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HIGHLIGHTS

« Fizst techno-sconomic analysis of natural hydrogen icn using the pield as an i -
+ Evaluates the levelized cost of Biydrogen {LCOH) for natural hydrogen production under scaling scenarios and cost imcertainty.
mmmmﬁmﬂy mu:uubymm
+ Palicy further reduce ing $1./kg.
» Transpartation costs drive commercial feasibility, v:-ymgﬁwnm_wmsm'ls

ARTICLE INFO ABSTRACT
Reywords: Natural hydrogen, often referred to as “white” and sometimes “gald”, has recently emerged as a potentially
Hatural hydrogen compelling low-carbon energy resource with significant global decarbonization potential. This study presents a
Techmp-coonomic analysis techno-rconomic amalysis using a hybrid approach: it models hydrogen production based on test-well data from
Lewelized cost of hydrogen (LOOH) the Bourakébougou field in Mali—an ideal reference case due to its high purity and shallow depth, allowing for
Hydzogen po eeonomE mwdmxmmﬁmwmmwﬂgmacmﬂmdm
Hneryy tromsition .5, Gulf Coast. The estimated levelined cost of hydrogen (LEO8H)
man:aledpmdumnnmmurl_uuwdayamumdwﬂssmgmnmuﬂmm
42.40/kg s the scale of iom increases o sixty wells vithaut dis retumns of on. The anal-
that th mhgﬂymm)«wmpuﬁwmmmmwplmm
th ion rate o in the base case. A simplified i
increase in the LOOH by neasly 70%. Besides scale ptimization, policy incenti igni reduce: the
LeoH levels close to $1.00/kg comp: hydragen ion. This study fither

hgl:.hghuhkmnhmmm:mhﬂﬂyﬁmqhnhmnshmd transpoctation costs greatly affect
the comm ercial viability of natural bydrogen production.

1. Background
Hydmsenhaslongbemrecagun.edasavmu‘lenﬂmmalgas,m
marily used in oil refining, the produ and the chemi

industry. Until very recently, the consensus has been that hydrogen is
rarely found on Earth in its pure form at scale [1], and most of it has
to be manufactured from fossil fuels such as natural gas, oil, or coal
[2] with significant carbon dioxide (CO;) emissions, There has been re-
newedmtmmhyd:wmduemnsputamalmlemdemrhmmusﬂn
global energy system, driven by the of low-carty

* Comespending anthar.
Emal address: Ning linibeg. utexas.edu (N, Lin).

pathways and advancements in carbon capture and storage technology
mpnst-pmdurmmprms[ﬂ

Table 1 i of produc-
tion based on the md i i The table
focuses on the production mechanisms and estimated carbon intensi-
ties, while these pathways are often referred to using a color whesl
terminology for simplicity in the literature. For example, gray hydrogen
corresponds to steam methane reforming (SMR) of natural gas without
carbon capture, and brown hydrogen refers to hydrogen produced from

1 This research was supparted by GeoHzz, an industrial affiliates program (LAP), conducts gecscience, engineering, and economic research at

the Burean of Econcmic Geslogy.
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%% Most common/ previous assumptions about natural hydrogen

* Although hydrogen is the most abundant Then why are there so many H, shows?

element in the universe, until recently it has Surface observations of high hydrogen concentrations (>10%)
been believed to rarely occur in pure form on

Earth ».
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* Although millions of oil and gas wells have oo . > ’
been drilled worldwide, hydrogen above trace .
levels (>~1%) reported in only a few dozen o o ’

fields t A4

°
)
°

* Hydrogen migrating upward through »
thermally mature organic-rich rocks is likely
consumed by hydrocarbon forming reactions

* Hydrogen is very diffusive and reactive (both 4 .o
biologic and abiotic reactions) and therefore
economic accumulations of hydrogen were
considered to be very unlikely to form

Source: Adapted from Zgonnik (2020)
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ol Current assumptions, hypotheses, estimates

e Oil and gas exploration has not been targeted at hydrogen
* Hydrogen not analysed in natural gases in most cases
e Geologic settings where hydrogen generation is most likely to occur are not where oil and gas is found:

a) ophiolites, b) mid-ocean ridges, c) cratons, etc.
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* Mineral exploration generally does not look at gas composition and is typically much shallower than the probable
locations for hydrogen accumulations

* Hydrogen is the smallest molecule and that is why it is hard to track and sample it
* But most importantly... perhaps, we haven’t been looking for hydrogen in the right places with the right tools?

* “There are trillions of tonnes of naturally occurring hydrogen in underground reservoirs, a tiny percentage of which
would meet all the world’s H, needs for hundreds of years” (Unpublished report by USGS)
OIES HYDROGEN RESEARCH PROGRAMME Aliaksei Patonia and Martin Lambert, OIES
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%% The new gold rush?
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%% Key forms of naturally occurring hydrogen

* Hydrogen dissolved in water (ground water and water from oil and gas fields): Low H, content, not an economic resource

For instance, for the average H, content of 520.8 cm3/l, you’d need to produce >21,000 | for each 1 kg of H, at atmospheric
conditions. Assuming other gases in solution, the H, would need to be separated as well.

* Hydrogen in inclusions (igneous, sedimentary, ultrabasic rocks): Volumentary insignificant, not a hydrogen resource

Heating and melting minerals for the extraction of H, will destroy the hydrogen we need

* Hydrogen as a free gas (tectonic features, gas seeps/ vents, rocks, deposits): Potential hydrogen resource

Suggested origin: Serpentinisation, radiolysis, thermal decomposition, coalification, magmatic phenomena, biological processes

xx;&

olivineand/ 4 water — serpentine 4 hydrogen -+ methane heat
or pyroxene
(oceanic crust

minerals)

Exact origination mechanism may vary depending on the geologic terrain

For the large-scale, cost-competitive production, only options with the highest concentrations that could also be successfully
explored/ developed/ commercialised should be pursued

Ning Lin and Mark Shuster, BEG UT Austin
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Can native hydrogen be explored and produced like oil and gas?

* Many anticipate that abundant deposits of native
H, could be trapped underground in some ways
similar to the deposits of natural gas

* This is based largely on the mentioned
assumption that many of the potential hydrogen
deposits have either been previously overlooked
or not searched for

 These companies are actively applying exploration
techniques in the hope of detecting large
concentrations of native H, with high purity

* Itis therefore expected that native H, can then
be produced in a way similar to hydrocarbons

OIES HYDROGEN RESEARCH PROGRAMME

The presence of a free gas phase in the uppermost
sedimentary reservoirs

----- Degassing of initialy
solubilized H2 while gas logging
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Source: Maiga et al (2023)
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©M Companies looking for ‘white’ and 'gold’ hydrogen
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Hydrogen as a free gas: Potential for exploration and
production using oil and gas technology/ methods

Main factors to consider when identifying if the show is commercially
viable:

* Hydrogen concentrations:
Low H, content is unlikely to make the project economically attractive

* Well pressure:

Higher pressure can facilitate easier and more cost-effective extraction,
reducing the energy required for compression and boosting the overall
efficiency of the production process

* Production rate:

The rate at which hydrogen can be produced from the reservoir is a key
determinant of commercial viability. Higher production rates lead to
lower unit costs due to economies of scale

* Land acreage and mineral rights:
Large land areas may be required for drilling multiple wells and installing
necessary infrastructure

e Distance to markets:

Transportation costs can significantly affect the overall economics of
hydrogen projects. Longer distances require more extensive pipeline
infrastructure and higher operational costs to transport hydrogen to end-
users

OIES HYDROGEN RESEARCH PROGRAMME

Key components of green H, production and

their respective shares

m Renewable
electricity

m CAPEX
(electrolysers)

w O&M and water

m Margin/ROE

Source: GEP (2023)

Key components of native H, production and
their respective shares

4%

12% B Margin/ROE

m OPEX
= Royalty
m CAPEX

Land (CAPEX)
Source: Lin and Shuster (2024)
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The Bourakébougou field, Mali: The only confirmed native H, resource

Characteristics of the project:

H, concentration: Up to 98%

Well pressure: ~5 bar

' MAURITANIA
Ir" Bourakébougou MALI Production rate: Up to 48 t/year
" Acreage: 9.8 km
L’Z BURKINA u»N'GER J

. Bamako . FASO

Distance to the capital: 50-60 km
- 500 miles

Distance to the nearest port: 1,000 km (Konakry, Guinea)

* Despite generating nearly pure H,, the Bourakébougou field can only produce between 5 and 50 tonnes of H, per year,
which constitutes the equivalent of 0.3 to 3 barrels of oil per day

e At such rates, thousands of wells would be needed to match the output of a relatively small gas field

e Or at least 10 wells to match the output of an average onshore wind turbine

Aliaksei Patonia and Martin Lambert, OIES
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What if the Bourakébougou conditions could be replicated
AN at a larger scale?

Capital cost and LCOH by capacity
* The larger the scale the smaller the

$60 $6,00 LCOH
$50 Sl ¢so0 * Aproject 10x the size of that in Mali
547 00mil could potentially generate H, at the

5 $40 et s4002  cost lower than most green H,
S _ v projects
wr 37,00 mil a
% $30 2,96 53,00 3 : : :
= $29,00 mil R\O-&.. g ° A project 60x the size of Mali could
2 620 $24 00 mil “-’-f'...___’__o 6181 $2,00 2 potentially generate H, at the cost
S $19.00mil 3 = competitive with grey and brown H,

$10 $1,00 : .

The main question is:
S0 S

Will we find resources similar to but

480 ton/yr:10x 720 tonfyr:15x 960 ton/yr:20x 1440 ton/yr:30x 2160 ton/yr:45x 2880 ton/yr:60x
larger than those in Mali?

1 Capital cost (S million) =~ —©—Levelized Cost (5/kg)
Source: Lin and Shuster (2024)

Ning Lin and Mark Shuster, BEG UT Austin
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Why should we even bother?

Key hydrogen generation processes, their estimated carbon intensity and LCOH

bacteria/
cyanobacteria/ algae
& light & water

Hydrocarbons/ Deep-seated/thermal nfaorCCS | CHy; = H,+CO
o biomass/ waste decomposition
‘| &heat
3
E Water & ionising Radiolysis nfa | 2H,0= 2H,+ 0,
> | radiation
E Organiccompound & | Fermentation Microbial/ CgH1,06 > 2CH;COOH + 2H,
£ | anaerobic biological
Z | microorganisms
Photosynthetic Photosynthesis 2H,0 = 2H,+ 0,

OIES HYDROGEN RESEARCH PROGRAMME

c Feedstock/ source H, production technology/ CO, Example of main chemical Estimated Estimated
‘B mechanism abatement/ reaction(s) carbon levelised cost of
o elimination intensity production
technology (kg-CO,e/kg-H;) {USD/kg)
2.97-9.16 1.22-2.26
Methane pyrolysis CH3—> 2H+C 1.9-9.14 1.36-2.45
Biomass Biomass gasification nfa | C+H,0-> CO+H,(steam); 0.31-8.63 1.48-3.00
- ccs C+C0, > 2CO (carbon) -11.66-17.55 2.27-3.60
E Biomass pyrolysis CCcu C.H,0, > xC+y/2H,+CO+CO, TBD 1.21-2.19
k:
3
% CCS 0.78-10.35 1.40-3.60
=
Wind & water Electrolysis of water n/fa | 2H,0-> 2H,+ 0, 0.52-2.2 3.56-10.82
Solar & water 1.32-7.1 3.34-14.87
Nuclear & water 0.47-2.13 3.29-8.21
S Thermochemical cycle CCSorn/a® 0.41-2.2 1.47-2.71
Cu-Cl 0.7-1.8 1.47-2.70

1.26-10.57

Companies claim that, in principle,
native hydrogen can be produced at a
cost of <1 USD/kg

e |f this is true, it will make it the most
cost competitive H, production pathway

e ltis also expected that the estimated
carbon intensity of native hydrogen is
likely to be close to that of green H, (or
even lower?!

e If thisis true, native hydrogen may
become the cheapest low-carbon H, out

of all the options

The main question is:

Is it all achievable?

Aliaksei Patonia and Martin Lambert, OIES 12
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%% Native hydrogen: Critical unknowns for large-scale production

 We still don’t know specific places where native hydrogen can occur in high concentrations
« We don’t know if native hydrogen is being generated steadily (but we assume steady state today)

 Most importantly for geologic hydrogen resource potential is accumulation processes and this is our
critical unknown at the moment

So, in all the cases, except Mali, we cannot talk about reserves — only potential resource based on
occurences (seeps and vents, etc.)

Reserves are those quantities of hydrogen that are anticipated to be commercially recoverable under
defined conditions

Resources are further defined as:

e Contingent (hydrogen potentially recoverable from known applications but not or not yet commercial)
* Undiscovered Hydrogen Initially In Place (undiscovered accumulations)
* Prospective (undiscovered hydrogen but potentially recoverable)

* Unrecoverable (hydrogen not or not yet recoverable)
OIES HYDROGEN RESEARCH PROGRAMME
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%% Perhaps we can just stimulate hydrogen production?

Stimulated hydrogen production in the context of native hydrogen refers to methods that enhance the extraction or
release of naturally occurring hydrogen from geological sources

* Hydrothermal methods: Using high-temperature water to dissolve and Seismic
release hydrogen from minerals or rocks monitoring

Gas separation
& pressurization

Water tank
* Geothermal stimulation: Utilising geothermal energy to heat
. . . Overlying
subsurface rocks, which can promote chemical reactions that release H,  sedimentary

rocks

Production well

* Fracking: Creating fractures in rock formations to release trapped gases,
including hydrogen

Injection well

3000 - 6000 m

Target zone -

Hot Dry Rock

* Microbial/ chemical/ electrochemical stimulation: Enhancing the :’r‘l’?‘;r’,‘jjg'l‘fe

activity of hydrogen-producing microbes in subsurface environments/ process
injecting chemicals/ applying currents that react with hydrogen-bearing
minerals to release hydrogen gas

Hydraulic
fractures
network

* Pressure Reduction: Lowering the pressure in hydrogen-rich geological
formations to stimulate the release of hydrogen gas

But all still at very low TRL levels (research phase)!Source: Ellis (2023)

Ning Lin and Mark Shuster, BEG UT Austin




%% General conclusions and food for thought

A W N R

. Understanding of the hydrogen system
. Surface exploration techniques

. Subsurface exploration tools

Most naturally occurring hydrogen is likely inaccessible

Even most of the hydrogen as a free gas will most likely bee too deep, too far offshore,
or/and in accumulations that are too small (i.e. will not be a commercially viable resource)

However, even if a few percent of that hydrogen could be recovered, it would still be
“enough to supply all projected H2 demand (~500 Mt/year) for hundreds of years”

Most hydrogen occurrences discovered by chance, so further research is needed to better
understand hydrogen accumulation processes and develop exploration techniques

Specifically, we need to further improve:

. Stimulated hydrogen production Same ambitions, same challenges?

Ning Lin and Mark Shuster, BEG UT Austin




Thank You!
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