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A Network of 12 Techs is Required to Achieve Climate Goals

Energy storage Carbon capture, Engineered
. utilization, and carbon
Batteries storage (CCUS) removals

Heat pumps / (DAC, BECCS)

Nuclear

N

Renewables Natural climate

End uses: solutions
3 Residential —
—— Mobility ——
) |ndustrial —=—

N

. Circular Alternative
Hydrogen'\—b Sustainable fu?IS({m SAFs etc.) technologies proteins
Clean electrons and Clean Carbon capture and Circularity
electrification molecules removal and resources

https://www.mckinsey.com/capabilities/sustainability/
3  our-insights/what-would-it-take-to-scale-critical-climate-technologies@ i Ci otaiH| 5 2 9|
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Challenges in Hydrogen Value Chain

Water Electrolysis Using Renewable Energy >  Com pressed Hydrogen T Transportation
o0 Compressed
Q Curdle Hydrogen
.. Fuel Trailer
Wind  Solar o Pipeline - Fuel Cell Vehicle  Fuel Cell Forklift
power power Electrolysis (FCV) (FCFL)
By-Product Gas Refinement - \ Alpeliog —» Use in Households and Industries

| . .
> Liquefied Hydrogen -
* Ethylene Production in _@- q Y ge .
Petrochemistry from Li . I y
- quefied Hydrogen
::::: Steel, Caustic Soda s\’ Tanker Truck
Fuel Cell for Households & Industries

_) Cassettes Containing Hydrogen AbsorRilll'lg -

Reformation Reaction B ] —» Hydrogen Power Generation
~@m ! 'ﬁ?iﬁi‘giﬁilﬁ.'.”n'g”g Ll .
Y f'} » ‘A Alloy N L :'ﬁ
oo N{’ wis Ly Organic Chemical Hydride Hydrogen P;:;,é'r S
Biogas, Waste Plastics,Petrochemical Products (Mixed-Fuel/Single-Fuel Combustion)
Economy of Scale Infrastructure Strategic Priority
Production Cost Limitation by Properties (Hard-to-Abate)
GHG Emissions Competitiveness

https://www.env.go.jp/seisaku/list/ondanka_saisei/
lowcarbon-h2-sc/en/demonstration-business/index.html

Johnson, N. et al., Realistic roles for hydrogen in the future

energy transition, Nature Reviews Clean Technology, 2025 © B O eraHIg %Y
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Conventional Storage FIGlelIlty Transportation
. -

Synthetic SAF

Fuels

&

Upgrading
il /
Biomass

Renewables l e

RPN : Ammonia/
,‘f,, ) /' Fertilizer
Nuclear S *H20 Hydrogen : :
s, Generation &
A Metals
6 Electric Grid Production

Infrastructure
Fossil

with CCUS
Chemical/Industrial
Processes

Heat/Distributed
Power

Gas
Infrastructure

Source: U.S. Department of Energy, Hydrogen Program Plan, Figure 3, November 2020
Note: CCUS is carbon capture, utilization, and storage.
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Total Final Energy Consumption (TFEC) by Energy Carrier

2022

1.5°C Scenario: 2050

-

394EJ Total final energy consumption 354 EJ TFEC

3% Others
5%

Modern biomass uses

6%
Traditional uses
of biomass

23 12

Electricity Fossil

63%

Fossil fuels (direct) fuels

Renewable share in electricity 29

IRENA, World Energy Transitions Outlook 2024

Renewable share
in hydrogen 949,

49,
15% ydrogen
7% Modern biomass direct use

Others | UH:H nd e-fuels)*

52¢

Electricity
(direct)

Renewable share in electricity 91«
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Global Hydrogen Production by Technology, Mtpa
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China and electrolysers: the sequel to solar PV and EVs? 12d

Low-emissions hydrogen production from CCUS

Electrolyser capacity in FID
projects in FID
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2022 2023 2024 2022 2023 2024

China accounts for 50% of global announced FIDs in electrolysis projects, cementing its leadership on a strong
manufacturing sector. North America and Europe lead FIDs in CCUS projects.

IEA 2024. CC BY 4.0.

https://www.iea.org/
8 events/global-hydrogen-review-2024-technical-webinar © B O eraHIg %Y
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Growing gap in policy ambitions between production and demand [Je

Potential annual demand and production for low-emissions hydrogen created by policy action, 2030

B0 49 Mt
T
@
o
= 40
Demand gap
30
Targets
20
11 Mt Production gap
[ I e L
4.1 Mt
0
Demand targets Committed projects Production potential

Government policy is moving from planning to implementation, but the public funding announced
to support low-emissions supply is almost 1.5 times higher than for demand.

https://www.iea.org/
9 events/global-hydrogen-review-2024-technical-webinar © B O eraHIg %Y
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Green Hydrogen Project Cancellations Skyrocketed in 2024
Number of green hydrogen projects canceled in a given year

35 T

— :

It is likely that more projects were canceled, as many companies do not
announce the abandonment of a project publicly. Payal Kaur, Bloomberg-
NEF hydrogen analyst

7

2022 2023 2024 2025

Source: BloombergNEF
Note: Data as of March 11, 2025. Data for 2022 includes cancellations made in
prior years. BloombergNEF

https://mail.google.com/mail/
10 u/O/#inbox/FMfcgzQZTgRPQrZhivMRpvrmjXggWgrQ O L OeraHIT S Y
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INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 43 (2018) 19315—19326
Available online at www.sciencedirect.com "N ——
) . . HYDROGEN
ScienceDirect ENERGY
I_I [_\I -- journal homepage: www.elsevier.com/locate/he
Discovery of a large accumulation of natural )

hydrogen in Bourakebougou (Mali)

Alain Prinzhofer ", Cheick Sidy Tahara Cissé °, Aliou Boubacar Diallo ”

2 GEO4U, Rua Tavares Bastos 123, Catete, 22221-030, Rio de Janeiro, Brazil
® PETROMA, Mali

ARTICLE INFO ABSTRACT

Article history: Recent exploratory wells in Mali (
Received 12 July 2018 success and provide a new unde
Received in revised form (Bougou-1), and a comprehension ¢
24 August 2018 extensive gas data of a pioneer w¢
Accepted 28 August 2018 dozen exploratory wells in the
Available online 25 September 2018 extensive hydrogen field featuring

© LSO eHaH|Ig 2 Y|



13

[

o1 40| FOI9f CIYTH BH

MOISA: MEXOI MQLL MOIIIAKIY XXX O 2 Y E X|0f0ll KFEIO]
UHL RISHOR YHEID Y =4

Natural / Native Hydrogen
Geologic(al) Hydrogen / Geohydrogen (X|&x2)

Natural Geologic Hydrogen @ sl exploraton foorprint
Hidden Hydrogen ® ooy
(A% Hydrogen s omemisions @ TS
Hydrogen
Free Hydrogen
Underground Hydrogen “
Hydrogen =<

= Stimulated/Enhanced (Geologic) Hydrogen (XIS A~ / e 427)
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Crude Oil, Hard Coal,
Natural Gas Liquids,

Petroleum Products,
Manufactured Solid

NCﬂU'I'EGI Gas, Nuclear Fuels and Gases, etc.
nergy, efc. o~
0 0O
5 S
E W
._E Electricity and Heat g 5
e O
‘ 2 =,
Wind, Geothermal, O 0
Biomass, = >
Hydroelectricity, Wave Biofuels, H
and Tidal ,

Energy, Nat. H,

(Renewable) Energy Resource < Energy Carrier

14 https://stem.guide/topic/primary-resources-and-secondary-energy/ @ :&CjgHaHIG %]
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Cost in Mali ~$0.5/kg—
0 i =1365°C
& & I H, =45 %
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https://www.geo-ocean.fr/en/Science-for-all/Our-
classrooms/Hydrothermal-systems/Hydrothermalism/
Synthesis-of-hydrogen-methane-and-hydrocarbons

15 https://www.sciencedirect. com/smence/artlcle/pu/S13640321230074%"EH =Ll e
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Earth-Science Reviews 203 (2020) 103140

Contents lists available at ScienceDirect oM

Earth-Science Reviews

journal homepage: www.elsevier.com/locate/earscirev

The occurrence and geoscience of natural hydrogen: A comprehensive K
review iy

Viacheslav Zgonnik

Natural Hydrogen Energy LLC, French branch: 31 rue Raymond Queneau, 92500 Rueil Malmaison, France

ARTICLE INFO ABSTRACT

Keywords: Using an interdisciplinary approach, this paper reviews current knowledge in the field of natural hydrogen. For
Hydrogen the first time, it combines perspectives on hydrogen from the literature of the former Eastern bloc with that of
Natural hydrogen the West, including rare hardcopies and recent studies. Data are summarized and classified in three main sec-
Gag seeps tions: hydrogen as a free gas in different environments, as inclusions in various rock types, and as dissolved gas
;a:;:s K in ground water. This review conclusively demonstrates that molecular hydrogen is much more widespread in
Aimu:;]?e:: nature than was previously thought. Hydrogen has been detected at high concentrations, often as the major gas,
Microorganisms in all types of geologic environment. A critical evaluation of all the proposed mechanisms regarding the origin of
Energy natural hydrogen shows that a deep-seated origin is potentially the most likely explanation for its abundance in
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HIDDEN HYDROGEN

Does Earth hold vast stores of a renewable, carbon-free fuel?

630 17 FEBRUARY 2023 - VOL 379 ISSUE 6633 science.org SCIENCE
Corrected 21 February 2023 and 24 February 2023. See full text
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X012 A Gold Rush FT Bt I/ =

Hydrogen power <+ Add to myFT)

Geologists signal start of hydrogen energy ‘gold rush’

SCIENCE ADVANCES | RESEARCH ARTICLE

GEOLOGY

Model predictions of global geologic
hydrogen resources

Geoffrey S. Ellis* and Sarah E. Gelman

Geologic hydrogen could be a low-carbon primary energy resource; however, the magnitude of Earth's subsurface
endowment has not yet been assessed. Knowledge of the occurrence and behavior of natural hydrogen on Earth
has been combined with information from geologic analogs to construct a mass balance model to predict the re-
source potential. Given the associated uncertainty, stochastic model results predict a wide range of values for the
potential in-place hydrogen resource [10° to 10'° million metric tons (Mt)] with the most probable value of
~5.6 X 10° Mt. Although most of this hydrogen is likely to be impractical to recover, a small fraction (e.g., 1 x 10° Mt)
would supply the projected hydrogen needed to reach net-zero carbon emissions for ~200 years. This amount of
hydrogen contains more energy (~1.4 x 10'® MJ) than all proven natural gas reserves on Earth (~8.4 x 10'> MJ).
Study results demonstrate that further research into understanding the potential for geologic hydrogen resourc-
es is merited.

Several recent studies have claimed that natural hydrogen generation rates are rapid enough to potentially
offset anthropogenic extraction rates from reservoirs, thereby constituting a renewable resource.

https://www.ft.com/content/81819f64-1025-489b-959a-c3d9b14cc778

Copyright © 2024 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original US.
Government Works.
Distributed under a
Creative Commons
Attribution License 4.0
(CCBY).
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Earth's Crust May Hold Hydrogen Equal to
170,000 Years of Oil Use: Study
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https://www.esgtimes.in/energy/hydrogen/earths-crust-may-
hold-hydrogen-equal-to-170000-years-of-oil-use-study/
Ballentine, C. J. et al., Natural hydrogen resource accumulation in the continental

19 crust, Nature Reviews Earth & Environment, Vol. 6, May 2025 © s OeraHIg )
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U.S. Department of Energy Announces $20
Million to 16 Projects Spearheading Exploration

of Geologic Hydrogen

16 Projects Spanning 8 States Set to Receive Funding to Explore Geologic Hydrogen
Stimulation and Reservoir Management, Reinforcing President Biden's Efforts to Build a
Clean Hydrogen Economy

GEOLOGIC HYDROGEN
SELECTIONS ANNOUNCEMENT

https://arpa-e.energy.gov/news-and-media/press-releases/us-department-
energy-announces-20-million-16-projects-spearheading

ARPA-E Targets for Geologic Hydrogen Production

Metric Geologic H, Target
H, cost at the well-head <S1/kg H;
H. GHG (from production) <0.45 kg CO,e/kg H:
Hydrogen purity >20% (volumetric) at the well-head
Deposit potential >10 Mt H,

>1 million m?/day H;
(>30,000 tonnes/year H>)

20 https://'www.world-energy.org/article/36264.html © .5 Oy era g 2t e

Deposit production (from formation)




XM= 4 48: Earth’s Hydrogen Factory

Hydrogen is a carbon-free fuel, but manufacturing it is dirty and expensive. Some researchers believe cheap,
\ Rainwater vast, and potentially renewable sources of natural hydrogen sit underground. @ Hydrogen

LA \ e ® Water

& ?
) = s | 4
‘ = Fairy Hydrogen Q S » A=
C____ circles @ % seep — 33 u&,ﬁi\‘
S ¢ [
Microbial 7 :
Water ; Sedimentary
infiltration ConsUmption rock layers Saltiayer i ]/
) : 5 lroncrich
Hydrogen trap intrusion ( e

Absot|c s
consumption

)7

Fault

7/ Source
|®wmmer
Radiolysis (‘GAIME0H) ~20% Serpentinization (AF2212} >80%

Generation Loss mechanisms

Hidden hydrogen: Earth may hold
21 vast stores of a renewable, carbon-free fuel | Science | AAAS © S Oerad|Ig %Y
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Natural Hydrogen Resources Evaluation

Flux vs entrapment @R!SC

Flux

Fairy circle or Carolina Bay?

e G =

SN

Entrapment (Accumulation)

Flux also includes /\
associated gas in

aquifers

Baffles

Generation Generation

Hydrogen system is a dynamic system that is recharged while producing.
(Maiga, O. et al., Scientific Reports 13:11876, 2023)

https://riscadvisory.com/wp-content/uploads/2024/06/
23 DEVEX-Natural-H2-expl-and-estimating-the-resource-web.pdf © B O eraHIg %Y



Orange Hydrogen is the New Green

CH, + 2H,0 = 4H, + CO, 2H,0 + energy = 2H, + O,

f
]

CO, -
Black/grey - CO, enriched
hydrogen |

water solution
Hydrogen Production /002\
Carbon Sequestration

Geothermal Heating CCS M

Orange
hydrogen

Qil/coal Reactive formation

CO, + MgO/Ca0 = MgCO,/CaCO,
2FeO + H,0 = H, + Fe, 0,

-

Z

White
hydrogen

H,

Deep saline
aquifer

Fe(ll) oxidation,
serpentinization,
radiolysis...

ange colored

Osselin, F. et al.,
24 Orange hydrogen is the new green, Nat. Geosci. 15, 765—769 (2022 5 Ci gHAH |G 24 9
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[
Rapidly developing commercial interest
'-------‘
10 companies 27 companies 40 companies l1 00+ companies]
-
® @ ) @ ®
2020 2021 2022 2023 2024 2025

Not simply drilling — companies cover wide range of technology needs ﬁ}:ﬁlé

6 E'E Eden é’\\VEMA

%/ HYDROGEN

vvvvvvvv

H = "45'8/’/’ (& koLoma
o e ) a
M -ﬂ HELIOS \'0 Heth’?_sg U = 3

lllll Hydrogen HYDROMA

Passive

HALLIBURTON

ojsls H2SITE —_—
o getech Geoex MCG ‘Slb
~=

VIRIDIE

Publicly disclosed >$450M investments in 2 years

;:AR PAE | February 13, 2025

26 https://www.jogmec.go.jp/news/event/event_k 10 00208.html © B O eraHIg %Y
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Projects and exploration activity: naturally occurring hydrogen and helium

Natural Hydrogen Energy LLC,

Tulu Project, Greenland
Nebraska - First company to drill for !

natural hydrogen in the USA (2019) — | W

and working towards commercial = T

production Exploratory drilling commencing in " Exploratory projects, UK
2 the Canadian Shield, Ontario ° ——

[ Carrying out studies to confirmg

[ the presence of natural s

FDE f hydrogen at & undisclosed !

el ! locations [

: Givoc ¢

Pyrenees-Atlantiques, France B R R EEERERRERRRRRDN]
_/___,. e 2024 Licence Round, Philippines

. Accepting bids from developers until 27

August. Exploration rights to be awarded

Keloma, Denver i Exploration ac e 26 is va:
‘ I | as early as November this year
Raised $245 million of venture \ Morocco HY

funding to develop tools
and technology

Lorraine Project, France

Nemaha Project, Kansas

HELIOS Exploration. Amadeus Basin, M. Territories

AT

Exploring prospectivity. Near-term drilling
¢ | activity at sub-salt natural gas. Helium

Exploring for white hydrogen in a bid to hit its and Hydrogen play
target of producing one million tonnes of low Exploration, 5. Australia @ TOP END , Central
carbon hydrogen per year by 2024 (_, TR troleum. Santos

f /-;-'a;-s_ay Project, S_ Australia

:‘—ﬂ-%;'nm

H_'.; He :
Long-term monitoring of superficial Exoloration - - (-:} Hydrogen
emissions in the Block 25/ Bourakébougou, - 3/ Hyhfrica : : -
- . . T — ) Sauth Africa Licensing, S Australia
Wood Sdo Francisco Basin CNGie Mali I\
Mackenzie @ HYDROMA Mozambique, Togo Wk Enabled grants for exploration licenses
targeting naturally-occurring hydrogen

https://www.woodmac.com/
27 news/the-edge/unlocking-the-potential-white-hydrogen/ © L5 O THaH|IT £ Y|
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TRL in Natural H, Exploration/Production

RRETRSEE.
D BASIC RESEARCH
Wou can now describe the needls) but have no evidence

SMALL SCALF. PROTOTYPE _

Ut 1N 2 00,

LARGE SCALE PROTOTYPE

DEMONSTRATION SYSTEM

FIRST OFA KIND COMMERCIAL SYSTEM

ical proces: ommercal actmty
1ready shate

FULL COMMERCIAL APPLICATION

rg

X ZIYg T ZE2HE

J Q

J

\

-

} IDEA

> PROTOTYPE
> VALIDATION

} PRODUCTION

0 Discovery of H, at the Earth surface

1 Systematic research of H, seepages in various environments

2 Short time monitoring of sites

3 Understanding of the origin of H,

4 Small Scale prototype of permanent H; fluxes / Numerical modelling of the H, permanent
seepages
Global understanding of the Hydrogen system

5 Median Scale prototype (1200 m)
Perennial production of a demonstrator over several years

6 First deep borehole (3000 — 5000 m)

7 First Exploration plan at regional scale
First delineation / Several boreholes

8 Prototype of Production of the first discovery

9 Scaling-up / Commercial exploitation

Done for 2-3 sites

Done for 2-3 sites

In Progress in Academia

Hydroma (Mali)

Natural hydrogen energy LLC
Desert Mountain Energy

In progress Santos (Australia)

E=TRL4-70]| X QO H, TRL 80| 71y 2 1H|HE =

Gaucher, Eric C. et al., The place of natural hydrogen in the energy
transition: A position paper. European Geologist, 55, 2023
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University of Texas at Austin — Austin, TX

Sustainable H2 Production from Abiotic Catalyst-Enhanced Stimulation of Iron-Rich
Rocks - $1,700,000

The University of Texas at Austin is investigating effective and economical catalyst-enhanced reaction mechanisms to spur
geologic hydrogen production. The team will analyze reaction catalysts that exist naturally in iron-rich rock, including nickel and
platinum group elements, that could increase serpentinization reaction rates and lower the required reaction temperatures. The
study will evaluate the most likely regions for geologic hydrogen production in North America, including mafic basalts in the
Midcontinent Rift system, which have the potential to be a large source of geologic hydrogen.

https://arpa-e.energy.gov/technologies/exploratory-topics/geologic-hydrogen

0

Oiorad| 5 2|



Hydrogen Insight has not been able to find evidence that naturally occurring H2
has ever been discovered in South Korea.

https://m.knoc.co.kr/sub11/sub11_1.jsp?page=1&num=730&mode
30 =view&field=&text=&bid=NEWS&ses=USERSESSION&psize=12
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46 Mt of natural hydrogen valued at $92B
Discovered by researchers from the GeoRessources lab and

ocated 1,250 m underground

Aerial view of Folschviller in the Moselle:region, France

https://www.sustainability-times.com/energy/the-us-admits-were-jealous-of-
france-unthinkable-wealth-beneath-their-feet-as-france-uncovers-92-billion-
hydrogen-goldmine-the-worlds-largest-r/ © s OieraH|IT %Y



TRL 6: £|Z 2| Deep Borehole Drilling

8->

NATURAL HYDROGEN ENERGY LLC

;—Mz% a;i

https://www.science.org/content/article/
32 hidden-hydrogen-earth-may-hold-vast-stores-renewable-carbon-free&fesi 4t |5 21 9]



TRL 7: Exploration Plan at Regional Scale

‘HydrogenmSIght Production

Pt Transport  Industrial  Power  Innovation  Policy  Analysis
y REC (

B00m;

'Significant concentrations’ of natural
hydrogen detected at Australia's first
exploration well — raising hopes of
world-first commercial exploitation

Brisbane-based Gold Hydrogen confirms ‘active

hydrogen system’ with H2 concentrations of 73.3%,
with discovery of helium adding to potential value of §
site :

1November 2023 11:56 GMT ~ UPDATED 1 November 2023 12:16 GMT
By Leigh Collins

AUSTRAUIAN
ccccccc

*ATERRITORY

https://www.hydrogeninsight.com/production/significant-concentrations-
of-natural-hydrogen-detected-at-australias-first-exploration-well-raising-
33 hopes-of-world-first-commercial-exploitation/2-1-1546424 © S Oerad|Ig %Y
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BNN
Bloomberg

Geneva Project
Hydrogen and Helium

@ ) X @

Geneva x

Omaha ‘

Commodities e

Hydrogen Wildcatters Are Betti (i )

By Michelle Ma and David R Baker M\ @

Nemaha Project

November 16, 2024 at 10:30AM EST Hydrogen and Hellum

(i)

00

- AMERICA'S NEW ENERGY RUSHa=
ASX Small-Cap Joins Billion-Dollar Race ™s Y

$25M player secures prime ground alongside ) - o) etrochemical ® Oklahoma City
Gates and Bezos hunting clean energy's next frontier %

https://www.bloomberg.com/news/features/2024-11-16/in-kansas-
34 hydrogen-wildcatters-are-make-big-bets-on-striking-it-rich CHerad| 5 et
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Conventional Storage Transportation

Grid

Stabilization [ ;

Synthetic
Fuels

Upgrading
Qil/
Biomass

Hydrogen
o Generation

Nuclear

Ammonia/

1 vl &

uw\- o

=== : s W | H0 . Fertilizer
OF - ' R

Renewables

Metals
Production

e"NEEEEEEEEREN,

Electric Grid
Infrastructure

Fossil

Chemical/Industrial
Processes

Gas Heat/Distributed
Power

Infrastructure

35 https://www.energy.gov/eere/fuelcells/h2scale © i5 oI5 et 9
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S It always seems
| = Yimpossible until

it’s done.”

- Nelson Mandela
1918-2013
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