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Coupling of power-to-gas processes with underground gas storage could

effectively allow surplus electricity to be stored for later use. Depleted
hydrocarbonreservoirs could be used as stores, but practical experience
of hydrogen storage in such sitesis limited. Here we present data from a
field trial that stored 119,353 m® of hydrogen admixed to natural gasina
depleted hydrocarbonreservoir. After 285 days, hydrogen recovery was
84.3%, indicating the process’s technical feasibility. Additionally, we report
that microbes mediated hydrogen conversion to methane. In laboratory
experiments studying mesocosms that mimic real reservoirs, hydrogen
and carbon dioxide were converted to methane (0.26 mmol I h™ evolution
rate) reproducibly over 14 cycles in 357 days. This rate theoretically

allows 114,648 m® of methane per year to be produced in the test reservoir
(equivalent to ~1.08 GWh). Our research demonstrates the efficiency of
hydrogen storage and the importance of geo-methanation in depleted
hydrocarbonreservoirs.

Achieving net-zero carbon emissions by 2050 will require extensive
electrification and broad deployment of renewable energy technolo-
gies', which produce intermittent surplus electricity from naturally
fluctuating renewable resources such as solar or kinetic energy of
wind’. Inthe Northern Hemisphere, peak renewable energy generation
during summer is decoupled from peak energy consumption, typically
inwinter*’. To retain surplus energy generated during peak produc-
tion periods, we require solutions for high-capacity cross-seasonal
storage of electrical energy currently unavailable due to technological
and economic constraints*”.

Power to gas is a promising concept to retain surplus renewable
energy by transforming electricity into chemical energy®®. Power to
gasusesrenewable electrical energy for water electrolysis, generating
gaseous energy carriers suchas green hydrogen (H,)° or methane (CH,).

These gases can then be injected into the natural gas grid'’. Depleted
hydrocarbon reservoirs (DHRs) have been proposed for large-scale
cross-seasonal storage of gaseous energy carriers, thus reinforcing
energy grid stability". The potential of H, storage in DHRs has been
theoretically explored since the late 1970s'*". However, to date, prac-
tical experience with the storage of H, in the subsurface remains very
limited. H,-rich mixtures have been stored in salt caverns and saline
aquifers"* with only asingle reported instance of H,storage ina DHR
atalow pressure'. It remains unclear whether H, may affect the long-
termstability and integrity of the reservoir (for example, via chemical
reactivity with the brine and the reservoir rock). Moreover, H, storage
and utilization may be compromised by the incompatibility of natural
gas infrastructure with higher concentrations of H, in the gas mix".
Apart from H, storage, several studies have explored the microbial
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conversion of H, to CH, in the presence of carbon dioxide (CO,) in
DHRs'®". The use of DHRs for bio-methanation, hereby referred to as
geo-methanation, is thought to play a vital role in arenewable energy
future®. Unlike H,, CH, is fully compatible with the existing energy
infrastructure. Itis three times higher in energy density per unit volume
than H,, whichis critically advantageous for some industrial processes
such as steel or cement production®.

Geo-methanation provides notable advantages compared to
established biological CH, production technologies, such as biogas
upgrading??, including reduced land use and the vast reaction
volume provided by DHRs. At the same time, geo-methanation has
possible limitations. Like any power-to-fuel process, methanation is
associated with an inevitable loss of energy* . Not every reservoir
may be suitable for geo-methanation because low porosity, water
saturation, temperature, pH and high salt concentrations may limit
and inhibit microbial activity and thus the conversion of H,to CH,*.

4H, + HCO;™ + H* < CH, + 3H,0 o))
4H, +S0,°” + H* & HS™ +4H,0 @)
4H, + 2HCO;™ + H* < CH3CO0™ + 4H,0 €))
CH;CO0™ + H,0 < CH, + HCO;~ “)

Hydrogenotrophic methanogenesis, the biological conversion
of H,and CO, to CH, (equation (1)), ismediated by a diverse metabolic
group of microbes known as methanogens®**, Methanogens are critical
playersinestablished biotechnological and industrial processes, such
asanaerobic wastewater treatment or biogas production from organic
waste”. However, different microbial groups typically inhabit DHRs and
mediate biochemical reactions with H, as electron donor. Homoace-
togens and sulfate-reducing bacteria (SRB) are the most noteworthy
groups competing for H, to produce acetic acid and hydrogen sulfide
(H,S), respectively (equations (2) and (3))*°*'. Any conditions under
which either group® outcompetes methanogens, for example, at low
pHorwhensulfate (S0,%) is presentin excess, could prove detrimental
to H, storage and geo-methanation alike. Accumulation of acetic acid
translatesinto product loss and acidification of reservoir brine, which
could negatively impact methanogenesis and the integrity of the reser-
voir. Microbial sulfate reduction may resultin the production of H,S, a
toxicgas harmful to healthandinfrastructure due toits corrosive effect
on concrete and carbon steel*.

Here we investigate the technical feasibility of natural gas and H,
co-storageinafieldtrial across seasonsinareal DHR. Using stableiso-
tope and gas analysis, we provide evidence of active geo-methanationin
the DHR, triggered by providing H, to the native microbial community
atpressures up to 78 bar and atemperature of 40 °C. Laboratory-based
experiments with reservoir-mimicking mesocosms, online pressure
monitoring, gas composition analysis and molecular methods dem-
onstrate that geo-methanationis acomplete, rapid and stable process.

Hydrogen migration and recovery in DHRs

The Underground Sun Storage project** conducted the co-storage of
natural gas (Supplementary Table 1) and H, (9.9% (v/v)) at high pres-
suresina DHR named Lehen (48° 01' 45.0” N13° 41’ 29.6” E, Unterpils-
bach, Austria), further referred to as the test reservoir (Supplementary
Fig.1). This cross-seasonal field trial comprised three distinct phases:
injection, where gas is introduced into the reservoir, leading to an
increase in pressure; shut-in, where gas is sealed and stored in the res-
ervoir until the onset of the last phase; and production, where gas is
extracted fromthe reservoir. The injection 0f 1,206,802 m® of natural gas/
H, mixture over 96 days was followed by a shut-in spanning 112 days, after
which alarger gas volume 0f 1,299,997 m>was withdrawn over 76 days.

We successfully recovered 84.3% of the injected H, (Supplemen-
tary Table 2). Potential causes for the incomplete H, recovery could
be either physico-chemical or biological. These may include escape
from the reservoir through undetected leaks, dissolution in brine,
chemical reactions with minerals and brine, migration to distant
regions of the reservoir caused by diffusive and dispersive forces
and microbial H, consumption by homoacetogens, sulfate reducers
and methanogens.

The tightness of the cap rock is a primary concern for subsurface
H, storage. Historically, DHRs have been successfully utilized as stor-
age facilities for natural gas due to their ability to safely contain its
main constituent, CH,, over time at high pressures®. Recent studies
have shown that effective permeability for representative cap rock
samples (Hall formation) is of the same order of magnitude for H,
(2.3-2.7x10™ m? and CH, (2.1-2.5 x 10" m?) (ref. [*°).

Hydrogen dissolution in brine is another potential explanation
for the observed H, loss. Although the solubility of H, is slightly lower
in brine thanin pure water, it is within the same order of magnitude®.
Onthebasis of H,solubility in brine under reservoir conditions (78 bar
and 40 °C) (ref. 36) and an estimated brine volume 0f 40,000 m*in the
testreservoir, the volume of dissolved H, should not exceed 3,692 m>.
Thisaccounts for roughly 3% of the injected H, and thus cannot explain
theincomplete H, recovery.

The chemical reactivity of H, may lead to mineral dissolution
and alteration of the brine composition, thus potentially reduc-
ing H, recovery. Previous studies discussed the risk of H,-mediated
redox reactions with carbonate, iron-bearing and sulfur-bearing
minerals®** and carbonates or sulfates dissolved in brine'>* in the
context of underground H, storage. The chemical reduction of sul-
fates and other sulfur species with H, results in the generation of H,S,
a highly corrosive and toxic gas, decreasing the quality of the stored
gas and potentially corroding the well material. Furthermore, calcite
dissolution in the reservoir would reduce the stability of the reser-
voir grainstructure and translate to increased sand production from
the reservoir. However, we did not observe increased sand produc-
tion (Supplementary Note 1), and H,S was below the detection limit
during shut-in and production (Supplementary Fig. 2). These find-
ings are further corroborated by the results of geochemical experi-
ments in which representative sandstone samples were exposed to
CH,/H,-bearing gas mixtures (25% and 75% of H,) at reservoir condi-
tions for 357 days and tested for change in flow parameters, permeabil-
ity and grain structure®. Their results showed no H,-induced changes
inreservoir rock material, suggesting no mineral dissolution occurred
throughout the H,storage field trial. Together, these findings indicate
that H, is unlikely to react with the reservoir rock or brine at storage
site conditions over the evaluated time.

In porous rock, diffusion and dispersion will lead to gas mixing
(Supplementary Note 2), whichis probably the cause of H, flux into the
cushion gas (natural gas present in the reservoir before the storage trial
(Supplementary Table 3)). The trajectory of H, concentration across
time informs on mixing dynamics during the field trial (Fig. 1a). At the
beginning of gas withdrawal, the H, concentration was already lower
than the average H, concentration during injection (9.84%; Fig. 1a,
yellow horizontal line) and dropped continuously at increasing speed
(Fig.1b) as more gas was extracted from the reservoir (Supplementary
Note 2). After the withdrawal of the entire injected volume (indicated
by thered vertical lineinFig. 1b) and an additional 93,195 m* of cushion
gas, we found a residual H, concentration of 2.8% (blue dashed hori-
zontal), which indicates substantial migration of H, into the initially
H,-free cushion gas. Due to the system’s complexity, it is very chal-
lenging to determine the exact volume of H, that migrated into the
cushion gas. By employing amodified decline curve analysis (Supple-
mentary Fig. 3 and ‘Decline curve analysis’in Methods), we estimated
that 9,310 m®of H,remained in the cushion gas, corresponding to 40%
of the unaccounted H,.
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Fig.1|Change of H,and CO, concentrations during H, co-storage in the Lehen
testreservoir. a, Monitoring of H, across one storage cycle comprising injection
(circles), gasis pressed into the reservoir; shut-in (grey shading, squares), gasis
sealed and stored in the reservoir; production (triangles), gasis produced from
the reservoir. The yellow horizontal line indicates the mean H, concentration
duringinjection. b, Zoomin on the H, concentration trajectory during the
production phase. The red vertical line signifies the threshold beyond which the
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withdrawal of cushion gas took place. A dashed, blue horizontal line indicates the
H, concentration at the end of the field trial. ¢, Monitoring of CO, concentration
across all phases of the field trial. d, Zoom in on the CO, concentration trajectory
during the production phase: CO, concentration drops following short breaks
ingas production termed ‘mini shut-ins’. A vertical dashed line indicates the
beginning of each mini shut-in.

Microbial activity during geo-methanationin
DHRs
In DHRs, three major functional groups of microbes, that is, SRB,
homoacetogens and methanogens compete for H, as a growth sub-
strate®. The metabolic activity of SRB will result in the production of
H,S (equation (2)). However, we did not detect H,S in the produced
gas, suggesting that no substantial microbially mediated sulfate
reduction occurred. Phylogenetic analysis based on the gene coding
for 16S ribosomal ribonucleic acid (16S rRNA) (16S analysis) showed
that known sulfate and sulfur-reducing bacterial groups were gener-
ally atlowrelative abundance (<2%), which tended to decrease further
throughout the field trial (Supplementary Fig. 4).
Bothhomoacetogenicbacteriaand methanogenic archaea utilize
H,and CO, (derived from the co-stored natural gas) to produce acetic
acidand CH,, respectively. Although the bacterial fraction of the micro-
bial community decreased overall from 92.6% to 83.0%, afew amplicon
sequence variants (ASVs) associated with generainvolved in syntrophic
acetate oxidation***, fermentation***and acetogenesis* increased
their relative abundance substantially (Supplementary Figs. 4 and 5).
These relative abundance shifts (Syntrophaceticus 31.5%, Soehngenia
11.2%, Candidatus Caldatribacterium 9.5%, Acetoanaerobium 3.5%)
indicate that the bacterial community contributed to acetate cycling

through acetate formation by fermentative and homoacetogenic
species (most classified as Firmicutes; Supplementary Fig. 5) and
syntrophic acetate oxidation-mediated oxidation of acetate to pro-
duce H, and CO,. Although formation and cycling of acetate appear
to play a role as an intermediate, the low concentration of acetate in
the system upon completion of the field trial (102 mg ™) is wellin line
with concentrations reported for DHRs that have not been exposed to
H, (Supplementary Table 4), suggesting that losses through acetate
formation are small.

16S analysis revealed atwofoldincreasein the relative abundance
of known methanogenic genera throughout the field trial from 7.3%
to 17.0% (Fig. 2a). Furthermore, they account for a striking 61% of
the active community during the production phase (Fig. 2b), corrobo-
rating the dominance of this microbial group in the system.

Finally, amplicon sequencing targeting the mcrA gene transcript
encoding the o subunit of the methyl coenzyme M reductase, an
established marker for methanogenesis'**®, confirmed specific metha-
nogenic activity in the reservoir (Supplementary Fig. 6). Sequence
analysis of the mcrA and the 16S rRNA transcripts suggests that
most active methanogens belong to the family Methanobacteriaceae
(Fig. 2a-c), a group of strictly hydrogenotrophic methanogens that
utilize H, to reduce CO,". These data imply that hydrogenotrophic
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active methanogens (family level) in total community derived from total RNA
isolated from brine sampled at day 244 of the production phase (FT_RPa, FT_RPb,
FT_RPc) (n =3). ¢, Relative abundance of methanogens based on mcrA marker
gene transcripts (FT_MPa, FT_MPb) (genus level) of successfully amplified mRNA
fragments, which were isolated from brine (day 244) (n=2).

methanogens were initially present in the reservoir, increased in rela-
tive abundance throughout the field trial and actively performed
methanogenesis. The extremely low abundances of acetoclastic meth-
anogens (Methanosaeta and Methanosarcina, the only two genera
known to perform acetoclastic methanogenesis; equation (4)) suggest
alow direct acetate oxidation by methanogens*.

The CO, balancing (Supplementary Table 5) showed that 960 m*
of CO,was consumed throughout the field trial. Gas chromatographic
analysis of samples drawn during shut-in (between days 96 and 207)
shows an 87.4% decrease in CO, (Fig. 1c). Data from the subsequent
gas production phase reveal two patterns: first, the gradual reduc-
tion of CO, concentrations with ongoing gas production suggests
active geo-methanation in the reservoir (Fig. 1c). Second, a sharp
drop in CO, concentration after short breaks in gas extraction
(Fig.1d) indicates high rates of CO, consumptioninthe near-wellbore
region, defined as the reservoir volume within a 10 m radius around
the wellbore. The CO, concentration remained low (<0.04%) after
the completion of the field trial (Supplementary Table 6), indicating
ongoing CH, formation by methanogenic archaeaat the expense ofH,,
which migrated into the cushion gas.

Dissolution of CO,into reservoir brine is another potential cause
for the observed decrease of CO, concentrations. This is unlikely for
the field trial as the CO, concentrations of the natural gas initially
presentinthereservoir (cushion gas) and theinjected gas mixture are
almostequal (0.22% and 0.19%, respectively). Gas withdrawal from the
reservoir decreases reservoir pressure, which decreases CO, solubility
andreleases dissolved CO, into the gas phase rather than the observed
reduced levels.

Stable carbonisotope analysis captures shiftsin the isotope ratio
(C/™C) and points towards a biological origin of CH,, specifically
duringthe shut-in and production phase. Metabolic processes enrich
the lighter >C isotope in the product, which manifests in a shift to a
more negative isotope signature in products over time***°, Hence,
geo-methanation will decrease the CH, carbon isotope signature
(8"Ccpa; Fig. 3) inthereservoir. The average 6Cy, signature reduced
significantly from theinjection to the production phase by 2.7 + 0.5%o
(standarderror; pvalue =0.0002; n =11, n =7, respectively), suggesting
amicrobial origin forafraction of the recovered CH,. It must be noted
that this overall shift could potentially be an artefact of the mixing
of the injected CH,, (§"C4: —56.8 + 0.3%o0) with cushion gas (§"C,:
-61.6 + 0.1%o).

During the 96-day injection, cushion gas is constantly driven
deeper into the reservoir. This creates a zone around the wellbore
accommodating only injected gas unaffected by the cushion gas’
low carbon isotope signature. Hence, the significant shift of
-3.8%o + 0.4%o, (standard error; p value = 0.0004) to a lighter §*C,,,
signature observed during shut-in (between samples taken at day 96
and day 166) supports the hypothesis of biological geo-methanation.
These findings align with the observed CO, consumption near the
wellbore and confirm the notion that this area exhibits considerable
geo-methanation activity.

Efficiency of geo-methanation in DHR-simulating
mesocosms

To explore geo-methanation under near-optimal conditions, we
performed laboratory-based experiments in reservoir-mimicking
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Fig. 3| Change of stable carbonisotope ratios during H, co-storage in the
Lehen test reservoir. 8°C,, signature (%o; 5-notation according to Vienna
Peedee Belemnite standard) measured during injection (circles), shut-in (squares)
and production (triangles) phase of the field trial. Vertical dashed lines indicate
the transition frominjection to shut-in (left) and shut-in to production (right).

mesocosms (‘Mesocosm set-up’ in Methods and Supplementary
Fig. 7). Mesocosms (designated M1-MS5) were loaded with repre-
sentative sandstone cores, test reservoir brine, pressurized with a
substrate gas mixture (H,/CO,/CH,) andincubated at 40 °C and approxi-
mately 40 bar until the substrate gas was consumed. We repeatedly
substituted the gas headspace in the mesocosms with fresh substrate
gas to evaluate multiple sequential gas conversion cycles (n =10 in
M1 and M2, n =24 in M3). We performed measurements of head-
space gas composition at the start and end of each conversion cycle,
except for two cycles in M3, where we took multiple intermediate gas
samples to assess gas conversion kinetics (Supplementary Fig. 8).
Across all cycles, substrate gases H, and CO, were converted to CH,
at a stoichiometric ratio for H,:CO, of 4:1 (Fig. 4). We observed no
conversion in the abiotic controls (Supplementary Fig. 9).

In this study, we used pressure decline as a suitable proxy for the
progression of the hydrogenotrophic methanogenesis. This conversion
(equation (1)) isaccompanied by apressure loss, whichresults from the
conversion of five moles of substrate gas (H, and CO,) to one mole of
the gaseous product (CH,). To determine process stability and average
conversion time, we performed multiple consecutive geo-methanation
cyclesinM3 and continuously monitored the pressure. Given the compo-
sition of the substrate gas mixture used in this experiment (10% (v/v) H,
and 2.5% (v/v)) CO,in CH,, we expected a total pressure loss of 10%. The
normalized, average net pressure (0.906) converged almost perfectly
totheexpected value of 0.9, representing 90% residual pressure (Fig. 5a,
orange line). Furthermore, the observed pressure decline in the biotic
mesocosm aligns with the observed decrease in moles of H, (Supplemen-
tary Fig.10). In contrast, the pressure in the abiotic mesocosms remained
stable (Fig. 5a, grey line). Mesocosm pressure development was consist-
entacross multiple cycles (n =14) over 12 months (Fig. 5a, blue line).

To quantitatively assess the stability of substrate gas conversion,
we defined two process metrics: the maximum H, consumption rate
(CR,,,,) and the total pressure decrease (Ap) per conversion cycle
(‘Quantitative analysis of geo-methanation’ in Methods). We found
no significant change in CR,,, (slope =-0.000015, p value = 0.541;
Fig.5b) or Ap (slope=0.000007, p value = 0.550) over 357 days, which
confirms long-term stability and robustness of the geo-methanation
process under reservoir-mimicking conditions. Finally, we determined
that, on average, 95% of the CH, production was completed within
4.9 days by intersecting the latent function® derived from pressure
data of 14 conversion cycles with the constant at a relative pressure
of 0.911 (Fig. 5a).

EW TR

Partital pressure change (bar)
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Fig.4 | Changesin gas composition after geo-methanationin
reservoir-mimicking mesocosm. Mean (bars) and individual partial pressure
change (points) across substrate gas conversion cycles performed in the
high-pressure mesocosm M1 (n =10), M2 (n=10) and M3 (n = 22), operated at
aninitial target pressure (p0) of 40 to 45 bar. Error bars represent the standard
deviation from the mean. Data were corrected against abiotic sources of pressure
loss as determined in abiotic control mesocosms M4 and M5.

Using these results, we calculated the average CH, turnover
rate (tr)* across all cycles in M3 to be 0.008 h™ and found that it
compares well to tr values obtained from investigations of hydrog-
enotrophic methanogenesis at high-pressure regimes using pure cul-
tures®™ The results presented here come remarkably close to the
referenced study on M. thermaggregans, reporting a tr of 0.012 h™ at
H, partial pressure of 40 bar, given that the biomass concentration
is probably lower in the mesocosms compared with pure culture
cultivation in a medium designed to meet the requirements of
methanogens.

In mesocosms M1 and M2, we investigated the effect of H, and
CO, on the microbial community. In both cases, we sampled mes-
ocosm fluids before substrate gas provision and after ten cycles of
geo-methanation. The relative abundance of methanogensincreased
by 56% and 59%in M1and M2, respectively (Fig. 6a), and methanogens
represented almost 50% of the active microbial community (Fig. 6b)
after ten conversion cycles performed over three months. Each cycle
was paralleled by a pressure decline (Supplementary Fig. 11) indica-
tive of the geo-methanation process and stoichiometric substrate
gas depletion (Fig. 4 and Supplementary Data 1). Most methanogens
contributing to the observed shift belong to the genus Methanother-
mobacter, which falls within the taxonomic group Methanobacte-
riaceae. Isolates of this group strictly utilize H, and CO, for energy
generation*® and are thus classified as hydrogenotrophic methanogens.
Methanothermobacter abundanceincreased drastically and was iden-
tified as the most metabolically active player in the geo-methanation
process for mesocosm trials. This aligns well with recent reports on
Methanothermobacter speciesisolated from oil fields. It also shows the
urgency of ongoing efforts to analyse the genome of hydrogenotrophic
Methanothermobacter strains from oil fields****. We observed another
sharp abundance increase for halophilic Methanoculleus, a type of
hydrogenotrophic methanogen. These organisms syntrophically
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b, RNA sequencing for both mesocosms M1and M2 depicts the fraction of
metabolically active methanogens (genus level) in the total community after
tengas conversion cycles (Mle, M2e).

generate CH, with acetate-oxidizing bacteria through the hydrog-
enotrophic pathway and are commonly found in marine and brackish
environments®. Sequencing results align with gas composition and
pressure data, suggesting that hydrogenotrophic methanogens are
responsible for the observed geo-methanation under the reported
conditions.

DHR geo-methanation under near-optimal
conditions

Onthebasis of the result from laboratory-based mesocosm trials, DHRs
could serve notonly as cross-seasonal storage for renewable electricity
in the form of H, but also for geo-methanation at large scale when
CO, is co-injected with H,. The potential of such a geo-methanation
site lies in its vast storage capacity, representing the reaction space
for converting stored H, and CO, to CH,.

However, we observed considerable differences in geo-
methanation performance between mesocosms and the field trial.
We attribute these differences to several factors. First, in contrast to
the field trial, the mesocosm experiments were conducted with a

substrate gas mixture at optimal stoichiometry for hydrogenotrophic
methanogenesis (mesocosms H,:CO, = 4:1; field H,:CO, = 52:1) to
explore the process potential at near-optimal conditions. Second, the
difference in scale of several orders of magnitude translates to
greater heterogeneity of the environment for water saturation, porosity
and gas permeability and unknown factors, which may have impeded
the geo-methanation processin the field.

Assuming a similarly high and complete geo-methanation per-
formanceinthe Lehen test reservoir as shown in mesocosms, the CH,
yield per conversion cycle would amount to 27,170 Nm? (equation (8)
and ‘Methane evolution rate’ in Methods) when operated at compa-
rable conditions (10% H,, 2.5% CO,). However, implementing such a
geo-methanation is constrained operationally by the time required
forinjection and production of gases (several months) rather than by
microbial CH, formation (4.9 days for 95% conversion as calculated
for mesocosms). Optimization of injection and production time could
realistically allow up to four storage cycles per year for the test reser-
voir, increasing the potential annual CH, yield to 114,646 m® in this
comparably small reservoir.
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This volume corresponds to an energy content of roughly
1.08 GWh. Considering Europe’s gas storage capacity (89 billion m*in
DHRs)%, geo-methanation could speed up the transition to a renew-
ableenergy systemby providing astorable energy carrier compatible
with the existing distribution and utilization infrastructure. One way
to circumvent the downtime of injection and production would be
a flow-through-like system where gases are continuously injected
into one well, converted during passage through the reservoir with
aresidence time sufficient for complete conversion and produced at
another well**. Such amode of operation could substantially increase
the CH, yield.

Productivity reported as methane evolution rate (MER) for
pure cultures of various Methanobacterium species at an elevated
pressure of 10 bar (ref. 52) compares well to the calculated average
MER (equation (7)) of 0.26 mmol I h™ for the test reservoir oper-
ated at mesocosm productivity. At a MER as reported in this study,
depleted natural gas reservoirs could serve as effective large-scale geo-
methanation sites without the costly requirement of an external bio-
reactor, fermentation infrastructure and additional synthetic media.

A recent study showed that porous rocks and minerals bene-
ficially influence the biological methanation of H, and CO,”". As
demonstrated in mesocosm M3 (Fig. 5b) using a porous sandstone
core, CH, formation remained constant at a high level over 357 days
and 14 cycles of repeated gas injection. These results underline the
stability of geo-methanation and indicate suitability for belowground
CH, production. Generally, results of geo-methanation experiments
conducted in laboratory-based, reservoir-mimicking mesocosms
suggest that DHRs have the potential to convert and store renewable
energyintheformofgreen CH,atlarge scale, thus providingadrop-in
fuel with existing infrastructure.

Conclusions

In summary, the results of this study suggest that overall DHRs are
suitable for H, co-storage. The conversion of H, and CO, to CH, via
geo-methanation could be an alternative route to store renewable
energy. Because DHRs can differ substantially in several parameters*®
(thatis, salinity, temperature, pH, pressure, microbial community com-
position) and thus in their potential geo-methanation performance,
more research on the exactboundary conditions for H, co-storage and
geo-methanation is required. Currently, the energy loss associated
with geo-methanationisstillunclear. Nevertheless, the unprecedented
potential of 339 billion m* global gas storage volume in DHRs allows
usto glimpse at theimpact geo-methanation could have onanet-zero
future energy system based on renewables.

Methods

Test reservoir

Thedepleted gasreservoir Lehen (Supplementary Fig.1) served asthe
demonstrationssite for field testing. This isolated reservoir constitutes
aporous 2-m-thick sandstone layer, part of the geological Hall forma-
tionwithin the Upper Austrian Molasse Basin®. The reservoir stretches
about16 hectares andislocated 1,027 m below the surface (total verti-
cal depth, TVD). The gas-accommodating porous sandstone layer is
encased by a cap rock composed of clay minerals, thus preventing the
gas frommigratinginto neighbouring geological layers. Like many other
underground gas reservoirs explored in the Molasse Basin in Austria
and Germany, the Lehen gas reservoir held biogenic natural gas®. This
formation mainly consists of fluvial and shallow-marine sandstones,
shales and carbonates®’. Upon exploration, the reservoir exhibited an
initial absolute pressure of 107 bar and a volumetric capacity of around
6,434,981 m® natural gas. The temperature in the reservoir is 40 °C.

Preparative action
We monitored the subsurface pressure development using two
gauges (Sondex/Panex x 1'/,;, OW-00175 and OW-00169; Canada Tech)

installedinthe wellbore at1,012.81 mand1,023.03 m TVD, respectively.
Natural gas used in the field trial was conditioned according to the
Austrian Gas Standard G31. The added H, (3.0) was purchased from
Linde Gas GmbH.

Field trial operation

The field trial recreated a complete gas storage cycle over 285 days.
A gas storage cycle comprises three phases: injection, shut-in and
production. Injection and production denote the phases of pressing
gas into (reservoir pressure increases) and extracting gas out (reser-
voir pressure decreases) of the reservoir. To avoid integrity issues, a
natural gas reservoir is never fully depleted. This residual gas is termed
‘cushiongas.

In this field trial, we injected a gas volume 0f 1,206,802 m* con-
taining CH, (88.6% (v/v)), H,(9.89% (v/v)), N, (0.5% (v/v)), C,H, (0.45%
(v/v)), CO, (0.19% (v/v)) and trace amounts of C;—C, alkanes (<0.4%
(v/v)) into the Lehen reservoir over 96 days and shut-in for 112 days.
Before the field trial, the reservoir had contained only natural gas.
Duringinjection, the absolute pressurein the reservoirincreased from
35.1bar to 78.4 bar. After the shut-in, 1,299,997 m® of gas was produced
from the reservoir within 76 days at a rate of 1,055 m* h™. To investigate
the potential of H, migration into the cushion gas, the production
volume exceeded the injected gas volume by 93,195 m?, yielding a
final absolute pressure of 28.3 bar. All volumetric values are given in
standard m®,

Field trial gas analysis

To allow monitoring of gas components, RAG Austria AG analysed
field gases using a gas chromatograph (Siemens Maxum, columns:
HAYESEP N 80/100, MOLSIEB 5 A 80/100, HAYESEP N100/120, 1.0%
TCEP CARBOBLACK B 80/120), which wasinstalled next to the wellhead.
At thisstage, the produced gasis untreated except for the elimination
of free water, reflecting the gas composition in the reservoir. Besides
the key analytes, H,, CO,and CH,, N,, O,, H,S, ethane, propane, i-butane,
i-pentane, n-butane, n-pentane, neo-pentane and hexane were quanti-
fied. The composition of the gas stream was monitored continuously
during injection and production. During shut-in, gas samples were
analysed at selected time points.

We estimated CO,and H, balances by calculating the differencein
gasvolumes (V) movingin and out of the reservoir according to equa-
tion (5), where AVj denotes the overall change of volume of the gas
componentjand Vcisthe volume of componentjin the excess cushion
gas extracted during production. Y Vji, > Vjp and Y Vjs denote the
sum of all discrete volumes of j calculated from the gas flow rate
integrated over one hour and concentration of j during injection (i),
production phase (p) and shut-in (s), respectively. All plots and calcu-
lations were done with custom-made R code.

AVj = Vej + Vji — (D)Vjs + D1Vip) ©

Decline curve analysis

We approximated the amount of H, that has migrated into the
cushion gas of the reservoir via a modified decline curve analysis®".
The partial pressure of H, in the withdrawn gas was estimated with
an exponential fit. The exponential decline profile was indicated
by flow-through experiments®*. The method does not consider
the heterogeneity of the reservoir or the transition zone between
the cushion gas and the H,-bearing gas, which is not clearly defined.
This could potentially lead to an underestimation of gas migration.

Compound-specific stable isotope analysis

Isodetect GmbH (Leipzig) determined carbon isotope ratios (**C/C)
of CH, through compound-specific stable isotope analysis (CSIA)*.
CSIAwas accomplished via (1) manual injection of gas samples using a
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gas-tight syringe into the split/splitlessinjector of agas chromatograph
(GC, 7890 A Series; Agilent Technology USA); (2) compound-specific
separation of target compounds at 35 °C using a CP-Porabond Q column
(50 m x 0.32 mm x 5 um; Varian); (3) combustion of target compounds
to CO, molecules for carbon isotope analysis and (4) transfer of CO,
into an isotope ratio mass spectrometer (MAT 253, Thermo Fisher
Scientific). Authenticlaboratory standards were used toidentify target
compounds and quality control of CSIA. Isotope ratios are expressed
in the delta notation (6"C) in agreement with international standards
accordingto equation (6), where R, e and Ryiangarg represent the C/2C
ratio of the sample and the international standard, respectively*.

§BC (%0) = (Rsample —Rytandard ) )

Rstandard

Vienna Pee Dee Belemnite was used as a standard for carbon
CSIA. Each sample was analysed at least twice. The total analytical
uncertainty concerning accuracy and reproducibility was <0.6%o.

Drill cores used in mesocosm experiments

Drill cores (litharentic sandstone) from the Sierning natural gas field
(Upper Austria) were employed in mesocosm experiments, mimick-
ing the field’s conditions. Sierning is a gas reservoir in the Imbricated
Upper Puchkirchen Formation®, part of the Upper Austrian Molasse
Basin. The sandstones from the Sierning gas reservoir compare well to
the sandstone at thefield trial site (‘Gas reservoir’) concerning carbon-
ate content, porosity, grain size and permeability. X-ray diffraction
analysis was carried out by OMV Exploration and Production GmbH
with aBruker D8 Advance Powder X-Ray Diffractometer, according to
Schultz1964;1S09001:2008. X-ray diffraction data of coresis provided
in Supplementary Table 7. The effective porosity of the cores ranged
from 20% to 22%, which is typical for sandstone of porous natural gas
reservoirsinthe Molasse Basin. Cylindrical drill cores (diameter 0.1 m)
were cut to alength of 0.2 m and used in mesocosm experiments as a
proxy for reservoir rock.

Test reservoir sampling and brine acquisition

Reservoir brine was sampled during two campaigns; the first, 155 days
before H, injection (initiation of H, injection is considered day 0) at
1,430 m measured depth and the second during the extraction phase
of the field trial on day 244 at 1,200 m measured depth. Before each
sampling event, at least 10,549 m> of gas was produced to ensure that
the brine sampled from the wellbore tubing is representative of the
reservoir. The tubing of the wellbore is perforated only at the level
of the gas-bearing reservoir rock and forms the sole entry point for
gas and brine into the wellbore. Brine was sampled in collaboration
with RAG Austria AG Well Service using a particular sampling device
(L:4.42m, V:1.81), which was surface sterilized with steam and 70%
ethanol and rinsed with sterile ultra-pure water before introduction
into the wellbore. Brine samples from the reservoir were transferred
into autoclaved gas-tight glass bottles (Pyrex) and purged with argon
gas (5.0, Messer Austria GmbH) to create an oxygen-free atmosphere.
Samples were storedin the dark, atambient temperature (<10 °C) dur-
ing transport and processed within 12 hours after sampling.

Mesocosm set-up

High-pressure mesocosms with a working volume of 1.8 | each were
manufactured from high-quality stainless steel (AISI316 Ti) to prevent
embrittlement, corrosion and gas losses. Online sensors monitored
mesocosm pressure and temperature, maintained at 40 °C using an
in-house designed control system. Supplementary Fig. 7 provides a
construction scheme of the mesocosms, and Supplementary Note 3
lists a detailed description of mesocosm instrumentation. Drill cores
were transferred into the mesocosmsinaglovebox (MECA PLEX 6B 80)
under anargon atmosphere (5.0, Messer Austria GmbH) with an oxygen

concentration below 0.1% (v/v). The drill cores were flooded with brine
sampled from the test reservoir to seed the mesocosms with autoch-
thonous microorganisms. Allmesocosms were pre-incubated for seven
daysat40 °Cbeforetheinitial substrate gasinjection (constituting day
0).During the assembly of mesocosm1(M1), K,HPO, was added to the
brine to achieve a concentration of 0.22 mmol I". No growth-assisting
supplements were added to mesocosm 2 (M2), mesocosm 3 (M3),
abiotic mesocosm 4 (M4) and abiotic mesocosm 5 (M5).

Elemental analysis of thereservoir brine (Supplementary Table 8)
used for inoculation showed that essential trace elements for metha-
nogens®> (thatis, nickel, molybdenum, zinc) were present naturally.
In contrast, phosphate levels were below the limit of detection. The
concentrations of the electron acceptors nitrate (NO5") and sulfate
(S0,*) were negligible in reservoir brine (Supplementary Table 9).

Abiocide (Grotan OX, Schiilke and Mayr GmbH; 1% (v/v)) wasadded
tothebrine of abiotic mesocosms M4 and M5. After assembly (contain-
ing drill cores and reservoir brine), the abiotic control mesocosms
were sterilized by y-irradiation (35 kGy, MediScan GmbH and Co KG).

Mesocosm operation and sampling

Substrate gas was introduced into all mesocosms at a rate of approxi-
mately 2 bar min™ from gas bottles containing 10% (v/v) of H, (5.0) and
2.5% (v/v) of CO, (4.5) in CH, (4.5) (2% relative, Messer Austria GmbH)
to afinal pressure of approximately 40 bar. Variation in starting pres-
sure is owed to a combination of technical constraints and manual
operation and was compensated by normalizing values as described
for headspace gas analysis. Abiotic control mesocosms were pressur-
ized similarly to simulate the range of starting pressure variation in
the biotic mesocosms from 39 to 45 bar. Pressure was monitored at
intervals of 30 minutes in both biotic and abiotic mesocosms over
the entire experimental period. Mesocosm liquid of M1, M2 and M3
was sampled before, during and after exposure to the substrate gas
mixture. Supplementary Table 9 lists sampling time points. Supple-
mentary Note 4 describes the chemical analysis of reservoir brine and
mesocosm liquidsin detail. Gas sampling was performed after each gas
refill at the beginning of the new cycle and when the maximum pressure
decrease was reached. Offline analysis of headspace gas components
requires the removal of substantial amounts of gas, which reduces total
mesocosm pressure and substrate available for microbial conversion.
Therefore, intermediate gas sampling was only carried out in three
cycles of M3. In total, 42 geo-methanation cycles were carried out in
M3 and ten cycles were carried out in M1 and M2 each, with start and
end-point sampling only.

Headspace gas analysis

Mesocosm headspace gas was analysed according to the method pub-
lished by Rachbauer et al.**. Details on the employed two-stream gas
chromatographicsystemare provided in Supplementary Note 5. Sam-
ples were collected from the mesocosms using evacuated 11gas bags
(SUPEL Inert Foil Gasbags, article number 30227-U, Sigma-Aldrich),
resultingin apressure decrease of approximately 0.6 bar per sampling.
The partial pressures of gas components (H,, CO,, CH,) at the start
(P..ni) and end-point (P,...q) of each gas conversion cycle were approxi-
mated using headspace gas concentrations (GC analysis) and total
mesocosm pressure, assuming ideal behaviour due to the relatively low
absolute pressure. Total mesocosm pressure was corrected for abiotic
losses. Partial pressure change per cycle was calculated by subtracting
P.i. fromnet P4 using custom-made R code.

The ideal gas law was used to derive molar gas amounts from
partial pressure data. The headspace volume was estimated from
total mesocosm volume, the average effective porosity of 20.5% for
all Sierning drill cores and liquid levels in the mesocosm at start and
end time points, respectively. Gravimetric measurements of meso-
cosms determined liquid levels before and after the introduction of
reservoir brine.
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DNA isolation

Biomass in mesocosm fluid and reservoir brine (100 ml) was concen-
trated by membrane filtration (SuporR 200, 0.2 pm, & 47 mm, PALL
Life Sciences). All filters were cut in half. DNA was isolated from
eachfilter fragment using the phenol-chloroform extraction method
(Supplementary Note 6).

RNA isolation and reverse transcription polymerase chain
reaction

Samples of reservoir brine (n=3, V: 80 ml) drawn at a measured
depth of 1,200 during the production phase on day 244 were centri-
fuged at 16,000 g for 30 minutes at 4 °C (Centrifuge 5810, Eppendorf
Austria GmbH). The resulting pellet was resuspended in 2 ml super-
natant and transferred into a sterile 2 ml tube (LoBind, PCR-clean,
Eppendorf Austria GmbH). The concentrate was centrifuged for 5 min-
utesat10,000 gat4 °C. Theresulting pellet was resuspendedin 0.5 ml
of supernatant. To stabilize RNA,1 ml of RNA ProSoil Lysis solution (MP
Biomedicals GmbH) was added immediately after this biomass concen-
tration procedure. RNA was isolated using the RNA ProSoil Direct kit
(MP Biomedicals GmbH) and cleaned with the RNA ProSoil purification
kit (MP Biomedicals GmbH). The RNA concentration was determined
using the Qubit RNA HS Assay Kit ina Qubit 3 fluorometer (Invitrogen,
Thermo Fisher Scientific). cDNA fragments were synthesized using the
SuperScript Il First-Strand Synthesis System for RT-PCR (LifeTech) with
random hexamer priming according to the manufacturer’s instruc-
tions. All sample manipulation steps were performed under anoxic
conditions (0, < 0.1%).

Library preparation of mcrA mRNA isolated from reservoir
brine

cDNA (‘RNA isolation and RT-PCR’) from total RNA extracts was used
as atemplate in end-point polymerase chain reaction (PCR) to detect
the expression of the mcrA geneinreservoir brine sampled during the
production period of the field trial on day 244. The PCR programme
was performed according to the method published by Munk et al.*®
using 2U Platinum Taq polymerase per reaction (LifeTech) and 5 pl
of cDNA template. Next generation sequencing (NGS) libraries for
the mcrA/mrtAlocus were constructed using a nested PCR approach.
The first PCR aimed to amplify the target sequence using the iMeA®
primersiMeA_1046_F andiMeA_1435 R (Supplementary Table10). The
PCR product was purified with the NucleoSpin Gel and PCR Clean-up
kit (Macherey-Nagel), and 2.5 pl of purified PCR product wasused as a
templatein the second PCR* using the primers NGS_iMeA_1046F and
NGS_iMeA_1435R (Supplementary Table 10).

16S library preparation and sequencing

NGS libraries were constructed from the V4-16S rRNA amplicons and
sequenced asdetailed in Supplementary Note 7. Primer sequences are
listed in Supplementary Table 10.

Quality control of PCRreactions

PCR specificity was assessed by electrophoretic separation (10 Vcm™)
of PCR products on 1.5% agarose gels and ethidium bromide staining
1x Tris-acetate-EDTA (TAE) buffer made from ROTIPHORESE 50x TAE
buffer. DNA and RNA isolates of M. formicicum strain DSM 1535 T were
used as positive controls for all PCRs. The cultures of M. formicicum
were grown to saturationinsterile120 mlserumbottlesin autoclaved,
anoxic Klasson medium® at a pH of 7.0 pressurized to 3 bar as previ-
ously described®” with a gas mixture containing 20% (v/v) CO,in H,
(Air Liquide GmbH). Saturated cultures were submitted to DNA or
RNAisolation.

Ampliconsequencing data processing
Trimmed 16S rRNA and mcrA/mrtA reads (fastq) were processed and
analysed using the DADA2 software version1.28%, Forward and reverse

reads were quality filtered, allowing amaximum of two expected errors
per read and a minimum quality of 2. Forward and reverse reads were
truncated to 200 base pairs (bp) and 150 bp, respectively. ASVs were
mapped against the SILVA SSU Ref NR 138.1 dataset®. mcrA/mrtAreads
were subjected to a quality filtering step, removing reads with a maxi-
mum expected error <2. Forward and reverse reads were truncated at
245 bp and 200 bp, respectively, and were merged with a minimum
overlap of 12 nucleotides, allowing O mismatchesin the overlap region.
The mcrA ASVs were mapped against the taxonomic mcrA gene data-
base uploaded at GFZ Data Services.”

Quantitative analysis of geo-methanation

Quantitative geo-methanation results were inferred from
time-dependent mesocosm pressure and headspace gas concentra-
tionsin M3. Weincluded only cycles without intermediate headspace
gas sampling with a total pressure greater than 39 bar and a run time
of at least ten days (n =14 out of 24) to ensure consistency. At a run
time of ten days, we confidently determined the pressure plateau and
verified the completion of the geo-methanation process. Pressureread-
ingswere corrected for pressure decrease observed in abiotic control
mesocosms (M4, M5) toisolate pressure changes caused by microbial
consumption of the introduced gases as opposed to abiotic effects.
This corrected value, referred to as net pressure or corrected pressure
was calculated by adding the pressure drop observed in the abiotic
mesocosms (arithmetic mean of ten cycles operated at 40 bar target
pressure) to the pressure reading obtained in M3 at the corresponding
time point, normalized to starting pressure.

Stability metrics (maximum conversionrate, CR,,,, and pressure
difference, Ap) were derived from 14 conversion cycles in mesocosm
M3 with a minimum run time of ten days. CR,,,, for H, is defined as
the minor time derivative inferred from the temporal development
of normalized net pressure loss of each conversion cycle using the
method published by Swain et al.”. Ap is defined as the pressure dif-
ference (net pressure loss) between the normalized starting pressure
and the normalized final pressure at the end of each conversion cycle.
It was calculated from Gauss-fitted data by subtracting the average
pressure over thelast six hours of each cycle (¢, 55 — t;0) from1(¢,). CRpax
and Ap were linearly regressed over time, applying the least squares
regression method. The slope of the regression line was tested for
significant differences from zero using F-Test statistics (GraphPad
Prismversion10.1.1).

Methane evolution rate

Methane evolution rate (MER) is the molar amount of CH, produced
pertimeinterval (Af) inadefined volume. It was calculated as described
previously*?, according to equation (7). MER calculation was based on
a stoichiometric gas mixture containing 10% H, and 2.5% CO, as used
inmesocosm trials and the volume of reservoir brine (V) inthe Lehen
reservoir (40,000 m®). The ideal gas law with a volume of 22.4 I mol™
at standard temperature and pressure for any given gas was used to
calculate the molar amount of methane (Ancy,) to be produced from
theinjected gas.

AnCH4
At x Vb

MER (mmolI-1h1) = 7)

The hypothetical overall capacity of the Lehen reservoir for
geo-methanation was estimated inalignment with field trial parameters
(operated gas volume (V4;), CO, concentration of 2.5%) and assuming
four gas conversion cycles per year and 95% conversion within 4.9 days
(asreported for mesocosm trials).

0.95 x CO, (%)

geo-methanation capacity (m?) = Vo (m3) x 100

x 4 cycles

(8
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Statistical analysis of CH, carbon isotope ratios

Differences between 8°C,, values (n =2) of gas samples taken during
shut-in were determined using one-way ANOVA and Dunnet’s post-hoc
test, where the sample at the start of shut-in (day 96) was treated as
the control group.

The difference between §C,, values averaged over injection
(n=11) and extraction (n = 5) was tested for significance using the
unpaired ¢ test with Welch correction. All tests were accomplished
using GraphPad Prism (version10.1.1).

Data availability

The authors confirmthat the datasupporting the findings of this study
areavailable within the article and supplementary information. Inaddi-
tion, source data files are provided for download. 16S rRNA gene and
mcrA sequence data are available from the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject) under study accession
number PRJNA784117. Source data are provided with this paper.

Code availability

Custom-made R code for dataanalysis of field trial and laboratory-based
mesocosm experiments is available from https://doi.org/10.5281/
zenodo.10215007.
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