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1. Introduction

1.1. Potential microbial processes in hydrogen-
loaded porous reservoirs

The scarcity of fossil fuel resources as well as the negative environmental impact of its
utilization has raised the demand for clean and renewable energy sources. However, renewable
energy generation is commonly challenged by geographical constraints and seasonal
fluctuation, which make it difficult to satisfy energy demand. Energy storage is essential for
renewable energy to avoid energy shortage during periods of high energy demand. According
to the United Nations Industrial Development Organization, hydrogen is “a true paradigm shift
in the area of more efficient energy storage, especially for renewable energy”. In addition,
hydrogen storage can enable reduction of CO, emission and transition towards low carbon
industry. Compared to surface storages in tanks or pipelines, underground storage in geological
formations such as salt caverns, depleted oil and gas reservoirs or aquifers are considered to be
a promising technology for large-scale hydrogen storage and as a result balance energy supply
and demand. Salt caverns are often used to store natural gas and have already used for
hydrogen storages in United Kingdom and United Sates and Germany (Panfilow 2016). While
our knowledge and practical experience on hydrogen storage in porous structures remain
limited. Experiences with underground hydrogen storage in porous geological formations have
so far been limited to the storage of town gas with a maximum hydrogen content of 60 %.

Since decades, studies have shown that microorganisms actively inhabit not only the surface
but also subsurface environments (Zobell 1936). Porous storages facilities such as depleted
oil/gas reservoirs and aquifers have a broad range of fluid salinity, temperature and pressure.
Despite the extreme conditions and unique physicochemical characteristics these reservoirs
offer habitat for microorganisms. Microorganisms have been detected in porous media
storages with the densities up to 10° cells per ml formation water (lvanova 2007, Smigan 1990,
Kleinitz 2005; Nazina 2023). Microbial activities were reported for town gas storage in aquifers
in France (Beynes), Czech Republic (Lobodice) and Germany (Engelborstel, Bad Lauchstaedt,
Kiel) (Panfilow 2016, Wagner 1985, Wagner 1988, Buzek 1994).

In the subsurface, hydrogen is generated and consumed through both biotic and abiotic
processes. However, hydrogen consumption is mainly depicted as biotic process rather than
abiotic (Gregory 2019). Various metabolic pathways are possible in anaerobic environments
(Figure 1), and important physiological groups of the deep biosphere such as sulfate-reducing
prokaryotes, iron reducers, methanogenic archaea and heterotrophic microorganisms are
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associated with hydrogen. Sulfate reduction, methanogenesis and acetogenesis are the most
important hydrogen-consuming processes found in subterranean structures (Hagemann 2016,
Dopffel 2021, Heinemann 2021).
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Figure 1:  Most relevant hydrogen-related metabolic pathways in anaerobic environments

Sulfate reduction: Sulfate-reducing prokaryotes (SRP) include sulfate-reducing archaea (SRA)

and sulfate-reducing bacteria (SRB). SRP can use organic compounds or hydrogen as energy
sources under anaerobic conditions and simultaneously reduce sulfate to sulfide (5%). In
addition, SRP are often very tolerant of extreme living conditions and can, for example, grow
optimally in a wide temperature range (30°C - 60°C) as well as at a salinity (<100 g/l)
(Kleinitz 2005, Heinemann 2021). Microbial formation of H,S from sulfate reduction (reactions
1 and 2 below) poses a serious technical problem for the operation of underground hydrogen
storage facilities. HS gas can cause damage such as acidification, corrosion or plugging in the
storage tanks and above ground facilities. The problem of microbial hydrogen sulfide formation
occurs, among other things, in the course of flooding measures at gas and oil storage sites or as
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a result of chemicals (oxygen scavenger, glycol, methanol) introduced into the storage facility.
(Gieg 2011) For sulfate reduction, a sulfate concentration of more than 10 mg/I must be present
in water in addition to suitable electron donors (Kleinitz 2005).

If the generated sulfides react with metals, the formed metal sulfides can additionally lead to
plugging in rock pores or filter material as precipitation (reaction 3 below). With the formation
of HaS and CO; as a result of the microbial sulfate reduction process, there is not only a loss of
gas but also a reduction in gas quality (Dopffel 2021, Dieterich 2011).

SOsZ +5H; > HyS+4H,0 (1)
2 CH3CH(OH)COOH + 2 S04 = 4 CO; + 2 H,S + 4 H,0 + CH3COOH (2)
Fe*+H,S 2> FeSV +2 H* (3)

Methanogenesis: Another metabolic pathway relevant to underground gas reservoirs is

methanogenesis, i.e. the biogenic formation of methane. Methane is produced by most orders
of methanogens (hydrogenotrophic methanogens) from the oxidation of H, and carbon
dioxide/carbonate (reaction 4 below), from formate or from H; and methanol. Only one order
can produce methane from acetate (acetoclastic methanogens) (reaction 5 below) or from
disproportionate C1 compounds (methylotrophic methanogens) (Wagner 2018). Methanogenic
microorganisms are exclusively classified as archaea (Boone 1993). Similar to SRP, methanogens
are able to evolve over a wide temperature range (Thaysen 2021). However, their tolerance to
high salinity is limited. Hydrogenotrophic methanogens can tolerate salt concentrations of up
to 3.4 M (Zhilina 2013). Methanogenesis can also lead to gas losses and negatively affect gas
quality, as the conversion of hydrogen to methane reduces the stored energy and, as a result
of microbial growth, the concentration. The gas storage tank of the town of Lobodice (Czech
Republic) is a well-described study of the conversion of H, to methane by methanogens, where
a loss of almost 17 % of the hydrogen was observed over a storage cycle of seven months
(Smigan 1990). In addition, the involvement of methanogenesis in microbially induced
corrosion has also been reported (Kip 2017), which can become a risk factor for infrastructure
integrity associated with underground storage (Libert 2014).

4 H, + HCO3 ™+ HY > CH4 + 3 H,0O (4)

CH3COO™ (Acetate) + H.O - CH4 + HCO3™ (5)

Acetogens: A competing process with methanogenesis in anaerobic environments is
acetogenesis. Homoacetogenic microorganisms (homoacetogens) utilize hydrogen and carbon
dioxide and/or CO to produce acetate through acetogenesis process (6). Acetogens are obligate
anaerobic bacteria and have optimum growth temperatures from 20°C to 66 °C

. D 3.2 - Changes in gas composition in micro-habitat experiments as
€@ hystories ges g P : P
S s a result of microbial gas consumption



(Bengelsdorf 2018). Acetogens are also considered to be one of the contributors of steel
corrosion (Mand 2014).

2 CO;+4H; > CH3sCOOH + 2 H,0 (6)

Besides the three main processes of hydrogen consumption mentioned above, iron (lll)
reduction is also a relevant process in subsurface environment (7). Iron reducers have been
reported to be able to grow at temperature as low as 4 °C and as high as 121 °C (Finneran 2003,
Kashefi and Lovley 2003). The activity of iron reducers might lead to the reduction of gas volume
and storage capacity due to hydrogen consumption as well as water production.

3 F62|||03 + Hz > 2 Fe3IIO4 + Hzo (7)

In the consortia, microorganisms from various metabolic pathways can compete for nutrients
and energy but they can also have syntrophic interactions which enable mutual developments.
Acetate produced by acetogens can be utilized as carbon source for SRP growing with hydrogen
(Mand 2014). In the presence of sulfate, sulfate-reducing- bacteria easily outcompete
methanogens for hydrogen while acetoclastic methanogens can compete reasonably well with
acetate-degrading sulfate reducers (Stams 2005). Some SRPs are also able to survive by
cooperating with methanogens and syntrophic bacteria when sulfate is limiting (Muyzer 2008).

In addition to hydrogenotrophic microorganisms, other anaerobic microorganisms such as
fermentative microbes, nitrate-reducing species might also have negative impacts for
underground hydrogen storages. Fermentation of organic matter is an important process in
subsurface environments when organic carbon is available. The products of fermentation such
as hydrogen, alcohols, organic acids, carbon dioxide, methane can be utilized by sulfate-
reducing microorganisms. In contrast, nitrate reducing microorganisms could compete against
SRP for available electron donors (Lovley and Chapelle 1995). This microbial group could reduce
the impact of SRP on storage facilities due to their competition. However, the involvement of
nitrate-reducing bacteria in iron corrosion and steel corrosion has been reported (Liu 2021). As
a result, their effects on storage facilities must not be underestimated.

In principle, any microbial activity in porous underground reservoirs is detrimental to technical
operations, as the proliferation of microorganisms in the pore space of the rock matrix leads to
the formation of complex organic substances in the form of extracellular substances (e.g. slime),
single cells or biofilms. Even if the cells should be destroyed by treatment measures, the cell
residues can serve as a substrate for other microorganisms and thus set further processes in
operation in the long term. For this reason, any microbial activity in the reservoir must be
critically evaluated.
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1.2. Objective of the conducted research focusing on
stimulation of microbial hydrogen consumption
within the framework of work package 3.

The understanding of microbial activities in the deep underground is crucial for an economically
successful operation of underground gas storage in general and underground hydrogen storage
in particular. Microbial life in geological storage systems is determined by reservoir conditions,
mainly temperature, salinity, composition of formation water and rock matrix, availability of
energy sources, electron acceptors and inorganic nutrients. (Wagner 2013, Thaysen 2021,
Gregory 2019). But also, production rates, work-over measures or injection of chemicals can
influence the microbial population, especially in the near-wellbore zone. The injection of
hydrogen into porous structures potentially stimulates hydrogen consuming microorganisms as
hydrogen is an energetic electron donor, supplying energy source for many microbial groups.
Microorganisms that use hydrogen as electron donor additionally require carbon sources to
grow and form biomass. Therefore, microbial development based only on pure hydrogen is not
possible. Certain reservoir constellations, where e.g. the carbon source is limited and the rock
matrix contains hardly any carbonates, represent an unsuitable environment for
hydrogenotrophic microorganisms. Similarly, limited availability of electron acceptors (e.g.
sulfate) may limit the microbial activity of sulfate-reducing prokaryotes. Accurate knowledge of
real reservoir conditions and factors influencing microbial processes, as well as knowledge of
the composition of the indigenous microflora, their metabolism and activity, are essential for a
comprehensive understanding of the current situation and possible future developments in
deep subsurface environments.

Although numerous studies have investigated the microbial diversity in underground gas
storage facilities, the potential impact of hydrogen injection on the microbial communities in
the subsurface is still poorly understood. This study addresses the extent to which previous
experience with natural gas storage facilities and pure hydrogen storage can be transferred to
hydrogen storage in porous underground storage facilities. While work package D3.1 deals with
the characterisation of microbial diversity from borehole water samples of different
underground facilities, work package D3.2 investigates hydrogen conversion rates and turnover
rates of microorganisms under real storage conditions (pressure, temperature, rock materials
and pure hydrogen atmosphere). The aim is to highlight possible technical risks of hydrogen
storage and thus provide guidance for the selection, construction and operation of these
storage facilities.
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2. Materials and methods

2.1. Sample material

A dozen of representative formation water samples of selected porous reservoirs were used for
the microbiological investigations and hydrogen consumption tests of work package D3.2. For
this purpose, depth samples were taken from the boreholes of the reservoirs to be investigated.
The reservoir overpressure of the samples was monitored on site and slowly released at a
maximum of 4 bar/min).

In order to avoid contamination and any chemical reactions of the samples prior to laboratory
analysis, the samples were filled into gas-tight transport containers under oxygen exclusion by
flushing with nitrogen immediately after sampling and transported directly to the laboratory
under cooling.

Some reservoir samples were transported directly from the reservoir to the laboratory in
pressurized steel cylinders. In these cases, the pressure was released slowly and in a controlled
manner in the laboratory, and the fluid was extracted under flushing with nitrogen. By
preparing the samples under a protective gas atmosphere, contact with atmospheric oxygen

was avoided until the samples were cultivated.

N

[i

Figure 2:  Acquisition of deep formation water samples and decompression procedure in the laboratory
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2.2. Enrichment cultures and hydrogen consumption
tests

2.2.1. Enrichment of microorganisms

In order to be able to carry out the hydrogen consumption tests in acceptable periods of time
and with measurable conversion rates, enrichment cultures had to be created from the
formation water samples beforehand, as some of the original samples only had very low
microbial contents. The enrichment culture for the respective underground storage was
obtained by first cultivating the different microbial groups separately in specific growth media
until they reached the necessary minimum cell content for subcultures. Subsequently, mixtures
of these enrichment cultures were adapted to original formation water with 100 % hydrogen in
the gas phase and in combination with core material for 1 - 2 weeks before inoculation for the
experiments (Table 1). The microbiological characterisation of formation water samples is
described in the project report Deliverable 3.1.

Table 1:  Formation water samples and microorganisms used to test potential stimulation of microbial hydrogen consuming
processes

Salinity of Incubation Pressure at

pH of formation T Hydrogen-consuming

microbial groups*

Sample formation temperature
water (% NacCl) (°C) tests

water

1 1.5 50 6.8 30 bar SRP, methanogens,
acetogens
2 1.7 60 5.8 70 bar SRP, acetogens
3 0.1 60 6.2 100 bar SRP, acetogens
4 0.1 30 75 45 bar SRP, methanogens,
acetogens
Ch 1.5 50 6.8 30 bar SRP, methanogens,
acetogens
6 2.8 40 6.5 35 bar SRP, methanogens
/ 4.9 45 6.7 35 bar TRP

* SRP=Sulfate reducing prokaryotes; TRP=Thiosulfate reducing prokaryotes
** Sample #5 is a repeated test of storage sample #1

2.2.2. Low pressure tests

Hydrogen consumption tests at slightly increased pressure were performed in 125 mL glass
bottles (unless otherwise specified) sealed with airtight rubber/butyl stoppers and crimp caps.
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Each bottle contained a total of 60 mL of formation water and a mixed enrichment culture. Core
cuttings or an artificial carbon source (NaHCOs or CaCOs) was added to the experimental
mixture to stimulate microbial growth. Pure hydrogen gas was injected to an initial absolute
pressure of 1,500 - 2,000 mbar. For control purposes, abiotic batches without the addition of
microorganisms were also prepared in the same way.

The cultures were incubated at a specific temperature corresponding to the respective reservoir
conditions. During the experiment, the absolute pressure was monitored regularly. When the
pressure dropped below atmospheric pressure, either H, or N, gas was added. Any changes in
gas composition (Hz, CHs, CO;) in the gas phase were determined by gas chromatography. Liquid
samples were taken at regular intervals for cell count, pH measurement and chemical analysis.
In addition, liquid samples were taken at the beginning and end of the hydrogen consumption
test to quantify specific groups of hydrogen-consuming microorganisms by qPCR (quantitative

polymerase reaction).

Figure 3:  Low pressure experiments for hydrogen consumption tests

2.2.3. High pressure tests

The hydrogen consumption tests at high pressure were carried out with high-pressure reactor
units (Berghof Products, Instruments GmbH). The reactors are teflon-lined, temperature-
controlled and pressure-resistant up to 150 bar. Pressure and temperature are recorded and
controlled in real time. For the experiments, each reactor was prepared with formation water,
a mixed enrichment culture and core material (if available).

A requirement for the measurement of microbial hydrogen conversion is the presence of a
correspondingly active microbial population. Therefore, the high-pressure experiments were
only carried out for those reservoirs for which certain hydrogen conversions were detectable in
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the previous experiments. Before the experiment, hydrogen was added to the reactors in such
a way that each reactor eventually contained 100 % hydrogen gas at the desired absolute
pressure for the test (minimum bottom hole pressure of each underground storage site). First,
the reactor was purged with hydrogen at least seven times by adding hydrogen with an
overpressure of 10 bar and then discharging the reactor gas again. Then a defined volume of
hydrogen was added to reach the desired absolute pressure. In addition, the rate of addition or
release of the gas was kept below 4 bar/min to avoid disturbing the microorganisms. The
pressure and temperature were continuously monitored and controlled during the experiment.
The composition of the gaseous phase, the pH and microbial composition in the liquid phase
were determined at least twice, at the beginning and at the end of the high-pressure test.

Figure 4:  High pressure bioreactor units

2.3. Analytical methods

2.3.1. Microscopy

The microscopic examination of original fluid samples was carried out directly after the arrival
of the samples in the laboratory using phase contrast microscopy (Zeiss AxioScope A.1,
magnification: 1:1,600). This is a simple and very efficient method for an initial evaluation of
the samples with regard to microbial content, variance, cell morphology and status of the
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microorganism cells present as well as the content of particles and hydrophobic phases. Since
the sample does not have to be manipulated for this examination, it provides a direct and
unbiased picture of the current state of the samples. In addition to the original samples, the
enrichment cultures, dilution series and the samples from the model experiments were also
examined microscopically with regard to microbial growth and the state of the cells.

For samples in which the methodical minimum microbial count of 10° cells/ml was reached, the
cells were counted using a THOMA cell counting chamber (Depth: 0,01 mm) in addition to this
microscopic examination.

2.3.2. Gas analysis

The alteration of the composition of the gas phase in sealed test batches, together with other
analytical data, is a very good and precise indicator of microbial activities. Biochemical reactions
and turnover rates can be determined by gas chromatic measurements of the individual
components of the gas phase and by manometric measurement of pressure changes. Thereby,
gas depletion can occur as a result of e.g., the conversation of hydrogen and carbon dioxide to
methane, as well as gas generation, e.g. as a result of microbial methane formation from organic
substances. Pure cultures or group-specific enrichment cultures, where only individual
substrates are available, usually convert these according to stoichiometric equations, so that
the underlying biochemical reactions can often be clearly assigned.

The concentration of the gases most relevant here, such as N3, Hz, CO2 and CHs, was determined
from gas samples taken from the headspace gas phase of the gas-tight culture bottles and high-
pressure reactors using gas chromatography.

2.3.3. Chemical analysis

In addition to the gaseous carbon and energy sources (CO3, H,) that are particularly relevant
here, various cations and anions, as well as dissolved organic compounds, are also of decisive
importance for the development of microorganisms. The availability and concentration of some
anions (SO4%, PO43, NO2, NOs, F, ClI, Br, BrO4%, ClO4%), in combination with cations (e.g. Na*,
Mg?*, Ca?*, K*), can be decisive for the survival of certain groups of microorganisms (e.g. sulfate-
reducing prokaryotes, halophiles).

Volatile fatty acids (VFA), such as lactate, acetate, formate, propionate, butyrate, iso-butyrate,
are easily utilisable substrates, but also intermediates whose concentration provides
information about the presence or activity of certain groups of microorganisms. Concentration
of anions and volatile fatty acids were determined by ion chromatography.
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2.3.4. Molecular biological analysis

The molecular biology technique, quantitative real-time polymerase chain reaction (qPCR), was
used to quantify microbial diversity in formation water samples and laboratory cultures. The
focus of these gPCR analyses was on those microbial groups whose occurrence in samples from
the deep biosphere is known and which are particularly relevant for microbial conversion
reactions of hydrogen. The DNA extraction and gPCR analyses were optimised by MicroPro to
detect genes from eubacteria and archaea, methanogens, sulfate-reducing archaea, sulfate-
reducing bacteria and acetogens from partly highly saline formation water samples. For the
molecular biological analysis of the hydrogen-utilising microorganisms, the water samples were
filtered through a sterile 0.2 um membrane filter (Sartorius Stedim Biotech). Depending on the
number of microorganisms in the sample, a certain volume of formation water was used for
filtration. The cell-containing filters were stored at -20°C before DNA extraction. DNA
extraction was performed using the DNeasy® PowerSoil® kit (Qiagen) according to the
manufacturer's protocol. Details of applied specific forward and reverse primers for targeted

species are shown in Table 2.

Table 2:  Primers used in the study for quantification of hydrogen-consuming microorganisms
. ' A Target . Product
Primers Sequence (5'-3") e Target species S Reference
arch806_f ATTAGATACCCSBGTAGTCC 165
Archaea 144 Takai et al., 2000; Yu et al., 2005
arch_r CCCGCCAATTCCTTTAAGTTTC | rDNA
eu338_f ACTCCTACGGGAGGCAGC 16S . @vreds et al., 1997; Morales and
Bacteria 558-569
eu907_r CCGTCAATTCMTTTGAGTTT | DNA Holben, 2009
dsrl_f ACSCACTGGAAGCACG Sulfat.e- Wilms et al., 2006; Dhillon et al.,
dsrAB reducing 434
dsr-500r CGGTGMAGYTCRTCCTG bacteria 2003
archdsri830 | e TGTCNAAACATGTGTG Sulfate-
f dsrB reducing 200 Wagner et al., 1998
dsrafar_r GTGTAGCAGTTACCGCA archaea
al89gc GGNGACTGGGACTTCTGG pmoC Holmes et al., 1995; Costello and
Methanogens 470 .
mb661 CCGGMGCAACGTCYTTACC A Lidstrom, 1999
aceFTHFS_12 | TGGGMDAARGGYRGHBWDG
50F GYGG
fhs Acetogens 250 Henderson et al., 2010
aceFBi(—)I;S_lS GTATTGDGTYTTRGCCATACA
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3. Results

3.1. Analysis of storage #1

The enrichment cultures required to perform the hydrogen consumption tests were prepared
on basis of a mixture of the cultures of methanogens/acetogens, sulfate-reducing prokaryotes
and anaerobic heterotrophs enriched from the formation water. Active enrichment cultures
with the required minimum bacterial content served as inoculum for the hydrogen
consumption experiments.

The aim of the hydrogen consumption tests was to simulate microbial processes under
conditions that are as close to reality as possible in order to be able to estimate the possible
effects. The formation water of the underground reservoir had a salt content of 1.5 % NaCl
(w/v), a pH value of 6.8 and a temperature of 49 °C (Table 1, sample 1). Accordingly, the
hydrogen consumption tests were carried out at 50 °C. The carbon source was either core
material (10 % w/v) from the deposit or artificial carbonate in the form of 30 mM HCOs". The

test conditions (pressure, carbon source) are summarised in Table 3.

Table 3:  Hydrogen consumption tests under low and high-pressure of hydrogen

Gas
Test Carbon source Pressure volume/liquid Liquid phase Gas phase
volume
Low pressure test i 1,500 - 2,000
(Addition of Carbonate) 30 mM HCOs mbar 65 ml/60 mi formation
Low pressur.e test 10 % (w/v) core 1,500 - 2,000 65 ml/60 ml w.ater + 100 % H»
(Core material) mbar enrichment
i lture
High pressure test 10 % (w/v) core 30 bar 125 mi/125 ml | CUTUreS
(Core material)
3.1.1. Hydrogen consumption at low pressure

The experimental batches inoculated with pre-cultures at slightly increased pressure showed
significant turnovers of hydrogen (Hz) with simultaneous formation of methane (CHa4). The
microbially induced changes in the gas phase are shown in Figure 5. In the experiments with
carbonate as sole carbon source, the microorganisms actively consumed hydrogen at a
maximum rate of 4.2 mol/m3/day within the first 16 days of incubation, depleting about 50 %
of the available hydrogen. In parallel to the hydrogen consumption process, the formation of
methane took place. Although carbonate was added after 16 and 30 days, no significant
additional hydrogen consumption or methane formation was observed.
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During the tests, carbon dioxide (CO2) was not detected in the gas phase in any of the
approaches (data not shown).

In the experimental series with core materials as the only carbon source, microbial hydrogen
consumption was observed during the first 16 days of incubation, with a maximum rate of
2.5 mol/m3/day and almost 35 % hydrogen consumed. Hydrogen consumption occurred only
during the first 16 days of the experiment, and the hydrogen concentration remained
unchanged until day 30. However, hydrogen consumption resumed when soluble carbonate
(HCOs) was added. An analogous pattern was observed for methane formation: Methane
concentration increased significantly in the first 16 days, then remained stable and continued
to increase with the addition of carbonate. In the abiotic control series at low overpressure, no
change in hydrogen concentration was observed, regardless of the carbon source (core material
or HCO3') (Supplementary data, Figure 9).
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Figure 5:  Hydrogen consumption and methane formation due to microbial activities in the presence of pure hydrogen at low
pressure (1,500 - 1,900 mbar), temperature 50°C, salinity 1.5 %. Triplicates indicated by point shapes.
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Table 4:  Hydrogen consumption by microorganisms with carbon source from core materials or from carbonate addition in
the presence of pure hydrogen at low pressure (1,500 - 1,900 mbar), temperature 50°C, salinity 1.5 %.

Maximum H;

Assays Replicate T H; consumed H; consumed after 44 _d?ys after
(carbon source) e after 30 days (%) extra carbonate addition (%)
1 4.13 43.80 41.18
Carbonate addition 2 4.17 46.21 43.58
3 4.33 60.29 60.14
1 2.59 38.78 68.43
Core materials 2 2.29 29.53 58.10
3 2.59 35.05 64.36

During the hydrogen consumption phase, changes in pH and total number of microbial cells
were recorded (Figure 6). In biotic experiments with addition of core materials, a significant
change in pH was observed, increasing from 8.2 to 9.0 - 9.2 within 9 incubation days. The pH
remained at about 9.0-9.2 from day 9 to day 30 and further increased to about 10 after
addition of carbonate. In biotic trials with carbonate addition, the pH increased from 8.2 at the
beginning of the trial to 9.5 - 9.9 on day 16. The addition of carbonate did not lead to a further
increase in pH as observed in the core materials, but to a slight decrease.

Microscopic analysis of the microorganism cells, showed a slight increase in cell numbers.
Sulfate and acetate were detected in both biotic tests at the beginning of the incubation. The
sulfate concentration with core material was twice as high as the sulfate concentration in tests
with carbonate addition. The concentrations of sulfate and acetate did not change during the
experiment (Supplementary data, Table 6).
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Figure 6:  Changes of pH and total number of microbes during the hydrogen consumption process under the presence of pure
hydrogen at low pressure (1,500-1,900 mbar), temperature 50°C, salinity 1.5 %. Triplicates indicated by point
shapes

3.1.2. Hydrogen consumption at high pressure

In addition to the stimulation experiments with hydrogen at low pressure, the microbial
hydrogen consumption at high pressure was also investigated using high-pressure bioreactor
units. The pressure in the bottom of the reservoir is 30 —160 bar. For the hydrogen
consumption test, a lower pressure was chosen for the simulation tests to allow observation of
microbial activity (if any) in the available test time. Therefore, the hydrogen consumption test
was carried out in the high-pressure unit at 30 bar. Pressure and temperature in the bioreactors
were monitored during the experimental periods and are shown in Figure 7. The temperature
was kept relatively constant during the test.
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As shown, there was no significant pressure drop in either bioreactor. The gas analysis showed

that hydrogen was not converted during the periods examined and no other gases were
produced.
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Figure 7:  Visualization of pressure (thick lines) and temperature (thin lines) monitored during hydrogen consumption test
under high pressure condition.

Changes in concentrations of sulfate, acetate, pH, and total cell numbers were shown in Table 5.
Similar to observations in the biotic low-pressure tests, concentration of sulfate and acetate
remained relatively unchanged over the experimental duration. A decrease in the total cell
count was observed during the course of the experiment. In both bioreactors the increase in

pH was noticed after 3 days of incubation, from pH 7.8 to pH 9.1 and a pH of ~ 8.8 was recorded
the end of the test. (day 45)

Table 5:  Hydrogen consumption test with core materials in the presence of hydrogen at high pressure (30 bar): changes in
concentration of sulfate, acetate, pH, and cell numbers

Sulfate (mg/I) Acetate (mg/l) ‘ pH Cell numbers (cells/ml)
Bioreactor Day
Day 3 Day 45 ‘ Day 3 45 ‘ Day 0 Day 3 Day 45 Day 0 Day 3 Day 45
1 181.04 | 178.68 | 55.87 | 56.48 7.8 9.15 8.82 3.5e+06 1.2e+06 1.5e+06
2 245.41 | 253.76 | 54.48 | 56.23 7.8 9.09 8.75 3.5e+06 1.1e+06 1.4e+06
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3.1.3. Microbial composition

At the beginning and the end of the hydrogen consumption tests, molecular analysis for
quantification of hydrogen-consuming microbial groups (acetogens, methanogens, SRA and
SRB) were performed. The results are shown in Figure 8.

Inoculum

N
N
.
2_ .

Low pressure (carbonate addition)
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Low pressure (core materials)

High pressure (core materials)
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Figure 8:  Quantification of hydrogen-consuming microbial groups at beginning and the end of hydrogen consumption tests;
Same inoculum for high and low pressure; Error bars show standard deviation of triplicate experiments (low
pressure) and triplicate gPCR measurements.

Acetogens, methanogens, SRA, and SRB were present in the cultures at the beginning of the

hydrogen consumption tests in both the low pressure and high-pressure experiments.

Methanogens were the dominant group in the consortium (6.2 x 107 copies/ml), followed by

sulfate-reducing microorganisms (1.7 x 10°® copies/ml) and acetogens (3.4 x 10* copies/ml).

The gPCR analysis showed a decrease in the number of specific genes for various
hydrogenotrophic microorganisms at the end of the assay, both in the low-pressure and high-
pressure assays. The assays in the high-pressure test showed a much greater decrease than in
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the low-pressure test. At the end of the test, methanogens in the high-pressure test were about
five orders of magnitude lower than at the beginning of the test, while the reduction in the low-
pressure test with core materials was only about one order of magnitude. In the low-pressure
test, the number of quantified microorganisms was similar between the low-pressure test with
carbonate additive and the low-pressure test with core materials. Despite the reduction,
methanogens remained the dominant groups in all tests.

3.1.4. Discussion

The consumption of hydrogen by the activities of the microorganisms enriched from the
reservoir is clearly demonstrated by the hydrogen consumption tests at low pressure.
Molecular analysis confirmed the presence of various hydrogen-consuming microorganisms in
the inoculum, with hydrogenotrophic methanogenic microorganisms predominating in
number. During the study period, the activity of methanogens was clearly detected on the basis
of methane formation, while significant activity of acetogens (acetate formation) or sulfate
reducers (sulfate reduction) was not evident in the tests, neither in the low-pressure nor in the
high-pressure tests. When H,/CO; is the only substrate present, methanogens are expected to
compete successfully with homoacetogens based on growth kinetics (Weijma 2002).
Furthermore, according to a study by Stams (1994), methanogens could be expected to
dominate in environments with low sulfate concentrations, even though sulfate reduction is
thermodynamically the most efficient hydrogen consuming reaction. It can be concluded that
hydrogen was metabolised mainly by methanogens, although different groups of hydrogen-
consuming microorganisms were present. In other words, of the three common microbial
reactions associated with subsurface hydrogen storage (methanogenesis, acetogenesis and
sulfate reduction), only methanogenesis occurred under the conditions studied.

Hydrogenotrophic methanogens couple the oxidation of H, with the reduction of CO; to
produce CHs (4H; + CO2 & CHa + 2H;0). The energy source hydrogen was present without
limitation in the hydrogen consumption tests and the contents of dissolved organic carbon in
the investigated formation water sample were neglectable, the limit concentration of available
soluble inorganic carbon is likely responsible for the reducing activities of microorganisms. As
hydrogen consumption and methane formation recovered after the addition of HCO3™ in the
assays with core materials, the limit concentrations of HCO37/CO,, which dissolved from core
materials, could be the reason for almost no microbial activities after the first two weeks of the
experiments (Figure 6).

However, in the hydrogen consumption tests with HCO3™ addition, it is observed that no further
microbial activities occurred despite the addition of carbonate after day 30. Therefore,
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carbonate seems not to be the only limiting factor for microbial hydrogen consumption.
Bicarbonate could be converted to CO; by methanogens for use in methanogenesis or biomass
generation. The conversion reaction consumes protons (HCOs™ + H* - CO2 + H,0), resulting in
an increase in pH (Figure 6). At high pH levels protons for the conversion reaction are limited.
In our other investigation, compared to hydrogen consumption at neutral pH microbial
hydrogen consumption by a methanogens-dominated enrichment culture reduced by 90 % at
pH 10 (refer to Hystories report D3.4 for more information). Consequently, it is very likely that
the increased pH inhibits methanogenesis from H, + HCO37/CO,.

In the hydrogen consumption tests at high pressure, a significant reduction in hydrogen
pressure as well as the formation of methane were not recorded. Nevertheless, the presence
of microorganisms in the high-pressure bioreactors were indicated by molecular analysis at the
end of the experiment. The increase of pH in the high-pressure tests at the end of the
experiment could also be the indication for microbial activities. Besides, microorganisms were
still microscopically visible, and their viabilities were confirmed in a recultivation test with the
presence of H,/HCO3™ at low pressure (data not shown). It could be possible that concentration
of H,/HCOs™ dissolved from core materials was low and therefore the amount of generated
methane by microorganisms was too low to be detected within investigated periods. Therefore,
although microbial hydrogen consumption or methane production were not clearly observed
in high-pressure test, microbial risks especially due to methanogenesis for hydrogen storage
should not be excluded.

It should be noted that the content of carbon sources in our hydrogen consumption tests (10 %
core material) is technically much lower compared to its availability in the storage. In contrast
to the laboratory tests, the ratio of rock matrix (80 - 90 %) to water-filled pore space (10 - 20 %)
is inverted. If carbon sources are available in the storage reservoir, e.g., a constant dissolution
of carbonate rocks occurs in porous medium, which continuously generates HCO3/CO,,
microbial hydrogen-consuming process will be inevitable. Further investigation, for example,
with higher contents of core materials and/ or longer investigation duration should be
considered.
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3.1.5. Supplementary data
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Figure 9:  Abiotic control tests; H, and pH with core materials and with carbonate addition in the presence of hydrogen at
low pressure (1,500 — 2,000 mbar), temperature 50°C, salinity 1.5 %. Duplicates indicated by point shapes.

Table 6:  Concentration of sulfate and acetate during hydrogen consumption test with core materials and with carbonate
addition in the presence of hydrogen at low pressure (1,500-1,900 mbar), temperature 50°C, salinity 1.5 %.

Sulfate (mg/1) Acetate (mg/l)
Assays (carbon source) Replicate
Day 30 Day 30 Day 44

1 29.47 29.05 22.31 41.93 39.72 39.65
ca;;:’;?:i:;‘;i:r" 2 2457 | 23.27 25.2 44.2 4202 | 4137
3 n.a 252 n.a 41.75 41.44 39.9
1 179.76 | 1703 | 173.14 | >1.62 46.01 47
f;lr:t::;‘::::; 2 178 | 173.08 | 162.64 | 50.07 | 49.94 | 50.52
3 177.11 | 185.08 | 178.75 | 49.22 46.36 45.09
Core materials 1 154.29 | 160.48 | 140.24 | 42.22 44.76 44.73
(Sterile control, abiotic assays) 2 194 207.2 207.61 45.35 44.45 47.16
n.a: no data available.
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3.2. Analysis of storage #2

The formation water sample used for hydrogen consumption test was collected from a storage
site with salinity of 1.7 % NaCl (w/v), pH 5.8 and temperature of 67 °C.

The mixed cultures of acetogens, sulfate-reducing prokaryotes enriched from the formation
water used as inoculum for the subsequent hydrogen consumption experiments. Temperature
for cultivation of microorganisms as well as for hydrogen consumption test was at 60 °C. Carbon
source was either provided core material (10 % w/v) originated from the storage site or from
the addition of CaCOs (3 %). The pressure and carbon source for each assay were summarized
in Table 7.

Table 7:  Hydrogen consumption tests under low and high-pressure of hydrogen.

Carbon Gas
Pressure volume/liquid | Liquid phase Gas phase
source
volume
1. Low pressur_e ‘test 3 9% CaCOs < 1,500 - 2,000 65 ml/60 ml
(Carbonate addition) mbar formation
() —_
2. Low pressure test 10 % (w/v) <1,500 - 2,000 65 ml/60 ml water + 100 % H,
(Core material) core mbar enrichment
. o cultures
3.' H‘lgh pressure test 10 % (w/v) 70 bar 125 mi/125 ml
(Biotic: core) core
3.2.1. Hydrogen consumption at low pressure

Over the experimental period of about 7 weeks, there was no significant microbial hydrogen
consumption in the biotic experiments compared to abiotic control experiments without
microorganisms. Also, different carbon sources do not influence this result. The pressure curves
during the experimental period are shown in Figure 10. The slight decrease in the recorded
pressure is caused technically by the measurement.
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Figure 10: Pressure changes during hydrogen consumption test at low pressure (1,500-2,000 mbar), salinity 1.7 %,
temperature 60 °C. Biotic assays (blue) were done in triplicate while abiotic assays (red) were performed one or in
duplicate.

In both the abiotic and biotic tests, only H, was present in the gas phase at the beginning of the
experiment. However, after a day of incubation the release of CO, was detected (Table 8). At
the end of the test, both H, and CO; were present in the gas phase and no other gas was
detected.

Table 8:  Release of CO; (in %) into the gas phase during hydrogen consumption tests.

Biotic test Abiotic test
Assays (carbon source)
Replicate Day 0 EVA Day 52 Day 0 Day 1
1 0 0.51 1.1 0 1.38 n.a
Carbonate addition 5 0 051 0.86 0 n.a n.a
(low pressure test)
3 0 0.53 0.98 0 n.a n.a
1 0 0.51 0.86 0 1.03 9.33
Core materials 2 0 0.50 0.86 0 1.05 n.a
(low pressure test)
3 0 0.72 0.98 0 n.a n.a
n.a no data available
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During hydrogen consuming process, changes in pH and total microbial cell numbers were
recorded. In both biotic and abiotic assays with core materials and carbonate addition, an
increase of pH was recorded, from 5.43 to 6.5 - 7.0 within 52 days of experiment (Table 9).

For biotic test, microorganisms were visually observed under microscopy. There were
approximately 1.23 x 10° cells/ml| at the beginning of the experiment. At the end the cell
number decreased.

Table 9:  Changes in pH during hydrogen consumption tests at low hydrogen pressure (1,500-2,000 mbar)

Biotic test Abiotic test (sterile control)
Assays (carbon source)
Replicate Day 0 Day 1 Day 52 Day O Day 1 Day 52
1 5.43 6.56 6.99 5.8 6.77 7.27
Carbonate addition 2 5.43 6.6 7.09 5.8 n.a n.a
(low pressure test)
3 5.43 6.7 7.09 5.8 n.a n.a
1 5.43 5.93 6.54 5.8 6.3 6.63
Core materials 2 5.43 5.88 6.51 5.8 6.3 6.58
(low pressure test)
3 5.43 5.94 6.44 5.8 n.a n.a

n.a no data available

Volatile fatty acids and anions were also measured at beginning and the end of the tests. The
change in concentration of sulfate and acetate were shown in Figure 11. Sulfate was present in
the liquid phase of both abiotic and biotic assays with the initial concentration of approximately
90 — 94 mg/Il. In comparison to abiotic assays, no significant reduction of sulfate occurred due
to microbial activity. In contrast, compared to abiotic assays, a slight increase in acetate
concentration was noticed in biotic assays. Acetate raised from 634 mg/| at day 1 to 897 mg/I
at day 52 of the experiment for biotic assays with carbonate addition and from 666 mg/I at day
2 to 793 mg/| at day 52 for biotic assays with core materials.
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Figure 11: Concentration of sulfate and acetate at the beginning and the end of the hydrogen consumption tests at low
pressure (1,500-1,900 mbar) with core materials and with carbonate addition, temperature 60°C, salinity 1.7 %.

3.2.2. Hydrogen consumption at high pressure

The hydrogen consumption test in high-pressure units was performed at 70 bar and a
temperature of 60 °C. Pressure and temperature in bioreactors were monitored during the
experimental periods and are shown in Figure 12. As observed, approximately 5 bar of hydrogen
was loss in both bioreactors during the experimental periods. Gas analysis indicated that no
other gas than H, was in the gas phase of the bioreactors.

Changes in concentrations of sulfate, acetate, pH, and total cell numbers at beginning and the
end of the tests were monitored and shown in Table 10 . Similar to observation in the biotic low
pressure tests sulfate concentration remained relatively unchanged while acetate
concentration slightly increased over the experimental duration. A reduction in total cell
numbers was observed. In one bioreactor a slight decrease in pH was observed, from 6.25 to
5.78 after 52 days of the experiment. No significant change in pH was noticeable in another
bioreactor.
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Figure 12: Pressure (thick lines) and temperature (thin lines) monitored during hydrogen consumption test under high
pressure condition.

Table 10: Hydrogen consumption test with core materials in the presence of hydrogen at high pressure (70 bar): changes in
concentration of sulfate, acetate, pH, and cell numbers

Sulfate (mg/l) ‘ Acetate (mg/l) pH Cell numbers (cells/ml)
Bioreactor
DEE Day 52 ‘ DE\E Day 52 Day 1 Day 52 Day 0 Day 52
1 167.16 152.47 683.85 1742.88 6.25 5.78 1.23e+06 1.07e+06
2 87.74 89.42 659.07 846.49 6.08 6.12 1.23e+06 5.87e+05
3.2.3. Microbial composition

Hydrogen-consuming microbial groups including acetogens, methanogens, SRA and SRB
present in the biotic assays were quantified by molecular analysis at the beginning and the end
of the hydrogen consumption tests. As shown in Figure 13, acetogens and sulfate-reducing
microorganisms (SRB, SRA) were present in the cultures at the beginning of the hydrogen
consumption tests (low pressure and high pressure). Based on the numbers of gene copies, in
the inoculum sulfate-reducing microorganisms were nearly 2.5 times higher than acetogens
(=5.07 x 10* copies/ml and 1.86 x 10* copies/ml, respectively). The gPCR analysis showed a
decrease in the number of specific genes for acetogens and sulfate-reducing microorganisms at
the end of the experiment in both low pressure and high-pressure test. For low pressure test,

. D3.2- . S I .
,. hYéLEPMIM‘Eﬁf.’"M 3 Changes in gas composition in micro-habitat experiments as 31

== 3 result of microbial gas consumption



there were only 7.6 x 10* copies/ml of acetogens and 1.6 x 102 copies/ml of sulfate-reducing
prokaryotes in biotic assays with core materials. The assays with carbonate addition showed a
reduction with much higher extent than assays with core materials. For high pressure test,
7.5 x 102 copies/ml of acetogens and 2.7 x 10% copies/ml of sulfate-reducing prokaryotes were
recorded.
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Figure 13: Quantification of hydrogen-consuming microbial groups at beginning and the end of hydrogen consumption tests.
Same inoculum for tests at high pressure and low pressure) Error bars show standard deviation of triplicate
experiments (low pressure) or duplicate experiments (high pressure) and duplicate gPCR measurements.
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3.2.4. Discussion

Hydrogen-consuming  microorganisms, namely acetogens and  sulfate-reducing
microorganisms, successfully enriched from original formation water, were used for hydrogen
consumption tests at low hydrogen pressure (1,500 — 2,000 mbar) and high hydrogen pressure
(70 bar). However, no obvious reduction in pressure due to microbial activity was observed
under the chosen test conditions. Furthermore, the cell numbers in all experiments were
significantly reduced at the end of the experiments compared to the inoculum.

Due to the proven increase in acetate concentration at the end of the test, a certain activity of
acetogens in the low-pressure tests can be assumed. However, the conversion rates are very
low. At high hydrogen pressure, acetogenesis appears to occur at a higher rate than at low
pressure. Studies have indicated that maximum microbial hydrogen consumption rates were
lower at low pH than at neutral pH (Goodwin 1988). It could be possible that microorganisms
were inhibited by the relatively low pH of formation water (pH 5.8). Furthermore, at pH as low
as pH 6, CO; is the dominant species in the carbonate system, while solubility of CO; at 60 °Cis
very low. As a result, CO; eventually releases into gas phase. This process would reduce the
available carbonate for acetogens.

There was no evidence for the occurrence of sulfate reduction in the experiments although
sulfate-reducing microorganisms were also present in the inoculum. Hydrogen and organic
compounds like acetate can be utilized as electron donors by sulfate-reducing microorganisms
(Muyzer and Stams 2008). However, compared to methanogens, sulfate reducers are usually
more susceptible to elevated volatile fatty acid (James 1998) and the inhibition of sulfate
reduction by organic acids at low pH, has also been reported (Reis 1990; Voskuhl 2022;
Koschorreck 2008).

In addition, low pH environments might contain elevated concentrations of dissolved metals
that could be toxic to microorganisms. There was unfortunately no current chemical data
available regarding dissolved metals or toxic compounds in the formation water or the core
materials. It is possible that microbial activities were inhibited by toxic chemical compounds
potentially present in the used formation water and core materials.

The hydrogen consumption tests suggested that the microbial risks for the storage could be low
despite the presence of acetogens and especially sulfate-reducing microorganisms.
Nevertheless, it should be mentioned that the concentration of carbon sources used in the tests
might be far lower than the actual available carbonate in the reservoir. Furthermore, the
duration for the laboratory tests is only limited to around 8 weeks. Therefore, it may be that
microorganisms can later adapt to environments, develop and increase their activities. Further
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details studies on chemical composition in formation water and core materials, effect of toxic
compounds, carbon concentration, pH on microbial activities as well as extended investigation
duration are recommended.
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3.3. Analysis of storage #3

The formation water sample used for hydrogen consumption test was collected from a storage
site with salinity of <1 % NaCl (w/v), pH 6.2, temperature of 65 °C, and bottom hole pressure
of 105 bar (Table 1, sample 3).

The mixed cultures of methanogens/acetogens, sulfate-reducing prokaryotes and anaerobic
heterotrophs enriched from the formation water used as inoculum for hydrogen consumption
experiments. Temperature for cultivation of microorganisms as well as for hydrogen
consumption test was at 60 °C. Carbon source was either from core materials (10 % w/v)
originated from the storage site or from the addition of HCO3s (30 mM). Biotic assays were done
in triplicate. In addition, duplicate abiotic tests were similarly performed for sterility control
without the addition of microorganisms. The pressure and carbon source for each assay are
summarized in Table 11.

Table 11: Hydrogen consumption test under low and high hydrogen pressure

Gas

Carbon source Pressure volume/liquid Gas phase
volume

1. Low pressure test 30 MM HCOs | <1,500-2,000 mbar | 65 ml/60 ml
(Carbonate addition)

2. Low pressure test

(Carbonate addition withpH | 30 mMMHCOs | <1,500 - 2,000 mbar 65 ml/60 ml formation
adjustment) w.ater * 100 % H,
enrichment
3. Lowpressuretest | 109 (w/v)core | <1,500-2,000mbar |  65ml/60 ml cultures

(Core materials)

4. Highpressuretest | 1400 (y/) core 100 bar 125 ml/125 ml
(Biotic: core)

Four pieces of core materials were received and prepared for H, consumption tests. Details of
the core cuttings used and their compositions are given in Figure 12 and Figure 14. The core
material was first cut and crushed into smaller size (Figure 15) to enhance to contact surfaces.
Due to the limited amount of available core material, four provided core sections were
combined. The core materials mixed in this way were used for the experiment.
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Table 12: Core materials used for hydrogen consumption test

Core Length Width High Weight Calcite Dolomite Shale | Pyrite
materials (mm) (mm) (mm) (g) (%) (%) (%) (%)
MA 40.3 30.6 10.3 33.2 84 6 11 0 0
MB 40.2 31.2 10.7 33.9 64 <5 11 22 0
M1 42.2 31.1 10.8 36.2 58 <5 14 17 8
M2 40.8 30.7 10.8 35.1 74 0 10 10 7

Figure 14: Original core materials used for H2 consumption test before processing

Figure 15: Preparation of core cuttings for H2 consumption tests
A, B) cutting of core material; C) rock material after crushing

3.3.1. Hydrogen consumption at low pressure

At low pressure, microbial hydrogen consumption was observed in biotic tests with both core
materials and carbonate addition (Figure 16). In all biotic tests, the microorganisms actively
consumed hydrogen within the first 2 weeks, with a total of about 21 % of the hydrogen being
oxidised during this time. Compared to the biotic experiments with core materials as carbon
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source, the microorganisms oxidised hydrogen at higher rates in the experiments with
carbonate as carbon source. After 2 weeks of incubation, the microbial oxidation of hydrogen
decreased significantly. At the end of the experiment, the total hydrogen consumption by
microorganisms was about 29 % in the biotic test with core materials and in the biotic test with
carbonate addition plus initial pH adjustment. Under the conditions with carbonate addition,
almost 22 % of the hydrogen was consumed by microbial activity. In the abiotic tests, no

hydrogen conversion occurred. (Figure 21).

In addition to hydrogen, carbon dioxide was also detected in the gas phase during the course
of the experiment, whereby a higher CO, concentration was formed in experiments with
carbonate addition than in experiments with core material. A gradual decrease in CO, was
observed in all biotic experiments regardless of the carbon sources (Figure 16). In contrast to
biotic tests, CO, concentration remained relatively constant in abiotic control tests (Figure 21).
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Figure 16: Changes of total hydrogen and CO; over time due to microbial activity at low hydrogen pressure (1,500-
2,000 mbar), salinity < 1 %, temperature 60 °C. Triplicates indicated by point shapes.
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In the three biotic tests, there was a slight increase in the total number of planktonic cells in the
first two weeks. However, no further growth was observed thereafter. In addition, there was
anincrease in pH value in all biotic tests, with the pH increasing from about 6.5 at the beginning
to 7.7 at the end of the test with addition of core material.

In order to keep the pH value in the range between 7.0 and 8.0, which is most favourable for
microorganisms, an additional test series "pH adjustment" was established. If the pH value fell
below 6.0 or rose above 9.0 during the test periods, it was readjusted accordingly. Since the pH
changes in this trial still remained within the desired range, no further pH adjustment was made
after the first adjustment on day 1. (Figure 17).
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Figure 17: Change of pH and cell numbers during microbial hydrogen consumption test at low pressure. Triplicates indicated
by point shapes

Concentration of volatile organic acids and anions were monitored during the experiments. As
shown in Figure 18 and Figure 22, sulfate was only present in assays with core materials. The
sulfate concentration decreased after two weeks in the biotic tests from 64 + 22 mg/l on the
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first day to below the detection limit (Figure 18) while concentration of sulfate in abiotic tests
remained constantly above 100 mg/l throughout the entire duration of the experiment.

The acetate concentration remained above 4,000 mg/l in all tests. A slight increase in acetate
concentration was observed in the biotic tests where HCO3” was used as a carbon source. When
core materials were used as a carbon source, the acetate concentration decreased slightly.
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Figure 18: Change of sulfate and acetate concentrations in biotic assays during hydrogen consumption test. Triplicates
indicated by point shapes
3.3.2. Hydrogen consumption at high pressure

Pressure and temperature in the bioreactors of the high-pressure experiments were monitored
during the experimental periods and are shown in Figure 19. In bioreactor 1, a temporary drop
in pressure and temperature occurred on the 14th and 17th day of the experiment due to a
technical malfunction. The registered steady pressure drop in the reactors is due to the non-
avoidable diffusion of hydrogen. Gas chromatographic analysis showed that there was no
alteration in the gas atmosphere during the test period.
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The change in concentration of anions and volatile organic acids, pH and total cell count are
shown in Table 13. Similar to the biotic experiments with core materials tested at low pressure,
the sulfate concentration decreased in the high-pressure experiments and was no longer
detectable at the end of the experiment, while the acetate concentration remained high. In
addition, an increase in pH was observed in both bioreactors.
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Figure 19: Pressure (thick lines) and temperature (thin lines) monitored during hydrogen consumption test under high
pressure condition

Table 13: Concentration of sulfate, acetate, pH, and cell numbers during hydrogen consumption test with core materials at

high pressure (100 bar)
Sulfate (mg/l) ‘ Acetate (mg/l) pH Cell numbers (cells/ml)
Bioreact
foreactor — pay 1 DaysSs  Dayl Day 58 Day 1 Day 58 Day 1 Day 58
1 92.82 n.d 4,746.29 | 4,540.04 6.94 7.87 4.3e+06 1.1e+06
2 95.41 n.d 4,767.06 | 4,445.70 6.97 7.68 3.3e+06 6.4e+05

n.d: not detectable (below detection limit)
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3.3.3. Microbial composition

The results of the molecular biological analyses of the hydrogen-consuming microorganism
groups (acetogens, methanogens, SRA and SRB) at the beginning (inoculum) and at the end of
the hydrogen consumption test at high and low pressure are shown in Figure 20.

As shown, the hydrogen-consuming microorganisms in the enrichment cultures were
acetogens, SRA and SRB, with SRB being the dominant group (5.9 x 10* copies/ml).
Methanogens were below the detection limit. A reduction in microbial counts was observed at
the end of the series of experiments. An exception was the test with carbonate addition, in
which there was an increase in the microbial counts of acetogens and SRB compared to the

inoculum.

In the high-pressure test (Figure 20, Biotic, Core, High Pressure), the total microbial count,
represented by eubacteria and archaea, decreased significantly at the end of the high-pressure
test compared to the inoculum. At the end of the test, only SRB were detected among the
hydrogen-consuming microbial groups, and these were about three orders of magnitude lower
than in the inoculum. In the low-pressure test, acetogens and SRB were still detected as
hydrogen-consuming groups in experiments with the addition of core materials or carbonate
with initial pH adjustment (Figure 20, Biotic, Core and Biotic, Carbonate, pH). The amounts of
microorganisms in these experiments were significantly lower at the end of the test compared
to their initial inoculum. In the experiments with core materials, the reduction was much more
significant.
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Figure 20: Quantification of hydrogen-consuming microbial groups at beginning (inoculum, same for tests at high pressure
and low pressure) and the end of tests. Error bars show standard deviation of triplicate experiments (low pressure)
or duplicate experiments (high pressure) and duplicate gPCR measurements

3.3.4. Discussion

In the low-pressure tests, the microorganisms actively consumed hydrogen in both experiments
with core materials and with added carbonate (NaHCOs), whereby a higher hydrogen
consumption rate was observed in the experiments with carbonate. This is possibly due to the
fact that more soluble carbon was available to the microorganisms in these experiments at the
beginning of the experiment than in experiments with core materials.

Based on available nutrients as well as microbial composition from initial inoculum, acetogens
were likely to be responsible for hydrogen consumption in the assays with NaHCO3 addition.
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In the tests with addition of core material, sulfate was detected in both low-pressure and high-
pressure tests, being approximately 64 mg/l and 94 mg/l after 1 day of incubation, respectively.
In contrast, in assays without addition of core materials, concentration of sulfate remained
below detection limit. It should be noticed that during the experiment no external soluble
sulfate was added and the concentration of sulfate in the formation water was very low
(< 0.1 mg/l). Therefore, the soluble sulfate is very likely from the dissolution of the core
material. In the abiotic tests of the low-pressure test, a sulfate concentration of almost 103 mg/I
was measured after 8 test days. In the biotic tests, sulfate was completely converted into sulfide
by the activity of the sulfate-reducing microorganisms. This suggests that not only acetogens
but also sulfate-reducing microorganisms are involved in hydrogen consumption in experiments

with cuttings.

Noticeably, for all the assays tested under low-pressure conditions a significant decrease in
microbial hydrogen consumption was observed after about two weeks of the experiment.
During the experiment, pH values remained within 6.5 — 8.0 which are still considered to be
favourable for microorganisms (Thaysen 2021). The limited availability of carbonate and/or
sulfate in the test tubes, on the other hand, limit finally the microbial activity. Acetogens usually
do not tolerate high acetate concentrations (Baronofsky 1984). As a result, homoacetogens
could be inhibited because the formation water from the reservoir contains a very high acetate
concentration (> 4,000 mg/I).

Analyses of sulfate concentration in the high-pressure tests show a decrease of sulfate
concentration from 94 mg/l at beginning to non-detectable levels in both high-pressure
bioreactors at the end of the experiment. Moreover, inoculated microorganisms were still very
active when they were re-grown in specific cultivation medium with essential nutrients after
the high-pressure experiment. Therefore, it can be postulated that sulfate-reducing
microorganisms remain active not only at low pressure but also at high-pressure conditions.

According to the results obtained, it can be concluded that microorganisms enriched from the
investigated reservoir are able to consume hydrogen at 60 °C and a pressure up to 100 bar. It is
evident that if hydrogen is available in unlimited quantities, the availability of carbon sources
and sulfate may become crucial factors for microbial hydrogen consumption. In addition to
limiting the availability of soluble carbon sources from core materials, a high acetate
concentration in formation water could further minimise the high risk of acetogens.

However, as can be seen from the experimental data, the core materials not only provided a
carbon source for the microorganisms, but also sulfate. In the low-pressure experiments, about
5.9 mg of sulfate was dissolved in 60 ml of formation water from an initial 6 g of core material
within an experimental period of 58 days. Since the sulfate content of the formation water was
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very low, the risks associated with sulfate-reducing microorganisms are strongly dependent on
the sulfate content and the dissolution of sulfate from the core material.

As a result of this study, microbial contamination and activity was clearly identified for the
deposit. Based on the identified hydrogen consumption by various microbial groups, a general
hydrogen conversion process is very likely. This microbial process could be limited in time and
location by the above factors and is highly dependent on the specific composition of the rock
matrix in each case, which is likely to vary within the geological structure. Further chemical and
microbiological analyses are recommended to further assess the identified risks for possible
hydrogen storage in the reservoir.
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3.3.5. Supplementary data
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Figure 21: Abiotic control tests; H> and CO during hydrogen consumption test with core materials and with carbonate
addition in the presence of pure hydrogen at low pressure (1,500-1,900 mbar), temperature 60°C, salinity < 1 %.
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3.4. Analysis of storage #4

The formation water sample used for the 4t analyses of hydrogen consumption was collected
from a storage site with salinity of < 0.1 % NaCl (w/v), pH 7.8, temperature of 26 °C, and bottom
hole pressure of 46 — 60 bar (Table 1, sample 4).

The mixed cultures for hydrogen consumption experiments containing of
methanogens/acetogens, sulfate-reducing prokaryotes, thiosulfate-reducing microorganisms
and anaerobic heterotrophs were prepared on basis of enrichments from the original formation
water sample. Temperature for cultivation of microorganisms as well as for hydrogen
consumption test was 30 °C.

Since no core material was available from this storage site, an artificial mineral mixture was
used for the experiments on the basis of the known mineral composition of the reservoir rock.
This mineral mixture consisted of 45 % calcite (CaCOs), 35% pyrite (FeSz), 5 % barite (BaSQa),
and 15 % iron oxide (FeQ). As carbon source for the consumption tests either the artificial
mineral mixture (10 % w/v) or NaHCO3 (60 mM) was used.

Biotic assays were done in triplicate. In addition, hydrogen consumption tests under low
pressure, duplicate sterile control assays without addition of microorganisms were also done in
a similar manner. The pressure, carbon source, condition for each assay were summarized in
Table 14.

Table 14: Hydrogen consumption tests under low and high-pressure of hydrogen

Volume
Carbon source Sulfate Pressure Gas/
Liquid
100 mg/I
1. Low pressure test 60 MM HCOs (~1 mM, day 0) 1,500 - 2,000 65 ml/
(Carbonate + sulfate)#* 650 mg/I mbar 60 ml
(~7 mM, day 36)
2. Low pressure test 60 mM HCOs- 1,500-2,000 | 65ml/
(Carbonate addition) mbar 60 ml
3. lowpressuretest | 1o /y) artificial 1,500-2,000 | 65ml/ f‘\’;;’lztr'i"
(Artificial mineral mineral mixture mbar 60 ml . 100 % H,
mixture) enrichment
| cultures
4. . |.'|I.gh pr.essure test | 109 (w/v) artificial 45 bar 125 ml/
(Artificial mineral mineral mixture 125 ml
mixture)
100 mg/!
5. High pressure test |60 mM HCOs (day 0) | (~1 mM, day 0) 45 bar 125 ml/
(Carbonate + sulfate) * |60 MM HCO;3" (day 15) 4,328 mg/I 125 ml
(~45 mM, day 15)
* stimulation of worst-case scenario
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3.4.1. Hydrogen consumption at low pressure

For the hydrogen consumption test at low hydrogen pressure, it was observed that
microorganisms actively oxidized hydrogen regardless of carbon source and presence of sulfate
in the liquid phase. (Figure 23).

Microbial hydrogen consumption rates were significantly higher in assays with carbonate
(HCO3") than in the assays with artificial mineral mixture. In assays with soluble carbonate,
microorganisms oxidized hydrogen with the rate of approximately 3 mole/m3/day while in the
assays with artificial mineral mixture the microbial hydrogen oxidation rates were only
1.7 mole/m3/day (Table 15). Microorganisms consumed almost 50 % of injected hydrogen in
the assays with carbonate and nearly 35 % in the assays with core materials after cultivation for
40 days. In the biotic approaches with carbonate addition, methane was detected by gas
chromatography after 15 days, while methane formation in the batches with artificial mineral
mixture was only detectable after 20 days (Figure 23). Analogous to the hydrogen consumption,
a significantly higher methane formation was observed under the conditions with carbonate
addition.
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Figure 23: Hydrogen consumption and methane formation over time due to microbial activity at low hydrogen pressure
(~2 bar), salinity < 0.1 %, temperature 30 °C). Triplicates, indicated by point shapes
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Changes in pH and total planktonic cell numbers during the microbial hydrogen consumption
process were monitored. It should be noted that pH was adjusted to a value of about pH 7 - 8
using HCI 5 % each time after it was measured. The Figure 24 shows the pH values measured
before and after pH adjustment. As shown, a continuous increase of pH was recorded in all the
assays, with pH increasing from 7 - 7.5 up to 9 - 9.5. Microbial cell counts were determined
microscopically during the experiment, showing an increase in cell numbers in all samples.
Significantly faster cell growth was observed in the experimental batches with carbonate
addition.

Table 15: Hydrogen consumption by microorganisms with carbon source from core materials or from carbonate addition in
the presence of hydrogen at low pressure, temperature 30°C, salinity < 0.1 %

Maximum H: Gas composition after
Assays (carbon source) Replicate | consumption rate PG 40 days
(mole/m3/day) after 40 days (%) (H2: CHa: N2)

1 5.28 55.7 83:9:8
Carbonate addition 2 3.28 49.3 91:8:1
3 3.12 49.1 85:15:0
1 3.07 51.8 93:3:4
Carbonate + sulfate addition 2 3.10 44.6 75:3:22
3 3.38 51.5 88:4:8
1 1.70 29.1 88:12: 0
Artificial mineral mixture 2 1.38 35.1 89:6:5
3 191 39.6 88:9:3
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Figure 24: Hydrogen consumption test at low pressure, pH and cell numbers. Triplicates, indicated by point shapes.
Blue: pH values before adjustment Red: pH values after adjustment

The formation water used for the experiments with carbonate contained about 40 mg/| of
sulfate at the beginning and about 10 mg/I of sulfate at the end. In the experiments with
artificial mineral mixture, the sulfate concentration was about 100 mg/I at the beginning, due
to the amount of barite in the mixture. After 20 days of cultivation, sulfate could no longer be
detected.

In the test series with carbonate and sulfate addition, the initial sulfate concentration was
similarly high as in the test series with artificial mineral mixture. The decrease in sulfate
concentration was observed here after only 14 days. However, with the second addition of

sulfate (650 mg/l, day 36), there was no further decrease in the sulfate concentration
(Figure 25).

The acetate concentration, on the other hand, increased very significantly in trials with
carbonate addition (with and without sulfate). At the end of the experiment, more than 1,000
mg/| acetate were detected in these tests. Acetate was also formed in the trials with artificial
mineral mixture, but to a lesser extent than in the trials with carbonate addition (Figure 25).

. D 3.2 - Changes in gas composition in micro-habitat experiments as
@@ hystories ges 1 828 comp P

; . . 50
= aresult of microbial gas consumption



Carbonate addition Carbonate + sulfate addition Core materials
+sulfate .‘
600 A
=
[=)]
E. 4004
)
£
=]
W3 200+
ulfate '
ol R T |
0 10 20 30 40 0 10 20 30 40 0
Time [d]
Carbonate addition Carbonate + sulfate addition Core materials
1500

10007 _.;,l"'":::l .:;;..-.-:.-.-..-':-:.:-:-fz'

Acetate [mg/l]

30 40 0 10 20 30 40
Time [d]
Figure 25: Sulfate and acetate concentrations in biotic assays during hydrogen consumption test. Triplicates indicated by
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3.4.2. Hydrogen consumption at high pressure

In addition to the consumption of hydrogen at low pressure, microbial hydrogen consumption
under reservoir conditions at a pressure of 45 bar and a temperature of 30 °C was also carried
out. Three bioreactors were used for the hydrogen consumption tests at high pressure.
Bioreactor 1 and 2 stimulated hydrogen consumption under the original conditions and
contained an artificial mineral mixture, formation water and microorganisms. In bioreactor 3,
soluble carbonate and sulfate were added to the formation water to stimulate hydrogen
consumption under the worst conditions. Pressure and temperature were monitored during
the experiment and are shown in Figure 26. The pressure drop on day 15 is due to sampling and
not to microbial activity. Only hydrogen was detected in the gas phase of the bioreactors by gas
chromatography throughout the duration of the experiment.
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Figure 26: Pressure (thick lines) and temperature (thin lines) monitored at high-pressure experiments

The changes in pH, sulfate and acetate concentrations during the high-pressure tests are shown

in Figure 27. This shows that the pH value increased significantly during the test in all three test
variants investigated.

In the tests with artificial mineral mixture, the initial sulfate concentration from the BaSO4 used
was almost completely converted within 10 - 14 days. This effect was already observed in the
sulfate-containing test mixtures of the low-pressure tests. When soluble carbonate and sulfate
were added, the sulfate concentration dropped from about 97 mg/I to 22 mg/I from day 0 to

day 15 of the experiment. However, after the addition of sulfate on day 15, no further reduction
in sulfate was apparent.
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The acetate concentration in the batches with mineral mixture increased slightly, but remained
below 50 mg/I. In the bioreactor with carbonate and sulfate addition, the acetate concentration
increased significantly and amounted to 2,580 mg/I at the end of the experiment.
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Figure 27: pH value, acetate and sulfate concentration in low-pressure tests

Microscopic measurement of microbial growth in the three bioreactors showed that cell growth
occurred only in bioreactor 3. The microbial content increased from 2.4 x 108 cells/ml at the
beginning to 5.4 x 107 cells/ml at the end of the experiment. In the bioreactors with artificial
mineral mixture, there was no obvious growth or a slight reduction in the planktonic cell count.

Table 16: Hydrogen consumption test with core materials and with carbonate plus sulfate addition in the presence of
hydrogen at high pressure (45 bar): changes in concentration of sulfate, acetate and pH

Bioreactor 1 Bioreactor 2 Bioreactor 3
(Biotic_mineral_2) (Biotic_carbonate_sulfate)

(Biotic_ mineral_1)

Sulfate Acetate ‘ oH ‘ Sulfate Acetate ‘ oH Sulfate Acetate oH
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
1 222.74 22.69 7.98 150.86 22 7.96 96.92 26.39 8.62/7.48**
22.53/
15 n.d n.d 9.3/7.2** nd n.d 9.45/6.9 4.328* 1,009.47 10.12/7.7**
41 n.d 50 9.26 nd 35.83 9.22 4,491 2,581.38 10.03
n.d: not detectable (below detection limit)
* addition of soluble sulfate; ** pH adjustment using HCI 5 %
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3.4.3. Microbial composition

The composition of hydrogen-consuming microbial groups (acetogens, methanogens, SRA, and
SRB) at beginning (inoculum) and the end of hydrogen consumption test at high and low
pressure analysed by molecular analysis confirmed the presence of methanogens, acetogens
and sulfate-reducing prokaryotes, with 4.4 x 10°, 1.4 x 10° and 2.1 x 10° copies/ml, respectively
(Figure 28).

For low pressure tests with the carbonate addition and with both carbonate and sulfate
addition, an increase in cell numbers was observed for all investigated hydrogen-consuming
groups at the end of the experiment. In assays with carbonate addition, methanogens were the
dominant group with 8.3 x 108 copies/ml, followed by acetogens with 9.9 x 107 copies/ml and
sulfate-reducing microorganisms with 2.5 x 107 copies/ml.

In assays with carbonate and sulfate addition, methanogens also had the highest abundance
with 1.0 x 10° copies/ml, followed by acetogens with 6.3 x 10® copies/ml. Sulfate-reducing
prokaryotes in these assays were approximately twice as high as their numbers in the assays
with only carbonate addition. In contrast to the assays with addition of carbonate or addition
of carbonate and sulfate, at the end of the test the number of microorganisms in the low-
pressure tests with core materials decreased significantly in comparison to their initial cell
numbers. Methanogens were reduced to 6.0 x 10 copies/ml. Sulfate-reducing microorganisms
and acetogens were present with an amount of 7.0 x 10* copies/ml and 9.2 x 103 copies/ml.

Similar to the assays with artificial mineral mixture tested at low pressure, a reduction of
microorganisms was observed in the bioreactors with core materials at high pressure. Only
2.4 x 103 copies/ml were recorded for methanogens, 1.7 x 10* copies/ml for acetogens and
2.2 x 10°> copies/ml for sulfate reducers. However, at high pressure microbial growth was
recorded in the bioreactor with addition of carbonate and sulfate. In this condition, at the end
of the experiment, acetogens became the dominant group with 7.7 x 107 copies/ml.
Methanogens and sulfate reducers were quantified with 1.1 x 107 copies/ml and 4.5 x 10°

copies/ml, respectively.
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Figure 28: Quantification of hydrogen-consuming microbial groups at beginning (inoculum, same for tests at high pressure
and low pressure) and the end of hydrogen consumption tests. Error bars show standard deviation of duplicate
gPCR measurements
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3.4.4. Discussion

The results of the hydrogen consumption test show that microorganisms actively consume
hydrogen. Microorganisms were active not only under low pressure conditions but also under
high pressure. Three main groups of microorganisms capable of oxidizing hydrogen, namely
acetogens, methanogens, and sulfate-reducing microorganisms were present in the
investigated hydrogen consumption tests and their activities were clearly indicated through
acetate formation, methane generation and sulfate reduction.

Compared to abiotic assays without microorganisms, the increase in pH could also be a good
indicator for microbial activities because the consumption of HCO3 by homoacetogens or
methanogens by uptake of H; causes a reduction in protons and leads to an increase in pH
(4 H2 + 2 HCO3™ + H* = CH3COOH + H,0).

In assays with artificial mineral mixture, microbial activities were slower in comparison to assays
with the soluble carbonate. The mineral mixture used in the experiments contained only calcite
as a carbon source, which has very low solubility in water. Therefore, only a very limited amount
of dissolved carbon is available to the microorganisms. This is likely the reason for the low
microbial activities in the experiments with the artificial mineral mixture.

In the presence of an excess of sulfate and limited H,, due to higher affinity and lower threshold
values for hydrogen, hydrogen-utilizing SRB outcompete methanogens and acetogens for
common substrate hydrogen (Muyzer 2008). Growth kinetics suggest that methanogens can
successfully compete with homoacetogens when H,/CO, is present as sole substrate
(Thauer 1977). However, in our experiments under low pressure it was observed that
acetogenesis and methanogenesis dominated sulfate reduction. Moreover, hydrogen was
rapidly consumed by homoacetogenesis rather than methanogenesis within the first 20 days
(Figure 23, Figure 25). Homoacetogens thus seem to outcompete sulfate-reducing
microorganisms and methanogens under our experimental conditions. This indicates that the
interaction or competition is not kinetically determined or cannot be explained by growth
kinetics. In experiments with carbonate and sulfate addition, more acetate was produced at
high pressure than at low pressure. The availability of hydrogen could increase the activity of
acetogens.

It should be noted that both sulfate reducers and methane producers can use acetate as the
sole source of organic carbon and energy (Muyzer and Stams 2008; Buan 2018). As sulfate was
reduced completely within the first 10 days of the experiments and sulfate reduction did not
take place after the second supplement of additional sulfate concentration at day 37, the
consumption of acetate by sulfate reducers after 10 days of the experiment could be excluded.
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Although studies reported that methanogens grow better with H,/CO; than with acetate
(Pan 2016), acetate may also be co-metabolized under H, oxidation and CO; reduction
(Zeikus 1975). It is very likely that acetate produced by acetogens will be utilized by
methanogens. Therefore, the recorded acetate concentration could be the net concentration
from acetogenesis and acetoclastic methanogenesis.

The results obtained suggest that the microorganisms enriched from the reservoir are able to
consume hydrogen at 30 °C and a pressure of up to 45 bar. In the experiments, the activity of
sulfate reducers was not evident in the presence of high sulfate concentrations. The reason for
the inhibition of sulfate reduction in the mixed cultures is not fully understood. Further studies
are needed to fully evaluate the factors affecting the sulfate reduction process. Nevertheless,
due to the complexity of microbial interactions, their risks should not be ignored. Microbial
activities could alter the reservoir environments and secondary microbial processes can be
stimulated. Therefore, it is vital to monitor microbial activities in the formation to recognise and
minimize microbial risks.
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3.5.

As part of the fifth analysis program, formation water sample #1 from a reservoir with a

Analysis #5 - repeated test of storage sample #1

temperature of 49 °C and a pressure of 30 bar was analysed again with different test parameters
(Table 1, sample 1). In contrast to the first analysis (Chapter 3.1, page 18), the aim was to
rates for model calculations (see also

generate turnover in underground storage

deliverable 3.5) using larger volumes and by using a larger proportion of core material.

The methanogen/acetogen cultures enriched from the original formation water sample served
as inoculum for hydrogen consumption experiments (biotic tests). The temperature for
culturing the microorganisms and for the hydrogen consumption test was 50°C. The carbon
source for this series of experiments was original core material (40%, w/v) from the deposit.
The initial pressures and conditions for each test are summarized in Table 17.

Table 17: Hydrogen consumption test under low and high pressure of hydrogen

Volume

Carbon Gas/

source

Liquid phase

Pressure Gas phase

Liquid
Sterile formation water 100 % H,
Low pressuretestA |  40% | 1,500-2,000 [1,040ml/ | ~ Formationwater+ 100 % Hz (N, addition
(1.25L bottle) (w/v) core mbar 175 ml methanogens during sampling)
Formation water + 100 % H3 (H; addition
methanogens during sampling)
Sterile formation water 100 % H»
Low pressure test B 40 % 1,500 - 2,000 65 ml/ Formation water + 100 %. Ha (N2 ad.dition
(125 ml bottle) (w/v) core mbar 52 ml methanogens during sampling)
Formation water + 100 % H, (H, addition
methanogens during sampling)
. 40 % 55 ml/ Formation water + 0
High pressure test (W/v) core 30 bar 160 ml methanogens 100 % H,

3.5.1. Hydrogen consumption at low pressure

A significant microbial hydrogen consumption was observed in the inoculated test mixtures at
low pressure, in contrast to the sterile control mixtures. In the gas phases of these tests,
methane formation was detected by gas chromatography, whereas no methane was detected
in the abiotic controls.

In the hydrogen consumption tests conducted in small bottles (125 ml), the microorganisms
consumed hydrogen at a rate of about 4 mol/m3/day during the first 10 days of the experiment
with concomitant methane formation (Figure 29, low pressure B). There was no significant
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difference in the hydrogen consumption rate between the biotic experiments with H, only (1)
and with top-up dosing of N; (2). In the following 20 days, the hydrogen oxidation rate
decreased to below 1 mol/m3/day and almost stopped after 30 days (Table 18).

Hydrogen consumption in the 1.25 L bottles followed a very similar pattern (Figure 29, Low
pressure A). An initial high rate of hydrogen consumption decreased sharply after about 10 - 14
days and dropped almost completely to zero after about 30 days of incubation. Since the
overpressure in the gas analysis remained high enough throughout the course of the
experiment due to the large volume, a subsequent dosing of N2 was not necessary. The two
experimental set-ups Biotic_H2 (1) and Biotic_N2 (2) in the low-pressure bottle A are therefore
duplicates.

Low pressure A (1.251)
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Figure 29: Hydrogen consumption and methane formation due to microbial activities in the presence of pure hydrogen at low
pressure (1,500 - 1,900 mbar), temperature 50 °C, salinity 1.5 %.
Biotic_H2: Biotic assays included assays with 100 % H;
Biotic_N2: assays with initial 100 % H, and addition of N, to maintain over pressure
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Table 18: Hydrogen consumption by methanogens dominated culture with carbon source from core materials in the
presence of hydrogen at low pressure, temperature 50 °C, salinity 1.5 %

Maximum H, Gas composition after 30
.. k H, consumed after .
Condition consumption rate 30 days (%) days of experiment
(mole/m3/day) ys 1% (H2: CHa: N2)
1 1.05 5.0 99:1:0
Low pressure A (1.251)
2 1.82 9.4 96:4:0
1 4.08 18.5 95:5:0
Low pressure B (125 ml)
2 4.53 334 60: 10: 30

The microbial hydrogen turnover in the biotic tests was accompanied by an increase in the total
cell count within the first two weeks of the tests (Figure 30). However, in both experimental
series (125 mland 1.25 1), growth stagnated after about 14 days. Of note is the marked increase
in pH within the first two weeks in al inoculated experimental batches in both all low-pressure
test A low pressure test B, with pH increasing from about 7.5 at the beginning to 8.7 at the end
of the test. In the abiotic tests, the pH remained relatively stable during the test period.
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Figure 30: Cell numbers and pH during microbial hydrogen consumption tests, temperature 50°C, and salinity 1.5 %
Low pressure B: small volume of gas/liquid; Low pressure A: high volume of gas/liquid.
Biotic_H2: Biotic assays included assays with 100 % H
Biotic_N2: Biotic assays with initial 100 % H, and addition of N, to maintain over pressure
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At the beginning of the experiment, the sulfate concentration in the liquid phase was between
600 and 900 mg/I. In the inoculated 125 ml test batches (Figure 31, low pressure B) a reduction
of approximately 300 mg/| sulfate was observed within the first 10 days of the experiment.
Thereafter, no further sulfate reduction took place. Also, in the 1.25 L gas consumption tests
(low pressure A) the sulfate content dropped significantly within the first 10 - 20 days and then
remained constant. In both variants of the abiotic control tests, the sulfate concentration
remained constant at around 750 and 600 mg/respectively, over the course of the test.

The acetate concentration in the experiments was initially around 80 — 90 mg/L. While no clear
change in the acetate concentration was detectable in the 1.25 L batches (Figure 31, low
pressure A), acetate in one of the two 125 ml bottles was completely converted within 20 days.
Acetate concentration in abiotic test remained constant throughout the experiment.
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Figure 31: Sulfate and acetate concentrations during hydrogen consumption tests
Low pressure A: small volume of gas/liquid
Low pressure B: larger volume of gas/liquid
Biotic_H2: Biotic assays with 100 % H;
Biotic_N2: Biotic assays with initial 100 % H; and addition of N, to maintain over pressure
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3.5.2. Hydrogen consumption at high pressure

To investigate the influence of increased hydrogen pressure on microbial hydrogen
consumption, incubation experiments were carried out at 30 bar with the addition of core
material as a carbon source. Pressure and temperature (50 °C) in the high-pressure bioreactor
were monitored during the experimental period and are shown in Figure 32. The temporary
drop in temperature in the abiotic reactor on day 5 and in both bioreactors on day 47 of the

experiment was due to a technical malfunction during operation.

In both high-pressure reactors, a gradual decrease in overpressure can be observed, which is
due to technically induced diffusion as well as gas extraction for the analyses. In the reactor
inoculated with microorganisms, the formation of methane could be detected by gas
chromatography, while only hydrogen was detected in the abiotic control during the test period
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Figure 32: Pressure (thick lines) and temperature (thin lines) monitored during hydrogen consumption test under high

pressure condition.
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Figure 33: Hydrogen consumption and methane formation due to microbial activities in high hydrogen pressure test (30 bar),
temperature 50°C, salinity 1.5 %.

The change in sulfate and acetate concentration, pH and total cell count are shown in Table 19.
As shown, sulfate and acetate were present in the liquid phases of both the abiotic and biotic
tests. In the abiotic test, the sulfate concentration at the end of the experiment was lower than
the concentration measured at the beginning of the experiment. In contrast, the sulfate
concentration in the biotic test increased slightly. Furthermore, an increase in pH was observed
in both the biotic and abiotic control.

Table 19: Hydrogen consumption test with core materials in the presence of hydrogen at high pressure (30 bar): changes in
concentration of sulfate, acetate, pH, and cell numbers.

Sulfate (mg/I) ‘ Acetate (mg/l) pH Cell numbers (cells/ml)
Reactor Day 0 Day70  Day0 Day 70 Day 0 Day 70 Day 0 Day 70
1 (Abiotic) 859.82 304.60 75.73 83.23 7.48 8.51 n.d n.d
2 (Biotic) 580.87 644.1 86.22 89.03 7.47 8.39 1.25e+07 1.73e+07

n.d: not detected
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3.5.3. Microbial composition

The composition of the hydrogen-consuming microbial groups (acetogens, methanogens, SRA
and SRB) at the beginning (inoculum) and at the end of the hydrogen consumption test at high
and low pressure was investigated by molecular biological analyses and is shown in Figure 34.
For the hydrogen consumption test, the enrichment cultures consisting mainly of methanogens
and acetogens were used as inoculum.

Molecular analysis confirmed that methanogens were the dominant hydrogen consuming
groups in the inoculum with 3.6 x 103 copies/ml, followed by acetogens with only 84 copies/ml.
Sulfate-reducing microorganisms were detected at less than 10 copies/ml. At the end of the
test, methanogens remained the dominant group in all experimental variants. However, it was
found that the microbial counts of the sulfate-reducing microorganisms increased significantly
during the test period and exceeded those of the acetogens at the end.
At low pressure and high gas volume, it can be observed that the bacterial content of the
methanogens increased at the end of the test, with 6.9 x 10* copies/ml and 4.2 x 10* copies/m|
quantified. The number of sulfate-reducing bacteria changed only insignificantly (> 50
copies/ml).

Similar to the low pressure with high gas volume, methanogens also developed in the low
pressure with lower gas volume (low pressure B), with 1.4 x 10*copies/ml and
7.2 x 10* copies/ml detected in the low-pressure test B with and without N addition during the
experiment, respectively. In the low-pressure test B without N addition, an increase in sulfate-
reducing bacteria was also observed.

In the high-pressure test, the number of gene copies for methanogens at the end of the
experiment was 8.9 x 10* copies/ml, which is an increase of more than tenfold compared to the
initial methanogens in the inoculum. In this set of experiments, there was also a slight increase
in sulfate-reducing prokaryotes (80 gene copies/ml).
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Figure 34: Quantification of hydrogen-consuming microbial groups at beginning (inoculum, same for tests at high pressure
and low pressure) and the end of hydrogen consumption tests (low pressure A with large gas volume, low pressure
B with low gas volume and high-pressure test). Error bars show standard deviation of duplicate gPCR
measurements.
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3.5.4. Discussion

The results that for this studied site, methanogenesis was the dominant microbial process
consuming hydrogen. The molecular biological analysis showed that methanogens were the
dominant group of the inoculum and methanogens also dominated the acetogens and sulfate
reducers by orders of magnitude at the end of the experiment.

Under low-pressure conditions, methanogens consumed hydrogen rapidly, regardless the gas
volume used for the experiments. The maximum consumption rate remained only within the
first 7 days. However, the maximum conversion rate was only reached within the first 7 days
in the experiments. Hydrogen is a primary energy source for methanogenesis, which means that
its availability can regulate the physiology of the methanogens and energy uptake. As clearly
demonstrated in the low-pressure experiments with 125 ml where hydrogen was continuously
supplied (Figure 29, low Pressure B), hydrogen was not the limiting factor for microbial activity
in the experiments. Moreover, H; solubility at a hyperbaric pressure of 50 bar is expected to
increase substrate availability to the microorganisms by 25-fold compared to cultivation at
2 bar. Methanogenesis could also take place effectively at a H, threshold of only 4 nM
(Liu 2012).

Therefore, it can be assumed that during the experimental period H, was present in an excess
concentration required for methanogenesis. Other factors must be responsible for the decrease
in methanogenic activities. Since our experiments were not conducted in continuous systemes,
the nutrients and carbon source could become limited over time. Hydrogenotrophic
methanogenic microorganisms use CO,/HCOs3 as a carbon source. In the experiment, the
microorganisms obtained their carbon source mainly from the artificial mineral mix. It is
possible that the process of methanogenesis is inhibited by a limiting carbon concentration.
Studies have shown a decrease in methanogenic activities to 50 % of the maximum when
dissolved inorganic carbon was below 59 mM (Garcia-Robledo 2016), and no methane
production was detected at less than 44.4 uM dissolved inorganic carbon (Chen 2019).
Furthermore, a biological uptake of CO,/HCOs leads to a decrease in proton H*, which results
in a concomitant increase in pH (Figure 30), with pH values above 8.2 described as inhibiting
the methanation process (Luo 2011; Garcia-Robledo 2016; Agneessens 2017; Angelidaki 2018).
Therefore, in addition to carbon limitation, high pH value can significantly inhibit the

methanogenesis process.

In addition to the methane formation process, heterotrophic sulfate-reducing microorganisms
were evidently also present in the low-pressure test B (125 ml experiments), which metabolized
acetate for their growth. This would explain the reduction in the acetate concentration over the
course of the experiment. However, conversion rates were very low since both sulfate and
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acetate were still available after 20 days of the run. A significant sulfate conversion was not
detected. Sulfate was therefore not the limiting factor for sulfate-reducing microorganisms in
this experiment. The cell content of the sulfate-reducing microorganisms was probably too low
to convert sulfate in measurable quantities in the time available.

This case study, which demonstrated the feasibility of methanogenesis process at a
temperature of 50 °C and pressure of 50 bar, suggest the likelihood of microbial risks when H;
is injected into the storage facility and available for active microorganisms. Moreover, in this
storage facility, not only methanogens but also other microbial groups were detected (data not
shown). Due to the complexity of microbial interaction and the environmental conditions
(nutrient availabilities, pH) in the subsurface, more intense microbial activities and secondary
microbial process associated with hydrogen could occur, causing severe technical impacts on
hydrogen storage system. Therefore, it is highly recommended to identify microbial risks before
the injection of hydrogen as well as monitor microbial activities during hydrogen storages to
avoid negative impacts of microorganisms on hydrogen underground storage.
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3.6. Analysis of storage #6

For the 6™ case study on microbial hydrogen turnover, a formation water sample was taken
from a reservoir with a salinity of 2.8 % NaCl (w/v), a pH value of 6.54, and a temperature of
40 °C. The formation water was used as an inoculum for the hydrogen consumption
experiments.

A culture of methanogenic microorganisms enriched from the formation water served as
inoculum for the hydrogen consumption experiments. The other enrichment cultures showed
no clear hydrogen consumption in the preliminary experiments and were therefore not used.
The temperature for the cultivation of the microorganisms as well as for the hydrogen
consumption test was 40 °C. The carbon source was either core material from the horizon of
the deposit (40 % w/v), the addition of NaHCO3 (200 mM) or a combination of both carbon
sources. Pressure and carbon source for each test are summarized in Table 20

Table 20: Hydrogen consumption tests at low and high-pressure with hydrogen and different carbon sources

Volume Liquid
Test Carbon source Pressure Gas/Liquid B . Gas phase
Low pressure test (LP1) 40% (w/v) core, 1,500 - 2,000 65 mi/60 ml
(Core material and Carbonate addition) | 200 mM NaHCOs mbar
ng press;urfe Itest (LP2) 40 % (w/v) core 1,500};2,000 65 mi/60 ml
(Core material) mbar formation
High pressure test (HP) 40 % (w/v) core, water +
2 100 ¢
(Core material and carbonate addition) | 200 mM NaHCOs 35 bar 50 ml/200 mi enrichment 00% H,
. cultures
High pressure test (HP2) 40 % (w/v) core, 35 bar 50 ml/200 ml
(Core material)
High pressure test (HP3)
(Carbonate addition) 200 mM NaHCOs3 35 bar 50 ml/200 ml
3.6.1. Hydrogen consumption at low pressure

In a first step, the microbial hydrogen consumption was investigated at low pressure in two
variants with core material and core/carbonate addition (Figure 35). During the 47-day
incubation period with 100 % hydrogen in the gas phase, 11.8 - 14.1 mmol of hydrogen were
consumed and 1.3 - 3.9 mmol of methane were produced. The hydrogen consumption rate was
between 4.6 and 5.7 mmol/m3/day and the methane production rate between 0.8 and 2.1
mmol/m3/day. (Table 21) With a consumption of ~12 mmol hydrogen and a formation of
~3 mmol methane the conversion corresponds to the theoretical H, : CHa ratio (4 : 1). In the
tests with core material, this is valid for one set of tests, while the second set shows a
significantly lower rate.
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Figure 35: Hydrogen consumption and methane formation with different carbon sources at low hydrogen pressure (2 bar)

Table 21: Consumption rates of low-pressure tests

Test Max. hydrogen rate *mol/m3/day Max. methane rate *mol/m3/day
5.7 0.8
LP1
4.6 1.1
4.7 0.9
LP2
5.2 2.1

The concentrations of sulfate and acetate, as well as pH and total cell count, are shown in
Table 22. In all experimental variants, acetate was detected at the end of the experiment with
concentrations between 857 and 929 mg/L. The pH value increased during the test period up
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to a pH value of 9.5. The microscopically determined cell count remained almost constant at
about 5-6 x 107 — 1 x 108 cells/mL.

Sulfate was detected at the end of the experiment in all but one batch in the range of 448 to
520 mg/L. In experiment LP2.2, the concentration was significantly lower at 141 mg/L of sulfate.

Table 22: Sulfate and acetate concentration, pH and cell number of low-pressure tests.

Sulfate (mg/l) ‘ Acetate (mg/I) pH Cell numbers (cells/ml)
Bioreactor

DEIAE DEVR Y Day 1 Day 47 Day 1 Day 47 Day 0 DEVR: Y

LP1.1 NA 520,09 NA 928,66 7,0 9.0 1.0e+08 6.0e+07
LP1.2 NA 478,12 NA 928,16 7,0 9.2 1.0e+08 1.0e+08
LP2.1 NA 448,09 NA 928,24 7,0 9.2 1.0e+08 6.0e+07
LP2.2 NA 140.62 NA 857,47 7,0 9.5 1.0e+08 5.0e+07

3.6.2. Hydrogen consumption at high pressure

The real reservoir pressure at the bottom of the borehole is 35 - 78 bar. To investigate the
influence of pressure on microbial metabolism in the available test time, high-pressure tests
were carried out at 35 bar. Pressure and temperature in the bioreactors were monitored during
the test period and are shown in Figure 36.

A decrease in pressure was observed in all three reactors during the experimental period. In the
reactor with 200 mM NaHCOs3 addition, the pressure remains almost constant after a drop in
the first 10 days. In reactors with core and a combination of core and carbonate, the pressure
decreased throughout the experimental period. The largest pressure drop during the
experimental period was found for the reactor with carbonate and core (35 bar to 13 bar in 47
days).

Hydrogen was consumed and methane was generated simultaneously in all three experimental
variants. The maximum hydrogen consumption and methane production rates were observed
in the first 14 days of the experiment and amounted to a maximum of 9 mol/m?3 culture and
day. The highest methane production rate was 0.5 mol/m3/day and was observed for reactor 1
with carbonate and core material as carbon sources Table 24.
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Figure 36: Pressure (thick lines) and temperature (dashed lines) during hydrogen consumption test under high pressure
condition with three different carbon sources
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Figure 37: Hydrogen consumption and methane production at high pressure with different carbon sources

Table 23:  Maximum hydrogen consumption rates and methane formation rates during low- and high-pressure tests

Test Max. hydrogen rate *mol/m3/day ‘ Max. methane rate *mol/m3/day
HP1 9.4 0.5
HP2 6.6 0.5
HP3 6.7 0.5
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The concentrations of sulfate and acetate, as well as the pH value and total cell count are shown
in Table 24. In reactor 1 and 2 (with core material), an increase in cell number and acetate
formation was observed during the experiment. In reactor 2, the acetate concentration was
higher than in reactor 1 and the cell number was lower. In reactor 3 with carbonate as a carbon
source, the acetate production was 5 to 10 times lower than in reactors 1 and 2. Furthermore,
the cell number did not increase in this reactor. In all reactors, the pH value increased over time
from 7.0 and 7.3 to 8.9 and 9.5.

Table 24: Sulfate and acetate concentration, pH, and cell numbers in hydrogen consumption tests at low and high pressure

Sulfate (mg/I) ‘ Acetate (mg/l) Cell numbers (cells/ml)
Bioreactor
Day 1 DEVR Y ‘ Day 1 Day 47 Day 0 Day 47
HP1 NA 509.12 NA 391.61 7.0 8.9 1.0e+08 4.0e+08
HP2 NA 714.54 NA 664.60 7.0 8.9 1.0e+08 2.0e+08
HP3 NA <15 NA 62.76 7.3 9.5 7.0e+07 9.0e+07
3.6.3. Microbial composition

The composition of the hydrogen consuming microbial groups (acetogens, methanogens, SRA
and SRB) at the beginning (inoculum) and at the end of the high- and low-pressure hydrogen
consuming test was investigated using molecular biological methods. The results are shown in
Figure 38. The enrichment cultures for methanogens/acetogens were used as the inoculum for
the hydrogen consumption tests. The analyses show that methanogens at 5.6 x 108 copies/mL
were the predominant hydrogen consuming groups in the inoculum, followed by acetogens
with 2.1 x 10° copies/mL and sulfate-reducing bacteria with 1.2 x 10° copies/ml. Sulfate-
reducing archaea were the least represented group with 1.0 x 10* copies/ml. At the end of the

test, methanogens remained the dominant group under all conditions examined.
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Figure 38: Quantification of hydrogen-consuming microbial groups at beginning and the end of hydrogen consumption tests.
Standard deviation of duplicate experiments (low pressure) or single experiments (high pressure) and duplicate gPCR
analyses
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However, the cell numbers are very different for the individual experiments. In the high-
pressure reactors "core materials” and “core material, carbonate addition”, the cell count of all
microbial groups examined decreased over the course of the experiment. At the end of the test,
methanogens with 2.3 x 10* copies/ml and acetogens with 5.5 x 10% copies/ml were detectable.
In contrast, in the high-pressure reactor “carbonate addition”, the cell number of methanogens
increased to 1.8 x 102 copies/ml and that of the acetogens to 2.7 x 107 copies/ml. The copy
numbers of the sulfate reducers reduced in this experimental approach to
3.4 - 3,6 10° copies/ml.

With the same carbon sources at low pressure “core materials” or “core materials, carbonate
addition”, the cell numbers of methanogens, acetogens and sulfate-reducing archaea are in the
same range (methanogens: 4.3 x 103 - 2.2 x 10%, acetogens: 2.7 - 3,4 x 102, SRA: 1.3 - 2.2 x 10°).
The gene copies of SRB are higher than those of the high-pressure tests at 1.2 x 10 copies/ml.

It is interesting to note that the ratio of the individual groups changes differently depending on
the available carbon source. Figure 39 shows the ratios at the start of the test and after the end
of the test for the low-pressure tests and high-pressure tests. The strongest change is seen in
the low-pressure test with core material, where the number of methanogens is drastically

reduced.
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Figure 39: Ratios of the relevant microbial groups before and after the low- and high-pressure tests
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3.6.4. Discussion

Under storage-relevant conditions (original formation water and core material), hydrogen
consumption with the enrichment cultures from this deposit was observed in the course of the
experiment. Biogenic methane production from hydrogen has been demonstrated both at a
storage pressure of 35 bar and at only a slight overpressure. Since no other carbon sources were
available, it can be assumed that the microorganisms use both the carbonate contained in the
core material from the reservoir and artificially added carbonate as a carbon source to produce
methane and acetate. The main activity was observed during the first 14 days, after which
hydrogen consumption in the bioreactor with carbonate as sole carbon source stopped, while
hydrogen consumption continued in the other reactors with core material. Since hydrogen was
still available, another factor must have limited hydrogen consumption in this bioreactor. The
most probable reason for this is the pH value, which increased drastically from 7.3 to 9.5 as a
result of the microbial changes, so that further microbial processes are inhibited. It is known
from the literature and from our own experiments that methanogens are inhibited by a high pH
above 8.2 (Luo 2011; Garcia-Robledo 2016; Agneessens 2017; Angelidaki 2018).

Although no significant sulfate reduction activities were detected in the precultures, the
inoculum included all potentially relevant groups of microorganisms for hydrogen consumption
including SRB/SRA (Figure 38). However, the methanogenic microorganisms were the dominant
group under all test conditions. Under all conditions except high pressure with carbonate, there
was a decrease in cell number in all groups compared to the inoculum. The pure carbonate test
is the only heat with no core material from the deposit. Therefore, a connection between the
core used and the reduction in cell number could be assumed. In addition, an increase in the
pH value to 9.1 was observed in the mixtures of formation water with core material before the
start of the test compared to the formation water with a pH of 6.5. This pH effect was corrected
by adjusting the pH to pH 7.0 at the beginning of the experiment. However, the unexpectedly
sharp rise in pH also indicates that the core could have an impact on the test conditions.

Hydrogen consumption associated with methane production was observed under all
conditions. Methane formation rates are nearly stoichiometric in relation to hydrogen
consumption, with a ratio of 4:1 expected at atmospheric pressure. During the high-pressure
tests, the hydrogen consumption rate dropped to 20-25% of the theoretical rate. It is assumed
that in addition to methanogenesis, other metabolic processes also take place under high
pressure, so that the stoichiometrically possible rate is not reached.

At the end of all simulation experiments at low and high pressure, acetate was detected in the
liquid phase. At low pressure, the concentrations are almost similar at 857.5 to 929 mg/L. In

high-pressure tests, the amounts formed were lower overall than in low-pressure tests. The
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lowest acetate concentration (63 mg/L) was determined in the test without core material. It is
known that many methanogens require acetate for growth (Fardeau 2019). Methanogens
within the order Methanosarcinales can grow on CO2/H,, acetate or methyl compounds
(Kendall and Boone 2006, Thauer 2008). Therefore, it is possible that this approach uses the
acetate produced from hydrogenotrophic acetogens as a carbon source when carbonate is no
longer available.

According to the experimental results, hydrogen consumption and methane production in situ
are possible under these reservoir conditions of 40 °C and 35 bar and a salinity of 2.8 %. In
addition, other biological processes cannot be ruled out for this reservoir as molecular biological
results showed the presence of sulfate reducers and acetogens before and after low- and high-
pressure tests. Active acetogenesis in the reservoir is also demonstrably possible. Since in the
experiments under a 100 % hydrogen phase the hydrogen consumption was considerable in the
presence of only core material from the reservoir, it can be assumed that the hydrogen fed into
the reservoir is also metabolised with a high degree of probability. Hydrogen storage in this
reservoir can therefore be classified as risky if no precautions are taken.
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3.7. Analysis of storage #7

As part of the Hystories research project, a 7th case study on microbial hydrogen turnover was
carried out. For this purpose, a mixture of three formation water samples from a reservoir was
prepared in order to have sufficient sample material for the experiments. The mixed sample
had a salinity of 4.9 % NaCl (w/v) and a pH of 6.7.

A culture of thiosulfate-reducing microorganisms enriched from the formation water served as
inoculum for the hydrogen consumption experiments. This enrichment culture developed
extraordinarily slowly and took several months to reach the required minimum microbial
content. The other enrichment cultures showed no discernible growth in the preliminary
experiments and could therefore not be used to determine the conversion rates. The
temperature for the hydrogen consumption test was 45 °C. A mix of five different core material
samples from the horizon of the deposit at 1,416 m served as carbon source. The tests were
performed with 40 % w/v core material, or the artificial carbon source NaHCO3 (200 mM) or a
combination of both.

3.7.1. Hydrogen consumption at low pressure

The microbial hydrogen turnover was investigated at low pressure (1,500 - 2,000 mbar) in
duplicates with two variants: with carbonate addition (Biotic + NaHCOs _1 + 2) or with core
material (Biotic + Core _3 + 4) in comparison to uninoculated blind tests (Abiotic + NaHCO3
_5+ _6). Pressure and carbon source for the tests are summarized in Table 25.

Table 25: Hydrogen consumption tests at low pressure with hydrogen and different carbon sources

Pressure Volume
T Liquid ph h
est Carbon source Tl Gas/Liquid iquid phase = Gas phase
Biotic_1 +NaHCO;3; 200 mM NaHCO3 1,500 - 2,000 65 ml/60 ml
Biotic_2 + NaHCO3 200 mM NaHCOs; | 1,500 - 2,000 65 ml/60 ml formation
water +
L 24 g core enrichment
Biotic_3 + Core 40 % (w/v) 1,500 - 2,000 65 ml/60 ml cultures
4 100 % H,
i g core
+ -
Biotic_4 + Core 40 % (w/v) 1,500 - 2,000 65 ml/60 ml
Abiotic_5 + NaHCO; 200 mM NaHCO3 1,500 - 2,000 65 ml/60 ml
Formation
water
Abiotic_6 + NaHCO; 200 mM NaHCO3 1,500 - 2,000 65 ml/60 ml
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The hydrogen conversion in the experimental approaches was generally very low. During the
51-day incubation period with 100 % hydrogen in the gas phase, the carbonate batches
consumed on average about 3,4 mmol of hydrogen and produced about 1.4 mmol of methane.
The conversion rate of 2.4 corresponds to only part of the theoretical ratio for
hydrogenotrophic methanation of 4 mol H; : 1 mol CHa. In the case of the core material variants,
the Core_3 trial with 1.6 is still far below this conversion ratio. In the parallel Core_4
experiment, however, a relatively large amount of methane was formed. However, this did not
occur with hydrogen. The hydrogen consumption rate was between 113 and 451 mmol/m3/day
and the methane production rate was between 360 and 425 mmol/m3/day (Table 26), whereby
Core_4 experiment is not taken into account.
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Figure 40: Hydrogen consumption and methane generation with different carbon sources at low hydrogen pressure (2 bar)

Table 26: Consumption rates of low-pressure tests (normalised to abiotic test _5 and _6).

Max. hydrogen consumption rate Max. methane generation rate
*mol/m?3/day *mol/m3/day
Biotic_1 +NaHCO; 451.3 425.8
Biotic_2 + NaHCO; 448.1 436.8
Biotic_3 + Core 112.9 359.2
Biotic_4 + Core -174.2 827.0

The changes in the concentrations of sulfate and acetate as well as the pH value and the total
cell count are shown in Table 27. The acetate concentrations remain relatively constant except
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for the approach with carbonate (day 51: 2.5 mg/L). Obviously, the core material contains
sulfate, as the concentration in these approaches is almost three times higher than in the
approaches with carbonate. The pH values increase slightly to pH 8.5 during the experimental
count decreased from 3.1x10% to

period. The microscopically determined cell

2.4-5.7 x 107 cells/mL.

Table 27: Sulfate and acetate concentration, pH and cell number of low-pressure tests.

Sulfate (mg/I) Acetate (mg/l) pH Cell numbers (cells/ml)
Bioreactor
Day 1 Day 51 Day 1 Day 51 Day 1 Day 51
Biotic_1 4094 | 48.80 | 131.43 2.47 7.77 8.55 3.1e+08 2.4e+07
+NaHCOs
Biotic. 2+ | /537 | 3573 | 13605 | 122.99 7.66 8.51 3.1e+08 2.7e+07
NaHCOs
B'°ct;;3 * | 10681 | 7538 | 15836 | 177.43 7.33 7.79 31x10° | 5.7x107
Biotic_4 + 8 7
o 11520 | 9891 | 1552 | 159.06 7.32 7.82 3.1x10 3.5x 10
Abiotic_5 +
NSHCO, NA NA 50.82 60.56 7.94 8.03 NA NA
Abiotic_6 +
NSHCO, NA NA 59.07 59.04 7.80 8.02 NA NA
3.7.2. Hydrogen consumption at high pressure

The reservoir featured a pressure between 38 and 68 bar. In order to be able to register minimal
changes in the time available, the high-pressure consumption tests were carried out in
autoclave units at 35 bar and 45 °C. Pressure and temperature in the bioreactors were kept
constant during the test period. The tests were carried out in three variants: Inoculated + core
material, Inoculated with NaHCOs and Abiotic with NaHCOs. (Table 28)

Table 28: Hydrogen consumption tests at high pressure with hydrogen and different carbon sources

Test Carbon source Pressure Volume Liquid Gas
[bar] Gas/Liquid phase phase
. 64 g core 76 ml/174 formation
HP_1_core material 40 % (W/v) 35 ml water +
200 mM 110 ml/140 | enrichment .
HP_2_NaHCOs NaHCOs 35 o cultures | 100% Hz
HP_3_Abiotic + NaHCOs 200 mM 35 90 ml/160 formation
NaHCO3 ml water
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For technical reasons, a pressure drop was observed in all three reactors during the test period.
Compared to the abiotic test batch, the pressure drop in the core material batch was lower than
in the carbonate addition batch.
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Figure 41: Pressure (thick lines) and temperature (dashed lines) during hydrogen consumption test under high pressure
condition with three different carbon sources

The small differences in metabolism are also shown by the hydrogen consumption and methane
formation (Figure 42). Normalised with the abiotic control, the hydrogen consumption was
34.98 mmol in the carbonate experiment and 15.71 mmol in the approach with core material.
13.93 mmol were formed in the carbonate experiment and 12.5 mmol in the core experiment.
Thus, the methane formation was clearly below the theoretical H2:CH4 ratio. As shown in
Table 30, a proportionate acetate formation took place in both approaches. The pH values
hardly changed in the core approach. In the carbonate approach, the pH value increased to 8.3,
similar to the abiotic control approach.
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Figure 42: Hydrogen consumption and methane generation at high pressure with different carbon sources

Table 29: Maximum hydrogen consumption rates and methane formation rates during high-pressure tests (normalised to
abiotic test)

Test Max. hydrogen rate *mol/m3/day Max. methane rate *mol/m3/day
HP_1_core material 4,528.9 2,909.1
HP_2_NaHCOs 10,781.7 3,231.1

Table 30: Sulfate and acetate concentration, pH and cell number of high-pressure tests

Sulfate (mg/I) Acetate (mg/l) pH ‘ Cell numbers (cells/ml)
Bioreactor
DE\AE Day 51 DE\E ‘ Day 51 ‘ DE\E Day 51 ‘ DEE Day 51
HP_1 . NA NA 58.86 294.13 7.29 7.34 2.7e+08 5.9e+07
core material
HP_2 NA 44.69 60.66 153.25 7.22 8.34 2.7e+08 4.5e+07
NaHCOs . . . . . . )
HP_3 Abiotic+
NaHCOs NA NA 52.72 49.78 7.23 8.17 NA NA
3.7.3. Microbial composition

The microbial composition of the fluid samples was analysed before and at the end of the high-
and low-pressure test with respect to hydrogen consuming microbial groups (acetogens,
methanogens, SRA and SRB). The results are shown in Figure XXX. The corresponding
enrichment culture for methanogens/acetogens from the deposit was used as inoculum for the
hydrogen consumption tests. The analyses show that the inoculum was mainly formed by
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methanogens (5 x 10°) and sulfate-reducing bacteria (3 x 10°). Acetogens (3 x 10%) and sulfate-
reducing archaea (4 x 10%) were also represented. Analysis at the end of the low-pressure test
showed an almost unchanged result for the carbonate approach. In the core material test,
significantly fewer cells were detected, although no microscopic differences in microbial
content were found. There was little change in the ratio of microbial groups compared to the
inoculum. Methanogenic and sulphate-reducing bacteria remained dominant. The analysis
after completion of the high-pressure test showed virtually no changes in the microbial content
and in the numerical ratio of the microorganism groups examined.
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Figure 43: Quantification of hydrogen-consuming microbial groups at beginning (inoculum) and the end of hydrogen
consumption tests under low pressure and high pressure and addition of care material or carbonate as a carbon
source.
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3.7.4. Discussion

Under storage-relevant conditions and with the original formation water sample, hydrogen
turnover was investigated at 2,000 mbar and 35 bar, respectively with original core material
and with artificial NaHCOs. Significant microbial hydrogen turnover was observed in all tested
variants, partly accompanied by methanogenesis. However, there are also clear indications of
other parallel processes such as sulfate reduction (e.g. Biotic_3 + core), acetate turnover
(Biotic_1 + NaHCOs3) or acetogenesis (HP_1_core material and HP_2 NaHCOs3). The maximum
hydrogen turnover rates are accordingly very different and range between 113 and
10,782 mol/m3/day.

The two experimental variants with core material and artificial carbonate (NaHCO3) show that
carbonates in different forms can be used as carbon sources by the microorganisms present in
the reservoir. In some cases, slightly higher conversion rates can be shown for the carbonate
variant, which is probably due to better solubility and thus easier bioavailability. For the deposit,
this means that the carbonate components present in the rock matrix are not expected to limit
microbial hydrogen consumption. In addition, the sulfate analyses of the core approaches
(Table 30) show that the rock samples contain some soluble sulfate components, which means
that sulfidogenic processes in the deposit cannot be excluded.

In all test series, the initial microbial content of 3 x 10® decreased by about one order of
magnitude. Molecular biological analyses show a lower cell content both at the beginning and
at the end of the experiments of a maximum of 10° cells per ml. Except for the test with core
material, the cell contents also remained approximately at this level. There was no proliferation
of microorganisms during the 51-day test period. The pH values increased in all test series,
including the abiotic controls, from approximately 7.3 - 7.8 to 7.8 - 8.5.

Although the hydrogen turnover was relatively low in the available experimental time, the
metabolic processes taking place can be clearly identified. The microbially induced hydrogen
consumption with accompanying methanogenesis, as well as partial acetogenesis and sulfate
reduction, could be clearly demonstrated under the selected experimental conditions and with
the microorganisms enriched from the deposit. For a detailed prediction of the conversion
rates, further experiments with longer cultivation times and subsequent hydrogen dosing are
required.
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4. Discussion and conclusion

The extensive simulation tests carried out within the framework of this project with
representative depth samples from 7 different reservoirs clearly demonstrate that under real
storage conditions, microbial utilisation of hydrogen as an energy source for anaerobic
microorganisms can indeed take place. Requirements for a corresponding microbial activity are
conditions that basically allow microbial growth as well as the presence of a carbon source in
the form of carbon dioxide or carbonates. The essential parameters that influence the microbial
activity of hydrogen-utilising microorganisms are among others temperature, salinity, pH-value,
mineral composition of the water (carbonate and sulfate source) as well as organic and toxic
compounds. Of course, the degree of colonisation and the composition of the microbial
community are decisive for the extent and direction of metabolic processes. Environmental
conditions and microbial risks are discussed in detail in Deliverables D3.4 and D3.5 of the
Hystories project.

The simulation tests were carried out with enrichments from the original downhole samples of
the reservoirs in order to achieve measurable hydrogen conversions in the available test time.
Due to the unfavourable gas : liquid ratio, this applies in particular to the high-pressure tests,
where low substance conversions are otherwise not measurable. In this respect, the
determined conversion rates represent rather a worst-case scenario, which can only be
expected under real conditions with a correspondingly high cell content and optimal conditions.

Since the hydrogen turnover rates strongly depend on the respective conditions and the
composition of the microbial population, it is almost impossible to make generalised
statements about this. In addition, microbial populations in geological structures - as in nature
in general - do not occur as pure cultures, and very likely different metabolic pathways run
simultaneously. Nevertheless, in our experiments we determined maximum turnover rates of
up to 500 mM/h for the enriched cultures of sulfate-reducing microorganisms and up to
27 mM/h for methanogens. Another aspect that must be taken into account when interpreting
the results is the ratio between liquid volume and rock matrix, which was used in the
experiments for technical reasons. In a porous reservoir with an average porosity of 20 %, this
ratio is the other way round. (Sedlacek 1999)

Nevertheless, a biogenic conversion of hydrogen was detected both at low overpressure and at
real storage pressures. Depending on the composition of the inoculum and the respective
experimental conditions (e.g. pH value, availability of SO4%), different microbial processes
(methanogenesis, acetogenesis, sulfate reduction) dominated. Through the experiments it
became clear that the microorganisms can use both the carbonate contained in the core
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material of the reservoir and artificially supplied carbonate as a carbon source to produce
methane or acetate (Figure 35, Figure 37). Often, the main activity was observed only during
the first 14 days of the experiment. In some of these experiments, a very significant increase in
pH was observed, which apparently rose up to pH 9.5 due to microbial activities, so that further
microbial processes are inhibited as a result. It is known from the literature and from own
experiments that the pH value can rise sharply as a result of hydrogen utilisation by sulfate-
reducing microorganisms, leading to an inhibition of further microbial processes.
(Liamleam 2007; Dopffel 2023) The extent to which this effect occurs under real conditions in a
porous reservoir must be clarified by further investigations.

In summary, it can be concluded that through the simulation tests with enriched reservoir
samples and under practical conditions, it has been shown that microbial hydrogen depletion
is highly likely to occur in some reservoirs and that there is thus a real risk for certain reservoir
configurations. A precise prediction about the extent and direction of these processes cannot
be made in general, as this depends on numerous factors. Case-specific investigations are
required for a corresponding risk analysis.

’. hygggriepgm D 3.2 - Changes in gas composition in micro-habitat experiments as 35

a result of microbial gas consumption



. D 3.2 - Changes in gas composition in micro-habitat experiments as
@@ hystories ges 1 828 comp P

; . . 86
= aresult of microbial gas consumption



5. References

Agneessens, L.M., Ottosen, L.D.M., Voigt, N.V., Nielsen, J.L., de Jonge, N., Fischer, C.H., Kofoed,
M.V.W. ,In-Situ Biogas Upgrading with Pulse H2 Additions: The Relevance of Methanogen
Adaption and Inorganic Carbon Level“. Bioresource Technology 233 (2017): 256—63.

Angelidaki, I., Treu, L., Tsapekos, P., Luo, G., Campanaro, S., Wenzel, H., Kougias, P.G. , Biogas
upgrading and utilization: Current status and perspectives”. Biotechnology Advances 36, Nr. 2
(2018): 452-66.

Baronofsky, J.J., Schreurs, W.J., Kashket, E.R. ,Uncoupling by Acetic Acid Limits Growth of and
Acetogenesis by Clostridium Thermoaceticum®. Applied and Environmental Microbiology 48,
Nr. 6 (1984): 1134-39.

Bengelsdorf, F.R., Beck, M.H., Erz, C., Hoffmeister, S., Karl, M.M., Riegler, P., Wirth, S., Poehlein,
A., Weuster-Botz, D., Dirre, P. ,Bacterial Anaerobic Synthesis Gas (Syngas) and CO; + H»
Fermentation®. In Advances in Applied Microbiology, 103:143-221. Elsevier, (2018)

Boone, D., Whitman, W., Rouviére, P. ,Diversity and Taxonomy of Methanogens”, (1993)

Buan N.R. Methanogens: pushing the boundaries of biology. Emerging Topics in Life Sciences
(2018);2(4):629-646.

Buzek, F., V. Onderka, P. Vancura, und I. Wolf. ,Carbon Isotope Study of Methane Production in
a Town Gas Storage Reservoir”. Fuel 73, Nr. 5 (1994): 747-52

Chen, X., Ottosen, L.D.M., Kofoed, M.V.W.. ,How Low Can You Go: Methane Production of
Methanobacterium Congolense at Low CO, Concentrations”. Frontiers in Bioengineering and
Biotechnology 7 (2019).

Costello, A.M.; Lidstrom, M.E. “Molecular Characterization of Functional and Phylogenetic
Genes from Natural Populations of Methanotrophs in Lake Sediments”. Applied and
Environmental Microbiology, 65 (11), (1999) 5066—5074.

Dieterich, F., Wagner, M., Wagner, M. ,Microbial Risks and Case-specific Countermeasures in
Reservoirs, Underground Storages and Geothermal Facilities“. Erdél Erdgas Kohle 12 (2011):
203-7.

Dhillon, A., Teske, A., Dillon, J., Stahl, D.A., Sogin, M.L. ,,Molecular Characterization of Sulfate-
Reducing Bacteria in the Guaymas Basin®. Applied and Environmental Microbiology 69, Nr. 5
(2003): 2765-72.

Dopffel, N., Jansen, S., Gerritse, J. ,,Microbial Side Effects of Underground Hydrogen Storage —
Knowledge Gaps, Risks and Opportunities for Successful Implementation”. International Journal
of Hydrogen Energy 46, Nr. 12 (2021): 85948606

Dopffel, N., Mayers, K., Kedir, A., Alagic, E., An-Stepec, B.A., Djurhuus, K., Boldt, D., Beeder, J.,
Hoth, S. ,,Microbial hydrogen consumption leads to a significant pH increase under high-saline-
conditions: Implications for Hydrogen Storage in Salt Caverns”. Scientific Reports 13, Nr. 1
(2023): 10564.

'. hygggriegw D 3.2 - Changes in gas composition in micro-habitat experiments as 37

== 3 result of microbial gas consumption



Fardeau, M.-L., Cayol, J.-L., Ollivier, B. ,,Methanocalculus”. In Bergey’s Manual of Systematics of
Archaea and Bacteria, 1-6. John Wiley & Sons, Ltd, (2019).

Finneran, K.T., Johnsen, C.V., Lovley, D.R. ,,Rhodoferax ferrireducens sp. nov., a psychrotolerant,
facultatively anaerobic bacterium that oxidizes acetate with the reduction of Fe(lll)“.
International Journal of Systematic and Evolutionary Microbiology 53, Nr. 3 (2003): 669-73

Garcia-Robledo, E., Ottosen, L.D.M., Voigt, N.V., Kofoed, M.W., Revsbech, N.P. ,Micro-scale H,—
CO2, Dynamics in a Hydrogenotrophic Methanogenic Membrane Reactor”. Frontiers in
Microbiology 7 (2016).

Gieg, L.M., Jack, T.R., Foght, J.M.. ,Biological souring and mitigation in oil reservoirs“. Applied
Microbiology and Biotechnology 92, Nr. 2 (2011): 263-82.

Goodwin, S., Conrad, R., Zeikus, J.G. ,Influence of pH on microbial hydrogen metabolism in
diverse sedimentary ecosystems”. Applied and Environmental Microbiology 54, Nr. 2 (1988):
590-93.

Gregory, S., Barnett, M., Field, L., Milodowski, A. ,Subsurface Microbial Hydrogen Cycling:
Natural Occurrence and Implications for Industry”. Microorganisms 7, Nr. 2 (2019): 53

Hagemann, B., Rasoulzadeh, M., Panfilov, M., Ganzer, L., Reitenbach, V.. ,Hydrogenization of
Underground Storage of Natural Gas: Impact of Hydrogen on the Hydrodynamic and Bio-
Chemical Behavior”. Computational Geosciences 20, Nr. 3 (2016): 595-606

Heinemann, N., Alcalde, J., Miocic, J.M., Hangx, S.J.T., Kallmeyer, J., Ostertag-Henning, C.,
Hassanpouryouzband, A., u. a. ,Enabling Large-Scale Hydrogen Storage in Porous Media — the
Scientific Challenges”. Energy & Environmental Science, (2021).

Henderson, G.; Naylor, G.E.; Leahy, S.C.; Janssen, P.H. “Presence of Novel, Potentially
Homoacetogenic Bacteria in the Rumen as Determined by Analysis of Formyltetrahydrofolate
Synthetase Sequences from Ruminants”. Applied and Environmental Microbiology, 76 (7),
(2010) 2058-2066.

Holmes, A.J.; Owens, N.J.P.; Murrell, J.C. “Detection of Novel Marine Methanotrophs Using
Phylogenetic and Functional Gene Probes after Methane Enrichment”. Microbiology, 141,
(1995) 1947-1955.

Ivanova, A.E., Borzenkov, |.A., Tarasov, A.L., Milekhina, E.l., Belyaev, S.S. ,A Microbiological
Study of an Underground Gas Storage in the Process of Gas Extraction”. Microbiology 76, Nr. 4
(2007): 461-68

James, A.G, Watson-Craik, I. A, Senior, E. , The Effects of Organic Acids on the Methanogenic
Degradation of the Landfill Leachate Molecules Butyrate and Valerate”. Water Research 32, Nr.
3(1998): 792-800.

Kashefi, K., Lovley, D.R. ,Extending the Upper Temperature Limit for Life“. Science (New York,
N.Y.) 301, Nr. 5635 (2003): 934

'. hygggriegw D 3.2 - Changes in gas composition in micro-habitat experiments as 38

== 3 result of microbial gas consumption



Kendall, M.M., Boone, D.R. ,The Order Methanosarcinales”. In The Prokaryotes, herausgegeben
Eds. Dworkin, M., Falkow, S., Rosenberg, E., Schleifer K.-H., Stackebrandt, E., 244-56. New York,
NY: Springer New York, (2006).

Kip, N., Jansen, S., Leite, M.F.A., de Hollander, M., Afanasyev, M., Kuramae E.E., van Veen, J.A.
»Methanogens Predominate in Natural Corrosion Protective Layers on Metal Sheet Piles”.
Scientific Reports 7, Nr. 1 (2017)

Kleinitz, W., Bohling, E. ,,Underground Gas Storage in Porous Media - Operating Experience with
Bacteria on Gas Quality“. In SPE. Society of Petroleum Engineers, (2005).

Koschorreck, M. ,Microbial sulfate reduction at a low pH“. FEMS Microbiology Ecology 64, Nr.
3 (2008): 329-42.

Liamleam, W., Annachhatre, A.P. ,Electron Donors for Biological Sulfate Reduction®.
Biotechnology Advances 25, Nr. 5 (2007): 452—-63.

Libert, M., Kerber Schiitz, M., Esnault, L., Féron, D., Bildstein, O. ,Impact of Microbial Activity
on the Radioactive Waste Disposal: Long Term Prediction of Biocorrosion Processes”.
Bioelectrochemistry, BIOCORROSION, 97 (2014): 16268

Liu, Y., Beer L.L.,, Whitman, W.B. ,,Methanogens: A Window into Ancient Sulfur Metabolism®.
Trends in Microbiology 20, Nr. 5 (2012): 251-58.

Liu, B., Fan, E., Jia, J., Du, C., Liu, Z., Li, X. ,,Corrosion Mechanism of Nitrate Reducing Bacteria on
X80 Steel Correlated to Its Intermediate Metabolite Nitrite“. Construction and Building
Materials 303 (2021)

Lovley, D., Chapelle, F. ,Deep Subsurface Microbial Processes”. Reviews of Geophysics - REV
GEOPHYS 33 (1995)

Luo, G., Karakashev, D., Xie, L., Zhou, Q., Angelidaki, I. ,Long-Term Effect of Inoculum
Pretreatment on Fermentative Hydrogen Production by Repeated Batch Cultivations:
Homoacetogenesis and Methanogenesis as Competitors to Hydrogen Production”.
Biotechnology and Bioengineering 108, Nr. 8 (2011): 1816-27.

Mand, J., Park, H.S., Jack, T.R., Voordouw, G. , The Role of Acetogens in Microbially Influenced
Corrosion of Steel”. Frontiers in Microbiology 5 (2014): 268

Morales, S.E., Holben, W.E. ,,Empirical Testing of 16S RRNA Gene PCR Primer Pairs Reveals
Variance in Target Specificity and Efficacy Not Suggested by In Silico Analysis“. Applied and
Environmental Microbiology 75, Nr. 9 (2009): 2677-83.

Muyzer, G.; Stams, AJ.M. “The Ecology and Biotechnology of Sulfate-Reducing Bacteria.”
Nature Reviews Microbiology (2008), 6 (6), 441-454.

Nazina, T., Abukova, L., Tourova, T., Babich, T., Bidzhieva, S., Loiko, N., Filippova, D.,
Alexandrovna, S. ,Biodiversity and Potential Activity of Microorganisms in Underground Gas
Storage Horizons"“. Sustainability 15 (2023): 9945.

@vreas, L., Forney, L., Daae, F.L., Torsvik, V. ,Distribution of Bacterioplankton in Meromictic
Lake Szlenvannet, as Determined by Denaturing Gradient Gel Electrophoresis of PCR-

'. hygggriegw D 3.2 - Changes in gas composition in micro-habitat experiments as 39

== 3 result of microbial gas consumption



Amplified Gene Fragments Coding for 16S RRNA“. Applied and Environmental Microbiology 63
(1997): 7.

Pan, X., Angelidaki, I., Alvarado-Morales, M., Liu, H., Liu, Y., Huang, X., Zhu, G. ,Methane
Production from Formate, Acetate and H2/CO2; Focusing on Kinetics and Microbial
Characterization”. Bioresource Technology 218 (2016): 796—806.

Panfilov, M., Reitenbach, V., Ganzer, L. ,Self-Organization and Shock Waves in Underground
Methanation Reactors and Hydrogen Storages”. Environmental Earth Sciences 75, Nr. 4 (2016):
313

Reis, M.A.M., Lemos, P.C., Almeida, J.S., Carrondo, M.J.T.. ,Influence of Produced Acetic Acid
on Growth of Sulfate Reducing Bacteria“. Biotechnology Letters 12, Nr. 2 (1990): 145-48.

Sedlacek, R. ,Untertage Erdgasspeicherung in Europa Underground Gas Storage in Europe”.
Erdél Erdgas Kohle 115, Nr. 11 (1999): 537-40.

Smigan, P., Greksak, M., Konzankova, J., Buzek, F., Onderka, V., Wolf, |. ,Methanogenic bacteria
as a key factor involved in changes of town gas stored in an underground reservoir®. FEMS
Microbiology Letters 73, Nr. 3 (1990): 221-24.

Stams, A.J.M. ,Metabolic interactions between anaerobic bacteria in methanogenic
environments”. Antonie van Leeuwenhoek 66, Nr. 1 (1994): 271-94.

Stams, A.J.M., Plugge, C.M., de Bok, F.A.M., van Houten, B.H.G.W., Lens, P., Dijkman, H.,
Weijma, J. ,Metabolic Interactions in Methanogenic and Sulfate-Reducing Bioreactors”. Water
Science and Technology: A Journal of the International Association on Water Pollution Research
52, Nr. 1-2 (2005): 13-20.

Takai, K., Horikoshi, K. ,Rapid Detection and Quantification of Members of the Archaeal
Community by Quantitative PCR Using Fluorogenic Probes”. Applied and Environmental
Microbiology 66, Nr. 11 (1. November 2000): 5066—72.

Thauer, R.K., Jungermann, K., Decker, K. Energy conservation in chemotrophic anaerobic
bacteria. Bacteriol Rev. (1977);41(1):100-180.

Thauer, R.K., Kaster, A.-K., Seedorf, H., Buckel, W., Hedderich, R. ,,Methanogenic Archaea:
Ecologically Relevant Differences in Energy Conservation®. Nature Reviews Microbiology 6, Nr.
8 (2008): 579-91.

Thaysen, E.M., McMahon, S., Strobel, G.J., Butler, I.B., Ngwenya B.T., Heinemann, N., Wilkinson,
M., Hassanpouryouzband, A., McDermott, C.I., Edlmann, K. , Estimating Microbial Growth and
Hydrogen Consumption in Hydrogen Storage in Porous Media“. Renewable and Sustainable
Energy Reviews 151 (2021)

Voskuhl, L., Brusilova, D., Brauer, V.S., Meckenstock, R.U.. ,Inhibition of sulfate-reducing
bacteria with formate“. FEMS Microbiology Ecology 98, Nr. 1 (2022): 1-10.

Wagner, M., Ziran, B., Kaiser, M. ,Untersuchungen zum Einfluss mikrobiologischer
Stoffumsetzungen auf die Anderung der Gasqualitit und den Gasschwund im UGS Ketzin“.
Abschlussbericht. Mikrobiologisches Forschungsinstitut Erdol Erdgas Gommern, 1985

'. hygggriegw D 3.2 - Changes in gas composition in micro-habitat experiments as 90

== 3 result of microbial gas consumption



Wagner, M., Ziran, B. ,Ergebnisberichte zur bakteriellen Besiedlung an den Sonden des UGS
Ketzin“.: Mikrobiologisches Forschungsinstitut Erdol Erdgas Gommern, (1988).

Wagner, M.; Roger, A.J.; Flax, J.L.; Brusseau, G.A.; Stahl, D.A. , Phylogeny of Dissimilatory Sulfite
Reductases Supports an Early Origin of Sulfate Respiration®. Journal of Bacteriology. 180 (11),
(1998) 2975-2982.

Wagner, M., Ballerstedt, H. ,Einfluss von Biogas Und Wasserstoff Auf Die Mikrobiologie in
Untertagegasspeichern”. DGMK-Forschungsbericht 756. Hamburg: Deutsche Wissenschaftliche
Gesellschaft fiir Erdol, Erdgas und Kohle e.V., (2013)

Wagner, T., Watanabe, T., Shima, S. , Hydrogenotrophic Methanogenesis”. In Biogenesis of
Hydrocarbons, Eds: Stams, A.J.M., Sousa, D., 1-29. Handbook of Hydrocarbon and Lipid
Microbiology. Cham: Springer International Publishing, (2018)

Weijma, J., Gubbels, F., Hulshoff Pol, L.W., Stams, A.J.M., Lens, P., Lettinga, G. ,,Competition for
H2 between sulfate reducers, methanogens and homoacetogens in a gas-lift reactor”. Water
Science and Technology 45, Nr. 10 (2002): 75-80.

Wilms, R., Sass, H., Képke, B., Cypionka, H., Engelen, B. ,Methane and sulfate profiles within the
subsurface of a tidal flat are reflected by the distribution of sulfate-reducing bacteria and
methanogenic archaea”. FEMS Microbiology Ecology 59, Nr. 3 (2006): 611-21.

Yu, Y., Lee, C., Kim, J., Hwang, S. ,, Group-Specific Primer and Probe Sets to Detect Methanogenic
Communities Using Quantitative Real-Time Polymerase Chain Reaction”. Biotechnology and
Bioengineering 89, Nr. 6 (2005): 670-79.

Zeikus, J.G., Weimer, P.J., Nelson, D.R., Daniels, L. ,Bacterial Methanogenesis: Acetate as a
Methane Precursor in Pure Culture”. Archives of Microbiology 104, Nr. 1 (1975): 129-34.

Zhilina, T.N., Zavarzina, D.G., Kevbrin, V.V., Kolganova, T.V. ,Methanocalculus Natronophilus Sp.
Nov., a New Alkaliphilic Hydrogenotrophic Methanogenic Archaeon from a Soda Lake, and
Proposal of the New Family Methanocalculaceae”. Microbiology 82, Nr. 6 (2013): 698-706

ZoBell, C.E., Quentin Anderson, D. ,Vertical Distribution of Bacteria in Marine Sediments“. AAPG
Bulletin 20, Nr. 3 (1936): 258—-69

'. hygggriegw D 3.2 - Changes in gas composition in micro-habitat experiments as 91

== 3 result of microbial gas consumption



. D 3.2 - Changes in gas composition in micro-habitat experiments as
@@ hystories ges 1 828 comp P

; . . 92
= aresult of microbial gas consumption



Hystories project consortium

(0, Geostock by

ludwig bolkow
systemtechnik

MicroPro GmbH

Microbiological Laboratories

MONTAN

UNIVERSITAT

\WWW.UNILEOBEN.AG.AT

000 | Mineral and Energy
Economy Research

FUNDACIGN PARA EL . ~ | Institute
EEe(R[F) M
Acknowledgment

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now
Clean Hydrogen Partnership) under grant agreement No 101007176.

This Joint Undertaking receives support from the European Union’s Horizon 2020 research
and innovation programme and Hydrogen Europe and Hydrogen Europe Research

% Clean Hydrogen
_Partnership

* *
* 4 *

The Project Is co-founded by European Union



