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

Does Earth hold vast stores of a renewable, carbon-free fuel? F ¥ === : T —

16FE8 2023 - BY ERCHAND The hunt for natural hydrogen reserves

Science

HOME NEWS SCIENCEINSIDER U.S. BETS IT CAN DRILL FOR CLIMATE-FRIENDLY HYDROGEN—JUST LIKE OIL

SCIENCEINSIDER = CLIMATE

U.S. bets it can drill for climate-friendly hydrogen—
just like oil

Government offers first major funding for unexplored energy source
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Forbes

Forget Oil. New Wildcatters Are
Drilling For Limitless ‘Geologic’

Underground Hydrogen Could Supercharge hitiegsn

Green Energy. First, Scientists Have to Find

It has the potential to power electrical grids, ctories, i .
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Energy | Industry Insight

Startups race to strike hydrogen gold

By Paul Day
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OPINION @he Washington Post

A GOld M.ll].e Of Clean Energy May Be ;thural Hydrogen Could Change the
Hldlng Under Our Feet World, If We Understood It

Analysis by David Fickling | Bloomberg
Feb. 27, 2023 July 31,2023 at 4:21 p.m. EDT



Underground Hydrogen Could Supercharge
Green Energy. First, Scientists Have to Find
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PREFACE: yes, | am serious

Geologic H,;

increasing attention & funding,
ongoing program development

Abiogenic Petroleum
answers the question:

“How might we follow up a

»
successful GeoH, program?

£1'Y| ARPA-E Fellows:

high-risk, early stage
Dr. Emily Yedinak technology whitespacing

ARPA-E Fellow
2021-2022




Fact: Abiogenic Hydrocarbons Exist

Type Chondrite
Class Carbonaceous Chondrite
Group cm2

AminoAcids 17-60 ppm Fall Date s 28 September 1969
Aliphatic Hydrocarbons >35 ppm 100 kg know
Aromatic Hydrocarbons 3319 ppm  36°37 §,14

Fullerenes >100 ppm 2 ¥ Over 100 amino acids
CarboxylicAcids >300 ppm . 3 have been identified,
HydrocarboxylicAcids 15 ppm e of which are the
Purines and Pyrimidines 1.3 ppm

Alcohols 11 ppm

SulphonicAcids egppm FPresola

Phosphonic Acids 2 Nanodia

mposition
s total iron




Fact: Abiogenic Hydrocarbons Exist
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Abiogenic formation of alkanes in e e ature 2002, 416,522
5 o Proc. Natl. Acad. Sci. 2004, 101, 14023.
the Earth’s crust as a minor source Chem. Geol. 2006, 226, 328.
Geophys. Res. Lett. 2008, 35, 1.
B Science 2008, 319, 604.
for global hydrocarhon reservoirs Nat, Gomct 2000, 3,506,

Chem. Select 2017, 2, 1336.

Methane-derived hydrocarbons produced under
upper-mantle conditions

Abiogenic Hydrocarbon Production at
Lost City Hydrothermal Field

Generation of methane in the Earth’s mantle:

In situ high pressure—temperature measurements
of carbonate reduction



So what?

Understand the
geochemistry

Leverage existing Produce drop-in

infrastructure commodities

Hydrogen is leaky, Liquid fuels are 30-60% of
embrittling,and —> energy-dense and stimulated geoH,
not energy-dense. easy to use. is lost as methane.
We know how to Short-chain olefins CCS injections are

drill, extract, store, —> can make plastics
and use oil & gas! carbon negative!

already producing
geomethane!



If It
works... W T
matter?
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2. Stimulated abiogenic
hydrocarbon formation
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hydrocarbon formation
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abiogenic hydrocarbons, three ways

1. Natural F-T georeactors

a. medium T+P, moderate depth
b. strong siting limitation

1. Inject water and .

supercritical CO, 4. Profit (?)

& e
3. Extract valuable
“petro”chemicals

2. Stimulated abiogenic
hydrocarbon formation




Fischer-Tropsch Georeactors

e Industrial [R]WGS + F-T rxn conditions:
o T:200-500 °C
o P: 20-50 bar (2-5 MPa)
o Catalysts: Fe, Cu, Zn, Co, Ni, Ru, Rh, Pt, Pd
e Can we identify natural F-T georeactors?
o Can we coinject catalyst mixtures to make our own?



monomolecular reactions bimolecular reactions

Van der Mynsbrugge, J.; Janda, A;; Lin, L. C,; Van
Speybroeck, V.; Head-Gordon, M.; Bell, A. T.
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Target mineral bodies:
e Serpentinizable Ultramafic igneous formations:

e PGM-rich e Basalts

. . e Olivine
e Ophiolitic e Peridotite
e Kimberlite



abiogenic production by Fischer-Tropsch

ultramafic-hosted

C1 to C4 hydrocarbons

abiotic
synthesis of hydrocarbons in nature may occur in the presence
of ultramafic rocks, water, and moderate amounts of heat.

Proskurowski, G Lilley, M. D,; Seewald, J. S; Fruh-Green, C. L,; Olson, E. J; Lupton, J. E;; Sylva, S. P.; Kelley, D. S. Science 2008, 319, 604.






Ultradeep injection of
H,O and sCO,




1. Ultradeep injection of
H,O and sCO,

-

n + (2n+]) + n Ca0 + (9n+3) FeO 3 n Ca(OH), *+ (3n+]) Fe,O, + CH, ..



Ultradeep injection of
H,O and sCO,




Ultradeep injection of
H,O and sCO, 3. Extract valuable




abiogenic hydrocarbons, three ways

1. Natural F-T georeactors
a. medium T+P, moderate depth
b. strong siting limitation
2. Upper-mantle non-catalytic

q. eXTrel | le T+ P, eXTreI | |e dep'l'h L :Itorade:pcigjectionof 4. Profit (?)
LOBNCSEL 3. Extract valuable
b. massive potential

“petro”chemicals ‘




Can we drill deep enough?

JULES
VERNE'S

e Noncatalytic

abiogenesis:
o T>1000 K
o P>2GPa
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Can we drill deep enough? (probably not)

Depth (km)
0 65 127 188

2,000 ~

e Noncatalytic

ablogenesis: :
o T>1000 K fe) S
O P > 2 GPG 500 | ' ;e\d%eox\«@‘«\ i

rature (K)
%

e Approx. drill AT
depth: 70-150 km

Kolesnikov, A.; Kutcherov, V. G.; Goncharov, A. F. Nat. Geosci. 2009, 2, 566.



Can we drill deep enough? (probably not)

Depth (km)
Crust 0 65 127 188
(granitic and Ocean ‘ ‘
. basaltic rocks) / 2,000 1
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(u ppe r m q n-I-Ie) Kolesnikov, A.; Kutcheroy, V. G.; Goncharov, A. F. Nat. Geosci. 2009, 2, 566.
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Suzuki, N.; Saito, H.; Taichi, H. Int. J.

Coal Geol. 2017, 173, 227-236.
2 doi:10.1016/j.coal 2017.02.014
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Coal Geol. 2017, 173, 227-236.
2 doi:10.1016/j.coal 2017.02.014

Suzuki, N.; Saito, H.; Taichi, H. Int. J.




abiogenic hydrocarbons, three ways

1. Natural F-T georeactors
d. medium T+P, moderate depth
b. strong siting limitation
2. Upper-mantle non-catalytic
a. extreme T+P, extreme depth
b. massive potential
3. Biologically mediated

a. low T+P, shallow depth
b. rate limitation




non-fossil
ebtogente hydrocarbons, three ways

1. Natural F-T georeactors
d. medium T+P, moderate depth
b. strong siting limitation
2. Upper-mantle non-catalytic
a. extreme T+P, extreme depth
b. massive potential
3. Biologically mediated

a. low T+P, shallow depth
b. rate limitation




Microbial methanogenesis at Olla

Slide by Dr. Rebecca Tyne (WHOI)

2 @ Ollaoil field samples ' ' OI l '
O it 14 C &0
Microbial Methanogenesis is the biological | & Netstematiti .
i : ebo-Hemphill o 5 :
consumption of CO, and conversion to CH,. 2 |2 Adsampes Ble
& Shelton et al 2014 O i o Injected|Field
g 1o} Q J @cq‘? 1
Results in a progressive increase in 613C of both s\é 438
A /S
CO, and CH,. 3 S § é@%o
1 BE Ql -
. A « & ——— Control Field
o PaY
ok A Injected material_
Microbial methanogenesis > -
CO, +4H, ¢>CH, + 2H,0 ) T S S S TR
75 -70 65 -60 -55 -50 -45 -40 -35 -30
< Anaerobic oxidation of 613C-CH4(%0) VPDB

methane (AOM)

Tvne et al., 2021, Nature



Effe Ct Of CO i) I nJ e Ct l O n p h a Se Slide by Dr. Rebecca Tyne (WHOI)

CO, injection will most likely be in the supercritical phase
Originally thought supercritical CO, would sterilize the environment

More recent experiments and pilot injection projects show increase in microbial community
numbers after injection then either a return to background or sustained larger community

Microbial communities vary dependent on conditions and competition at the time

Injection 1 Injection 2
263 2 g
06388 23 o 1
B& —&— Methanomicrobia
® —&— Methanobacteria
0.4 -2 -

% of Sequence Library

T T T T T I T T

0 10 20 30 0 10 20 30

Vn/Vi Vn/V/;  O'Mullan etal ., 2015



Methanogenesis potential in CCS environments

Slide by Dr. Rebecca Tyne (WHOI)

Saline Depleted Basalts Coal beds metasomatism  hydrocarbons
aquifers hydrocarbon
fields acids

magmatism / radiolysis /

organic

pH v v v v

Temperature v v v v

Nutrient availability v v v v

Methanogens v v v v

detected? )
2

H, present?* low high mid high

hydrocarbons

acetate

* Relative amounts compared to other storage settings

Note: v/ means could have the right conditions rather than always does! Tyne et al., in review ES&T



non-fossil
ebtogente hydrocarbons, three ways

1. Natural F-T georeactors
d. medium T+P, moderate depth
b. strong siting limitation
2. Upper-mantle non-catalytic
a. extreme T+P, extreme depth
b. massive potential
3. Biologically mediated

a. low T+P, shallow depth
b. rate limitation




Technical Whitespaces

Natural F-T Upper Mantle Microbial

whitespa (-} Georeactors Non-Catalytic Biogeochemistry

detection & sensing X X X

product recovery X X X
product selectivity X X

georeactor prospecting X X

increasing reaction rate X X

catalyst coinjection X

drilling deeper X

artificial biogeoreactors X

microbe gene editing X
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