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Global hydrogen demand today is dominated by the

refining and chemicals industry
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Over 80% of hydrogen is produced today by unabated coal

and natural gas
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Regional hydrogen markets today have varying
characteristics

United European United
States Union Kingdom
Today’s Hydrogen Industry
Hydrogen 11.4 ML, mosily | 3 Mi, mostly 8.6 Mt, mostly <1 Mt, mosily 2 Mt, around 33 Mt, 60%
production through SMR through steam | using natural using natural 50% from through coal
(natural gas) methane gas and coal gas fossil gas gasification
reforming reforming
(SMR) of
natural gas
Hydrogen 1,600 miles 91 miles Almost 1,000 25 miles Minimal 62 miles
pipelines miles
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The shift to a more sustainable global energy system is
focused on five key goals

Energy Access
« provide affordable energy services for the well-being of the 7
billion people today and the 9 billion people projected by 2050
Energy Security
« provide uninterrupted supply of vital energy services
Climate Change
« reduce global energy systems greenhouse gas emissions to limit
global warming to less than 1.5°C above pre-industrial level
Air Pollution
* reduce indoor and outdoor air pollution from fuel combustion
and its impacts on human health
Adverse effects and ancillary risks
* Freshwateruse, land use, waste and other impacts associated
with some energy systems

Global Energy Assessment - Toward a Sustainable Future
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The global energy system shifts from significant final
consumption of fossil fuels and fossil-fuel generated
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... to a system dominated by renewable-generated power
with hydrogen as an important energy carrier
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Building a sustainable low carbon energy system will require
overcoming many difficult challenges

« Rapid growth in sustainable energy sources
— Solar, wind, bioenergy, nuclear, geothermal
« De-carbonization of energy uses

— Transportation - road transport (light and heavy duty), rail, marine,
aviation

— Industry - steel, cement, refining and chemicals
— Buildings - space and water heating, space cooling, lighting

« Construction of new energy value chains and associated supply chains for
goods and services

— Low carbon electricity

— Low carbon hydrogen

— CO2 capture, use and storage
— Low carbon synthetic liquid fuels
— Advanced biofuels
« Significant increase in energy investment
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Costs in a low carbon hydrogen value chain should
decrease as technologies mature

Hydrogen use in transport

Fuel cell light-duty road

vehicles
>
Hydrogen use in fuels transformation Fuel cell heavy-duty road
- . vehicles
i E Fossil-based hydrogen with
rogen infrastructure in oil refini
ydrog CCUS in ail refining Fuel cell ships
Pipeline :
Synthetic methane Eudlcall Haie
Ammonia tanker ic liqui
Low- carbon hydrogen production S S e Gl Hydrogen-fuelled engines for
. Blending in natural gas network road and ships
Electrolysis Hydrogen use in industry
T . — Ammonia-fuelled ships
Natural gas reforming with LIQUId hydrogen tanker Fossil-based ammonia with
ccus — S carbon capture
Liquid organic hydrogen carrier Hydrogen use in buildings
Coal gasification with CCUS Fossil-based methanol with Hydrogen boilers
carbon capture
S it Refuelling stations
sinane SHRILNG Electrolysis for methanol and Fuels cells
ammonia
Tanks Hydrogen-driven heat pumps
e ~ High levels of blending into
Storage in salt caverns commercial iron processes
Mature Hydrogen use in power generation
Full hydrogen direct reduced Highet P
Early adoption iron igh-temperature fuel cells
5 Hydrogen-fired gas turbines
Demonstration
Co-firing ammonia in coal
Large prototype power plants
\L J
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Electrolysis technology is expected to advance faster than
more mature reforming and carbon capture technologies

Process Input Units 2023 2030
SM 51,263 5202
Electrolyzer CapEx éfkw Sy 00 -525“
MW 1,263 809
Electrolyzer Capacity
Electrolysis kg/day 474,000 474,000
Efficiency kWh/kg,» 64 41
Lifetime Years 15 15
Utilization rate %o Reflects source of electricity
SMR CapEx SM 5216 5216
CCS Capkx sl"ul"l 5140 5135
Steam Methane Reform SV CApacHy kg/day M) 0.
with Efficiency MMBtu ./ kg, 0.171 0.171
Carbon Capture & Lifetime yrea.rS ” 15 15
Sequestration Utilization rate % 90% 90%
Carbon intensity k8o KBz 8.5 8.5
Carbon capture rate % a0% 0%
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In the future, there could be additional sources of
hydrogen

Grid electricity ___
electrolysis

L+ Renewableelectricity
electrolysis

Steam methane I Methane pyrolysis

reforming
Steam methane
Coal _ 7" reforming with carbon
= =t “
gasification 1 Brown 1 capture

Nuclear electricity
electrolysis
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White hydrogen is naturally-occurring hydrogen

Source: Center for Houston's Future: Houston’s Future as a Global Center for Clean Hydrogen
Manufacturing, Recycling, and Electrolysis (Dec 2022)
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In total, global hydrogen consumption will increase by a
factor of five in the IEA's Net Zero by 2050 Scenario

Sector 2020 50 2050
Total producton hydrogen-based fosls {1} BT 22 528
Low-carbon hydrogen production 9 150 320

shara of fossi-besed witfh COUS a45% 45% 38%
shara of alectrofysir-hosed 5% 54% 82%
Merchant production 15 13Xy 414
Onsite production 73 85 114
Total consumpbon ydrogen-based fods (M) E7 3 528
Electricity (1} 52 1oz
af which hydrogen d 43 18!
of which ammonia a i 13
Refineries 36 25 B
Buildings and agnculture o 17 23
Transport 0 25 207
of which hydrozer i 11 106
of which =mmoniz d 5 56
of whith synthenic fuels d i -
Industry 51 43 187

Note: Hydrogen-based fuels are reported in million tonnes of hypdrogen regeired to produce them

Source: IEA Net Zero By 2050 (2021)

About 30% of
hydrogen production is
converted to ammonia
and synthetic fuels.

The IEA assumes that 60% will be produced electrolysis

and 40% from abated fossil fuels
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Hydrogen gets a significant share in selected transport
and industrial segments by 2050 in the IEA NZE Scenario

Market Share by Segment (%)

5%

Shipping  Road Aviation Chembcals Iron and
transport es|

Synithetic fuels B Ammonia Hydrogen
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Hydrogen will also be an important component of
international energy trade in 2050 in a Net Zero Scenario

16

Value of international energy-related frade by scenario
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Motes: Values for hydrogen trade include volumes for liguid hydrogen, ammaonia and synthetic fuels. Values
for critical minerals trade include volumes for processed copper, nickel, lithium and cobalt, with assumptions

that the ratio of trade value to total demand remains constant.
Source: |EA analysis based on historical critical minerals trade data from UN {2021).
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Woodmac assumes a similar market development by 2050
in their NZ Scenario

Low carbon hydrogen production
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The Hydrogen Council has an even more aggressive view
of hydrogen demand in a net zero scenario

Hydrogen End-Use Demand by Segment (mmtpa)

G660
B Fowar ganeration B Mow industry feadstock 660 MT
B Mobility BB Existing industry use
. Buiding and industry haat ;iwch?gaﬁﬂ fﬂl Eaj
net-zero
" 22%
o0 of global final
e i
2020 2030 2040 2060

Hydrogen Supply is expected to be 70% from electrolysisand 30% from abated fossil fuels

Source: Hydrogen Council: Hydrogen for Net Zero (Nov 2021)
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Of the three main hydrogen carriers, the liquid hydrogen
chain is the most energy efficient over long distances...

2030 Energy available after transportation and conversion*®

Liquid hydrogen 100 e Ligquaiacion * g0 - Shippang = Taan *  Hepgasification FLITATE
H., LH, LH. H;
Y 100 Haber-Bosch 5 Eea X " Ammania L
Ammonia - B 8 Shipping > AR-BR cracking B3-64
H, NH, PH H,
Liguid organic & 100 i P 85 Shinaol G2-05 = Daly biar -
hydrogen carrier - yolrogenaban - PG - yarogenalion 57.50
H. LOHC LOHC H;

Assumes 8000km shipping distance, excludes electrolyzer energy consumption to produce green hydrogen (approximately 30%)
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...but projected total conversion, transportation, and re-
conversion costs are fairly similar for the three carriers

1.80 2050 Conversion/Transport/Storage Costs (S/kg H,)

1.60
1.40
1.20
1.00
0.80
0.60

o B

0.20

Optimistic Pessimistic Optimistic Pessimistic Optimistic Pessimistic

0.00

Ammonia LOHC Liquid H,
@ E-Conversion @ E-Terminal @ E-Storage @ E-Fixed OPEX E-Electricity @ 5-Ships @ S-Inventory

S-Fived OPEX @ I-Conversion @ [-Terminal @ |-Storage @ |-Fixed OPEX @ |-Electricity |-Electricity

Notes: Costs are for a 1 MtH2/yr export flow and a distance between ports of 10 000 km. Cost components are divided by part of the
value chain: E = exporting country; S =ships; | = importing country
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To accelerate development most regions have initiated
hydrogen policy support

Theme

United

States

Canada

European
Union

United

Kingdom

Regional Interest and Support

Financial « Financial . finanr_;ial . Fedgral . FEdE_'.rai . Fede_.ral e Central
support s incentives funding (e.g., funding (e.g., funding (e.qg., govemment
{e.g., Clean H2Use and Net-Zero Green and
(€.g.. 45V Hydrogen H2Tech) Hydrogen Innovation provincial
production Investment | « CfD subsidy | Fund and Fund) funding
tax credit) Tax Credit schemes CCUs » GX Economy
* Federal and Carbon (Germany’s Infrastructure | Transition
funding (for Sequestration | H2Global Fund) Bonds
hubs) tax credits) and EU « CfD subsidy | » CfD subsidy
* Loan « Federal Hydrogen scheme scheme
Programs funding (e.qg., Bank's pilot | & UK introduced
it Clean Fuels auction) Infrastructure
support Fund) Bank
Cost $2/kg by 2026; $3/kg by 2030,
reduction $1/kg by 2031 $2/kg by 2050
targets

Source: EFl Foundation Hydrogen Market Formation - An Evaluation Framework (Jan 2024)
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The Woodmac net-zero scenario has 80 mmpta of hydrogen
demand in the US by 2050

2050 US Net Zero Production by Type 2050 US Net Zero Demand by Sector
mmtpa
100 -
81
80 -
60 -
40 -
ol 20
11
' :4 B Transport B iron & Steel
0 0 ! B Power RCA!
2023 2035 2050 B Refining, Ammonia, and Methano! B Others?
Bl Green Blue M Other low-carbon
Y Brown Grey [ Other carbon intensive

Source: Woodmac Implications of 45V Guidance for the Future of the Green Hydrogen Industry — Executive Summary (Feb 2024)
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The US has established significant incentives for
investment in hydrogen

Hydrogen Hubs (2021)H Inflation Reduction Act (2022)!%1

24

Congress appropriated 58 billion to
award “networks of clean H, producers,
consumers, and the connecting
infrastructure.”

# Part of the Infrastructure Investment
lob Act (l1LA)

= DOE is administering the funding in 50%
cost-sharing agreements

= Seven hubs selected Oct 2023, each
receiving about $1 billion and targeting
mix of H, feedstock's and end-uses

* An additional 51 billion is targeted for
demand-side initiatives.

= DOE expects projects to be executed
over & to 12 years

& ®
Feedstock Employment
Diversity

Geography End-Use  Natural Gas Supply

Congress introduced major incentives for
clean energy production, including
expanded tax credits for carbon capture
utilization and storage (CCUS) and direct air
capture (DAC), and novel tax credits for
clean hydrogen production.

Tam Credit Armouwmnt Description

Production tax credit for
“clean” hydrogen, developers
allowed 1o choose between
ITC and PTC

A5Y (new) Upto 53/ kg H;

Froduction tax credit for
capture ond sequesiration;
cannot be stacked with 45V

450 {extended Up to $85/tC0,
and augmented) stored

0.2 to 51 zal. »

emnission factor Clean transport. fuel

production credit; highser
amount available for meating

45Z (new and

augrmentad S0 ; A
& ! >0 35.1'-:! 5"1 e wage and labor criteriz;
i Jart-:.tr Cannot be stacked with 45W
{aviation fusl]

te

Source: Brattle - Emerging Economics of Hydrogen Production and Delivery _Eﬂﬂ-!. T B;uer(:o”ege of Business



The DOE has selected seven US hydrogen hubs for support

Green, Blue, Ammonia, chemicals, industrial, heavy-duty transport, mining, data centers, distribution
Biohydrogen centers, Sustainable aviation fuel [eSAF), gas utility blending, residential fuel cells

Green,
Biohydrogen Heawy duty-transport, power generation, port operations

Green, Pink, Ammonia, refining and petrochemicals, industrial, heawy-duty transport, transit authorities,

Blue ports, eSAF, marine fuel (eMethanol), power generation
Green, Pink, e ) . :
Blue Fertilizer, industrial, eSAF, power generation, gas LDC blending

GTEETIIl:‘Eth Industrial, refineries, heavy-duty transportation, transit authorities
Green, Pink, : . g : : i ;
Blue Agriculture, industrial, manufacturing, heavy-duty transportation, eSAF, gas utility blending
Pacific Northwest i Fertilizer, refiners, industrial, heavy-duty transport, eSAF, marine fuel, long-duration energy
Hydrogen Hub storage

Management Institute
C.T.Bauer College of Business
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The Gulf Coast region has many advantages in hydrogen

Gulf Coast's Energy Assets Production capacity Transportation and storage
‘ ‘ Broad base of industrial >~ Welcoming 2 (15 Largest renewa?:!e = 1000+ m”e‘—f C'fl
U energy customers across }\ L environment for A energy marketin U ) hydrogen pipeline
——— multiple demand “ infrastructure || the nation (36 GW — - largest networks
segments development wind, 15 GW solar) in the nation
,| ™ 33% of US. hydrogen QO O Highly skilled R g 2.4 hillion tons of CO, k# 3 of the 6 hydrogen
. I production capacity ' O | energy workforce 'K- _J/, storage capacity /% storage caverns in
N 1 (1% of USS. (10,000x Houston'’s | the world
energy jobs) current CO2 emissions)
*~ large concentration of /5 Largest energy E Access to abundant
-\ /) ~academic and industry- .S 7 ) manufacturing o low-cost natural gas
= driven energy innovation: =2 dluster (7000+ N (11.2 Tcf natural gas
major research universities establishments) oroduced in 2022)
and a new innovation
campus

Source: DOE Office of Clean Energy Demonstrations Regional Clean Hydrogen Hubs Gulf Coast Regional H2Hub Community Briefing
October 2023
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A Texas hydrogen hub would likely have a number of

clusters {7 Wast Taxas
® Supply = Clean Hg generation through renewable
® Demand sources and natural gas coupled with
COq storage
______ @ Infrastructure - Potential midstream infrastructure including
L8 B pipeline to East Taxas
..I-"'.r ""..
il o \ . ' Texas Triangle and Bay City
& % = Nuckear or waste-to- hydrogen production
\ : = Fualing network to support transport usa cases
\ " T - Coalition of enablers, including R&D efforts
L e "
. : East Texas
@ ;" F ® = Clean Hg storage
v @ ® R S - Potential offtake from power demonstration
1.-‘-‘ ,..-" . 2 r = . I. - X
"=,_“_‘.‘_“_F‘Hr_.--" [ | ] :‘ L s ® * "'_*.,I ‘1',‘_‘- Greater Houston | |
: . i I'-. I = Blua Hy production epicenter with onshore
S  Tag e 2® i and offshore COy storage
v _—emT - Potential export and offtake from industrial
:. , clusters, including refining and petrochemical
i producers

! % Corpus Christi and South Texas

" - Clean Hg production
= Potential export and offtake from industrial

clusters inciueding iron and steel producars,
petrochamical piayers

Source: McKinsey Unlocking clean hydrogen inthe US Gulf Coast: The “here and now” (Aug 2023)
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A Texas hub could reach over 20 mmtpa by 2050 including

exports

Export

E&
Industry =
0

Mobility %

Power & Heatir

6.0

MTPA

Source: CHF/GHP :Houston as the epicenter of a global clean hydrogen hub (May 2022)
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2050 electrolyzer hydrogen production costs in Texas could
reach $1/kg with technology development and system scale

41 S/kg

J Scenario A - High cost electricity

B Scenario B - Low cost electricity

T0R0 25 L1 1 A
Scenario A - LCOE of $S37/mwh in 2020 and $26/mwh in 2050

Scenario B - LCOE of $25/mwh in 2020 and $21/mwh in 2050
Electrolyzer system of 2mw in 2020 and 85 mw in 2050

Gutierrez Energy
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Production cost for SMR with CCS (including 45Q) could be
below $1/kg by 2030

Lt S/kg

=Ml =05 EMHA = CICE + 450
Bt [l Opa ] Tmows:
* Plant capacity = 100,000 Nm?/h; natural gas
=~ %2 5-3/MMBtu; greenbuild

= Tax credit of 350/ton captured CO,;
captured CO, of ~6 kg CO, FkgH,

* Taxcredit=~$0.3/kg H,

Source: CHF/GHP :Houston as the epicenter of a global clean hydrogen hub (May 2022)
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Finally, repurposing existing fossil fuel assets could
accelerate and reduce the cost of a hydrogen hub

Oil and Gas Solar or wind generation and hydrogen production
Production Facilities

Gas Pipelines Hydrogen, hydrogen blends
Processing Plants Refineries - hydrogen, ammonia, synthetic hydrocarbon
production

LNG Plants - ammonia, hydrogen

Storage and Terminal Liquids- synthetic hydrocarbons
Facilities Gas (salt domes) - hydrogen

LPG - ammonia

LNG - hydrogen, ammonia

Shipping Refined products - synthetic hydrocarbons
LPG - ammonia

Coal and Gas Power  Solaror wind generation and hydrogen production,
Plants hydrogen/ammonia co-firing, coal to abated gas

Note: Repurposing here is defined as using a new feedstock or process, producing a new product (i.e., excludes process
modifications like adding carbon capture to current hydrogen or power plants)
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