cheaper than fully decommissioning

the natural gas systemandusing

electrification tomeetallenergy
needs. A clean fuels networkina
warmregion like Texas couldinvolve
total costs 15-25% lower than full
electrification.® This reportidentified
three challenges toblendinghydrogen
into pipelines full of natural gas:

— Technical challenges: Current
estimates suggest that blending
inas much as 20% hydrogen would
not require retrofitting pipelines to
account for hydrogen's potential
toembrittle steel.>*But pinpointing
the upperlimit of the “blend wall”
needs furtherresearch.

— Impact on end-use applications:
Household appliances such as
stoves, wallheaters, and forced-
air furnaces might notbe able to
handle natural gas blended with
hydrogen. Furtherresearchis
required tounderstand theimpact.
Southern California Gas Company
recently announcedthatitis testing
the performance of household
systems and appliancesusinga
hydrogenblend at a training facility.

Utilities must also determine where
toblend hydrogeninto the network
toensurethatnohydrogenenters
facilities or industrial plants unable
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tohandle the blended fuel.

— Regulation: Regulators would need
assurance that blending hydrogen
with natural gasis safe and feasible
before allowing utilities to proceed.

2.3.Hydrogen fueling network

Capacity needed

Texas might need ~100 hydrogen
fueling stations to serve heavy-duty
hydrogentrucks by 2030, given the
estimated number of those trucks likely
tobeontheroad. The network-building
effort could startinthe Texas Triangle
and expand over time.

Capital expenditures to builda
hydrogenfueling station canrange
from $3 million to $4 million for a station
with a capacity of 4,000 kg/day.** Texas
would have toinvest $300 million-$400
million by 2030 to create afueling
network with ~100 stations that could
meet heavy-duty truck fueling needs.*

Approaches to accelerationand
development considerations

Thisreportidentified three approaches
for Texas' consideration.

* Connectinterstate networks:
ATexas network of hydrogen
fueling stations could connect
with California via Arizonaand
New Mexico, especially if the latter
becomes ahydrogen hub. This could
createacorridor stretching ~2,000

31 Expertinterviews.

miles from San Francisco to Houston.
Anetwork connectingwith Louisiana
isanother possibility, especially if this
statebecomesahydrogenhub.*

¢ Ensure climate equity: Texas could set
tacticaland strategicgoals
toensure that the benefitsreach
disadvantaged communities.
California’'sapproach willensure that
94% of the state's population and 97 % of
its disadvantaged communities sit
withina 15-minute drive ofaclean fueling
station. Municipal buses and vehicles
using these fueling stations could
further decarbonize city
transportation and improve air quality.
Texas could replicate this pattern
toensure that the benefitsreach
disadvantaged communities.

* Build multi-use stations: California’s
fueling stations will cluster around
denseurbanareas like Los Angeles
County and San Francisco, with
enough stations along the way to
handle long-distance travel. Many
fueling stations will serve bothlight-
and heavy-duty vehicles.

2.4.CO:transport and storage

Capacity needed

While electrolysis-based technologies
will continue to scale through 2050,
natural-gas-based pathways will likely
representa significant proportion of
hydrogen production. As such, Texas
would need significant carbon storage

asittransitionsintoahydrogenhub.In
2035, the state could produce ~8 MTPA
of hydrogen. Assuming that 70-90% of
this productionis natural-gas-based,
Texas would have to store ~45-55 MT of
CO2,basedon ATRwithCCS ata98%
capturerate.*

In 2050, when Texas produces an
estimated 21 MT of hydrogen, the
storage needwouldincrease to ~50-80
MT of COz, assuming that natural-gas-
based hydrogen accounts for 30-50%
of overallhydrogen production.>* The
percentage of COz captured would
remain similarin 2035 and 2050, despite
the smaller share of natural-gas-based
hydrogen, because of the overall
growthinhydrogen production.

Inthe comingyears, companies

that can use this captured carbonto
manufacture products such as carbon
fiber might develop. Texas could benefit
from this type of industry, which would
consume part of the significantamount
of COzexpectedtobegeneratedand
capturedinthe state.

Approachtoaccelerationand
development considerations

Texas would need to build regional CO2
transportand storageinfrastructure.
Decarbonization efforts at industrial
centers around the world offer
blueprints for building carbon-capture
infrastructure.

32 Forcomparison, Californiaand Japanare planning to build hydrogen fueling stations for bothlight-duty and heavy-duty applications. California seeks
tobuild 200 retail fueling stations by 2025 and 1,000 fueling stations by 2030, or one hydrogen fueling station for every eight gas stations that exist
today. The state's plan calls for each stationto serve 1,000 HFCVs. Japanis taking a similar approach, witha goal of 1,000 fueling stations by 2030, a
substantialincrease fromthe 160 operating today.
The California Fuel Cell Revolution, California Fuel Cell Partnership, July 2018. Retrieved from: https://cafcp.org/sites/default/files/CAFCR.pdf.

Japantargets 1,000 hydrogen stations by end of decade, Nikkei Asia, May 2021. Retrieved from: https://asia.nikkei.com/Economy/Japan-targets-1-

000-hydrogen-stations-by-end-of-decade#.

33 New Mexicotoboost cleanenergy economy with Hydrogen Hub Development Act, State of New Mexico website, January 2022. Retrieve: https://www.
governor.state.nm.us/2022/01/25/new-mexico-to-boost-clean-energy-economy-with-hydrogen-hub-development-act/#.

34 Assumes~7-8kgCOz/kgHzproducedin2030for ATRwithCCS
35 Assumes ~7 kgCOz/kgHzproducedin2050for ATRwithCCS
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Sixenergy companies formed the
Northern Endurance Partnership (NEP)
inthe UK to develop theinfrastructure
totransport CO:zand storeit offshorein
the North Sea. The coordinated carbon
capture could provide amodel for Texas
asitworks with industrial facilities
spread across the state.

The NEP infrastructure will serve the
industrial communities of Teesside
and Humber, two of the most carbon-
intensive industrialregionsinthe U.K.,
by capturingup to 10 MTPA of CO-
and 17 MTPA of COzineachregion,
respectively,andtransporting the
carbonviapipelines to storage sites
atleast 85 km offshore.* The sites
canstore 450 MT of COz cumulatively,
with the possibility of tappinginto one
billion tons of additional storage areas
nearby.*

2.5.Otherinfrastructure needs
Texas could create a digital and financial
trade center for the new hydrogen
market, similar to the oiland natural gas
trading centers that already give Texas
acompetitive advantage. Current
oiland gas trading centers could
incorporate hydrogen as acommodity.

Texas would need additional
infrastructure tobecome ahydrogen
hub. Forexample, electrolysis
pathways would consume alot of water
that would require purificationand

transportation to hydrogen production
sites as faraway as West Texas.

The success ofallhydrogen production
pathways willdepend onhavingawell-
developedporttohostinfrastructureand
amature supply chainthat can provide
needed materials, suchas cementand
steeltobuild new productionfacilities.

3.Innovation ecosystem

To build a hydrogen hub, Texas would
need anend-to-endinnovation system.
Thisreport envisions the system having
four core components.

3.1.Research consortium

Texas should foster collaboration
acrossinstitutionallines to develop
solutions foralow-carbon future

using hydrogen. The hydrogen hub
could create aresearch consortium,
drawingresearchersfromthe state's
many universities, corporate divisions,
and start-ups. Bringing these experts
together would equip the hub to tackle
the challenges of hydrogen production
andlead the worldin energy.

3.2.Venture capital/

start-up community
Texasishometoavibrantventure
capitaland start-up community.
Houston has especially benefited
fromcleantech funding. Inthe past
five years, almost $1 billionin venture

capital has flowed to ~50 Houston-
based energy start-ups and companies.
In2021, new energy investments
exceeded $630 million more than four
timestherecordsetin2019.3

Incubators have helped secure thisrecord
investment. For example, Greentown
LabslaunchedinHoustonin April2021
and scaled quickly, havingaccepted over
60 new start-ups by early 2022. Founded
inBoston, Greentown Labs expanded
toHoustongiventhecity’'sengineering
strengths, itsleadingenergy companies,
andthe opportunity to helpredeploy
Houston's assetsto create the energy
transition capital of the world.*

Houston-based corporate ventures
have supported this start-up
ecosystem. For example, BP Ventures
hasinvested $500 millionin 40
companies.* Shell Venturesis making
minority investmentsin companies that
help accelerate the energy transition.*
Baker Hughes Co. has promised toinvest
$60millioninthe FiveT Hydrogen Fund,
whichis dedicated to scalable, clean
hydrogeninfrastructure projects.*

Universitiesalsoplayanimportantrolein
ahydrogenhub. Rice University's Carbon
Hubis researching new applications

for cleanhydrogen energy, aswellas

the possibility of sustainably producing
advanced carbon materials fromnatural
gasandoil. The University of Houston's
Center for Carbon Managementin Energy

36 TheNorthernEndurance Partnership, Net Zero Teesside website. Retrieved from: https://www.netzeroteesside.co.uk/northern-endurance-

partnership/

New collaboration to develop offshore CCUS infrastructure, BP, October 2020. Retrieved from: https://www.bp.com/en/global/corporate/news-and-
insights/reimagining-energy/northern-endurance-partnership-to-develop-offshore-ccus-infrastructure.html

37 TheNorthernEndurance Partnership, Net Zero Teesside website. Retrieved from: https://www.netzeroteesside.co.uk/northern-endurance-

partnership/

38 Greater Houston Partnershipresearchteam, March 2022.
39 Why We're Expanding to Houston, Texas, Greentown Labs, August 11, 2020. Retrieved from: https://greentownlabs.com/why-were-expanding-to-

houston-texas/

40 AboutUs,BP Ventures website, March 2020. Retrieved from: https://www.bp.com/en/global/bp-ventures/about.html

41 Our Portfolio, Shell'scompany website, March 2022. Retrieved from: https://www.shell.com/energy-and-innovation/new-energies/shell-ventures/

portfolio.html

42 Baker Hughesto Become Cornerstone Investorin New Green Hydrogen Fund, Hart Energy, April 2021. Retrieved from: https://www.hartenergy.com/
exclusives/baker-hughes-become-cornerstone-investor-new-green-hydrogen-fund-193338
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hasfocusedits R&D efforts onlow-carbon
energy. The University of Texas' Center
for Electromechanicsis participatingin
the H2@Scale project.

3.3 Test facility

New hydrogen solutions require testing
before scalingand commercialization.
Butinnovative technologies that
emerge from, say, a university often
struggle tofindindustry partners to
help commercialize the discovery.
Theissueislack of testing, including
its associated capitaland equipment.
Many start-ups face similar challenges
insecuring therequisite wetlabs and
testingfacilitiesintheir early stages.

Atestingfacility can help bridge the

gap between thelabandthe market

by offering a place to fine-tune new
technologies for eventual usein
large-scale applications. Ahydrogen
ecosystemin Texas could connect
start-upsandincubators with emerging
technologies, reducing therisk and cost
of the typicallab-to-market process.

The H2@Scale projectin Texas has
provided testing opportunities and
would need further scaling. Mitsubishi's
Takasago Hydrogen Parkin Japan might
demonstrate a path forward. This
testingfacility can oversee every step
ofatechnology’sjourney to market,
including research, design, prototype
production, andvalidation testing.*

3.4 Equipment manufacturing
Local manufacturing of hydrogen
production equipment, including but
notlimited to electrolyzers, would

help create anend-to-endinnovation
systemin Texas. Thisintegrated supply
chain could alsoreduce costs, further
integrate the hydrogen production
supply chain, and create morelocaljobs.

4. Equitable workforce
development

The transition to hydrogen could
create ~180,000jobs, including direct,
indirect, andinduced jobs.

Directjobs participate directlyin the
hydrogen economy. Theyinclude jobs

in the manufacturing of equipment

to produce and distribute hydrogen;
hydrogen production, distribution, and
infrastructure; and the manufacturing of
specialized materials and components.

Indirect jobs supportthe hydrogen
economy. Theyinclude maintenance, legal
contracting,and administrative support.

Inducedjobs are created by the spending
thatdirectandindirectjobs make possible.
Theyincludejobsinentertainment, health
care,andrestaurants.

Workersin the oiland natural gas
industry couldfillmany of these

jobs. Texas couldlose ~150,000 jobs
from 2020-50 under the Further
Acceleration scenario (see section
3.1). However, aggressively pursuing
opportunities like those associated
with the hydrogen hub and other energy
transition technologies could fill this
gap.Infact, ~180,000represents the
upper bound of the number of jobs that
the hub-building effort could reskill. In
otherwords, the hydrogen economy
could net 30,000 more jobs.

Texas should consider three additional
sources of hydrogen workers.

* Community college programs
wouldrequire scalingto meet the
hydrogen employmentdemandin
the stateandbeyond. The Texas
Reskilling and Upskilling through
Education (TRUE) program, passed
by the statelegislaturein June 2021,
could support scaling efforts.*In

43 MitsubishiPower to Establish Hydrogen Power Demonstration Facility Takasago Hydrogen Park at

Takasago Machinery Works, Mitsubishi Power, February 2022. Retrieved from: https://power.mhi.

com/news/20220222.html

tlodocs/87R/billtext/html/SBO01102F.HTM

44 Texas Senate Bill 1102, Texas Legislature website. Retrieved from: https://capitol.texas.gov/
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the spirit of the Justice40 Initiative,
this training should ensure that
disadvantaged communities have
access to these well-payingjobs with
good labor standards.

Partnerships betweenindustry
players and educationalinstitutions
couldalso help develop the hydrogen
workforce. Shelland Prairie View
A&M University signed a $6 million
renewable energyresearch
partnership that willemphasize
carbon capture and utilization, while
creatinganew hiring pipeline for
Shell.*Houston and CenterPoint
Energy recently announced Resilient
Now, a collaboration to advance
economicdevelopmentinvulnerable
communitiesinthe greater Houston
areaand provide clean energy job
training.*

Higher education curriculums
should start planning for tomorrow’s
jobs today. Texas already has
efforts underway to train people
forthe hydrogen economy. The

new University of Houston Energy
Transition Institute will focus on
clean energy such as hydrogen while
benefiting communities affected

by climate change.” The University
of Houston also offers a stand-
alone micro-credential programon
the hydrogen economy for energy
professionals.“

Texas should also ensure that
new hydrogenjobs are accessible
toresidents of disadvantaged

communities, throughincentives and
targeted efforts to employ as many
peopledirectly from disadvantaged
communities as possible. Academic
institutions and employers should
collaborate on trainingandrecruiting
studentsandworkers from such
communities tofillthose jobs.

Inthe near term, Texas could
conveneindustry players and
educationalinstitutions to identify
future hydrogen-hiring needs

and develop programs tailored to
serve disadvantaged communities.
Texas could alsorequire hydrogen
educationalandretraining programs
tohave over 40%representation

from disadvantaged communities, in
keeping with the spirit of the Justice40
Initiative, and could implement best
practices and accountability measures
for companies toincrease hiring from
such communities.

Inthelongterm, Texas could consider
requirements and incentives for 80% of
companies inthe hydrogen value chain
to hire over 40% of their local workers
from disadvantaged communities.
Eventually, this requirement could apply
to 100% of companiesinthe hydrogen
value chain.

45 PVAMU, Shellto explore renewable energy through new $6 million farming research project, Prairie View
A&M University, January 2022. Retrieved from: https://www.pvamu.edu/blog/pvamu-shell-to-
explore-renewable-energy-through-new-6-million-farming-research-project/

46 City of Houstonand CenterPoint Energy Announce Transformative Initiative to Enhance Energy
Resilience and Promote Transition to Sustainable Energy, City of Houston, February 2022. Retrieved
from: https://www.houstontx.gov/mayor/press/2022/centerpoint-sustainable-energy.html

47 University of Houston Creates Energy Transition Institute with $10 Million Commitment from Shell,
University of Houston. Retrieved from: https://stories.uh.edu/2022-energy-transition-institute/

index.html

48 The Hydrogen Economy Program, University of Houston. Retrieved from: https://uh.edu/uh-energy/

sed-program/hydrogen/




Ly 4

Next steps

As efforts to envision a Texas-based
hydrogen hub mature, further analyses
willbe crucial to understandingits
implications for the economy and the
climate. Theseinclude quantification
of carbonreduction benefits from
proposed projects; more granular cost
comparisons of different methods

of hydrogen storage and transport;
and study of the cost of intermediate
storage, potential optimization of
power costs by utilizing both wind and
solar,and changesin demand sources
over time. Analyses should also explore
additional factors such as securinga
pure water supply; the lifecycle and
selection of system components;
supply chain constraints and prices
forrare-earth metals (particularly
important for electrolyzers); direct
demand for hydrogen-fired power
generation, as opposed to gas blending;
and cost fluctuations from varying
grades of hydrogen (from carrier/
storage conversion) determined by
end-use purity attributes.

The next phase of this effort will

build on this report's analysis and call
foractions, especially to accelerate
demand creation, that willjumpstart
building the hydrogen hub from 2022
through 2030. The effort will focus on
answering the following questions:

3
4

What three to five demand
sectors should the hub target
to build clean hydrogen
demandinthe shortterm?
What are specificareas to
enhance value creation for the
hub, especially with exports?

S

Whatis the hub's path
to achieve unique cost
competitiveness?

7

What are the end-to-end
pilot projects and shared
infrastructure required to
bring the demandidentified
tolife?

What is the economic, social,
and environmentalimpact
fromthese projects suchas
emissions abatement?

What are the appropriate hub
funding requirements and
mechanisms required for the
hub to take off?

What sequencing of supply,
demand, andinfrastructure
buildupis necessary to
expand and scale the hub?

Whatis theright coalition to
drive anintegrated effort for
the development of the hub?

2




Conclusion

Texas andthe Houstonregionare
strong candidates for developing
aregional clean hydrogenhub. The
state’s concentration of energy and
petrochemical players, geological
advantages, access tomultiple ports,
highly skilled workforce and extensive
hydrogen pipelineinfrastructure,
position Texas to become aglobal
leaderinthe new hydrogen economy.
The hydrogen hub could be pivotalin
helping Texas buildamore resilient,
diversified economy thatis well-
equipped for the future, while
mitigating the emissions footprint of
the state’sindustrial corridors.
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A hydrogen hub could have significant
economicimpactandreduce
emissions. The hub promises toadd
$100 billion of economic value, create
~180,000jobsintheregion,and abate
220 MTPA of CO2by 2050.

The momentum for the energy
transitionin Texasis stronger than
ever. Over 150 businesses, academic
institutions, nonprofits, andindividual
experts have been workingtogetherin
the HETIHydrogen Working Group, led
by the Center for Houston's Future, to
study the viability of such a hub in Texas.
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Appendix

Appendix A: Additional analysis

Natural-gas-based production costs are sensitive to natural gas costs

Texas hydrogen natural gas price sensitivity, $/kg

PEM (growingsize) ~ — ATRw/ CCS - highNG — ATRw/ CCS - stable NG
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Source: McKinsey Hydrogen Insights

Assumptions

Scenarios

* Stable NG scenario: ~$2.5-$3/MMBtu prices throughout the period

* Base NG scenario: IEA AEO 2021 reference case, reflects NG
production recovers to pre-Covid levels in 2024 and increase at a
modest rate through 2050

* High NG scenario: IEA AEO 2021 low oil & gas case, reflects minor
decline in total domestic production of NG from 2025 to 2050

Natural gas prices, $/mmbtu
8
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0
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Takeaways

In the example pathways modeled, hydrogen cost parity between
technologies would be expected in 2045-2050 given $2.5-$3/MMBtu
natural gas prices.

However, parity would be accelerated to 2040-2045 if natural gas
pricesreach $4/MMBtu,and further accelerated to 2030-2035 if
natural gas prices reach $5/MMBtu and above

Appendix B:

Assumptions behind the LCOE values used in the model

Table 1: Two LCOE scenarios used as inputsin calculatingrenewable energy costs

Year 2020 2025 2030 2040 2050
HighLCOE, ~37 ~31 ~26 ~21 ~18

USD/MWh

Low LCOE, ~28 ~23 ~21 ~17 ~13

USD/MWh

Theanalysisinthisreportusedtwo
Texas-specific LCOE scenarios for wind
energy to calculate the cost of electricity
when producing electrolysis-based
hydrogen. The low LCOE values were
based onthe followingassumptions:

1. TheLCOEuses “thetop quartile for
windin Texas,” whichmeans the LCOE

isanaverage of some of the most
favorable wind speedsinthe state.

2. Windturbineshavea 15%learning
rate on capex per global doubling of
deployment; analysis assumes that
thisrate willhold through 2050

3. TheLCOEaligns with the Further
Acceleration Scenario, as defined

inthe McKinsey Global Energy
Perspective, February 2022

For context, the U.S. Department of
Energy estimates that the average
LCOE forwindinthe United States
for2020 was $33/MWh with ERCOT
enjoying $29/MWh. (Source)

The Annual Technology Baseline from
the National Renewable Energy Lab
estimatesthatthebestlocationsinthe
United States currently enjoy LCOEs of
$26/MWh and could reach $14/MWhin
2030. (Source)

The high-LCOE scenario uses ageneral
average fortheregion.


https://www.energy.gov/sites/default/files/2021-08/Land-Based Wind Market Report 2021 Edition_Full Report_FINAL.pdf
https://www.energy.gov/sites/default/files/2021-08/Land-Based Wind Market Report 2021 Edition_Full Report_FINAL.pdf
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https://static1.squarespace.com/static/5bd0cda394d71a3556faeb6c/t/612e5fc1d3889e5efe0e3023/1630429123112/Comments+of+the+Center+for+Houston%27s+Future+DE-FOA-0002529.pdf
https://www.fchea.org/us-hydrogen-study#:~:text=New%20Report%20Offers%20Road%20Map%20to%20US%20Hydrogen%20Energy%20Leadership&text=The%20Road%20Map%20stresses%20the,heat%20and%20feedstock%20to%20industry.
https://sgp.fas.org/crs/misc/R46700.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/819648/ccus-business-models-consultation.pdf
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Appendix D. Introduction
toHETIand CHF

nv
& HOUSTON ENERGY
TRANSITION INITIATIVE

Houston has alonghistory of solving
many of the world's greatest challenges
—developing medical breakthroughs,
leading human spaceflight, and
powering the world—we are a city

of problem solvers andinnovators

who tackle big, complicated, and
consequential problems.

Houstonis being called againto solve a
global challenge of extreme magnitude:
how to meet growing globaldemand
for energy while simultaneously
dramatically lowering climate changing
greenhouse gas emissions.

The challenge of our timeis the Energy
Transition. Solvingit—developingand
scalingtheright technologies, creating
and servicing markets for theright

mix of energy sources, investinginthe
right energy priorities—is the challenge
and opportunity that Houstonis
determinedto embrace andlead.

The Greater Houston Partnership’s
effortto develop aregional energy
transition strategy wasinformed

by anintensive study tounderstand
how theregion should best tackle the
challenge. The Partnership’s objective
was to create avisionandablueprint
for growing theregion’'s economy,
equitably creatingnew jobs, exporting
low-carbon products and expertise,
and helping Houston achieve its net-
zero emissions target thatis core tothe
City's Climate Action Plan.

Drawing on strategicanalysis and
recommendations from McKinsey &
Company, the work of the Center for
Houston's Future, University of Houston
and more than 60 leaders fromacross
business, academiaand public sectors,

the Partnership haslaunched acritical
initiative with an ambitious vision:

Leverage Houston's energy leadership
to accelerate global solutions for alow-
carbon future.

The Houston Energy Transition
Initiative (HETI) isrootedinthecity's
eagerness forinnovation;its appetite
for high-risk and high-reward business
investments; andits capacity for
executing on massive, complex
projects around the world. It also
leverages Houston's deep experience
andinfrastructurein producing,
moving, financingand marketing
energyinallitsforms.

This effort represents Houston's
collective ambition. Butitalso reflects
Houstonians' sense of responsibility for
putting their capabilities and resources
toworkonglobal solutionstothe
climate and energy challenges. HETI
builds onthe best of traditional energy
skillsand systems to pave the way fora
new 21st centurylow-carbon world.

CENTER ror HOUSTON'S FUTURE
CenterforHouston's Future (CHF), an
independent affiliate of the Greater
Houston Partnership, focuses on
understanding future global trends and
theirimpact onthe Houstonregion.
CHF brings business, governmentand
community stakeholders together
toengageinfact-based strategic
planning, collaboration, and action
onissues of greatimportancetothe
success of our region.
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Appendix E. Tools and
capabilities deployed

Thereportused several McKinsey &
Company tools and capabilities.

McKinsey Global Energy Perspective
(GEP)is aglobal marketintelligence and
analytics group focused onthe energy
sector. GEP enables organizations to
make well-informed strategic, tactical,
and operational decisions, usingan
integrated suite of market models,
proprietaryindustry data, andaglobal
network ofindustry experts. GEP works
withleading companies across the
energy value chain to helpthem manage
risk, optimize their organizations, and
improve performance.

McKinsey HydrogenInsightsisa
dedicated team of global experts that
helps organizations participateinand
scale up the clean hydrogen economy
and combat climate change. Hydrogen
Insights provides more than five
established assets combiningdeep
macro-levelinsightsinthe hydrogen
ecosystemwith highly individualized
cost perspectives. The Hydrogen
Insights Cost Model combines energy
and hydrogen-demand projections
with regionally specific cost and supply
dynamics and was used to support

the analysis for this perspective. The
model develops detailed cost outlooks
forunderlyingtechnologies such

as electrolyzers; fossil reforming;
renewables cost decline;and carbon
capture, transportation, and storage.

McKinsey Power Model projects
capacity additions in the power sector
and simulates dispatching decisions
based on system-cost optimization.

McKinsey Center for Future
Mobility brings a forward-thinking
andintegrated perspective—
covering automotive, cities, freight,
infrastructure, last-mile delivery,
utilities, and others—to help industry
leaders and policymakers lead
change and navigate anincreasingly
autonomous, connected, electrified,
and shared future.

McKinsey CO: Emissions Database
aggregates globalindustrial CO2
emissions from over 21,000 facilities
across 11 sectors. The emissions data
supports examination of potential
CCUS clusters, testing of CO2 pipeline
networks, and understanding of
regional abatement costs.

McKinsey CCUS Cost Model takes an
end-to-end approach to modelcarbon
capture, compression, transport,

and storage. It combines publicly
available data, in-house expertise,
and benchmarks from McKinsey's
proprietary Energy Insights and
Westney Capital Analytics data sets.
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