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Hydrogen Use and Demand

Figure 2.19 = Global hydrogen and hydrogen-based fuel use in the NZE
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Sources of Hydrogen (Colors of Hydrogen)
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Low-emission H2: 0.7% in 2021
(IEA, 2022, Global Hydrogen Review)
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Natural Hydrogen
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Natural Hydrogen
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Natural Hydrogen

: Gas samples with H, measurements in known
Natural Hydrogen (a.k.a. Native Hydrogen) ssoiogicel habitats (n=6246)

Naturally occurring hydrogen that is not produced through
Volc./magm.

industrial processes hydrothermal Syt o)
- includes Geologic Hydrogen found in subsurface Coals ey

Aquifers ‘z:éiiii (5%))

4031(655)
High concentration of Natural Hydrogen reported from: Serpentinites

487 (8%)
Ocean -
. Mid-ocean ridge, Hydrothermal vents 514 (8%)
Surface
@ Aquifer / groundwater @ MOR - volcanic / magmatic vent
® VO|CaﬂOS, Seeps, Geysers @ Coal @ Non-sedimentary hard rocks
Continental sediments Sedimentary hydrothermal system
S u bSU rfaCG Conventional reservoir @ Serpentinite
. ) ) . . Gas hydrate © Shale
. Soil, Hydrocarbon reservoirs, Evaporite deposits, Aquifers, @ HC seep / mud volcano © Spring
. o o . @ Hot spring in sedimentary hydrothermal system @ Volcanic / magmatic hydrothermal system
Crystalline basement, Mineral mines, Coal mines, Marine sediments @ Voicanic / magmatic seep
HydrOthermal SyStemS’ etc. From Milkov (2022, Earth-Science Review)
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Motivation behind Natural Hydrogen Research

Low Carbon footprint 5.0

—  Remainder CH,

- Yellow H, (Solar): 3.6 kg CO,eq./kg H, (Kanz et al., 2021) i - g;xmg%e%/ 33% CH,
- Blue H, (SMR + CCS): 8.9 kg CO.eq./kg H, (Lewis et al., 2022, NETL)
- Gray H, (SMR): 16.4 kg CO.eq./kg H, (Lewis et al., 2022, NETL)

Low Water footprint (potentially)

kg CO2eq./kg H2

- Blue H, (SMR + CCS): 24 litter/kg H, (NETL, 2022)

- Electrolytic H, (net zero USA): 10-80 litter/kg H, (Grubert, 2023)

0.0

50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%
H, concentration [mol% H,]

Figure 5. Variation in GHG intensity as a function of H, concentration, with remainder gas being
either pure CH, (red), 66% N2/33% CH, (yellow), or pure N, (green)

From Brandt (2023, Joule)
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Cost

Motivation behind Natural Hydrogen Research

Levelised cost of hydrogen production by technology in 2021 and in the Net Zero Emissions by 2050 Scenario, 2030 and 2050
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o

Yellow H, (Solar): 3.6 kg CO.eq./kg H, "
Blue H, (SMR + CCS): 8.9 kg CO,eq./kg H, 3 ° I
Gray H, (SMR): 16.4 kg CO.eq./kg H, ° %

4 1 I

2 D i

- 0gland27Una |
Blue H, (SMR + CCS): 24 litter/kg H, .
EleCtrOlytiC H2 (net Zele USA> 10_80 “tter/kg H2 } cr:llatu;\ajl gaf thura?gasgw/ 8Coac‘T\:w/o8 Cfal W§CC§S V:/?:nd;“ h:l V:I(?l dcc::\f‘fshcfe 8Sol¢':1(?l PV8 8Nucc:O\I‘ear8

w/o CCUS CCUs CCUS
X I

From IEA (2022, Global Hydrogen Review 2022)
Natural H,: < $1/kg H, (Gaucher et al., 2023, European Geologist)

Blue H,: $1.64/kg H, (Lewis et al., 2022, NETL)
Green H,: $5/kg H, (US DOE, 2021) to $6/kg H, (Gaucher et al., 2023)
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Where and how much natural hydrogen?

Global geologic hydrogen resource potential estimate } > -
. 3 FY' N
using a box model (Ellis and Gelman, 2023, IMAGE2023 ; R W= /o .
= 'S @ A
abstracts) 3 . T . R :
a ey » R
. 1,000s to 1,000,000,000 Mt of H, in place e,
8 &N k:
; - . W .
. Mean value in 10s of million Mt of H, in place °s
+ 10s to 100s Mt of H,/year v ‘
- |
Local estimate examples | < —
GEOLOGIC PROVINCE L I
. ; . . Shield (8
. 5 Mt of H, in the Bourakébougou field, Mali Patorn e
Orogen
. . . Ba:tgn 0 5,000 km
. 1.3 Mt of H, in the Yorke Peninsula, Australia I Large gneous Proince : —— —
Extended Crust U.S. Geological Survey |
* 5_1 O Mt Of H2 In the MonZén f|e|d5 Spaln Frengo‘::T basins ® Orebodies Gfs(i;:;lc:i:ns Salt deposits D:ss::’;:azas
Faults ® Precambrian A Igneous A Sediments and Metamorphic ® Water from hydrocarbon fields
. . . eysers, hot springs, etc ift zones imberlites A  Ultrabasic
° 46 Mt Of H2 n the LOrraIne BaSIH, France ° gy;rocurbo:\ f?eldg ' ':ult deposits A (K),-ebodi'es \L/Jozcunic ® Underground hydrogen storage
Igneous ® Sediments and Metamorphic A Precambrian
Kimberlites ® Serpentinization
Ophiolites Volcanic From Bendall (2022, MESA Journal)

Locations and geological environments of recorded hydrogen measured at >10% volume
around the world.
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Application of Natural Hydrogen

Figure 2.19 = Global hydrogen and hydrogen-based fuel use in the NZE
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Seal/Trap

Reservoir

Migration

Source and
Generation of Ho

Natural Hydrogen

Exploration

Associated minerals/Gases
- Gold

Associated geomorphological features
- Hydrogen sulfide - Fairy circle - Seep
- Methane - Nitrogen - White spot
- Helium
,’7 ’7 /1

Biotic and abiotic
consumption of H,
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Natural Hydrogen Exploration: Seeps

H, -emitting zone SCD
Gap of vegetation zone
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Highly variable values H, soil content

From Malvoisin & Brunet (2023, Science of the Total Environment) Macroseepage AT i iz
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Natural Hydrogen Exploration: Source/Generation

Hydrothermal alteration
Water + Iron-rich rock + Heat

- Serpentinization of mafic—ultramafic rocks

a R )
. . . . . o . Radiolysis 4 g,y ( Mechanoradicals
- Hydration of siderite (sedimentary basins) and biotite in felsic rocks or
Radiolysis Hz{ H|20+\ e \
. : | |H20 |H20

Water + U, Th, or K-rich rocks/evaporites H'+HO' HO'+ H30' €aq .

Mechanoradical generation Hz (H20, H202, O2) 2(=Si) + 2H0 — 2(=SiOH) + Ha
o . . . . T % 10 -1

Water + Silicate minerals + Faults (orogenic belts, continental rifts, etc.) b, e 7 X <

f R
_ : : | :
Degassing of magmas Volcanic Degassing Hydrothermal alteration

| HaS + 2H20 = SO + 3 Ha
Water + Hydrogen sulfide
Oxidation of magnetite to hematite P =
. o 8042-(melt} ar 2Feo(me|l) R+ HZO - Fe203 i H2
Water + Banded iron formations = SO2(gas) + F€203(mey + O FeS + HyS = FeSy + Hy
Overmaturation of organic matter Q496 * 109 mol a1 I § 1012 mol a-1 )

Organic matter + Heat (RO > 3.5%) From Klein et al. (2020, Elements)

Deep-seated hydrogen from the Earth’s core and mantle
Stored in the mantle and core

Not produced in the mantle or the crust by chemical reactions
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Natural Hydrogen Exploration: Source/Generation

Hydrothermal alteration
Water + Iron-rich rock + Heat
- Serpentinization of mafic—ultramafic rocks
- Hydration of siderite (sedimentary basins) and biotite in felsic rocks
Radiolysis
Water + U, Th, or K-rich rocks/evaporites
Mechanoradical generation
Water + Silicate minerals + Faults (orogenic belts, continental rifts, etc.)
Degassing of magmas
Water + Hydrogen sulfide
Oxidation of magnetite to hematite
Water + Banded iron formations
Overmaturation of organic matter
Organic matter + Heat (Ro > 3.5%)
Deep-seated hydrogen from the Earth’s core and mantle
Stored in the mantle and core

Not produced in the mantle or the crust by chemical reactions

Corrosion | |n =2

CO, Corrosion I:D n=234
n= 11: Microbial (BSR and marine sediments experiments)
T

|n=16

Fault zones | :

Continental volcanic zones | n=135

Deep seafloor hydrothermal

(basalt and sediment) | |n =17

: | Serpentised-hosted

8°H Australian methane |:| n=184
8°H Australian topped oil |:] n=126

n=>55

Boomer gases I:I n=17

D Atmosphere;

Australian natural gas
+117-150%.

' |
|
PP-3784-3

-1000

T T T T T T T T T
-900 -800 -700  -600  -500  -400  -300  —200  —100 0
52H H, (%)

From Boreham et al. (2021, APPEA Journal)

Exploration targets: Basement areas with Fe-rich and/or

uranium-rich rocks, such as Precambrian continental crust

2023 EGI Annual Technical Conference

EG I Energy & Geoscience Institute @
AT THE UNIVERSITY OF UTAH



Natural Hydrogen Exploration: Migration

Il: 1-RF-1-MG E 103
v AWP 1-RF-1-MG ;

1500 m

. Diffusion and Advection

. Fractures and Faults as conduits

. High solubility of H, at depth

10000 m

- Long-distance migration as solute is also

500 m

possible

Biotic and abiotic consumption of hydrogen

Doline due to dissolution p
A

. Biotic: Methanogens (CH,), Sulfate reducers = e
(H>S); Homoacetogens (CH;COQOH), Iron (e).
reducing bacteria (Heinemann et al., 2021,

Phreatic conduits with H,? (low resistivity zones)

Figure 7. Conecputal model of the H; cycle in the Sao Francisco Basin. (a) Interpretated seismic section

Energy Environ. SC' ) (Martins-Neto, 2009). (b) Zoom of the upper part of the Bambui sequence. (c) Possible presence of a
o . . . karst structure according to the presence of sinkholes (Figure 2). (d) Calculated solubility of Hy in H,O
. Abiotic: Redox reactions with Fe-bearing vs. depth (Bazarkina et al., 2020 [59]).
minerals, H,S production, CH, production, From Donzé et al. (2020, Geosciences)
through HC formation Exploration targets: Deep faults
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Natural Hydrogen Exploration: Reservoir and Seal

Seal/Trap
. Aquifers
. lgneous/metamorphic rocks

. Evaporite layers (e.g., Monzé-1, Spain)

. Clay (Athabasca, Canada)

Reservoir

. Sandstone

. Siltstone

. lgneous/metamorphic rocks
. Evaporite layers

. Carbonate rocks

_____ [laterite _
AN A A A A A

/WF\

__Karst with free H2 gas
-

Marble zone
A A A A A A A

A A A A AN AN A

Sandstone reservoirs

" Hz2 solubilization depth

" Deep sandstone reservoirs

X X X X

X X
X X X

Bourakébougou field, Mali
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i Degassing of initialy
solubilized H2 while gas logging
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% ~~-80om
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X X X X X X X )
Basement X X X
X X X X X

From Bendall (2023, Scientific Reports)
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Natural Hydrogen Exploration: Reservoir and Seal

SeaI/Trap Bougou-13 Well Bougou-19 Well
. Aquifers 2 — ‘ :
& Shales S Metapelite
. lgneous/metamorphic rocks 0 1 B | g A
: Evaporite layers (e.g., Monz6-1, Spain) K o Brecca
. Clay (Athabasca, Canada)
H, (ppm)
. Marble
Reservoir
Marl
° Sandstone ......................
Marble
. Siltstone
. Igneous/metamorphic rocks il
: . . Dolerit
. Evaporite layers { Dolerite olerite
) Carbonate rocks From Prinzhofer et al. (2018, International Journal of Hydrogen Energy)

Bourakébougou field, Mali
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Exploration/Production Technology Readiness Level

TRL Native H, Exploration/Production

’ 0 Discovery of H, at the Earth surface Done
Discovery of Natural Hydrogen
JI— 1 Systematic research of H, seepages in various environments Done
Research on seeps
DEA 2 Short time monitoring of sites Done for 2-3 sites
: Short-time monitoring of sites
3 Understanding of the origin of H, Done for 2-3 sites

Understanding of Source

4 Small Scale prototype of permanent H, fluxes / Numerical modelling of the H, permanent In Progress in Academia
seepages

PROTOTYPE Global understanding of the Hydrogen system N gtural hyd rogen SyStemS

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

Production over several years

6 First deep borehole (3000 — 5000 m) Natural hydrogen energy LLC
Desert Mountain Energy

SMALL SCALE PROTOTYPE

[ uRG[ QCAI L P OTOT

VALIDATION 1st deep boreholes (3000-5000 m)

7 First Exploration plan at regional scale In progress Santos (Australia)
First delineation / Several boreholes

Regional scale exploration

HRST OF A KLND COMMERCIAL SYSTEM 8 Prototype of Production of the first discovery No
PRODUCTION Porto-type large-scale production

9 Scaling-up / Commercial exploitation No

FULL COMMERCIAL APPLICATLON

Commercial exploration
Modified from Gaucher et al. (2023, European Geologist)

Figure 1: Evaluation of the technology maturity using the Technology Readiness Levels (TRL) method.
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Enhancing Natural Hydrogen Production

C‘\of".’__ 1 o

Salt layer

8 Direct

It might also be possible to tap the iron-rich

source rocks directly, if they're shallow and fractured
enough to allow hydrogen to be collected.

9 Enhanced

Hydrogen production might be stimulated by
pumping water into iron-rich rocks. Adding carbon
dioxide would sequester it from the atmosphere,
slowing climate change.

Iron-rich §
intrusion |

Abiotic
consumption

Chemical, Biological,
Mechanical, Thermal, etc.

From Hand (2023, Science)

ET G Category 1. Stimulation
The proposed model must be able to do one or more of the following:

1a. Increase reaction rate by >10°x over the rate found in the native ore being evaluated at
an equivalent starting T and P (generic rate reported as 5x10% kgs™* for 1 km3).113

1b. Increase the rate of other target H. producing mineralogical processes to produce a
comparable amount of H; to 1a.

2023 EGI Annual Technical Conference

U.S. Department of Energy Announces $20
Million to Explore Potential of Geologic Hydrogen

ARPA-E Unveils Two Initiatives Focused on Low-Cost, Low-Greenhouse Gas Emissions
Hydrogen Production

09/07/2023

Exploratory Topics (DE-FOA-0002784)
Production of Geologic Hydrogen Through Stimulated Mineralogical Processes

Topic Issue Date September 7, 2023

Deadline for Questions to ARPA-E-CO@hg.doe.gov 5 PM ET, October 13, 2023

Submission Deadline for Full Applications 9:30 AM ET, October 24, 2023

A. Topics of Interest

The following is a non-exhaustive list of technologies that are of interest for ET G. Applications
can address one or more technologies:

e Stimulation and generation: Technologies which enhance the natural rate of
serpentinization or other equivalent hydrogen producing geochemical reactions (e.g.,
reduction of iron bearing minerals in banded iron formations, clinkers).

e Modeling approaches: Methods and tools to predict the viability of subsurface resources
for stimulated hydrogen generation, inform reservoir management, or assist with
stimulation efforts.

e Characterization: Methods and tools to map subsurface and ocean floor resources (e.qg.,
ultramafic formations or other candidate formations) and quantify physiochemical
properties of interest, specifically total Fe content, Fe(ll) concentration, Fe(ll)/Fe(lll)
ratio, specific surface area, permeability, or other parameters relevant to stimulated

hydrogen generation.
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 Demand for Hydrogen
« Application of Natural Hydrogen
* Natural Hydrogen System and Exploration

Next steps

« Natural Hydrogen layers on EGICONNECT (publicly available)
by the end of 2023

« Natural Hydrogen updates on EGI LinkedIn account
« EGI Living Atlas of Natural Hydrogen (GIS + Wiki)
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Natural Hydrogen Exploration: Reservoir and Seal

U concentration (wt%)

Seal/Trap 0 5 10 15 20 25 30 35
_ 390
. Aquifers ‘9
: a00 1!
. lgneous/metamorphic rocks ]
" Massive clay zone: illite + kaolinite
. Evaporite layers (e.g., Monzé-1, Spain) 410 f
[ |
° Cla N
y 420 i ’ (331 ppm)
- ’ Ferric-rich clay-ore interface: illite + hematite + siderite  kaolinite 1119 ppm
E 430 = e T T o —_—
Reservoir ﬁ = e =uore: illite + sudoite + urg_m‘rliz_-_-: ------------ -9
A 440 &E==- : ----- - =
» _-=—9
. Sandstone ¢ =.
450 1 _ -~
C Siltstone Argilitized basement : illite + sudoite —=O=_U concentration
. 460
* Igneous/metamorphlc rocks e —O= H, concentration
. Evaporite layers 429
0 100 200 300 400 500 600

H, concentration (ppm)

. Carbonate rocks
Athabasoa, Canada  From Truche et al. (2018, Earth and Planetary Science Letters)

Exploration targets: “Traditional’+ Ignerous/metamorphic rocks and aquifers
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