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Abstract

Underground Hydrogen Storage (UHS) in reservoirs and caverns is a possible solution for

large-scale and long-term storage of hydrogen (H2) in the subsurface. As the cost of tech-

nology installation and electricity from renewable energy, such as solar and wind energy,

continues to decrease, utilization and storage of H2 can accelerate the energy transition. H2

and UHS can also contribute to energy security and a more sustainable energy system. How-

ever, it is essential to understand the potential implications the microbial processes in the

subsurface can cause in the UHS.

This thesis quantifies and studies the impacts of different H2 concentrations and pressures on

the microbial H2 consumption by two metabolic groups; sulfate-reducers and methanogenesis.

The sulfate-reducing bacterium (SRB) and the methanogen used in this experiment are

Desulfohalobium retbaense and Methanocalculus halotolerans, respectively. In addition, the

microbial H2 consumption by the SRB was also studied in the micromodel experiment to

observe the behavior in porous media.

The metabolic processes of the SRB were inhibited by the high pH of 9.0 in the higher

H2 concentrations and pressures. The highest maximum consumption rate was at 100%H2

with 0.05 mmoles/day and at 90%H2 with 0.22 mmoles/day for the SRB and methanogen,

respectively. For the different pressures, the maximum consumption rate for the SRB was

stable at 0.04 mmoles/day, while for the methanogen was at 2 barg with 0.59 mmoles/day.

In the micromodel at 35 barg, the consumption rate for the SRB was 1.23 ·10−6 mmoles/day.

The lower consumption rate could be due to the pore geometry, fewer microbial cells, and

unfavorable environments caused by waste and byproducts. The production of H2S by the

SRB was influenced by the high pH, resulting in a dominant sulfide concentration in the form

of HS– . Meanwhile, the microbial activity of the methanogen did not encounter limiting

factors, leading to the highest CH4 concentration of 29.92% at 2 barg.

The SRB was able to inhibit their microbial activity and poses a lower risk for H2 loss,

corrosion, and clogging in UHS. However, the methanogen had effective metabolic processes

and consumed the available H2 regardless and produced CH4. Therefore, more studies should

be conducted to control the microbial activity in the subsurface to ensure safe and stable

UHS.
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Chapter 1

Introduction

1.1 Motivation

The global energy transition is accelerating, driven by increasingly ambitious energy and

climate policies, technological developments, and economic considerations. Despite the rapid

advancements in clean energy technologies, the majority of the world’s energy supply still

comes from fossil fuels [1], [2]. In developing countries, the share of fossil fuels in the total

primary energy mix increased from 77% in 2000 to 80% in 2021, mainly due to an increase

in coal use. In developed countries, the share of fossil fuels decreased from 82% to 77% [1].

Consequently, the global share of energy from fossil fuels remained relatively constant at

around 80% [1], [2].

Anthropogenic emissions of carbon dioxide (CO2) and other greenhouse gas (GHG) emissions

over the last decade are at a historic high, which already led to significant changes in the cli-

mate system [3], [4], [5]. This includes observed impacts such as an increase in the frequency

and intensity of heatwaves across most regions, as well as an increase in the frequency and

duration of marine heatwaves. Furthermore, there is an increase in the occurrence, magni-

tude, and amount of heavy precipitation events globally. Similarly, the Mediterranean region

is facing an increased risk of drought. The loss of certain ecosystems and biodiversity may

have permanent or long-term consequences [3].

Significant progress still needs to be made to mitigate the emissions and limit global warming

to well below 2 °C pre-industrial levels, preferably to limit to 1.5 °C, corresponding to the

Paris Agreement from 2015. Over the past decade, the costs of renewable energy technologies

1
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and electricity prices from solar and wind energy have been decreasing. For example, the

global weighted-average total installed cost for large-scale solar photovoltaic (PV) installa-

tions decreased from 4731 USD/kW to 883 USD/kW, which is a substantial cost reduction

of 81% [6]. Similarly, onshore wind and offshore wind experienced declines of 31% and 34%,

respectively [6]. During the same time period, the cost of electricity from large-scale solar

PV, onshore wind, and offshore wind had a significant decrease of 85%, 56%, and 48%, re-

spectively [6]. The reduction is mainly driven by improvements in technology, an increase

in the economy of scale, and the growing demand for renewable energy [6]. The advance-

ment in renewable energy technology and a decrease in costs have made it more viable as an

alternative to fossil fuels.

Energy generated from renewable sources like solar and wind energy are highly unpredictable,

as it depends on sun light and wind velocity. Therefore, hydrogen (H2) has been considered an

important energy carrier in the energy transition and with a major potential to decarbonize

the energy system [7]. The declining electricity costs from solar power and wind power

can enhance the competitiveness of green H2 [6]. As H2 production increases, large-scale

storage solutions are needed to balance fluctuations in the availability of renewable energy,

variation in demand, and ensure supply security [8], [9]. One of the options for large-scale and

long-term storage of H2 is in geological formations, such as depleted oil and gas reservoirs,

aquifers, and salt caverns [9]. Low-emission H2, underground hydrogen storage (UHS), and

other renewable energy sources have the opportunity to reduce the dependence on fossil fuels.

Figure 1.1 illustrates the concept of UHS in the mentioned possible reservoirs and caverns.

This transition can reduce the negative associated impacts of burning fossil fuels, in addition

to creating a more sustainable energy system and contributing to energy security [8].
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Figure 1.1: Schematic representation of UHS facility including the possible reservoirs and caverns

[10].

In the mentioned storage above exists a diversity of microorganisms [11]. H2 injection in

the subsurface artificially increases the H2 concentration, which the microorganisms can use

as a source of energy by consuming the H2 and stimulating their growth [12], [13], [14].

Additionally, this elevated H2 concentration can lead to implications such as undesired gas

production of hydrogen sulfide (H2S) and methane (CH4), corrosion and alteration in stored

gas volume [14].

Understanding the microbial process occurring in the subsurface and their implications is

crucial for the successful large-scale storage of hydrogen underground.
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1.2 Literature Review

With the increasing interest in H2 production, usage, and storage, there is also growing

literature. Several case studies of UHS have been conducted, including in the Netherlands,

Spain, Poland, and China [15], [16], [17], [18], [19]. In 2021, there were six sites operating for

UHS in the United States (salt dome), the United Kingdom (bedded salt), Czechia (aquifer),

and Austria (depleted gas reservoir) [20]. In the scientific community, there is a general

consensus about the concerns due to microbial activity in the subsurface for UHS. Among

these are H2 loss, corrosion, and formation of undesirable and unfavorable gases such as H2S

and CH4 [11], [14], [20], [21], [22].

Dopffel et al. [11] highlighted the potential side effects of microorganisms in UHS, namely H2

loss, corrosion, and formation of undesirable and unfavorable gases such as H2S and CH4. The

authors conclude that the likelihood of microbial activity is lower for salt caverns compared

with aquifers and gas reservoirs. However, it strongly depends on the conditions and other

factors such as temperature, pressure, and nutrient availability in each specific reservoir.

Furthermore, the authors suggest gaining more experience on the field site to make general

predictions on microbial risks.

Thaysen et al. [22] published an overview, and the results indicated that there was significant

microbial growth and a small H2 consumption in reservoirs with low salinity and low tem-

perature, which also may increase with repeated storage cycles. Therefore, reservoirs with

more extreme conditions, such as high temperature and high salinity, may be preferred in

terms of microbial proliferation.

Fournier et al. [23] found that the majority of the microbial activity occurred at the beginning

of the H2 injection with the use of a mathematical model. The activity was also correlated to

the availability of aqueous CO2 and SO4
2– , which sulfate-reducing bacteria and methanogen

use in their metabolic process. Furthermore, their laboratory scale model found that the H2

consumption was at 5% at the end of the experiment. However, the authors highlighted that

the laboratory experiment results may not always be directly applicable on a field-scale due

to expected differences in behavior.

Dohrmann and Krüger [24] showed that H2 consumption immediately occurred by microor-

ganisms in a formation fluid from a gas field, without any additional nutrients. This indicated

that the microbial H2 consumption was solely supported by the nutrients already present in

the formation fluid. However, the H2 consumption rate was affected by the availability of H2
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and strongly on sulfate as a terminal electron acceptor. Hence, with insufficient availability

of essential nutrients, H2 consumption will stop. The study demonstrated that there is a

significant connection between H2 consumption and the chemistry of both the rock and fluid

in UHS.

The studies presented in this section are related to microbial H2 consumption based on models

and experimental research in the laboratory. Currently, there are no to very few available

studies on the impact of different H2 concentrations and the effect of different pressures

on H2 consumption by halophilic microorganisms. Additionally, there is a need for more

research on the quantitative data on the microbial impact of increased H2 concentrations in

the subsurface [11], [25].
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1.3 Main Objective

The main objective of this thesis is to study and quantify H2 consumption of two different

groups, specifically sulfate-reducers, and methanogens. Furthermore, the implications of

halophilic microorganisms on UHS will be discussed. Halophilic microorganisms are relevant

to study for large-scale H2 storage in salt caverns and saline aquifers.

Two separate experiments were conducted with their own specific objective to address the

main objective. The first experiment investigates the impact on the microbial H2 consumption

with different H2 concentrations over time, while the second experiment studies the impact

of different pressures affects the microbial H2 consumption.

Numerous scientific reports and research papers emphasize the importance of large-scale

energy storage for future energy systems. As a result, UHS is identified as a popular option

for large-scale storage of H2. However, several knowledge gaps need to be addressed, including

microbial abundance, activity, the effect of elevated H2 concentration, and the impact of

different pressures in the subsurface. Therefore, as the popularity of UHS continues to grow,

it is important to research further to fill these gaps and ensure safe and viable storage options

for the future.



Chapter 2

Background

2.1 Hydrogen

H2 is the most abundant element in the universe and is the lightest in the periodic table. H2

can rarely be found naturally in its free state, as it is usually found in compound form with

other elements in liquid, gas, or solids. In the industry, pure H2 and gaseous H2-mixtures

are essential in oil refineries and the production of methanol and ammonia (CH4)(mainly for

fertilizers) [26]. H2 is a chemical energy carrier, which is not a source of energy like solar and

wind and, therefore, must be produced. There are various energy sources and technologies

for the production of H2. To distinguish between different methods and energy sources of H2

production, a color categorization has thus been implemented, as seen in Figure 2.1.

7
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Figure 2.1: Illustration of the colors of H2 with corresponding production methods and energy

sources. Green, yellow, and pink H2 are produced through the process of electrolysis using renewable

energy sources, which include wind, solar and nuclear. Grey and blue H2 are generated by steam

methane reforming (SMR) from natural gas. Blue H2 includes carbon capture and storage (CCS)

to mitigate GHG emissions. Modified from [27] and [28].

The chemical reactions for green H2 (Equation 2.2) and grey H2 (Equation 2.2) show that

the former will not release any emissions, thus making it a clean and sustainable source of

energy. On the other hand, grey H2 will emit CO2 in the reformation process and contribute

to global warming [26].

2H2O −−→ 2H2 +O2 (2.1)

CH4 + 2H2O+ heat −−→ 4H2 + CO2 (2.2)

To fully leverage the strengths of H2, it is essential to have a comprehensive understanding

of its physical and chemical properties (see Table 2.1), as well as health and safety concerns.

These properties determine its behavior and usage in a wide range of applications. H2 is

non-toxic, colorless, and odorless. However, it is highly flammable and can form explosive

mixtures with air. Furthermore, it has a high gravimetric energy density, which refers to the

energy stored in a unit of mass. It is three times higher than natural gas, with 140 MJ/kg

compared to 54 MJ/kg. However, the volumetric energy density, representing energy stored

per unit of mass, is relatively low. The energy content of liquid H2 is 10 MJ/L, whereas
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that of liquid natural gas (LNG) is 22 MJ/L [29]. Energy from H2 can be released through

combustion or electrochemical reactions in a fuel cell.

Table 2.1: A selection of H2 properties [29], [30].

Property Value

Atomic weight 1.008 g/mol

Density at 0 °C 0.090 kg/m3

Liquid density 70.08 kg/m3

Boiling point -253 °C
Melting point -259.14 °C
Flammability range in air 4-75% vol

Minimum ignition energy 0.017 MJ

The behavior of H2 gas in UHS can be influenced by various factors such as salinity, tem-

perature, pressure, and the presence of other solvents and gases. An increasing temperature

leads to a decrease in solubility in water, as indicated in Figure 2.3 [31]. However, the H2

solubility in brine is different due to the presence of salt affecting the properties. H2 solubility

in brine is less studied compared to pure water [32]. As subsurface reservoirs, such as salt

caverns and saline aquifers, are in direct contact with residual brine and formation water, it

is important to understand the behavior of H2 in contact with brine. Similar to all gases,

the presence of salt decreases the solubility. Therefore, the H2 solubility in brine is expected

to decrease proportionally with increasing concentrations of salt, known as the ”salting-out

effect” [32]. The H2 solubility in brine is determined by the temperature, pressure, salinity,

and composition of salt. Figure 2.2 illustrates the measured solubility of H2 in brine for 50 °C
and 100 °C with pressure. The highest salt concentrations of 5M have the lowest solubility

with increasing pressure compared to 3M, 1M, and pure water.
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Figure 2.2: The measured solubility of H2 gas in brine for a) 323 K or 50 °C and b) 373 K or 100

°C. Modified from [33].

The temperature and pressure depend on the type and location of the subsurface storage,

and the solubility varies depending on the specific gas. At standard conditions, the solubility

of H2 is 0.0014 g H2 per kg water at 37 °C. H2 has a very low solubility compared to gases

like H2S (approx. 2.5 g H2/kg water) and CO2 (approx. 1 g CO2/kg water) [34].

Figure 2.3: The solubility of H2 gas in water [34].

Increasing the partial pressure will result in a higher gas solubility in the liquid. The high

pressure increases the concentration in the gas phase, and the collision frequency is higher,

which causes gas molecules to dissolve in the liquid to achieve dynamic equilibrium [31]. This

relationship can be observed in the ideal gas law, as shown in Equation 3.1.
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Figure 2.4: The effect of gas pressure on the solubility of gas in a liquid [31].

2.2 Hydrogen Storage

The advantages of H2 stem from its adaptability and versatility. As mentioned above, there

are different technologies and methods to produce H2. H2 can be transported as a gas by

pipelines or in liquid form by ships. Moreover, it can also be transformed into electricity

and methane to power homes and feed industry and into fuels for vehicles [26]. Several

methods exist to store H2 for transportation and later use. The most mature and common

approaches to storing H2 are physical storage as compressed gas and cryogenic liquid H2.

The initial method involves compressing H2 at high pressure and storing it as pressurized

gas in cylinders, containers, or underground caverns [35]. Depending on the type of storage,

duration, and end-use, the pressure for compressed H2 may vary. It is typically stored in

high-pressure tanks with a range of 250-700 bar [36].

Meanwhile, liquid H2 is stored in cryogenic tanks at extremely low temperatures (-253 °C). To
maintain the liquid state, it is necessary to lower its temperature to the critical temperature

of -240 °C, after which it can be stored below boiling point (-253 °C at 1 atm). As liquid H2 is

stored in cryogenic temperatures, equipment in direct contact must be specifically designed

and manufactured to withstand these extreme conditions. Failure to do so could lead to

material rupture in components such as valves, vents, and pipes due to ice formation [37].

Moreover, liquid H2 (at -253 °C) has a significantly higher density with 70.85 kg/m3 compared

to 0.08987 kg/m3 for compressed H2 (at 0 °C and 1 atm) [37].

Another challenge is a phenomenon called boil-off. Boil-off arises when heat leaks through

the thermal insulation of the storage and supporting elements. As a result, the liquid H2 will

evaporate in the tanks, and the pressure increases [7]. To avoid pressure buildup and not

let the pressure exceed the tank’s upper limit, the boil-off is released through a relief valve

[38]. The boil-off rate refers to the amount of hydrogen lost over time and is expressed as
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a percentage of the total amount of hydrogen in storage [39]. The boil-off rate depends on

thermal insulation, tank size, shape, and dimensions. According to [40], the rate is 1.5-3%

per day, while [7] states 0.1-1% per day.

Chemically storing H2 in NH3 is considered an attractive and promising method. NH3 has

a high H2 density with 17.7 wt% gravimetrically, while liquid NH3 at 10 bar is 123 kg/m3

volumetrically [39]. Furthermore, the infrastructure for production, transport, and storage

is already mature and prevalent on an industrial scale for manufacturing fertilizers [41].

Compared to liquid H2, storing liquid NH3 does not require extremely high pressures. Liquid

NH3 can be stored at ambient temperature and moderate pressure of 25 °C and 9.9 bar,

which reduces the complexity and cost of the storage system and makes it less expensive to

store than H2 [42].

The flammability range of NH3 is narrow, ranging from 15 to 28 percent in air. By com-

parison, the flammability range is broader, with a range of 4 to 75 percent, as seen in Table

2.1. Thus, NH3 can be a fire hazard if exposed to an ignition source and the concentration is

within the flammability range. However, NH3 has a low reactivity at a stoichiometric concen-

tration of 22%, making it less prone to fire or explosion. The risk of explosion is significant

in confined spaces with concentrations close to stoichiometry [43].

Other challenges associated with the storage of NH3 include the major drawback and primary

concern of its toxicity. Prolonged exposure to NH3 levels above 2500 ppm (0.25%) can be

fatal, whereas exposure to 40 000 ppm (4%) can result in immediate fatality [43]. Hence,

handling NH3 with proper safety measures and sufficient training is crucial.

2.3 Underground Hydrogen Storage

The concept of storing large quantities of gases in the subsurface has existed for some time.

According to Taylor et al. [44], natural gas has been stored underground since 1916. Some

parts of the process of storing H2 are similar to the storage of natural gas, such as site

specifications and storage operation. The skills related to characterization and knowledge

about geological formations are transferable, indicating that the knowledge and experience

gained from natural gas storage can be directly applied to hydrogen storage [20]. However,

the difference in physiochemical properties between H2 and natural gas is crucial in terms

of subsurface storage, such as the high diffusivity of H2 poses the risk of leakage [45]. The

chemical affinity of H2 can react with the surrounding rocks and cause mineral dissolution,
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changing the permeability and porosity in the carbon-containing reservoir [11]. Porosity is

defined as the fraction of the void space of the bulk volume of the reservoir, and the rock’s

ability to allow for fluid flow through the interconnected pores is the permeability [46]. The

microorganisms in the subsurface can utilize H2 in their metabolism, which can cause H2 loss

[11], [20], [22]. As for now, the practical experience with underground hydrogen storage in

geological formations is limited. Although this subject has been up for discussion for over

three decades, it continues to generate interest, reflected by an increasing number of articles

and studies [17]. The major long-term effects of H2 storage are mainly untested. Further

research is therefore needed to understand these challenges [21], [47], [48]. Nevertheless, the

expectations for UHS as energy storage are high.

As previously mentioned, the idea of UHS is not new but has increased in popularity due

to the energy transition and strategy associated with net-zero emissions. In addition to the

potential to store a large amount of hydrogen for later use as an energy source [49]. Several

objectives that UHS can contribute to are regulating the balance between energy supply

and demand during times of excess energy production, regulating energy prices, overcoming

challenges affecting renewable methods, providing a hydrogen backup supply to industry for

increased energy security, and supporting the transition towards a low carbon economy [49].

Underground storage of gases in geological sites may be divided into porous media and cavern

storage. The former stores the gas in the pore space within carbonate or sandstone forma-

tions, while the latter stores gas in underground cavities created either through excavation

or naturally formed by the dissolution of rock [20]. According to Heinemann et al. [21],

experience with UHS in porous rock formations is very limited. Currently, the predominant

use of this technology is for the storage of town gas, which is composed of a gas mixture

containing 25-60% H2, 10-33% of CH4, less than 30% of N2, and 12-20% of CO and CO2 [21].

For H2 storage in the subsurface, several types are available such as depleted gas/oil reservoirs,

artificial salt caverns, deep aquifers, hard rock caverns, and abandoned mines. Figure 2.5

illustrates the three main types of underground gas storage that have been proposed, which

are depleted oil/gas reservoirs, saline aquifers, and salt caverns [11], [20], [48].
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Figure 2.5: UHS in a depleted reservoir, salt cavern, and aquifer [48].

2.3.1 Depleted Oil/Gas Reservoirs

Due to their long existence, the most widespread underground porous media in the geological

subsurface are depleted oil and gas reservoirs. Properties such as substantial pore space, high

permeability, integrity and tightness of cap rock, and well-characterized geological structures

make them a popular option for gas storage [20], [50]. Therefore, it is crucial to have a solid

cap rock to prevent leakage of the stored gas [50]. In porous rock, such as depleted oil/gas

reservoirs and aquifers, the operating pressure can be up to 200 bar [51].

Given that the infrastructure is well-implemented and exists for gas storage, it is considered to

be economically viable for the storage of hydrogen [25]. Storing H2 in the geological subsurface

consists of the pre-injection of cushion gas before injecting hydrogen [20]. The cushion gas is

injected to maintain sufficient operating pressure in the storage [21]. Depleted gas reservoirs

are more commonly used in underground storage. In storing hydrogen, such reservoirs already

have the necessary installation on the surface and subsurface. Furthermore, residual gas

is advantageous because it can be used as cushion gas. However, it may also influence

the purity of H2 gas in storage [20]. A considerable presence of sulfate has been found in

depleted oil and gas wells, which microorganisms can utilize in their metabolisms to enhance

microbial proliferation [45]. The interaction between residual oil and H2 can also cause
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undesired reactions. Overall, these reactions may lead to the dissolution of H2, microbial H2

consumption, and microbial production of H2S and CH4. Furthermore, alteration and loss

of H2 in the storage can occur [10], [11], [45].

2.3.2 Saline Aquifers

Saline aquifers are porous and permeable rock formations where the pore space is occupied

by water or brine at a great depth [10], [20]. The porous and permeable rocks are mostly

sandstone or carbonate [45], [52].

To store H2 in the pore space of the aquifer, the H2 needs to displace the water or brine

present in the pores to create storage space, mainly in the near-well region. The H2-injection

increases the pressure in the aquifer. A pressure exceeding the limit of the aquifer can cause

cracks in the formation, which result in leakage of H2 [53]. Upon H2 withdrawal, the pressure

will drop and can cause some of the displaced water or brine to move upwards the well

and mix with the gas. The movement of gas and water or brine during the injection and

withdrawal can cause shifting of the gas/water boundary. Consequently, causing the water

or brine to trap the gas and the residual gas cannot be recovered later [10], [49], [54], [55].

The residual fluid can also interact with the H2 and may cause undesired production of H2S

[49]. Figure 2.6 illustrates the trapping mechanisms of H2 storage in geological formations.

Figure 2.6: Overview of trapping mechanisms in underground hydrogen storage within geological

reservoirs, such as depleted oil/gas reservoirs and aquifers [49].
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Saline aquifers are common and can be found in most parts of the world. Their widespread

occurrence makes them a good option in areas where depleted reservoirs or salt caverns

are unavailable [10], [20]. Furthermore, saline aquifers often have a large storage capacity.

However, the volume of stored gas depends on factors such as the reservoir’s volume and

porosity, as well as the temperature and pressure of the storage [10], [56].

Several factors can determine storage efficiencies, such as biochemical reactions, chemical

reactions, leakage, and cushion gas [20], [54]. The presence of microorganisms has been

reported in saline aquifers, which can utilize the injected H2 in the metabolism and produce

gases such as CH4 and H2S. The increased hydrogen concentration injected into the storage

could stimulate the microorganisms. This results in H2 loss, corrosion, alteration of the

original gas mixture, and pore space clogging [14], [54]. Saline aquifers require large cushion

gas volume to main the operational pressure and maintain a desired production rate [45], [54].

A study by Heinemann et al. [54] revealed the importance of cushion gas in saline aquifers.

The study found that the cushion gas directly impacts the storage capacity and controls both

injectivity and productivity of H2 [54].

2.3.3 Salt Caverns

Salt caverns are artificially created in the subsurface by solution mining or leaching, as

illustrated in Figure 2.7. This technique involves injecting fresh water or seawater from the

surface into a well in the salt deposits [51], [57]. Subsequently, the water is withdrawn before

filling the cavern with H2 for storage [45], [51]. During this process, water may be trapped

at the bottom of the cavern [45], [58]. Furthermore, the process is performed in a controlled

manner on typically salt domes or bedded formations, which are considered to be ideal for

salt caverns [50], [59]. Salt caverns are mostly cylindrical and are appropriate for gas storage

under high pressure. The operating pressure in a more than 1000 meter deep cavern may

exceed 200 bar [51], [57]. The storage capacity is affected by the depth of the cavern. A

greater cavern depth leads to high pressure and increased capacity for compressed gas storage.

However, a lower depth requires less cushion gas and therefore reduces the operation cost

[20].
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Figure 2.7: The process of salt mining in the four phases of identifying a suitable cavern formation,

solution mining/leaching, debrining, and filling with H2 for subsurface storage [45].

According to International Energy Agency (IEA) [26] and Raza et al. [49], salt caverns

are recognized as the best option for underground hydrogen storage compared to depleted

oil and gas reservoirs and aquifers. Advantages such as their tightness and lower risk of

contamination compared to others are contributors. The high salinity environment causes

osmotic stress for the present microorganisms, reducing diversity and abundance. However,

halophilic (salt-loving) and halotolerant (salt-tolerant) microorganisms are commonly found

in high-salt conditions [11], [60]. H2 consumption can, therefore, also occur in these extreme

conditions (high stress and high salinity) and does not necessarily lower the risk. However, the

risk of microbial activity is lower in salt caverns than in aquifers and depleted gas reservoirs.

In addition, a cavern has a smaller surface area than porous media and therefore is less prone

to biofilm formation and clogging [11].

Successful storage of hydrogen in salt caverns has been conducted in the United States of

America, the United Kingdom, and Germany [10], [49]. However, the salt cavern’s storage

capacity is lower than aquifers and depleted oil and gas reservoirs [45].

2.4 Microorganisms

To thoroughly study the impact of microorganisms in UHS, it is essential to have a compre-

hensive understanding of the behavior of various microorganisms, their metabolic processes,

and their corresponding effects on the subsurface environment. In the subsurface, the diverse

community of microbial organisms includes two significant groups of unicellular organisms,
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namely Archaea and Bacteria. They are responsible for many biochemical and geochemical

reactions [11], [50], [61].

In the subsurface, molecular hydrogen is considered a central electron donor for various

microbial respiration processes [11]. This is because H2 contains a low reduction potential,

meaning it has a high capacity to donate electrons [14]. According to Zivar et al. [20], the

reaction rate can be influenced by the concentration of H2. The high concentration of H2 in

storage sites can thus accelerate the reaction. In addition, different groups of organisms can

use H2 in their metabolic processes [11]. Two processes in the subsurface contribute to H2

consumption and generation; abiotic and biotic [14], [20], [50]. Abiotic refers to non-living

components like water, rock minerals, and gases. While biotic refers to living components,

such as microorganisms [20], [50]. Abiotic processes can operate at temperatures up to 600 °C,
whereas biotic processes require cooler environments where conditions are more optimal for

supporting life [14], [20]. Methanogenesis, sulfate reduction, acetogenesis, and iron (III)

reduction are typical biotic processes known for hydrogen consumption in underground gas

storage wells [20], [50]. They have been observed to occur at temperatures up to 90 °C and

at very high salinities of around 340-350 g/L [11], [62]. To compare the high salinity, the

salt concentration in seawater is 35 g/L [63]. Only the two metabolic processes of sulfate-

reduction and methanogenesis will be further addressed as they are more relevant in this

thesis.

2.4.1 Sulfate-reducing bacteria

In the presence of sulfate, sulfate-reducing microorganisms are recognized for utilizing H2

and producing H2S, seen in Equation 2.3. The role of sulfate-reducing bacteria (SRB) is

significant in H2 storage in porous media and salt caverns [45]. Their metabolism or sulfate-

reduction is highly efficient, whereby small quantities can result in a substantial amount of

H2S [11]. Additionally, the gas formation is toxic and can pose serious health concerns for

humans or be fatal when exposed. An exposure of 500 ppm H2S in the air causes severe

poisoning, while 900 ppm leads to immediate fatality [33]. Furthermore, this byproduct

from the SRB has a corrosive effect on the equipment in the facility and can contribute to

catalyzing H2 embrittlement. The purity of the H2 storage can also be altered with the

presence of H2S [45]. The presence of sulfide can reduce the pH in porous media and cause

mineral dissolution and clogging [45].
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The chemical equation for sulfate reduction is the following [14]:

1

4
SO4

2− +H2 +
1

4
H+ −−→ 1

4
HS− +H2O (2.3)

The pH is a crucial factor affecting the metabolism and growth of the SRB. Changes in pH

can destroy cell homeostasis, which is important for the balance of the internal environment

within the SRB [64].

Alteration in pH can also affect the surrounding substances in the solution, thereby impacting

the SRB. The presence of sulfide species (H2S, HS
− and S2−) is dependent on the pH as it

can affect the chemical balance, as illustrated in Figure 2.8 [64], [65], [66]. In acidic solutions

(pH < 7.0), the sulfides exist mainly in the form of H2S. However, H2S is a volatile gas likely

to exist in the gaseous form, which can cause loss of H2S to the air [66]. In alkaline solutions

(pH > 7), the sulfides primarily exist as HS−. The sulfide concentration is higher because

HS− is more stable in alkaline conditions [66]. Kushkevych et al. [67] found that acidic and

alkaline pH outside their optimum range inhibited metabolic activity and growth of SRB.

The rate of inhibition was higher towards lower or higher pH. Thus, the production of H2S

by the SRB also affects their growth.

Changes in the pH can also affect the metabolism of competing and collaborating microor-

ganisms in the solution, especially methanogens. SRB and methanogens are known for com-

peting for the same substrates, mainly acetate and H2, under anaerobic conditions [68]. In

sulfate-rich environments, the SRB generally outperforms the methanogen. However, the

coexistence depends on the conditions and the present substrates [68]. A high initial pH

inhibits the competition between SRB and methanogen and promotes the latter’s growth

[64]. However, these mentioned findings are from wastewater. Therefore, conditions like pH,

temperature, and nutrient availability may differ from those in underground gas storage.
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Figure 2.8: The relationship between sulfide (H2S, HS
− and S2−) and pH. In acidic conditions (low

pH), the concentration of H2S is higher than HS– . As the pH increases and alkaline conditions

occur, sulfide primary exists as HS– . S2− is dominating at very high pH [69].

2.4.2 Methanogens

Methanogens belong to the Archaea domain and are highly sensitive to oxygen. Therefore

require strictly anaerobic conditions for their survival and growth [70]. They are known for

reducing CO2 to produce CH4 by oxidizing H2, as illustrated in Equation 2.4. This metabolic

process is called methanogenesis [22]. The CH4 formation may result in the loss of H2 in UHS

and increased CH4 concentration. CH4 is the second most important greenhouse gas after

CO2, which significantly contributes to global warming [70]. Furthermore, this gas alteration

may reduce the efficiency of the storage system, and less H2 would be available for utilization

[47].

The following chemical equation is the process of methanogenesis [11].

1

4
HCO3

− +H2 +
1

4
H+ −−→ 1

4
CH4 +

3

4
H2O (2.4)

As mentioned in Section 2.4.1, the methanogen can co-exist and compete with the SRB.

Methanogenesis can still occur in the presence of sulfate, but the SRB outcompetes the

methanogen in high-sulfate environments [14].

Methanogens are capable of occurring in extreme conditions, such as high salinity. The high

salt concentration can lead to osmotic stress. Therefore, they have developed two mechanisms

to withstand the osmotic pressure and achieve osmotic balance. The first strategy is the
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”salt-in” strategy, which accumulates high ionic concentrations, while the other is to exclude

the salt from their cells and use another solute that does not interfere with other processes

[22], [71].



Chapter 3

Methods

The following chapter will introduce and describe the experimental methods used in the ex-

periments. Four experiments were conducted in the Norwegian Research Center (NORCE)

laboratory in Bergen. Imaging of the microbial H2 consumption in micromodel was performed

by Dr. Na Liu in the laboratory at the Department of Physics and Technology at the Uni-

versity of Bergen. The strains used in the experiments are Desulfohalobium retbaense (DSM

5692) and Methanocalculus halotolerans (DSM 14092), which were ordered from Deutsche

Sammlung von Mikroorganismen und Zellkulturen (DSMZ) website.

3.1 The Strains and Growth Conditions

Desulfohalobium retbaense (DSM 5692) is a halophilic sulfate-reducing bacterium. It was first

isolated from saline sediment in a hypersaline lake in Senegal [72]. This bacterium requires

acetate and vitamins for growth, but can also be replaced with Biotrypcase or yeast extract.

The SRB can also use different electron acceptors to reduce to H2S, such as sulfate, sulfite,

thiosulfate, and elemental sulfur [72].

According to Ollivier et al. [72], the growth for Desulfohalobium retbaense occurs at pH

between 5.5 and 8.0, while the optimum growth is at pH between 6.5 and 7.0. The optimum

temperature for growth is 37 °C to 40 °C. The strain grows up to a NaCl concentration of 24%

in the growth medium. However, when the concentration in the medium increased to 20%,

the activity was greatly reduced. The optimum growth occurs when the NaCl concentration

is around 10%.

22
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Methanocalculus halotolerans (DSM 14092) is a halotolerant methane-producing archaeon or

methanogen. It was first isolated from saline oil field water in France [73]. The methanogen

required acetate in addition to an 80% H2 and 20% CO2 mixture to produce methane, similar

to Strain SEBR 4845T described in [73]. They observed that the growth occurred at a pH

between 7.0 and 8.5, with an optimum pH of 7.6. The optimum growth temperature is

38 °C, and no growth occurred at temperatures below 24 °C or above 50 °C. The growth

occurs in NaCl concentration ranging between 0 % and 12.5%, with optimum growth at 5%.

Furthermore, this strain is highly sensitive to oxygen (O2) and does not grow in an oxidized

medium [73].

Desulfohalobium retbaense and Methanocalculus halotolerans thrive in environments with

high salt concentrations, although the latter is not strictly halophilic. Moreover, they are

anaerobic microorganisms, which implies their ability to survive and grow without O2.

3.2 Preparing the Media

When studying microorganisms in a laboratory, growing them in controlled conditions is

crucial. They need certain nutrients and environmental conditions, such as optimum tem-

perature and pH, to grow. Microorganisms are remarkably diverse and require different types

of growth media. The growth media are prepared with specific nutrients that are stated in

the media sheet for microorganisms.

To make the growth media for Desulfohalobium retbaense, DSMZ Medium 499 recipe was

followed with some modifications. Despite being specified in the media sheet, the carbon

sources of lactate, yeast extract, and trypticase peptone were not added to the media. These

modifications were made to have complete control over the carbon sources and nutrients

for experimental purposes. The Medium 499 provides the nutrients to prepare the optimal

growth medium for the SRB. By adding lactate, the SRB would have used it as an electron

donor instead of H2, and the purpose of this thesis is to study the utilization of H2. The con-

tent in Trypticase peptone is unknown and, therefore, not included. The selenite-tungstate

solution was also excluded because it was unavailable in the laboratory’s inventory. Table

3.1 shows the media sheet with the modifications. The medium was sparged with 100% N2

to create an anoxic environment. The pH of the medium should be between 6.8 and 7.0.
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Table 3.1: Modified DSMZ Medium 499 recipe for Desulfohalobium retbaense.

Media for Desulfohalobium retbaense

Ingredients Amount Unit

NH4Cl 1.00 g

K2HPO4 0.30 g

KH2PO4 0.30 g

MgCl2 x 6H2O 20.0 g

NaCl 100.00 g

CaCl2 x 2H2O 2.70 g

KCl 4.00 g

Na2SO4 3.00 g

Trace element solution SL-10 1.00 mL

Sodium resazurin (0.1% w/v) 0.50 mL

Na2S x 9H2O 0.30 g

Distilled water 1000.00 mL

The growth media for Methanocalculus halotolerans was made by following the recipe for

DSMZ Medium 905. Similar to the previous strain, the media for Methanocalculus halotol-

erans also excluded the carbon sources yeast extract and trypticase, in alignment with the

abovementioned reason. L-Cysteine HCl x H2O was also not included due to unavailability.

Table 3.2 shows the added nutrients in the medium. The medium was sparged with 80% N2

and 20% CO2 mixture to create an anoxic environment. In addition, the pH should be in

the range between 7.2 and 7.6.
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Table 3.2: Modified DSMZ Medium 905 recipe for Methanocalculus halotolerans.

Media for Methanocalculus halotolerans

Ingredients Amount Unit

NH4Cl 1.00 g

K2HPO4 0.30 g

KH2PO4 0.30 g

KCl 0.17 g

NaCl 50.00 g

Modified Wolin’s mineral solution 10.00 mL

Sodium resazurin (0.1% w/v) 0.50 mL

NaHCO3 2.00 g

CaCl2 x 2H2O 0.60 g

MgCl2 x 6H2O 3.20 g

Na2S x 9H2O 0.30 g

Distilled water 1000.00 mL

To ensure consistent volumes for all the small bottles, they were marked at a volume of 25

mL (Figure 3.1) of the 50 ml bottles and 50 mL of the 100 ml bottles prior to preparation.

Figure 3.1: 50 mL bottles used in experiments filled with 25 mL medium, in addition to nutrients.

The procedure to prepare media for the microorganisms was as follows:

1. Weighted the nutrients as stated in the specific media recipe in Table 3.1 and Table 3.2.

Poured them into a bottle with a screw cap.

2. Measured distilled water as stated in the media recipe and added into the same bottle.
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Shook the bottle to mix the nutrients with the distilled water.

3. Poured the media into the Widdel flask (Figure 3.2) with a funnel to avoid spillage.

Figure 3.2: The Widdel flask was utilized to prepare media for the experiments. The two red lids

(input and output) on the front were slightly open during autoclaving.

4. Autoclaved the Widdel flask with the media inside. The two red lids on the front were

not entirely closed to prevent an explosion. The rest was closed. Placed bottles (Figure

3.1) that were used in the experiments in a beaker to autoclave.

5. While the bottles were autoclaved, the setup (seen in Figure 3.3) was prepared under

the fume hood with the two lines of the stated gas mixture, a magnetic stir bar, a

magnetic stirrer, and a stand to stabilize the Widdel flask. Flushed the gas lines for

one minute to ensure no contamination of other gases.
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Figure 3.3: The experimental setup for preparing media under the fume hood.

6. Removed the Widdel flask from the autoclave before it was reduced to 80 °C. It was

crucial because temperatures over 80 °C removes the O2 from the media and sterilize

it. Installed the Widdel flask as seen in Figure 3.3 under the fume hood. Connected

the stated gas mixture (100% N2 for SRB and 80% N2 + 20% CO2 for methanogen)

to the Widdel flask and open the lines to make it anoxic (see Figure 3.2). The red

front lids were slightly open. The whole process of removing the Widdel flask from the

autoclave and connecting it to the gas mixture under the fume hood lasted less than

three minutes to avoid contamination of O2.

7. Cooled down the media by showering the Widdel flask with cold water and drained the

hot water into a separate beaker until the media had a comfortable temperature.

8. The burner was turned on to make the area sterile when adding and removing into the

media. The red lid to the right was for input or adding, and the left was for output or

removing. Add vitamin, resazurin, and carbonate through the red lid on the right.

9. Extracted 1000 µL with an Eppendorf pipette from the medium to measure the pH.

The machine used the pH measurements was Inolab 720 from WTW (± 0.01 pH).

Adjusted the pH to ensure it was within the target range, which was pH 6.8-7.0 for the

SRB and pH 7.2-7.6 for the methanogen. Decreased the pH by adding HCl if it was

too high and added NaOH if the pH was too low.
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10. The initial 100 mL of the medium was discarded. This was to ensure that all the

medium was adjusted to the desired pH stated above.

11. Prepared the line with the stated gas mixture (N2 or N2+CO2) in the recipe. Turned

on the burner, closed the red lids, and opened the water line.

12. Removed the foil of the autoclaved bottles and moved it through the flame to sterilize.

Poured the media into the bottles through the filling funnel until the marked line of

the bottles (25 ml for the 50 ml bottle or 50 ml for the 100 ml bottle).

13. Flushed with the gas mixture for 30-60 seconds to remove the O2. Closed the opening

of the bottles with a stopper and a crimp seal. Secured the crimp seal with a manual

vial crimper.

3.3 Preculture

Preculture was prepared separately to initially promote the growth of the microorganisms

before inoculating them to the experimental bottles.

The preculture for Desulfohalobium retbaense included 50 mL medium 499, 500 µL from 10%

stock solution yeast extract, 500 µL from 10% stock solution peptone, 600 µL from 2M stock

solution lactate, 300 µL from 2M stock solution acetate, and 2 mL culture. The preculture

was stored in an incubator at 37 °C. For the experiments with different H2 concentrations,

the preculture was allowed to grow for seven days. The preculture had a concentration of

13.53% H2S at the end of the cultivation period. The preculture was grown for eight days

for the experiments with different pressures, and the amount of H2S was 12.57%

The preculture for Methanocalculus halotolerans was prepared by combining the following

components: 50 mL media 905, 500 µL from 2M stock solution acetate, 2 mL from 1M

stock solution formate, 250 µL from 10% stock solution yeast extract, and 10 mL culture.

In addition, a gas mixture of 80% H2 gas and 20% CO2 gas was added to the headspace to

create an anaerobic environment and encourage growth. This preculture was also stored in

an incubator at 37 °C. For the experiments with different H2 concentrations, the preculture

was allowed to grow for 13 days. While for the experiment with different pressures, the

preculture grew for 12 days.
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3.4 Working with Hydrogen

Hydrogen is a highly flammable gas, as previously mentioned in Section 2.1. Therefore, it

was crucial to take the necessary precautions. Three key rules must be kept in mind and

followed when working with hydrogen:

• No flames nearby due to the explosion risk by ignition.

• Low volume of gas because hydrogen gas mixed with air can cause an explosion.

• Good ventilation to prevent a build-up of potential explosive concentration in the air.

3.5 Method for Measuring Pressure

Pressure measurements were conducted at the start and the end of the sampling day using

a pressure transducer. Unfortunately, information about the uncertainty of the pressure

transducer was not found. Figure 3.4 illustrates the setup, and the software used for the

measurements was Flexlogger.

The method was as follows:

1. Cleaned the cap of the bottle with ethanol to sterilize and placed the needle into the

rubber center of the bottle in a straight motion. It was important to avoid bending the

needle to minimize the risk of incorrect measurement.

2. Read the measurement from the Flexlogger. Finally, the needle was removed slowly

from the rubber to minimize pressure loss.

Figure 3.4: A simple illustration of the setup to measure the pressure with the pressure transducer.
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3.6 Method for Measuring Gas Composition

Micro gas chromatography (microGC) measured the gas composition in the different bottles.

A machine from Agilent Technologies called Agilent 490 Micro GC was used with the software

Soprane CDS. The setup is illustrated in Figure 3.5. To measure the gas composition, the

instrument extracted a small sample from the headspace of the bottles. The machine had an

uncertainty of ± 0.5% (mole%). Some pressure would be lost during these measurements due

to the extraction of the gas from the headspace and removing the needle from the bottles.

It is important to note that the machine required the pressure in the bottles to be over 25

millibar gauge (mbarg) and below 1 bar gauge (barg) to measure the gas composition.

1. Placed the needle into the rubber center of the bottle in a straight motion to avoid

bending and incorrect measurement.

2. Waited until the extraction was complete. The needle was slowly removed from the

rubber to prevent pressure loss.

Figure 3.5: A simple illustration of the setup to measure the gas composition with microGC.

3.7 Method for Measuring pH

A pocket pH meter of the brand Horiba LAQUAtwin pH-11 was used to measure the pH.

The measurements were performed at the start and the end of the experiments to compare

the results. The uncertainty of the apparatus is ± 0.1 pH. It was important to measure until

the pH value was stable.

The procedure was as follows:
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1. The bottle cap was sterilized by cleaning it with ethanol. Afterward, the bottle was

shaken to ensure that the liquid was homogeneous.

2. Placed the needle into the rubber center and turned the bottle upside-down to extract

directly from the liquid and avoid gases in the syringe. Used the syringe to withdraw

200 µL liquid from the bottle. Turned the bottle upright and slowly removed the needle

from the rubber to avoid pressure loss.

3. Transferred the liquid from the syringe to the pH meter (see Figure 3.6).

Figure 3.6: Pocket pH meter (Horiba LAQUAtwin pH-11) for measurement of the pH. The liquid

had to cover the dots and measure until the pH was stable to ensure correct measurements.

3.8 Method for Liquid Sampling

The purpose of the liquid sample was to measure the residual acetate after the experiments.

Liquid samples were taken at the experiments’ beginning and end. The liquid samples can

be stored in the freezer for later use, such as DNA analysis.

1. The area of use was cleaned with ethanol to sterilize the surface. Sterile Eppendorf

tubes were used and labeled. Half of the tubes were designated for the supernatants

and the other half for the pellets.

2. The bottle cap was wiped with ethanol, and the bottle was shaken to ensure homo-

geneity.

3. The needle was placed into the rubber center of the bottle in a straight motion to avoid

bending the needle and ensure correct measurement.
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4. The bottle was turned upside-down without bending the needle to extract directly from

the liquid and avoid gases in the syringe. Exactly 1 mL of liquid was withdrawn into

the syringe. The bottle was turned upright, and the needle was slowly removed from

the rubber to avoid gas leakage.

5. The needle was discarded, and the liquid was transferred into the Eppendorf tubes. The

Eppendorf tubes were closed and placed evenly distributed in the centrifuge machine

(Heaeus Biofuge pico). The machine separated the pellet from the supernatant by

centrifuging at 13000 rpm for 20 minutes. Removed the tubes from the machine when

finished.

6. An Eppendorf pipette on 1000 µL was used to withdraw as much supernatant as possible

without touching the pellet.

7. The supernatant was transferred to a sterile Eppendorf tube and placed in a box before

storing them in the freezer.

3.9 Method for DNA Analysis

The purpose of DNA analysis was to extract DNA from the bottles to measure cell numbers,

but this was not included in the thesis due to time constraints. However, measuring the cell

numbers can be performed in future work.

DNA-extraction

Pre-treatment was initially conducted to break up the cells and extract the DNA. The pro-

cedure was as follows:

1. The ultrasonic cleaner (VWR Ultrasonic Cleaning Bath) was filled with distilled water

below the line.

2. The frozen Eppendorf tubes with the pellets were placed in the floaters. Followed by

placing the floater in the ultrasonic cleaner for five minutes.

3. After five minutes, the Eppendorf tubes were placed in a box and into a freezer at

−80 °C for five minutes to shock-freeze.

4. The Eppendorf tubes were placed back in the floater and back into the ultrasonic
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cleaner again for five more minutes.

For DNA extraction, the DNeasy Blood & Tissue Kit (50) manufactured by QIAGEN was

utilized. Eppendorf pipettes with PCR-clean and sterile tips were utilized. The manufac-

turer’s manual was followed with some adjustments in the procedure.

The following modifications were made to the manufacturer’s protocol during the DNA ex-

traction procedure:

• Turned on at 13000 rpm instead of 14000 rpm in the centrifuge.

• Used 50 µL DNA-free water instead of 200 µL buffer AE.

Adjustments were made because the centrifuge at the laboratory had a maximum rate of

13000 rpm. Moreover, information about the composition of buffer AE was not provided,

making it uncertain whether it could affect subsequent chemical processes. DNA-free water

was chosen as a substitute to avoid potential alternations because it is known to be pure.

Qubit 4 Fluorometer Invitrogen was used to measure DNA quantification in the samples.

The quantification requires the use of Qubit Assay Tubes, which are specifically designed to

fit the machine. To obtain precise measurements, it was important to calibrate the machine

before analyzing the samples, which involved the measurement of standards containing known

concentrations of DNA, typically one low and one high concentration.

1. An Eppendorf pipette was used to withdraw 190 µL of working solution and transferred

to the Qubit Assay Tubes.

2. 10 µL of the low-concentration standard solution was transferred into the Qubit Assay

Tubes. The tubes were vortexed (IKA MS1 S1 Vortex Shaker) for a few seconds to mix

the liquids.

3. The tubes were incubated for two minutes at room temperature before being placed in

the Qubit 4 Fluorometer Invitrogen to read the value.

4. The steps above were repeated with the high-concentration standard solution

The procedure from the manufacturer was followed for the samples
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1. Qubit Assay Tubes were placed into a tube rack and labeled for easier tracking

2. 199 µL of the working solution was drawn out with an Eppendorf pipette with PCR-

clean tip and transferred to the Qubit Assay Tubes. This was done for all samples

without changing the tip.

3. 1 µL of each sample was drawn out with an Eppendorf pipette and transferred to

the respective Qubit Assay Tube. A new tip was used for each sample to prevent

contamination.

4. The tubes were vortexed for a few seconds to ensure homogeneity.

5. The tubes were incubated for two minutes at room temperature before placing them in

the machine to read the values.

3.10 Method for Acetate Measurement

The purpose of the acetate measurements was to determine the extent of the acetate utiliza-

tion by the microorganisms at the start and the end of the experiments. It was described

that Desulfohalobium retbaense and Methanocalculus halotolerans used acetate as a carbon

source [72], [73].

To measure the amount of acetate, the liquid samples with the supernatant were analyzed

using the apparatus named Agilent 1260II HPLC for liquid chromatography.

The preparation of the samples before analysis was as follows:

1. The Eppendorf tubes with the supernatant were defrosted overnight in the fridge.

2. Prepared new Eppendorf tubes and labeled them for easier identification.

3. Used the Eppendorf pipette to withdraw 500 µL of the supernatant and transferred to

the new Eppendorf tubes. 1000 µL of 14 mM sulfuric acid (H2SO4) was also transferred

to the Eppendorf tubes.

4. Prepared vials and labeled them for easier identification.

5. Used a syringe to withdraw all the diluted samples from the Eppendorf tubes, removed
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the needle, and filtered the diluted sample through a 0.45 µm RC (Regenerated Cellu-

lose) syringe filter.

6. Put the vials in the liquid chromatography (Agilent 1260II HPLC)

The HPLC procedure is described in Appendix A.

3.11 Experiments with Different Hydrogen Concentra-

tions

The experiments involved taking measurements of pressure, gas composition, and pH at both

the beginning and the end and collecting liquid samples. Furthermore, acetate was measured

at the end of the experiment, as the initial amount is already known from the preparation of

the bottles in Table 3.3 and Table 3.4.

Each H2 concentration in this study was measured as duplicates. Duplicates are useful to

compare the development and ensure consistent results. Furthermore, it can help to identify

unexpected or unusual behavior due to contamination or procedure errors. The result is

the average of the two measurements. Error bars are used to decide the deviation of the

duplicates.

3.11.1 Desulfohalobium retbaense

A total of 14 bottles were prepared for this experiment. Eight bottles were unsterile, and the

remaining six were sterile controls. 300 µL from 2M stock solution acetate, 350 µL vitamin,

and 2.5 mL from 10% stock solution inoculum were injected into the unsterile bottles (see

Table 3.3).

Four different microbial setups were prepared, each with duplicate samples and a different

H2 concentrations in the headspace of 0%H2, 10%H2, 40%H2, and 100%H2. The remaining

headspace was occupied by N2. The hydrogen gas line was flushed for one minute, and

subsequently, the syringe was flushed with H2 three times to eliminate any traces of O2. To

inject H2 gas into the headspace of the bottles, a volume of 5 mL of H2 gas corresponded

to 10% H2 concentration, while 20 mL of H2 gas corresponded to 40% H2 concentration.

100% H2 required flushing the bottle with H2 gas for a duration of one minute. During the

experiment, when the pressure level was below the lower limit (< 25 mbarg) for microGC,

the pressure was re-added in the bottles by using a syringe filled with 100%N2.
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The bottles were stored upside down in the incubator at 37 °C to prevent H2 leakage.

Table 3.3: The experimental plan for the experiments with different H2 concentrations with

Desulfohalobium retbaense.

H2 Acetate 2M Vitamin Inoculum 10%

(%) (µl) (µl) (mL)

0 300 350 2.5

0 300 350 2.5

10 300 350 2.5

10 300 350 2.5

40 300 350 2.5

40 300 350 2.5

100 300 350 2.5

100 300 350 2.5

10 - - -

10 - - -

40 - - -

40 - - -

100 - - -

100 - - -

3.11.2 Methanocalculus halotolerans

Similar to the previous strain, this experiment also had 14 bottles prepared. Eight of them

were unsterile, while the remaining six were sterile. The unsterile bottles had the following

nutrients added: 250 µL from 2M stock solution acetate, 150 µL from 10% stock solution

yeast extract, and 2.5 mL from 10% stock solution inoculum (see Table 3.4).

This experiment consisted of four microbial setups, each with a different H2 concentration

in the headspace: 0%H2, 10%H2, 40%H2, and 90%H2, with duplicates of each setup. Before

adding the H2, the headspace was occupied with 80% N2 and 20% CO2. The procedures for

achieving 0%, 10%, and 40% H2 concentrations in the headspace are the same as described

above in Desulfohalobium retbaense. The 90% H2 concentration requires a few more steps.

Initially, the headspace was flushed with H2 gas for one minute to attain 100% H2. A syringe

extracted 5 mL of H2 gas from the headspace. Subsequently, the CO2 line was flushed for
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one minute to remove any remaining O2 traces. The syringe was also flushed three times to

eliminate any residual gases. To achieve a 90% H2 concentration, 5 mL of CO2 was injected

into the bottle. The bottles were re-added with 80%N2+20%CO2 using a syringe when the

pressure was too low for the microGC.

The bottles were stored upside down in the incubator at 37 °C to prevent H2 leakage.

Table 3.4: Experimental plan for the experiments with different H2 concentrations with

Methanocalculus halotolerans.

H2 Acetate 2M Yeast extract 10% Inoculum 10%

(%) (µl) (µl) (mL)

0 250 150 2.5

0 250 150 2.5

10 250 150 2.5

10 250 150 2.5

40 250 150 2.5

40 250 150 2.5

90 250 150 2.5

90 250 150 2.5

10 - - -

10 - - -

40 - - -

40 - - -

90 - - -

90 - - -

3.12 Experiment with Different Pressures

In these experiments, measurements of the pressure and pH were conducted at the beginning

and the end, as well as collecting liquid samples. The gas composition was not performed

at the start of the experiments with Desulfohalobium retbaense because the headspace was

filled with 100% H2. Therefore, the initial gas composition was already known, and only the

measurement at the end of the experiments was necessary. However, the gas composition

was measured for Methanocalculus halotolerans at the start and the end. This was because

it was more challenging to obtain precisely 90% H2 compared to 100% H2. Only the bottle
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with 0.3 barg was measured at the beginning, as it is assumed that all the bottles contained

the same gas composition due to the same procedure. All pressures were measured at the end

with the microGC. The measurement of acetate was performed at the end of the experiment,

as the initial amount is already known from the preparation of the bottles in Table 3.5 and

Table 3.6.

Similar to the experiment with H2 concentrations, each pressure in this study was measured

as duplicates for the same reason as stated in Section 3.11.1.

3.12.1 Desulfohalobium retbaense

Ten bottles were prepared for this experiment, whereas six were unsterile and four were

sterile. The unsterile bottles had injected 300 µL from 2M stock solution acetate, 350 µL
vitamin, and 2.5 ml from 10% stock solution inoculum (see Table 3.5).

The experimental setup had three different pressures of 0.3 barg, 1 barg, and 1.7 barg, in

addition to duplicates. First, all the bottles were flushed with H2 for one minute to obtain

100%H2 in the headspace. Then, to achieve the desired pressure, H2 was manually injected

into the headspace using a syringe to the target pressure.

The bottles were stored upside down in the incubator at 37 °C to prevent H2 leakage.

Table 3.5: Experimental plan for the experiments of different pressures with Desulfohalobium

retbaense.

H2 Acetate 2M Vitamin Inoculum 10% Pressure

(%) (µl) (µl) (mL) (barg)

100 300 350 2.5 0.3

100 300 350 2.5 0.3

100 300 350 2.5 1

100 300 350 2.5 1

100 300 350 2.5 1.7

100 300 350 2.5 1.7

100 - - - 1

100 - - - 1

100 - - - 1.7

100 - - - 1.7
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3.12.2 Methanocalculus halotolerans

This experiment had a similar setup as the previous one. However, during this experiment,

a problem was encountered. While filling the bottles in the laboratory, the supply of H2 was

depleted. A modification of the original experimental plan was therefore necessary. Seven

bottles were prepared for this experiment; five were unsterile, and two were sterile. Due to

the modification, the unsterile bottle with 0.5 barg and both sterile bottles with 1.5 barg

and 2 barg were not measured as duplicates. The unsterile bottles included 250 µL from 2M

stock solution acetate, 150 µL from 10% stock solution yeast extract, and 2.5 ml from 10%

stock solution inoculum (see Table 3.6).

This experiment consists of three different pressure setups of 0.5 barg, 1.5 barg, and 2 barg.

To achieve a consistent mixture in the headspace of all bottles, a 90% H2 and 10% CO2

gas mixture was flushed into them simultaneously. Furthermore, the H2/CO2 mixture was

injected into the headspace using a syringe to achieve the desired pressure.

The bottles were stored upside down in the incubator at 37 °C to prevent H2 leakage.

Table 3.6: Experimental plan for the experiments with different pressures with Methanocal-

culus halotolerans.

H2 Acetate 2M Yeast extract 10% Inoculum 10% Pressure

(%) (µl) (µl) (mL) (bar)

90 250 150 2.5 0.5

90 250 150 2.5 1.5

90 250 150 2.5 1.5

90 250 150 2.5 2

90 250 150 2.5 2

90 - - - 1.5

90 - - - 2
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3.13 Calculations

The ideal gas law was used to relate the properties that define the state of a system. It

describes the relationship between the pressure, volume, amount, and temperature of a per-

fect gas [74]. In this thesis, H2 can be considered a perfect gas since the pressure was kept

at low pressure (below 35 barg) [75]. Hence, the perfect gas law was applied to calculate

the number of H2 moles present in the headspace of the bottle. The partial pressure in the

bottle was obtained from the measurements with the pressure transducer. The pressure in-

side the bottles is relative to the pressure outside, and therefore the absolute pressure was

calculated by adding the atmospheric pressure to the partial pressure. The volume of H2 in

the headspace was determined by using the microGC. The total volume of the bottles was

58.35 mL, whereas 28.15 mL was liquid volume and 30.2 mL was gas volume for the SRB.

The same volume was for the methanogen, except that composition was 27.9 mL for liquid

volume and 30.45 mL for gas volume. The gas volume from the bottles was multiplied with

the H2 volume in the headspace. Since the bottle was stored in the incubator at 37 °C, the
same temperature was used in the calculations.

PV = nRT (3.1)

n =
PV

RT
(3.2)

Where P is the pressure [Pa], V is the volume [m3], n is the number of moles [mol], R is the

gas constant [8.314 m3 · Pa · K−1 · mol−1], and T is the temperature [K].

During the sampling process, removing the needle from the rubber resulted in pressure loss.

To quantify the number of moles lost during the sampling day, the difference between the

number of moles of H2 at the start and at the end was calculated.

x0 − xn = ∆x (3.3)

Where x0 is the initial number of moles [moles] H2, xn is the final number of moles [moles]

H2, and ∆X is the loss of moles [moles].

The SRB and methanogen consumed the dissolved H2 in the medium. Therefore, to compare
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the total H2 consumption between the SRB and the methanogen under different H2 concen-

trations and pressures, it was necessary to establish a common starting point. Therefore, the

total H2 consumption was on a relative scale, as all the start points were normalized to the

initial moles H2 over time. To calculate the percentage of change over time, the following

equation was utilized:

(1− xn

x0

) ∗ 100% = % (3.4)

Where xn is the final value, and x0 is the initial value.

To determine the maximum consumption rate for the different H2 concentrations and pres-

sures, the consumption rate was first calculated by determining the slope of the decrease in

the amount of H2 over time. The slope represents the rate of change along the regression line,

which is a straight line between two variables [76]. Subsequently, the maximum consumption

rate in millimoles per day is the highest absolute value.

slope =

∑n
i=1(xi − x̄)(yi − ȳ)∑n

i=1(xi − x̄)2
(3.5)

Where the slope is in millimoles per day [mmoles/day], x is day [day] and y is the H2

consumption [mmoles].

Each H2 concentration and pressure were measured as duplicates, thus representing the av-

erage of two measurements.

x̄ =
1

n

n∑
i=1

xi (3.6)

Where x̄ is the average, x is the value, and n is the number of values.

Acetate was included in the bottles as a carbon source for the microbes. The dilution

equation was used to calculate the concentration of the initial amount of acetate included in

the medium.

C1 ∗ V1 = C2 ∗ V2 (3.7)
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C2 =
C1 ∗ C1

V2

(3.8)

Where C1 is the initial concentration of the solution [mol/m3], V1 is the initial volume of

the solution [m3], C2 is the final concentration of the solution [mol/m3], and V2 is the final

volume of the solution [m3].

The average deviation determines the variability in a given data set. It calculates the average

of the absolute deviations of the data points from their mean [77]. The average deviation

was used for the small sample size of two values (Equation 3.9), while the standard deviation

population was used for more than two values (Equation 3.10). The deviations were also

used to create error bars.

AD =
1

n

n∑
i=1

|xi − x̄| (3.9)

Where x is the value, x̄ is the mean of the values, and n is the number of values.

STDEV.P =

√∑n
i=1(xi − x̄)2

n
(3.10)

Where x is the value, x̄ is the mean of the values, and n is the number of values.



Chapter 4

Uncertainty Assessment

This chapter presents and discusses the sensitivity and uncertainty of the methods in Chap-

ter 3. All the errors and method sensitivity are important for understanding and interpreting

the experimental results.

4.1 Error and Uncertainty in the Procedures

There is a potential risk of contamination during the experimental procedure involving mi-

croorganisms. Working with anaerobic microorganisms such as Desulfohalobium retbanse and

Methanocalculus halotolerans requires special precautions to avoid contamination of oxygen

and others that can alter the results.

To ensure the viability of the microorganisms, the presence of O2 had to be eliminated from

the bottles as they are highly sensitive to it. The anaerobic microorganisms cannot thrive

in the presence of O2, which are toxic and can either inhibit their growth or be fatal [78].

This can be prevented by flushing the syringe with N2 at least three times before injecting

or extracting liquid and gas from the bottles. Furthermore, sodium resazurin was added to

the medium to identify oxidation by the change to pink color. Despite the precautions taken

to eliminate the presence of O2 in the bottles, it was observed that a few bottles had been

infiltrated with O2. In cases of underpressure in the bottles, the probability of O2 infiltrating

increases.

A minor pressure loss was observed after removing the needle from the rubber of the bot-

tles. The pressure loss occurred after measurements with the pressure transducer and the
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microGC. The pressure loss was accounted for in the experiment with different H2 concen-

trations, which were calculated and included in the results. In contrast, the pressure loss was

not accounted for in the experiments with different pressures. The procedure for the pressure

measurements was the same for all experiments. However, in the experiments with different

pressures, the gas composition was only measured at the start and the end of the experiment.

This approach’s purpose is to avoid altering the pressure level caused by gas leakage from the

needle, which could result in an incorrect interpretation of the influence of different pressures

on H2 consumption. Due to the lack of gas composition data, the calculation of H2 loss in

the unsterile bottles was not performed. However, H2 loss can be calculated by subtracting

the number of moles H2 in the sterile from the unsterile.

The effect of temperature on pressure measurements is an important factor to consider. This

is because the pressure is proportional to the temperature according to the perfect gas law in

Equation 3.1. In this case, a bottle recently removed from an incubator will have a slightly

higher pressure than one allowed to sit at room temperature for some time. This difference

in pressure can therefore affect the accuracy of the measurements.

4.2 Error and Uncertainty in the Calculations

As previously mentioned, the pressure loss was not accounted for in the experiments with

different pressures. The uncertainty of the apparatuses was also not included in the calcu-

lations. This is because the uncertainty of the biological variability of microbial growth and

activity is greater than that of the apparatuses. Accounting for factors such as individual

microbes and their responses to temperature, pH, and nutrients is challenging.

The bottles were stored in an incubator at 37 °C, and the temperature used in the calculations

corresponds to this. However, the temperature in the bottles decreases when the bottles are

at room temperature for the pressure measurements. Consequently, the temperature and

pressure used in the calculations may not accurately represent the actual conditions and

could potentially be lower.



Chapter 5

Results and Discussion

This chapter presents and discusses the results of the experimental laboratory work with

the sulfate-reducing bacterium Desulfohalobium retbaense and methane-producing archaeon

Methanocalculus halotolerans. The experiments were divided into two parts to study the

influence on H2 consumption. The first part studied the impact of different H2 concentrations,

while the second part focused on the impact of different pressures.

The chapter consists of three main sections. The first section presents and discusses the

results from the experiments with different H2 concentrations on H2 consumption by SRB

and methanogen separately. The second section presents and discusses the effects of different

pressures on H2 consumption by both microorganisms separately. Finally, a comparison of

the results between the previous sections is conducted.

5.1 Impact of Different Hydrogen Concentrations on

SRB and Methanogen

The experiments studied the impact of the different H2 concentrations on the SRB (0%, 10%,

40%, and 100%) and the methanogen (0%, 10%, 40%, and 90%) on microbial H2 consumption

and acitivites. In this thesis, the H2 consumption rate refers to the microbial consumption of

H2. Meanwhile, H2 loss refers to several factors, including microbial consumption, pressure

loss, and H2 dissolved in the medium.
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5.1.1 Sulfate-reducing bacterium

Desulfohalobium retbaense used H2 (aq) as a source of electrons to reduce sulfate and produce

gaseous H2S. Figure 5.1 A) illustrates a significant decrease of 0.18, 0.28, and 0.57 millimoles

(mmoles) for 10%H2 (purple), 40%H2 (orange), and 100%H2 (red) respectively, in the initial

14 days. Subsequently, the graphs level off and move towards stabilization. The H2 was fully

consumed after 14 days in the bottles with 10%H2. However, the SRB failed to consume

all H2 in concentrations of 40%H2 and 100%H2. The consumption ended at 0.19 and 0.70

mmoles, respectively.

All the bottles contained the same medium, which implies that the initial pH is expected to

be similar for all H2 concentrations. Therefore, the initial pH was not measured for unsterile

and sterile 10%H2, nor for sterile 100%H2. The H2 concentrations in sterile controls (dashed

lines) in Figure 5.1 A) are expected to be constant due to no microbial activity. However,

between days 28 and 34, a decrease of 0.09 mmoles for sterile 100%H2 was caused by a

measurement error. Pressure loss is expected due to pressure and microGC measurements

for low-pressure experiments. Therefore, if the pressure levels were below the lower limit

(<25 mbarg) required for microGC measurements, the pressure was increased by re-adding

N2. Thus, for long-duration experiments, it was anticipated that gas composition would

change due to the re-adding of N2.
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Figure 5.1: A) The consumed H2 number of mmoles by Desulfohalobium retbaense in 42 days for

four H2 concentrations; 0%H2, 10%H2, 40%H2 and 100%H2. Each H2 concentration has a sterile

control (i.e., without bacteria cells) represented in dashed lines, except for 0%H2. B) The pH at the

start and at the end of the experiment with Desulfohalobium retbaense for 0%H2, 10%H2, 40%H2,

and 100%H2. The initial pH is illustrated in solid colors, while the end pH is patterned.

Figure 5.2 A) illustrates that all the available H2 was consumed in 14 days by the SRB

initially containing 10%H2. For 40%H2 and 100%H2, the microbial H2 consumption was 65%

and 49%, respectively, in the same duration. The following week, the H2 consumption for

40%H2 and 100%H2 were less than 10%, indicating less microbial activity.

Figure 5.2 B) suggests that the H2 consumption is faster for the higher H2 concentrations.

This is because the maximum consumption rate follows a linear trend. However, as seen

in Figure 5.1 A), the initial quantity of moles was also lower for 10% H2 concentration as
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opposed to the remaining. Therefore, there was less H2 available for the SRB to consume.

The anomaly in the graph of the sterile control for 100%H2 is previously described in Figure

5.1. The error bars in 40%H2 were larger compared to the other H2 concentrations due to

the variation in gas composition between the duplicate measurements. One of the duplicates

had a slightly higher initial H2 concentration and lower final H2 concentration than the other

sample.

Figure 5.2: A) Relative total percentage H2 consumed by Desulfohalobium retbaense over 42 days

for the different H2 concentrations of 10%H2, 40%H2 and 100%H2, including the sterile represented

in dashes. This graph is on a relative scale obtained from the data in Figure 5.1 A). For comparison,

all the start points were normalized to initial moles H2 over time. B) The relationship between

the maximum consumption rate and the number of moles consumed by Desulfohalobium retbaense

as a function of H2 concentration (10%, 40%, and 100%). The x-axis is the %H2 concentrations,

while the y-axis is the maximum consumption rate in mmoles/day. The secondary y-axis is the

total number of moles consumed by the SRB in mmoles.
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The production of H2S is unfavorable and undesired in UHS due to its toxicity and gas

storage composition alteration, as mentioned in Section 2.4.1. As seen in Figure 5.3, the

graphs display a minor increase in H2S concentration for all H2 concentrations in the first

seven days, followed by a decrease. The most prominent was the increase from 0.85% to

1.74% H2S for 100%H2 concentration. The sterile controls were also not stable.

Figure 5.3: H2S concentration over 42 days by Desulfohalobium retbaense for four different H2

concentrations; 0%H2, 10%H2, 40%H2 and 100%H2. Each H2 concentration has a sterile control

represented in dashed lines, except for 10%H2.

The result shows that Desulfohalobium retbaense is capable of consuming H2 at all H2 con-

centrations (not 0%H2), which was expected. This is because the SRB utilized H2 in their

metabolic process as described in literature [73]. In a confined system, however, the consump-

tion rate will decrease over time and reach zero at some point, either due to H2 depletion or

the presence of other factors that may inhibit its metabolism.

The observed effect is likely due to the influence of the pH. The pH value increased from

around 7.5 to 9.0 for the H2 concentrations that did not achieve complete consumption

(10%H2, 40%H2 and 100%H2). This may indicate that the high pH, which is close to 9.0,

inhibits the bacterium’s metabolism. Tran et al. [79] found that one of the primary factors

that strongly influence metabolic activities and disturb the growth of microbes, among other
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things, is the environmental pH. Furthermore, the authors also found that occurrences outside

the optimum pH can decrease the growth rate and metabolisms by up to 50%. As earlier

mentioned in Section 3.1, the optimal pH for Desulfohalobium retbaense growth is between

5.5 and 8.0. At the end of the experiment, the pH for 40%H2 and 100%H2 were 8.85 and 9.0,

respectively, out of the optimum range. Thereby inhibiting bacterial activities.

Other factors contribute to the dissimilarity of graphs in total H2 consumption, namely

physical and biological factors. For the physical factor, the solubility of H2 in water is low

(0.0014 g H2/kg water) compared to other gases such as H2S (approx. 2.5 g H2S/kg water)

[34]. However, it is even lower in brine due to the ”salting-out effect” as explained in Section

2.1. Therefore, the microbes can only consume the dissolved H2(aq). The biological factor

is that the amount of H2 used in these experiments is artificially high and cannot be found

naturally. Therefore, the microbes are not used to such high elevated concentrations and can

be overburdened. This implies that the microbes can be enabled to perform their metabolic

process effectively, resulting in inhibited growth and function.

A possible explanation for the decrease of H2S concentration is due to the relationship between

sulfide and pH, as shown in Figure 2.8. At the neutral pH of 7.0, the fraction of H2S and HS−

is at equilibrium. The fraction changes as the pH increases or decreases [80]. In this case,

the increased pH led to a consequent reduction in the concentration of H2S. The presence

of H2S is very low, below 0.1 mol fraction, between pH 8.0 and 10.0. This is consistent with

the end measurements of the pH in Figure 5.1 B), which were pH 8.1, pH 8.85, and pH 9.0

for 10%H2, 40%H2, and 100%H2, respectively. Thereby, there is no to very little H2S in the

gaseous phase.

5.1.2 Methanogen

Methanocalculus halotolerans use H2 as an electron donor to reduce CO2 and produce CH4,

which is a potent greenhouse gas. This is further described in Section 2.4. Figure 5.4

A) shows the number of mmoles decreased over time due to microbial consumption by the

methanogen. The methanogen completely consumed all the available H2 on day 3 for 10%H2.

For the remaining H2 concentrations, the amounts of H2 present were consumed on day 7.

However, measurements were not conducted during the weekend, which corresponds to day

5 and day 6. This implies that 40%H2 could have depleted during the weekend but was

not measured before day 7. The measured pH values in Figure 5.4 B) are stable at around

pH 7.4 at the start and pH 7.5 at the end, indicating no notable increase from the initial

measurements.
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Figure 5.4: A) The H2 amount consumed in mmoles over 7 days by Methanocalculus halotolerans

for the four different H2 concentrations of 0%H2, 10%H2, 40%H2, and 90%H2, including the sterile

controls represented in dashes (except for 0%H2). B) The measured pH at the start and at the end

of the experiment with Methanocalculus halotolerans for 0%H2, 10%H2, 40%H2, and 90%H2. The

initial pH is illustrated in solid colors, while the end is patterned.

The methanogen in 10%H2 consumed 63% of the available H2 on day 2, as illustrated in Figure

5.5 A). At the same time, the microbial consumption in 40%H2 and 90%H2 was 30% and

15%, respectively. 10%H2 concentration consumed all the available H2 after four days. The

sterile controls (dashed lines) increased overall by less than 10%H2, which implies that the

consumption in the unsterile H2 concentrations was due to microbial activity. Furthermore,

the H2 loss in the sterile controls is due to pressure loss after removing the needle from the

bottles during the pressure and microGC measurements.
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At higher H2 concentrations, the maximum consumption rates were relatively higher, as seen

in Figure 5.5 B). The maximum consumption rate displayed a linear trend for 10%H2, 40%H2,

and 90%H2 with 0.07, 0.14, and 0.22 millimoles per day (mmoles/day), respectively. The

number of mmoles consumed also appears to relate to the maximum consumption rate, as

it is also linear. This could be due to more available H2 for consumption for the higher H2

concentrations.

Figure 5.5: A) The relative total percentage H2 consumption over seven days by Methanocalculus

halotolerans for three different H2 concentrations of 10%H2, 10%H2, 90%H2, and 90%H2, including

the sterile controls represented in dashes (except 10%H2). B) The relationship between the max-

imum consumption rate and the number of moles consumed by Methanocalculus halotolerans as a

function of H2 concentration (10%, 40%, and 90%). The x-axis is the %H2 concentrations, while the

y-axis is the maximum consumption rate in mmoles/day. The secondary y-axis is the total number

of moles consumed by the methanogen in mmoles.
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The production of CH4 is undesired in UHS because of the alteration of the gas mixture in

the subsurface, as described in Section 2.4.2. The graphs in Figure 5.6 illustrate a significant

increase in produced CH4 by the methanogen over seven days, where the observed concen-

tration is more notable for the higher H2 concentrations. Since 10%H2 was consumed first,

the CH4 was at 2.8% on day 4. Meanwhile, the final measurable concentration of CH4 was

9.1% and 14.7% for 40%H2 and 90%H2, respectively. No detectable concentration of CH4 was

detected in the sterile controls. This result implies that the CH4 production in the unsterile

experiment is solely due to microbial processes.

Figure 5.6: CH4 concentration over 7 days by Methanocalculus halotolerans for four different H2

concentrations; 0%H2, 10%H2, 40%H2 and 90%H2. Each H2 concentration has a sterile control

represented in dashed lines, except for 0%H2.

The results show that the methanogen in 10%H2, 40%H2, and 90%H2 was capable of consum-

ing all the available H2 within a week, which was expected. The maximum consumption rate

is linear, suggesting that the methanogen effectively used the available H2 in their metabolic

processes. The greater availability of the greater H2 resulted in faster and increased consump-

tion. Conrad et al. [81] found that excess H2 was significantly stimulating for methanogenesis

in paddy soil. This could indicate that H2 concentration is not an inhibiting factor for mi-

crobial consumption and activity. Although Methanocalculus halotolerans are not commonly

found in paddy salt due to the requirement of salt, it could give an indication of the influence.
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Despite a minor increase, the measured pH for all H2 concentrations was stable. Ollivier et

al. [73] observed that the pH of the medium increased by 0.1 units during growth. However,

the medium utilized by the authors was not identical to the medium, as more NaCl, MgCl2 x

6H2O, and CaCl2 x 2H2O was added compared to the media in this thesis. The stable pH in

Figure 5.4 aligns with the observation by the authors, despite the slightly modified medium.

The observed stable pH can be attributed to re-adding 80% N2 and 20% CO2 to maintain

pressure. In industry, CO2 is utilized to neutralize the pH in alkaline wastewater [82] [83].

Therefore, the presence of CO2 may have contributed to maintaining the stable pH.

Methanogenesis requires CO2 or other carbon sources to produce CH4. Without CO2 present,

this metabolic process will not occur otherwise [82]. The results in Figure 5.6 are consistent

with the results from the study by Yasin et al. [82]. Furthermore, the CH4 concentration

appeared linear and was higher for the highest H2 concentration. This could imply that the

microbial activity was efficient and had the potential to continue given enough substrates

and nutrients.

The stable pH, fast microbial consumption, and high production of CH4 collectively suggest

that the methanogen was unaffected by the different H2 concentrations. The metabolic

processes were effectively utilized H2 and produced CH4. It could also suggest that the

consumption could continue given sufficient H2 and carbon sources present.

5.2 Impact of Different Pressures on SRB andMethanogen

These experiments investigated the impact of different pressures on microbial H2 consumption

and activities. The pressures used in the experiments are significantly lower compared to the

actual conditions beneath the surface. The maximum pressure used in this experiment was

2 barg, significantly lower than the 200 bar operational pressure in the subsurface.

5.2.1 Sulfate-reducing bacterium

In Figure 5.7, a notable decline of 279.8, 460.3, and 444.9 mbarg can be observed during the

first 14 days for the pressures of 0.3 barg, 1 barg, and 1.7 barg, respectively. The experiment

ended on day 36 due to time constraints.

The minor decreasing trend observed in the sterile controls was due to pressure loss in the

procedure, as no microbes were present. The procedure for pressure measurement was similar

for all, which indicates that the majority of the pressure loss for bottles with SRB was due
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to microbial consumption of the dissolved H2 in the liquid. A pressure decline was observed

on day 22 for 1.7 barg (sterile). This observation can be attributed to an increase in pressure

in one of the duplicates due to temperature difference, as explained in Section 4.1. This is

reflected in the large error bar, which implies a significant difference between the duplicates.

Figure 5.7: The pressure measurements over 36 days of Desulfohalobium retbaense for three different

pressures of 0.3 barg, 1 barg, and 1.7 barg, including sterile controls for 1 barg and 1.7 barg. The

headspace of the bottles was initially 100% gas-saturated with H2.

During the first 14 days in Figure 5.8, the SRB consumed 20% of the available H2 in both

0.3 barg and 1 barg. The consumption was 14.6% for 1.7 barg within the same duration. In

comparison, the sterile controls of 1 barg and 1.7 barg increased to 3.2% and 5%, respectively.

The pressures of 0.3 barg and 1 barg consumed a higher percentage of the available H2 than

1.7 barg. The consumption ended at 34.3% for 0.3 barg, 27.2% for 1 barg, and 23.1% for 1.7

barg.

The increase in H2 consumption in the first 14 days implies a higher activity by the SRB,

followed by a reduction in microbial activity. The pressures of 0.3 barg and 1 barg, relatively,

consumed more of the total H2 available compared to the highest pressure of 1.7 barg. All

the bottles containing the SRB increased from pH 7.33 to around pH 9. However, due to the

lack of data on pH development, it is difficult to determine when 1.7 barg reached pH 9. The

pH development could potentially explain the behavior of slow and lower H2 consumption in



Chapter 5. Results and Discussion 56

1.7 barg compared to the lower pressures.

The sterile controls showed a H2 consumption up to 15%, which is inaccurate as it was

expected to be stable due to the absence of microbial cells. This observation can be explained

by the pressure loss from the measurement with the pressure transducer, as described in

Section 4.1. The loss is similar for all the measurements due to the same procedure. In

addition, the loss could also include gas leakage of the highly volatile H2 or dissolution of H2

in the medium. The error bars in 5.8 were larger for 0.3 barg and sterile 1.7 barg (dashed

lines) than the rest. One of the bottles with 0.3 barg had a larger decrease in both the

pressure and gas composition of H2 at the end compared to the duplicate. On day 22, the

graph of 1.7 barg has a large error bar because one of the duplicates increased in pressure.

One of the duplicates had a higher temperature than the other, as the temperature can

influence pressure, as seen in Equation 3.1.

Figure 5.8: Relative percentage of the total H2 consumed by Desulfohalobium retbaense over 42

days for the different pressures of 0.3 barg, 1 barg, and 1.7 barg, including the sterile represented in

dashes for the two latter. This graph is on a relative scale obtained from Figure B.1 in Appendix

B.1. For comparison, all the start points were normalized to initial moles H2.

The highest maximum consumption rate is observed for 1 barg in Figure 5.9. Upon consid-

ering the error bars, the three rates are similar. This result was unexpected as the highest

pressure would yield a higher maximum rate. The total number of moles consumed appears
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to increase with increasing pressure. However, none of the graphs consumed all the available

H2, as seen in Figure 5.8.

Figure 5.9: The relationship between the maximum consumption rate and the number of moles

consumed by Desulfohalobium retbaense as a function of the pressure. The x-axis is the pressure in

mbarg, while the y-axis is the maximum consumption rate in mmoles/day. The secondary y-axis is

the total number of moles consumed by the SRB in mmoles.

The measurable H2S in the headspace for the three pressures of 0.3 barg, 1 barg, and 1.7

barg is seen in Table 5.1. Due to unknown reasons, the uncertainty in 0.3 barg is large due

to one of the duplicates containing a significantly higher amount of H2S.

Table 5.1: The measurable H2S concentration in the headspace at the end of the experiment for the

three pressures of 0.3 barg, 1 barg, and 1.7 barg.

Pressure [barg] H2S concentration the end [%] ±
0.3 3.42 3.07

1 0.37 0.02

1.7 0.32 0.00

The unexpectedly similar maximum consumption rate for the three pressures of 0.3 barg, 1

barg, and 1.7 barg implies that the SRB does not consume H2 any faster at higher pressure.
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The higher pressures resulted in greater availability of H2 due to dissolution in the medium,

as explained in Section 2.1 and Figure 2.4. The maximum consumption rate was the same

for all pressure considering the error bars, indicating that the H2 was not a limiting factor

for consumption. Since the higher pressure was expected to yield a higher consumption

rate, other factors were limiting microbial activity. These factors could potentially include

insufficient numbers of bacterial cells and deficiency of vitamin or sulfate. The absence of

essential nutrients and sulfate inhibits the microbial activity of the SRB [11], [24]. Dohrmann

and Krüger [24] experienced in their study that the SRB depended strongly on the availability

of the sulfate. The high pH could be the limiting factor based on the obtained results.

The pH increase is a result of the metabolic process of SRB, where they utilize H+ in their

metabolism, as seen in Equation 2.3. The high pH of around 9.0 in the end measurements, as

seen in Figure 5.8, may have been inhibiting microbial activity. Consequently, the maximum

consumption rate reached a certain threshold where the SRB could not consume faster.

5.2.2 Methanogen

All unsterile bottles with pressures of 0.5 barg, 1.5 barg, and 2 barg reached 0 barg on day

7, day 8, and day 14, respectively (seen in Figure 5.10). The reduction was greater for 1.5

barg and 2 barg over the weekend, from day 4 to day 7. The pressure loss of the sterile

controls for 1.5 barg and 2 barg was less than the unsterile and was caused by the needle

removal during the pressure measurements. The measuring procedure was similar for all,

which implies a consistent pressure loss. This suggests that the unsterile bottles experienced

lost the majority of the pressure due to the dissolution of H2 in the liquid and microbial H2

consumption.
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Figure 5.10: The pressure measurements over 14 days of Methanocalculus halotolerans for three

different 0.5 barg, 1.5 barg, and 2 barg, including sterile controls for the latter two. The headspace

contained 90% H2 and 10% CO2.

Figure 5.11 shows that the relative consumption was 25% for 0.5 barg and 1.5 barg after the

initial four days, while 2 barg was slightly lower at 19%. The microbial consumption was

slower for all pressures during the initial four days than the following days. The pressures

of 0.5 barg and 2 barg consumed all of the available H2 on day 7 and day 14, respectively.

Meanwhile, 1.5 barg only partially consumed the present H2. However, the error bar on

day 7 for 1.5 barg is larger than the others in the same graph. This is a result of the

considerable deviation observed between the duplicates because the depletion of pressure

occurred on different days. Thus, it is also possible to assume that 1.5 barg reached complete

consumption due to the large error bar. The same applies to 2 barg with a large error bar

on day 10. The H2 consumption by the sterile controls was inaccurate as there were no

methanogens present. This was caused by pressure loss during measurements and was not

accounted for in the results.

The end measurement of the pH for all pressures and both sterile and unsterile experiments

increased from close to pH 7.0 to around pH 8.0 (see Figure 5.11). The highest increase in

end pH was observed for 1.5 barg, followed by two barg and 0.5 barg. In comparison, the

pH of the sterile controls increased to pH 8. Therefore, the increased pH does not appear to
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affect the consumption.

Figure 5.11: The total relative percentage H2 consumed by Methanocalculus halotolerans over 14

days was calculated for three different pressures of 0.5 barg, 1.5 barg, and 2 barg, including sterile

controls for the latter two. The graph is on a relative scale obtained from Figure B.2 in Appendix

B.1. The average of the initial pH is included, and the end pH is in the same colors as the respective

pressure graphs.

The highest maximum consumption rate was 0.66 mmoles/day in 1.5 barg, as seen in Figure

5.12. The maximum consumption rate was expected to follow a linear trend with increasing

pressure. The large error bars observed for 2 barg for both maximum consumption rate and

total amount consumed result from the duplicates finished on different days. Considering

the large error bar in 2 barg, the maximum consumption rate for 2 barg may be equivalent

to or even higher than in 1.5 barg. Although the experiment with 0.5 barg ended first, it

also had the lowest maximum rate with 0.3 mmoles/day and the total amount of H2 of 1.19

mmoles. Assuming complete H2 consumption for all, the bars in Figure 5.12 show that the

higher pressures contained a higher amount of dissolved H2 available for the methanogen to

consume.
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Figure 5.12: The relationship between the maximum consumption rate and the number of moles

consumed by Methanocalculus halotolerans as a function of the pressure. The x-axis is the pressure

in mbarg, while the y-axis is the maximum consumption rate in mmoles/day. The secondary y-axis

is the total number of moles consumed by the methanogen in mmoles.

Table 5.2 presents the CH4 concentration, which increased with increasing pressure. The

significant amount of CH4 indicates an effective microbial activity by the methanogen.

Table 5.2: The measurable CH4 concentration in the headspace at the end of the experiment for

the three pressures 0.5 barg, 1.5 barg, and 2 barg.

Pressure [barg] CH4 concentration at the end [%] ±
0.5 15.06 0.00

1.5 24.20 0.10

2 29.92 2.58

As expected, all the pressures reached 0 mbarg, indicating that the methanogen consumed all

the available H2. Considering the large error bars in Figure 5.11 of the relative H2 consump-

tion, it can be assumed that the methanogen consumed all the available H2. Furthermore, it

can also be assumed that the maximum consumption rate for 2 barg in Figure 5.12 could be

higher or equivalent to 1.5 barg due to the error bars. Assuming a higher maximum consump-
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tion rate at 2 barg compared to 1.5 barg would suggest a linear trend in the consumption

rate for the methanogen. The linear trend implies that there were no limiting factors inhibit-

ing microbial activity. However, assuming the equivalent maximum consumption rate would

imply that there could be a limiting factor for microbial activity at higher pressures. In this

experiment, no CO2 was re-added, resulting in a slight increase in pH of around 1.0. Despite

the small increase, the pH remained within the range of 7.0 to 8.4. Therefore, the observed

pH increase did not inhibit the microbial activity, indicating that pH was not a limiting

factor. Furthermore, the methanogen produced a significant amount of CH4, indicating an

efficient microbial metabolic process.

5.3 Comparison of the Impact of Different

Hydrogen Concentration and Pressure on SRB and

Methanogen

The duration of the experiment to study the impact of different H2 concentrations with Desul-

fohalobium retbaense was 42 days, while Methanocalculus halotolerans lasted for seven days.

The methanogen managed to achieve complete H2 consumption for all H2 concentrations,

while the SRB accomplished the same for only 10%H2. The experiments on the impact of

different pressures lasted 36 days for the SRB and 14 days for the methanogen. During the

mentioned periods, the different pressures with the SRB of 0.3 barg, 1 barg, and 1.7 barg did

not reach 0 barg. A depletion of pressure could indicate complete consumption. In contrast,

the methanogen in the different pressures of 0.5 barg, 1.5 barg, and 2 barg managed to do so

within a shorter time frame. Furthermore, none of the pressures with the SRB consumed all

the available H2. Conversely, the methanogen achieved complete consumption for 0.5 barg

and 2 barg.
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Table 5.3: Overview of the most important data from the experiments with different H2 concentra-

tions for the SRB and the methanogen.

H2 Concentration

SRB

10%H2 40%H2 100%H2

Max. Consumption Rate [mmoles/day] 0.02 ± 0.00 0.03 ± 0.00 0.05 ± 0.00

Loss of H2 [mmoles] 0.18 ± 0.01 0.36 ± 0.07 0.68 ± 0.01

Initial pH 7.53 ± 0.15

End pH 8.10 ± 0.10 8.85 ± 0.05 9.00 ± 0.00

Produced H2S in the end [%] 1.15 ± 0.00 0.20 ± 0.02 0.27 ± 0.01

Methanogen

10%H2 40%H2 90%H2

Max. Consumption Rate [mmoles/day] 0.07 ± 0.00 0.14 ± 0.01 0.22 ± 0.01

Loss of H2 [mmoles] 0.20 ± 0.02 0.60 ± 0.00 1.16 ± 0.00

Initial pH 7.38 ± 0.11

End pH 7.50 ± 0.10 7.45 ± 0.05 7.50 ± 0.10

Produced CH4 in the end [%] 2.28 ± 0.16 9.10 ± 0.16 14.70 ± 0.76

Table 5.4: Measurement of the amount of acetate at the start and at the end of the experiments

for the different H2 concentrations.

SRB

Start End ±
0%H2 1428 1507 66 mg/L

10%H2 1428 1751 158 mg/L

100%H2 1428 1439 99 mg/L

Methanogen

0%H2 1216 1283 23 mg/L

10%H2 1216 1326 78 mg/L

90%H2 1216 1336 74 mg/L

The pH can be used as a proxy for estimating the microorganisms’ activity because it di-

rectly affects microbial metabolism. The results in Table 5.3 show a substantial difference

between the SRB and the methanogen regarding the measured end-values of the pH and H2

consumption. Specifically, the SRB had significant increases in pH up to 9.0, whereas the

measurements for the methanogen were stable at around pH 7.50. In addition, the end pH

was higher for the highest H2 concentration in the case of the SRB. The high pH inhibited
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the microbial activity of the SRB, resulting in a lower H2 consumption compared to the

methanogen. However, the pH values were obtained only at the beginning and end of the

experiment. This poses a challenge to compare and fully understand the relationship be-

tween consumption and pH without the measurements during the experiments. For instance,

questions such as when the end pH was reached and the progression over time would be

interesting to study.

The pH also directly impacted the H2S concentration. The decreasing H2S concentration was

due to less fraction of H2S compared to HS– in an alkaline environment, suggesting that less

H2S was available in the gaseous phase. Meanwhile, CH4 concentration of the methanogen

increased with higher H2 concentrations, resulting in the highest to be up to 14.70% CH4.

This suggests an efficient metabolic process with no limiting factors for the methanogen

compared to the limiting factor of high pH for the SRB.

The maximum consumption rate for both SRB and methanogen showed a linear trend. This

implies that the higher H2 concentrations consumed the available H2 faster. The H2 con-

sumption rate by the SRB was considerably lower than by the methanogen. According to

Dopffel et al. [11], sulfate reduction is a very process that indicates that there was a limiting

factor, which in this case was the high pH.

Table 5.4 shows that the amount of acetate did not decrease during the experiment with the

different H2 concentrations, which implies that neither SRB nor methanogen used acetate

in their metabolic processes. Therefore, the acetate was not a limiting factor for the H2

consumption. This was unexpected as it was described in the literature that acetate was

required for microbial activity [72], [73]. A possible explanation for the stable acetate amount

could be that the SRB and methanogen had sufficient energy reserves from the preculture,

making the acetate utilization redundant. It is not within the metabolic capability of the

SRB to produce acetate, as the primary metabolic byproduct is sulfide (shown in Equation

2.3). Therefore, the error may be attributed to the procedure where the injection of acetate

in the bottles was not identical.
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Table 5.5: Overview of the most important data for the experiments with different pressures for the

SRB and the methanogen.

Pressure

SRB

0.3 barg 1 barg 1.7 barg

Max. Consumption Rate [mmoles/day] 0.04 ± 0.01 0.05 ± 0.01 0.04 ± 0.00

Loss of H2 [mmoles] 0.57 ± 0.18 0.74 ± 0.09 0.83 ± 0.00

Initial pH 7.33 ± 0.05

End pH 8.75 ± 0.05 9.00 ± 0.00 9.05 ± 0.05

Produced H2S in the end [%] 3.42 ± 3.07 0.37 ± 0.02 0.32 ± 0.00

Methanogen

0.5 barg 1.5 barg 2 barg

Max. Consumption Rate [mmoles/day] 0.30 ± 0.00 0.66 ± 0.10 0.59 ± 0.27

Loss of H2 [mmoles] 1.18 ± 0.00 2.24 ± 0.08 2.66 ± 0.15

Initial pH 6.85 ± 0.05

End pH 7.8 ± 0.00 8.10 ± 0.00 7.95 ± 0.05

Produced CH4 in the end [%] 15.6 ± 0.00 24.20 ± 0.10 29.92 ± 2.58

Table 5.6: Measurement of acetate at the start and at the end of the experiments for the different

pressures.

SRB

Start End ±
1 bar 1529 1438 48 mg/L

1.7 bar 1529 1480 62 mg/L

Methanogen

1.5 bar 1221 1212 59 mg/L

2 bar 1221 1191 32 mg/L

Based on the observed results in Table 5.5, the pressure affects the solubility of the H2 in the

medium and the microbial H2 consumption, which resulted in greater availability of H2 in

the aqueous phase for microbial consumption. As shown in Figure 2.4, increased pressure in

the headspace forces the molecules to dissolve into the medium until a dynamic equilibrium

is achieved. By observing the greater H2 loss in the SRB and methanogen under higher

pressures and comparing the H2 loss in Table 5.3, it is evident that the solubility of H2 is

affected by the pressure, despite its low solubility.
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Despite the higher amount of available H2, the maximum consumption rate for the SRB was

similar for all pressures. In contrast, the rate by the methanogen followed a linear trend.

Higher pressures were expected to yield a higher maximum consumption rate. As discussed

earlier, the limiting factor for the SRB was primarily the increased pH. However, additional

factors such as low microbial cell numbers or deficiencies in vitamin or sulfate could also

contribute. The methanogen also increased slightly to around pH 8, which was not the case

in the different H2 concentrations experiment. As discussed in Section 5.2.2, the pH increase

was due to not re-adding CO2 and was too small to affect the microbial activity as it was

still within the pH range of the methanogen. Consequently, the threshold for the maximum

consumption rate was higher for the methanogen than the SRB, mainly due to the limiting

factors.

As described in Section 5.2.1, the high pH influenced the gaseous H2S concentration. The H2S

concentrations for the different pressures are stable, disregarding the large uncertainty for 0.5

barg. The CH4 concentrations were higher for the higher pressures and greater compared to

the experiment with different H2 concentrations. This implies that the metabolic processes

of the methanogen were active without limiting factors.

Both the methanogen and the SRB utilized a minor amount of acetate as a carbon source

in their metabolic processes, as seen in Table 5.6. The SRB used more acetate compared

to the methanogen. Given the uncertainty, the utilization is not significant. Cell numbers

were not measured in this thesis due to time constraints, leading to uncertainty regarding

the observed utilization. Therefore, whether the observed utilization resulted from procedure

error or actual utilization by the microbes is not certain.
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Figure 5.13: Comparison of the maximum consumption rate (mmoles/day) and H2 loss (mmoles) for

different the H2 concentrations and different pressures by the SRB and methanogen. The SRB data

is represented in blue color, while the red color is for the methanogen. The solid colors illustrate

the total amount of initial H2 (mmoles), the patterned colors are the total H2 loss (mmoles) and the

orange graph is the maximum consumption rate for the respective H2 concentrations and pressures.

Figure 5.13 compares the maximum consumption rate by the SRB and methanogen for

the different H2 concentrations and pressures. The increasing initial H2 indicates that the

quantity of available H2 was affected by the pressure, solubility, and H2 concentration. The

methanogen also contained CO2 in the headspace of the bottles as mentioned in Section 3.11,

therefore the initial H2 was lower than for the SRB. Nevertheless, the SRB did not utilize

as much of the H2 as the methanogen. The microbial activity by the SRB corresponds with

the limiting factor of pH. The microbial activity of the methanogen was not inhibited, and

therefore the maximum consumption rate was significantly higher than for the SRB.

Based on the obtained data, the methanogen has a higher threshold of maximum consumption

rate than the SRB. The SRB inhibited its microbial activity; therefore, the methanogen can

be more of a concern in UHS. Regarding the safety of UHS, the SRB poses a lower risk since

the pH affected the composition of sulfides, and less of the toxic gaseous H2S was available.
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5.4 Hydrogen consumption in Porous Media

(Micromodel)

Microbial H2 consumption in porous media of subsurface reservoirs can differ from our bottle

experiments. Microbial growth in the bottles occurs in a well-mixed environment, where

nutrients can easily diffuse and be transported. However, the environment in porous media

is more heterogeneous, and the transportation and diffusion of nutrients can be influenced by

pore geometry. Dr. Na Liu conducted the micromodel experiment to achieve a comprehensive

understanding of microbial behavior in porous media. The objective of the experiment was

to study the H2 consumption by microorganisms in a microfluidic pore network saturated

with H2 and SRB Desulfohalobium retbaense.

Figure 5.14: Image of the microfluidic setup in the laboratory captured by Malin Haugen.

The experimental setup is seen in Figure 5.14, and the procedure is described in Appendix C.

To directly observe the microbial-induced sulfate reduction, a silicon-wafer micromodel with

pore patterns from a natural sandstone was utilized. The experiment was conducted at 35

barg and 37 °C, replicating the environment of a shallow aquifer or gas-water transition zone

within a depleted gas field [84], [85].
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Figure 5.15: Close-up image of the microbial cells, H2 and biofilms in the pore space. Image provided

by Dr. Na Liu.

A close-up image of the micromodel obtained from the experiment is seen in Figure 5.15,

which illustrates the various components present. The small white dots in the aqueous

phase (dark grey) is the microbial cells, the gaseous phase (light grey) is the H2, and the

silicon grains are the black structures. The microbial growth of the SRB resulted in biofilm

formation, seen as the white clusters in Figure 5.15. This accumulation of biofilms can cause

clogging in the pores, which can lead to changes in the physical property of porosity and

permeability [86], [87], [88].
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Figure 5.16: Images of H2 consumption by Desulfohalobium retbaense in porous media over 9 days.

The microbial H2 consumption rate was 1.23 · 10−6 mmoles/day. Images provided by Dr. Na Liu.

Figure 5.16 shows the H2 consumption by the SRB over nine days. Initially, the majority

of the area in the image was occupied by gaseous H2. However, after a day, the microbes

consumed a significant amount of H2 located at the image’s upper left region and lower

bottom left region. The following day, the microbial H2-consumption was barely perceptible.

However, the H2-consumption after day 2 was more prominent than on day 1 and day 2.

The experimental duration between the experiments in the bottles and the micromodel var-

ied. Specifically, the experiment conducted in the porous media lasted nine days, while the

experiment with different H2 concentrations in bottles lasted for 42 days. Additionally, the

experiment studying the effects of different pressures spanned 36 days. Furthermore, the SRB

had a consumption rate of 1.23 · 10−6 mmoles/day within the porous media (See calculation

in Appendix D). In the experimental setups using bottles with different H2 concentrations,

the consumption rates were 0.02 mmoles/day for 10%H2, 0.03 mmoles/day for 40%H2, and

0.05 mmoles/day for 100%H2. In the experiments conducted with bottles of different pres-

sures, the consumption rates were calculated to be 0.4 mmoles/day for 0.3 barg and 1.7 barg

and 0.05 mmoles/day for 1 barg. The activity and growth of the microbes were, therefore,

more rapid in the bottle compared to porous media. It was expected that the larger sur-
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face area in the porous media would result in an increased contact area for interconnection

between the microbes and H2. The lower H2 consumption rate in the micromodel could be

due to the pore geometry, volume of bacterial solution, and unfavorable environments in the

micromodel. However, the observed consumption rates in the bottles and micromodel may

not be directly comparable due to the difference in scale.

The irregular structure and pores in the porous media can create physical barriers for the

microbes’ movement towards H2 bubbles, limiting the H2 consumption rate and microbial

growth. The environment in the bottles is not structured as in the porous media. Thus the

microbes had more accessible H2. Furthermore, the micromodel contained fewer microbial

cells compared to the bottles. The volume of bacterial solution in the micromodel was

approximately 9.46 µL (Appendix D), significantly smaller than the 25 mL in the bottles. The

microbial growth in the confined micromodel can lead to the accumulation of byproducts and

toxins in the aqueous phase, thus reducing microbial activity. For example, the production

of the toxic H2S by the SRB can diffuse into the cell membrane and damage the proteins,

resulting in respiratory inhibition [22], [89], [90]. As seen in Figure 5.16, the microbial activity

is reduced after two days, resulting in a low H2 consumption rate in the micromodel.

The surface area affects the biofilm formation. The microbes adhere to the surface and

develop biofilm, an accumulation of microbial cells enclosed in a matrix of exopolymeric

substances secreted by the microbes [11], [91]. This community provides protection for the

microbes against environmental stress such as pH change [84], [92]. The development of

biofilms can cause clogging of the pore space or pipelines. The biofilms can also interfere

with the H2 flow and occupy available pore space, resulting in reduced porosity and perme-

ability [11], [22], [84], [93]. Furthermore, corrosion often occurs under the biofilm, which can

damage the equipment of the installation [11]. As seen in Figure 5.16, there was an expected

development of biofilms by the SRB. However, Liu et al. [84], who conducted the experiment

with the SRB, did not observe a large amount of biofilm. The biofilm formation after 18

hours in the inlet area was less than 0.1% of the pore space. Hence, the SRB Desulfohalobium

retbaense has limited development of biofilms [84].
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Conclusion

Experimental laboratory work has been conducted in this thesis to study the impact of

different H2 concentrations and pressures on the H2 consumption by SRB and methanogen.

The objective was to quantify and study the H2 consumption for a better understanding of

the microbes’ behavior and the implications in UHS. Specifically, the behavior of the SRB

Desulfohalobium retbaense and the methanogen Methanocalculus halotolerans. Similar types

are commonly found in saline environments, including saline aquifers and salt caverns, which

are considered suitable for UHS.

The results showed that the SRB slowly consumed the available H2, where the highest maxi-

mum rate was at 100%H2 with 0.05 mmoles/day compared to 0.22 mmoles/day at 90%H2 for

the methanogen. However, the SRB did not manage to consume all the available H2 except in

10%H2 concentration. The SRB utilized H+ in their metabolic process, which caused the pH

to increase. As the pH approached 9.0, the H2 consumption declined due to the unfavorable

environment. The pH also affected the measurable percentage of H2S concentration in the

headspace at the end. The increased pH lead to less H2S and more HS−. Furthermore, the

H2 concentrations also affected the consumption of the available H2. The observed trend

suggests that the highest H2 concentration had a higher pH. Hence, the H2 concentrations

do affect the H2 consumption of the SRB.

The methanogen consumed all the available H2 for all H2 concentrations, indicating an ab-

sence of limitations. The pH was stable and showed a minimal increase of around 0.1 com-

pared to the SRB. At the highest H2 concentration, the methanogen consumed more of the

available H2, and the maximum consumption rate was higher. Furthermore, the CH4 con-
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centration in the headspace at the end was notably higher compared to H2S. Thus, the

methanogen had a sufficient amount of nutrients and adequate conditions for their metabolic

process.

As the pH increased to 9.0, the metabolic processes of SRB were inhibited and did not manage

to consume all the available H2 for any of the pressures. However, the H2 consumption was

greater compared to the experiments with different H2 concentrations. The same trend was

also observed for the methanogen. The higher pressures resulted in greater availability of

H2 in the aqueous phase for microbial consumption. Thus, the pressure did not affect the

microbes directly, but it affected the solubility of the H2 in the medium.

The results obtained from the micromodel of the SRB showed a significantly lower con-

sumption rate of 1.23 · 10−6 mmoles/day compared lowest of 0.02 mmoles/day in the bottle

experiments. The lower consumption rate can be attributed to three main factors. Firstly,

the pore geometry created structural barriers for the microbes’ movement for H2 consump-

tion and microbial growth. Secondly, fewer microbial cells were present in the micromodel

due to the difference in the bacterial volume of around 9.46 µL compared to 25 mL in the

bottles. Finally, the accumulated byproducts and toxins produced by the SRB can cause an

unfavorable environment for microbial activity. The pH could also be an inhibiting factor, as

observed in the experiments with the bottles. However, measuring the pH of the micromodel

experiment is not possible. However, due to the difference in scale, the consumption rate

may not be comparable.

The presence of SRB and methanogen can result in implications for UHS, including the al-

teration of gas mixtures in the storage due to the productions of H2S and CH4. Among these,

CH4 appears to be of greater concern due to the more prominent production compared to

H2S. Higher H2 concentrations also resulted in a greater percentage of CH4 production by

the methanogen. Contrarily, the increased pH to 9.0 by the SRB led to a reduction of the

amount of H2S. The metabolic processes of the SRB were inhibited at higher H2 concentra-

tions. In terms of UHS, this is favorable and constitutes a positive outcome. Furthermore,

the micromodel experiment revealed that the formation of biofilms was not substantial for

the Desulfohalobium retbaense. This finding suggests a reduced likelihood of clogging and

corrosion associated with biofilm formation.

Microorganisms can pose a risk to UHS, even under high salinity conditions. The SRB

was observed to limit its microbial activity, while no such limitations were evident for the

methanogen. Therefore, further research is necessary to comprehensively understand and
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control microbial activity to ensure safe, stable, and economically feasible large-scale storage

that facilities the acceleration of the energy transition.
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Future Work

During the experimental study conducted in this thesis, several suggestions emerged for

improvement of the results and for enhancing our knowledge of microbial activities and their

implications on UHS. The following recommendations for future work are:

• For more realistic microbial behavior, a higher pressure of up to 200 bars would be

appropriate to apply to mimic the storage conditions.

• The pH had a higher importance than anticipated before conducting the experiments.

Hence, it is recommended to conduct measurements of the pH development as a function

of consumption rate to capture the relationship between the pH and H2 consumption.

• The pH was a limiting factor for the microbial activity for the SRB. To better under-

stand other limiting factors, the pH should be kept stable in the future to isolate any

other limiting factors.

• Due to time constraints, the measurements of cell numbers were not conducted in this

thesis. By doing so, the cell numbers will provide the number of cells in the different

experiments and information on microbial growth. In addition, study the relationship

between the cell numbers and microbial H2 consumption.

• To enhance the validity of the results, conducting experiments with more than dupli-

cates is recommended. Multiple replicates allow the elimination of potential outliers,

addressing random behavior and identifying procedural errors.
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• To study and compare the H2 consumption and biofilm formation by the methanogen

to other H2 consuming microbial processes in porous media, it is suggested to conduct

micromodel experiments.

• The next natural step would be to study the microbial activity on the core scale to get

a better insight into the H2 consumption, microbial growth, and chemical reactions to

subsurface rocks.

• There is a need for more data on microbial activity on the field scale, which is important

to understand microbial behavior in their natural habitat.
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Appendix A

HPLC Procedure

The procedure to measure the amount of acetate in the liquid samples was provided and

written by Dr. Abduljelil Kedir at NORCE. Furthermore, he performed the experiment and

supplied the data for this thesis. Figure A.1 and Figure A.2 were not explicitly used in this

thesis, but Dr. Kedir used the curves to determine the acetate amount. The procedure is

given below.

Liquid samples were analyzed by using liquid chromatography of Agilent 1260II HPLC which

is equipped with a quaternary pump, temperature control column compartment integrated

with autosampler, 1260 Refractive Index Detector (RID), and 1260 Diode Array Detectors

HS (DAD HS). A guard column (i.e., Hi-Plex H 50X7.7 mm) and an analytical column (i.e.,

Hi-Plex H 300 x 7.7 mm, 8 µm) were used for the separation of the analytes. Milli-Q water

was used to prepare the mobile phase, solutions, and samples after filtering it through a 0.22

µm Millipak filter. A mobile phase of 14 mM H2SO4 solution was prepared from HPLC grade

stock solution and run in isocratic elution mode. Samples are diluted by using mobile phase

solution (i.e., 14 mM H2SO4) and filtered through using a 0.45 µm RC syringe filter. A 20

µL of the sample was injected and the total run time was between 40 to 75 min depending

on analyte interest. The autosampler compartment was controlled at 22°C while the column

temperature was maintained at 60°C.

The organic acids were monitored using DAD and RID while sugars and alcohols were mon-

itored using RID. The DAD recorded the absorbance at a wavelength of 210 nm beside the

spectrum between 190-400 nm. The RID optical unit temperature was set to 55°C with

positive polarity mode and the reference cell was purged with the mobile phase before start-
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ing the analysis. The column was conditioned at 0.2 mL/min and 60°C with Milli-Q water

overnight and regenerated with 14mM H2SO4 for 2 hours after every batch of analysis. This

protocol is to extend the durability of the analytical column besides using the guard column.

The Agilent OpenLAB CDS Software was used for data acquisition and data processing. All

analytes were identified and quantified based on retention time and the respective reference

standard calibration curves.

Figure A.1: Calibration curve of acetic acid, DAD and RID detectors

Figure A.2: Chromatogram of acetic acid
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Results and Discussion

B.1 Experiments with Different Pressures

The data in Figure B.1 was the foundation for the calculation of total relative H2 consumption

by the SRB in Figure 5.8. Similarly, the total relative H2 consumption by the methanogen

in Figure 5.11 was derived from the data in Figure B.2.

Figure B.1: The consumed H2 amount (mmoles) by Desulfohalobium retbaense in 42 days for three

pressures of 0.3 barg, 1 barg, and 1.7 barg. The last two pressures had a sterile control (i.e., without

bacteria cells) represented in dashed lines.
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Figure B.2: The consumed H2 amount (mmoles) by Methanocalculus halotolerans in 14 days for

three pressures of 0.5 barg, 1 barg, and 2 barg. The last two pressures had a sterile control

represented in dashed lines.



Appendix C

Micromodel Procedure

Dr. Na Liu at the Department of Physics and Technology at the University of Bergen

conducted the experiment on microbial behavior in porous media. The procedure for the

micromodel experiment with the same SRB as in this thesis is explained in Liu et al. [84].

Figure C.1 of the pore network properties was provided by Dr. Liu.

Figure C.1: The pore network properties of the micromodel
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Calculations in Micromodel

experiment

Table D.1 was provided by Dr. Na Liu of the H2 consumption by the SRB in the micromodel.

The value of approx. 9.46 µL of microbial solution was also provided by Dr. Liu. Table D.2

is the relevant H2 properties used in the calculation. The volume µL3 in Table D.1 was found

by multiplying µL2 with the depth from Figure C.1.

Table D.1: Table with H2 consumption provided from Dr. Na Liu.

Hours µL2 µL3

0h 410886 12326580

25h 252057 7561710

45h 250926 7527789

88h 241062 7231870

112h 217703 6531089

135h 206370 6191100

189h 168279 5048370

Volume change: 7278210
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Table D.2: H2 properties for calculation in the micromodel experiment. The density for H2 at 35

bar and 37 °C was found in NIST Chemistry WebBook (Isothermal Properties for Hydrogen).

Density of H2 at 35 bar and 37 °C 0.002682 g/mL

Molar weight of H2 2.016 g/mol

Rate:
7278210 µm3

180 h
= 38509 µm3/h (D.1)

38509 µm3/h · 10−12 = 3.851· 10−8 mL/h (D.2)

3.851 · 10−8 mL/h · 24 h = 9.242 · 10−7 mL/day (D.3)

Used the value of the density of H2 at 35 bar and 37 °C from Table D.2.

Mass: 9.242 · 10−7 mL/day · 0.002682 g/mL = 2.48· 10−9 g/day (D.4)

Used the molar weight of H2 from Table D.2 to calculate the consumption rate.

2.48 · 10−9
2.016 g/mol

= 1.23· 10−9 moles/day (D.5)

Microbial H2 consumption rate: 1.23· 10−6 mmoles/day (D.6)
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