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a b s t r a c t

Amidst the rapid development of renewable energy, the intermittency and instability of energy supply
pose severe challenges and impose higher requirements on energy storage systems. Among the various
energy storage technologies, the coupled approach of power-to-hydrogen (H2) and underground H2

storage (UHS) offers advantages such as extended storage duration and large-scale capacity, making it
highly promising for future development. However, during UHS, particularly in porous media, microbial
metabolic processes such as methanogenesis, acetogenesis, and sulfate reduction may lead to H2 con-
sumption and the production of byproducts. These microbial activities can impact the efficiency and
safety of UHS both positively and negatively. Therefore, this paper provides a comprehensive review of
experimental, numerical, and field studies on microbial interactions in UHS within porous media, aiming
to capture research progress and elucidate microbial effects. It begins by outlining the primary types of
UHS and the key microbial metabolic processes involved. Subsequently, the paper introduces the
experimental approaches for investigating gasewatererockemicrobe interactions and interfacial prop-
erties, the models and simulators used in numerical studies, and the procedures implemented in field
trials. Furthermore, it analyzes and discusses microbial interactions and their positive and negative
impacts on UHS in porous media, focusing on aspects such as H2 consumption, H2 flow, and storage
safety. Based on these insights, recommendations for site selection, engineering operations, and on-site
monitoring of UHS, as well as potential future research directions, are provided.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
increase in carbon dioxide (CO₂) emissions (Paraschiv and
1. Introduction

The industrial revolution brought unprecedented economic
growth, technological advancement, and improved living stan-
dards. However, it was accompanied by the extensive use of
carbon-intensive fossil fuels, such as coal and oil, leading to a sharp
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Paraschiv, 2020). According to data from the International Energy
Agency (IEA), global energy-related carbon emissions increased by
1.1% in 2023, reaching a historic high of 37.4 Gt (IEA, 2024). Sig-
nificant CO₂ emissions contribute to the greenhouse effect, result-
ing in frequent extreme weather events, rising sea levels, and
severe impacts on biodiversity and human life. To combat global
warming, numerous countries have signed the Paris Agreement on
Climate Change (Schleussner et al., 2016). This agreement aims to
limit the increase in the global average temperature to below 2 �C
above pre-industrial levels while pursuing efforts to limit the
temperature rise to 1.5 �C. Additionally, 198 countries have
committed to achieving carbon neutrality between 2030 and 2070
through various measures (Chen et al., 2022). These measures
primarily focus on replacing traditional carbon-intensive fossil
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Nomenclature

Abbreviations
ACE Acetogenesis
AP Ambient pressure
CCCUS Carbon capture, circular utilization, and sequestration
CCR Confined core reactor
DSGR Depleted sandstone gas reservoir
DSHR Depleted sandstone hydrocarbon reservoir
EPS Extracellular polymeric substances
FDM Finite difference method
FEM Finite element method
FT Fracture toughness
FVM Finite volume method
GWRM Gasewatererockemicrobe
HP High-pressure
HT High-temperature
IC Ionic composition
IEA International Energy Agency
GC Gas composition
MC Mineral composition
MCC Microbial community composition
MER Methane evolution rate
MET Methanogenesis
MTS M. thermolithotrophicus solution
NA Not available
RSR Reservoir simulation reactor
RT Room temperature
SR Sulfate reduction
SRB Sulfate-reducing bacteria
UBM Underground bio-methanation
UCS Unconfined compressive strength
UHS Underground H2 storage
USC Underground sun conversion
USS Underground sun storage
VFAC Volatile fatty acid concentration
WSR Wellbore simulation reactor
Symbols
ad Number of adsorbed microbes, L�1

c Mole fraction
cmi Molality of each reactant, mol/L
CA Concentration of electron acceptor, mol/L
CD Concentration of electron donor mol/L
Cs Brine salinity, g/L
Cs;c Characteristic salinity, g/L
CX Concentration of biomass, L�1

d Decay coefficient, s�1

dp Pore diameter, m
D Cell diffusion coefficient, m2/s
Ea Reaction activation energy, J/mol
fd Thermodynamic drive, J/mol
fe Dimensionless flow efficiency coefficient
F Frequency factor
J Dispersion/diffusion flux, mol/(m2$s)
ka Rate of attachment per microbe, s�1

kd Rate of detachment per microbe, s�1

kp Absolute permeability, m2

kp0 Absolute permeability of a clean reservoir, m2

KA Half-saturation constant of electron acceptor, mol/L
KD Half-saturation constant of electron donor, mol/L
n Population size of microbes, m�3

na Number of attached microbes, m�3

nd Number of detached microbes, m�3

nc Quantity of microbes required to induce maximal bio-clogging effect,
m�3

N Biomass of microbes, g/L
pH pH value of brine
q Source or sink term related to microbial consumption, mol/(m3$s)
rs Consumption rate of substrate, mol/(L$s)
R Gas constant, J/(mol$K)
Rr Resistance factor
S Saturation
t Time, s
te Characteristic time of eating, s
tE Time when the exponential growth is reached, s
tL End time of lag phase, s
T Temperature, K

(continued )

v Convective flux, m/s
Y Yield coefficient, g/mol
Greek symbols
mdec Specific decay rate, s�1

mgr Specific growth rate, s�1

mmax Maximum specific growth rate, s�1

mopt Specific growth rate of microbes under optimal conditions, s�1

4 Pore fraction occupied by microbes
ji Influencing coefficient
f Porosity
f0 Porosity of a clean reservoir
fb Biofilm volume fraction
c Average stoichiometric number
l Lag coefficient
2i Reaction order
r Molar density, mol/m3

Superscripts or subscripts
g Gas phase
i Index
k Chemical composition
min Minimum value
max Maximum value
opt Optimum value
w Water phase
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fuels with clean renewable energy, enhancing the energy efficiency
of existing technologies, and deploying carbon-negative technolo-
gies (Liu et al., 2017; Wang et al., 2021; Hou et al., 2023d; Wu et al.,
2023b).

While renewable energy is embraced by countries for its low to
zero carbon emissions, it also presents some challenges. The most
notable one is the intermittency and instability of energy supply
(Wiel et al., 2019), driven by the significant impact of weather and
geographical location on specific renewable energy sources like
wind, solar, and hydro power. Additionally, situations of renewable
power curtailment may occur (Denholm and Mai, 2019). For
example, in China between 2011 and 2015, around 100 billion kWh
of wind power remained unused, an amount equivalent to the
combined annual output of China's two large hydroelectric power
stations: the Three Gorges Dam and the Gezhouba Dam (Cui et al.,
2020). In 2016, on a nationwide scale, an average of 17% of installed
wind power generation was curtailed, with curtailment rates
reaching as high as 43% in provinces abundant in wind power such
as Gansu, and 38% in Xinjiang. Beyond China, the issue of renewable
energy curtailment is also prevalent in countries like the USA,
Germany, and the UK (Shen et al., 2024).

In this context, energy storage plays a pivotal role in ensuring a
stable energy supply and mitigating the curtailment of renewable
energy (Denholm and Mai, 2019). Common energy storage
methods encompass electrochemical storage (e.g., lithium batte-
ries, supercapacitors, and flow batteries), thermal energy storage,
compressed air energy storage, flywheel energy storage, pumped
hydro storage, and hydrogen (H2)-based chemical storage
(Amirante et al., 2017; Rahman et al., 2020; Chen et al., 2023; Hou
et al., 2024). Among these, H2-based chemical storage involves
utilizing surplus energy to electrolyze water, yielding H2 gas, which
can either be directly stored or converted into methane (CH4),
methanol, ammonia, and other substances for storage or utilization
(Glenk and Reichelstein, 2019; Blanco et al., 2020). Notably, the
integration of power-to-H2 and underground H2 storage (UHS) in
depleted hydrocarbon reservoirs, aquifers, salt caves, etc., offers
attributes of prolonged storage duration and extensive storage ca-
pacity (Zivar et al., 2021; Xie et al., 2023), as depicted in Fig. 1.
Consequently, this approach garners substantial attention and
showcases significant prospects for further advancement.

However, the process of directly storing H2 underground,



Fig. 1. Comparison of key energy storage technologies (Adapted with permission from
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especially in porousmedia such as depleted hydrocarbon reservoirs
and aquifers, faces several challenges (Dopffel et al., 2021;
Heinemann et al., 2021). For instance, H2, being a favorable electron
donor, can undergo chemical reactions with formation water, rock
minerals, and microbes, resulting in H2 consumption. A notable
example is the town gas storage, converted from an aquifer, in
Lobodice, Czech Republic. Over a period of sevenmonths, therewas
a 17% loss of H2, while CH4 content increased by 18%, primarily due
to the catalytic activity of hydrogenotrophic methanogens (�Smig�a�n
et al., 1990). To turn the adverse bio-methanation reaction into a
beneficial factor for underground energy storage in porous media,
the concept of underground bio-methanation (UBM) of H2 and CO2,
utilizing methanogens as biocatalysts, was proposed (Panfilov,
2010; Strobel et al., 2020; Xiong et al., 2023). This approach can
enrich the energy potential of stored gas. It is also considered a
broad form of UHS method and represents an innovative integra-
tion of power-to-CH4 and underground CH4 storage. Furthermore,
UBM facilitates carbon circular utilization and geological seques-
tration, making it a novel carbon-negative technology (Hou et al.,
2023b).

Apart from the influence of methanogens, other microbes such
as sulfate-reducing bacteria (SRB) and acetogens can also
contribute to H2 consumption, potentially resulting in various
adverse effects such as the production of toxic hydrogen sulfide
(H2S) gas, blockages, and corrosion of metal equipment (Dopffel
et al., 2021). However, the metabolic activities of these microbes
may also improve reservoir wetting properties, which is beneficial
for the storage and withdrawal of H2 (Liu et al., 2023b). Therefore,
microbial metabolism can have both positive and negative impacts
on UHS in porous media, and the catalytic role of methanogens in
emerging UBM technology is even indispensable (Strobel et al.,
2020). A thorough understanding of microbial interactions and
their impacts on UHS in porous media is crucial for guiding the
implementation of UHS, helping to mitigate safety risks and
enhance storage performance.

To date, numerous review papers have been published involving
microbial metabolism in UHS. However, most only briefly touch on
microbial activities and the associated potential risks (Heinemann
et al., 2021; Zivar et al., 2021; Muhammed et al., 2022; Liu et al.,
2023a; Wang et al., 2023; Zeng et al., 2023; Fernandez et al.,
2024). Additionally, some papers have integrated discussions of
microbial-related aspects into their reviews of numerical modeling
and field projects for UHS (Muhammed et al., 2022; Du et al., 2024;
Saeed and Jadhawar, 2024). Recently, several review papers have
specifically focused on microbial activities in UHS. For example,
Strobel et al. (2020) introduced the concept of UBM along with
several relevant field projects. Thaysen et al. (2021) highlighted
potential H2-consuming microbial reactions and the effects of
environmental conditions on microbial activity. Xiong et al. (2023)
detailed the biogeochemical mechanisms occurring in UBM within
depleted hydrocarbon reservoirs. Dopffel et al. (2021, 2024)
concentrated on both the microbiology and the potential side ef-
fects and risks associated with UHS in porous media and salt cav-
erns. Bhadariya et al. (2024) reviewed microbial detection methods
and strategies for managing microbial activities in UHS.

It's evident that previous reviews have lacked an extensive
analysis of microbial-related research, leading to an incomplete
understanding of microbial interactions and their impacts on UHS
in porous media. This paper aims to address this gap by following
the review procedure presented in Fig. 2. The primary contributions
of this paper can be summarized as follows:

C It presents the first comprehensive review of experimental,
numerical, and field studies on microbial interactions in UHS
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within porous media, providing essential insights into
research progress in this area.

C It systematically elaborates on microbial interactions in UHS,
facilitating a thorough comprehension of both their positive
and negative impacts on UHS in porous media.

C The recommendations presented in this paper offer valuable
guidance for future research and field implementations of
UHS in porous media.

The remaining sections are organized as follows: Section 2 and
Section 3 briefly introduce the principal types of UHS and the main
microbial metabolism processes involved, respectively. In Section 4,
various experimental approaches for studying
gasewatererockemicrobe (GWRM) interactions and interfacial
properties are introduced. Additionally, this section also outlines
the models and simulators employed in numerical modelling, as
well as the procedures implemented in field tests. Section 5 reviews
and discusses important research findings that specifically address
microbial interactions and their impacts on H2 consumption, H2
flow, and storage safety. Section 6 offers detailed recommendations
for site selection, engineering operation, and on-site monitoring in
UHS. Finally, Section 7 summarizes the main conclusions and
provides an outlook on future research directions.
2. Primary types of UHS

In addition to surplus renewable energy electrolysis, H2 can also
be obtained through high temperature electrolysis in nuclear po-
wer plants, coal-to-H2 processes, industrial by-product H2, and
other sources. It can then be stored in depleted hydrocarbon res-
ervoirs, saline aquifers, and salt caverns (Zivar et al., 2021), as
illustrated in Fig. 3. Subsequently, the stored H2 can serve as a
power generation source or as fuel. Considering the initial energy
production form, the final energy consumption form, and methods
of energy conversion, Panfilov (2016) primarily categorizes under-
ground H2 storage into four types. The relevant introductions are
provided below.

Underground storage of pure H2: Pure H2 primarily derives
from chemical electrolysis utilizing surplus renewable electricity or
high temperature electrolysis conducted in nuclear power plants
(Panfilov, 2016). Salt caverns are considered the most ideal under-
ground storage sites for pure H2 due to their excellent sealing
Wu et al., 2024. Copyright, 2024; Elsevier).
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properties, minimal presence of indigenous impurity gases, and
lower risks of contamination from external gases. Recently, inves-
tigation has also begun into the feasibility of storing pure H2 in
depleted gas reservoirs (RAG, 2024). The best application for
extracted pure H2 lies in fuel cell vehicles, given the stringent purity
requirements imposed by fuel cells. For instance, standards such as
ISO 14687:2019 and SAE J2719-202003 specify a purity level of
99.97%, while GB/T 3634.2e2011 sets slightly higher standards at
99.99% (Du et al., 2021).

Underground storage of H2-natural gas mixtures: A small
amount of pure H2 produced by electrolysis is stored in under-
ground natural gas storage sites. This method of H2 storage is
mainly used for transportation via natural gas pipelines. The
resulting mixture of H2 and natural gas can be used directly or
processed to extract pure H2 (Panfilov, 2016). The maximum
allowable H2 concentration in natural gas, without significantly
Fig. 2. Review procedure for investigating microbial inte
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impacting the energy potential of the mixed gas or the integrity of
the transportation pipelines, varies by country. For example, in the
UK, the allowable limit is 0.1%, while in the Netherlands, up to 12%
is permitted (Quarton and Samsatli, 2018). Recently, the consider-
ation and testing of blending H2 up to 20% in natural gas have also
been underway (Jia et al., 2023).

Underground storage of H2-rich town gas or syngas: These two
types of gases are primarily produced by coal gasification. The
mixture containing H2 (50%e60%), CO, and CH4 is called town gas,
while the mixture containing H2 (20%e40%) and CO is called syngas
(Panfilov, 2016). The CO in the mixture is also an energy carrier, and
the content of CO2 depends on the production technology. Storage
of town gas was the first experience with injecting H2-rich gas into
the subsurface. Poland, France, the Czech Republic, Germany, and
the USA have all conducted underground storage of town gas for
balancing seasonal fluctuations since the last century (Strobel et al.,
ractions and their impacts on UHS in porous media.



Fig. 3. Schematic of H2 production, UHS, and H2 utilization.
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2020). The extracted mixed gas is primarily used for power gen-
eration through thermo-mechanical conversion in gas turbines or
as fuel without any conversion for lighting and heating in areas
lacking natural gas (Panfilov, 2016).

Underground bio-methanation (UBM) of H2: It was first pro-
posed by Panfilov (2010) and involves using hydrogenotrophic
methanogens as biocatalysts to synthesize CH4 from H2 and CO2,
thereby enhancing the energy potential of the stored gas. Due to its
ability to achieve circular utilization and geological sequestration of
CO2, this technology has been termed carbon capture, circular
utilization, and sequestration (CCCUS) by Hou et al. (2023b) and
Wu et al. (2023c). This type of H2 storage is particularly well-suited
for depleted hydrocarbon reservoirs and aquifers, as their porous
nature, relatively low salinity, and abundant water availability are
more conducive to the survival of methanogens. Since the pro-
portion of injected CO2 can be optimized, the resulting synthetic
Fig. 4. Three main microbial metabolic processes in UHS.
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natural gas contains a lower proportion of CO2. This allows the
extracted gas to be directly injected into the natural gas grid and
subsequently used as fuel (Panfilov, 2016). Compared to surface
industrial processes that require high temperatures and costly
precious metal catalysts, UBM is more economically feasible (Hou
et al., 2023a).

3. Microbial metabolism in UHS

Various microbes, such as archaea and bacteria, are widely
present underground (Buri�ankov�a et al., 2022; Schwab et al., 2022;
Bassani et al., 2023), primarily in the form of biofilms or in a free
state. When large amounts of H2 are injected underground, some
microbes can utilize H2 as an electron donor for their metabolism
(microbial H2 oxidation), leading to the consumption of the injected
H2. Thaysen et al. (2021) summarized 13 types of biotic H2-
consuming processes and ranked their likelihood based on the H2
threshold of the reactions and the standard free energy change.
Among these processes, methanogenesis, acetogenesis, and sulfate
reduction are most relevant for UHS (Fig. 4). The reaction equations
and the associated changes in Gibbs free energy are detailed in
Table 1. A brief introduction to these three microbial metabolic
processes is provided below.

Methanogenesis: The process of synthesizing CH4 using H2 and
CO2, known as the Sabatier reaction (Leonzio, 2016), serving as the
cornerstone of UBM technology. Surface reactions typically demand
precious metal catalysts like Ni, Co, Rh, and Ru, operating at high
temperatures, thereby restricting their large-scale commercial
viability (Stangeland et al., 2017). However, in underground envi-
ronments, particularly in zones with extremely low redox potential
where other beneficial electron acceptors such as oxygen, nitrates,
and sulfates are scarce or absent, hydrogenotrophic methanogens
become active, facilitating methanogenesis (Molíkov�a et al., 2022).
This metabolic process releases a substantial amount of heat, which
may explain the notable temperature rise observed at the Ketzin



Table 1
Reaction equations and changes in Gibbs free energy for three main microbial metabolic processes in UHS (Dopffel et al., 2021; Thaysen et al., 2021).

Metabolism Reaction equation Change in Gibbs free energy, kJ/mol

Methanogenesis H2 þ 1/4 HCO3
� þ 1/4 Hþ / 1/4 CH4 þ 3/4 H2O �33.9

Acetogenesis H2 þ1/2 HCO3
� þ 1/4 Hþ / 1/4 CH3COO� þ H2O �26.1

Sulfate reduction H2 þ1/4 SO4
2� þ 1/4 Hþ / 1/4 HS� þ H2O �38.0

Table 2
Optimum and critical ranges of environmental conditions for microbial metabolism in UHS (Modified after Heinemann et al., 2021; Zeng et al., 2023).

Microbial type Temperature, �C pH Salinity, g/L

Optimum Maximum Optimum Minimum Maximum Optimum Maximum

Methanogens 30e40 122 6.0e7.5 4.5 9.0 < 60 200
Acetogens 20e30 72 6.0e7.5 3.6 10.7 < 40 300
SRB 20e30 113 6.0e7.5 0.8 11.5 < 100 240
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gas storage in Germany (Strobel et al., 2020). Three primary groups
of methanogens are commonly identified: Methanobacteriales,
Methanococcales, and Methanomicrobiales (Panfilov, 2016;
Muhammed et al., 2022). These hydrogenotrophic methanogens
play a pivotal role in the conversion process by supplying indis-
pensable functional groups such as coenzymes and reductases. A
prototypical reaction pathway is depicted by theWolfe cycle (Xiong
et al., 2023).

Acetogenesis: This process involves synthesizing acetate using
H2 and CO2. Common acetogens include Clostridium thermoauto-
trophicum, Clostridium aceticum, Butyribacteriummethylotrophicum,
Sporomusa sphaeroides, Acetobacteriumwoodii, and others (Panfilov,
2016; Muhammed et al., 2022). Because methanogens and ace-
togens metabolize almost identical substrates, there may be strong
competition between them, depending on environmental condi-
tions and microbial populations (Bauer, 2023). It is worth noting
that under different thermodynamic conditions, the produced ac-
etate may revert back to the initial states of H2 and CO2 (Konegger
et al., 2023), and the generated acetate may also directly serve as a
carbon source necessary for the growth of certain biomass, such as
sulfate-reducing bacteria (SRB) (Panfilov, 2016).

Sulfate reduction: SRB employ sulfate ions and H2 to produce
water and H2S, the latter of which is both toxic and highly corrosive
to metals and concrete. This metabolic process also leads to the loss
of stored energy. Prominent SRB encompass Desulfobacter vibrio-
formis, Desulfobacterium cetonicum, Desulfotomaculum kuznetsovii,
Desulfacinum infernum, among others (Zhang et al., 2022; Bauer,
2023). SRB are naturally present in gas and oil reservoirs, particu-
larly prevalent when kerogens abundant in sulfur serve as the
predominant constituents for crude oil and natural gas formation.
Furthermore, this phenomenon may transpire within hydrocarbon
reservoirs wherein incompatible water is introduced during
flooding, attributed to the existence of sulfate (Cavallaro et al.,
2005; Muhammed et al., 2022).

The activities of methanogens, acetogens, and SRB are highly
sensitive to reservoir environments, influenced by factors such as
temperature, salinity, and pH. Thaysen et al. (2021) conducted a
comprehensive review of the impact of reservoir environments on
these three types of microbes. Despite considerable variations in
microbial sensitivity to environmental conditions, preliminary es-
timations of optimal ranges and critical thresholds for each mi-
crobial type have been possible (Heinemann et al., 2021; Zeng et al.,
2023), as outlined in Table 2. Precisely determining these param-
eter ranges is crucial for site selection, facilitating the mitigation of
energy losses from microbial metabolism and enhancing the con-
version efficiency in UBM technology.
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4. Research approaches

This section introduces various experimental approaches for
studying GWRM interactions and interfacial properties, such as
wettability. Additionally, it outlines the biochemical and hydrody-
namic models, as well as the simulators used in numerical
modelling. Finally, the procedures implemented in field tests are
described. The key findings from these studies are primarily pre-
sented and discussed in Section 5.

4.1. Laboratory experiments

4.1.1. Overview of laboratory experiments
Numerous studies have delved into GWRM interactions, pre-

dominantly concentrating on alterations in gas composition,
hydrochemical properties, microbial community composition, and
mineral composition resulting from microbial metabolism
(Table 3), aimed at evaluating H2 consumption or analyzing un-
derlying mechanisms. Notably, these studies typically involve gas,
water, and microbes. However, the consideration of rock influence
and the size of rock samples primarily hinge on the bioreactors
employed. Furthermore, the temperature and pressure conditions
that the bioreactor can withstand dictate the extent to which
reservoir conditions can be replicated. Additionally, some studies
have investigated the impact of microbial activity on interfacial
properties. The primary emphasis has been on wettability, with
little attention given to interfacial tension and capillary forces.

4.1.2. GWRM interactions
�Smig�a�n et al. (1990) first carried out microbial experiments with

formation water from the town gas storage in Lobodice, Czech
Republic, aimed at investigating the causes behind the significant
changes observed in gas composition. In their experiments, the
modified Hungate technique was utilized (Bryant, 1972). Due to the
small volume of culture tubes, solid-phase materials could only be
represented by rock powder. Aftab et al. (2023, 2024), and Al-Yaseri
et al. (2024) utilized 50 mL culture tubes to incubate SRB under
room temperature conditions before measuring parameters such as
contact angle and interfacial tension. The solid-phase material in
their experiments consisted of small-volume rock bars
(2 cm � 2 cm � 0.5 cm). The use of culture tubes limits the scope of
experiments to relatively simple setups. Additionally, due to the
rudimentary nature of the culture tubes and the necessity to ensure
sealing conditions, dynamic monitoring of parameters is nearly
impractical.

Using various types of bottles as bioreactors is also quite com-
mon in previous studies. For example, Dohrmann and Kruger



Table 3
Comprehensive comparison of experimental studies on microbial interactions in UHS within porous media.

Research Focus Storage scenario Solid Fluid Gas Microbe P & T conditions Bioreactor Key parameters

�Smig�a�n et al. (1990) Conversion of H2

and CO2 into CH4 by
methanogens

Aquifers Powdered rocks Formation water 80% H2 þ 20% CO2 Autochthonous
microbes

1.5 bar, 37e60 �C Culture tube GC

Bauer (2017) Microbial processes
in H2-loaded
reservoirs

Depleted gas
reservoirs

Drill cores Reservoir water 4%e10% H2 þ 0.3%
e2.5% CO2 þ CH4

Autochthonous
microbes

45 bar, 45 �C HP reactor IC, GC, MC, MCC,
pH, etc.

Haddad et al.
(2022)

GWRM interactions Deep aquifers Rock cuttings, core
samples

Formation water 1% CO2 þ CH4; 10%
H2 þ CH4

Autochthonous
microbes

85.8e95 bar, 47 �C HP reactor IC, GC, MC, MCC,
etc.

Aftab et al. (2023) Wettability under
realistic geo-
conditions

Sandstone
reservoirs

Quartz bars Nutrient medium,
brine

H2 SRB Incubation: RT;
Measurement: 0
e270 bar, 50 �C

Culture tube pH, contact angle,
IC, etc.

Ali et al. (2023) Microbiotic effects
on rock wettability

Sandstone
reservoirs

Quartz slides Seawater H2 Cyanobacteria Incubation: RT;
Measurement:
3e130 bar, 25
e50 �C

Incubation flask Contact angle

Bauer (2023) Potential of
methanogenic
conversion using
H2 and CO2 under
in-situ conditions

Depleted gas
reservoirs

Drill cores, sintered
ceramic plates, 1-
m-long rock cores

Reservoir water 10%e40% H2 þ 2.5%
e10% CO2þ CH4/He

Autochthonous
microbes,
methanogens

20e45 bar, 40 �C Reservoir
simulation reactor,
mini reactor,
confined core
reactor

IC, GC, MC, MCC,
VFAC, etc.

Dohrmann and
Kruger (2023)

Microbial H2

consumption at
near in-situ
conditions

Natural gas fields NA Native formation
fluid, adapted fluid

10% H2 þ N2; 1%
e2% CO2 þ 0.4%
e1.5% H2 þ N2

Autochthonous
microbes

AP and 100 bar, 30
e60 �C

Serum bottle, HP
reactor

GC, MCC, etc.

Dopffel et al. (2023) Microbial H2

consumption at
hypersaline
conditions

Hypersaline
reservoirs, salt
caverns

NA Nutrient medium,
original cavern
brine

10%e100% H2 þ 5%
e20% CO2 þ N2

Halophilic cultures,
autochthonous
microbes

30e37 �C Sterile bottle GC, pressure, cell
number, pH, etc.

Konegger et al.
(2023)

Effect of
operational modes
on UBM

Depleted gas
reservoirs

One-meter-long
rock cores

Reservoir water 10%e80% H2 þ 0.5%
e20% CO2 þ Ar

Autochthonous
microbes

5e20 bar, 40 �C Wellbore
simulation reactor,
confined core
reactor

IC, GC, MC, MCC,
VFAC, etc.

Liu et al. (2023b) Microbial H2

consumption and
wettability
alteration

Sandstone
reservoirs

Silicon micromodel Growth medium H2 Halophilic SRB 35 bar, 37 �C Microfluidic pore
network

Gas saturation,
contact angle, etc.

Rooney and Li
(2023)

Wellbore cement
alteration by H2-
triggered bio-
geochemical
reactions

Depleted reservoirs Wellbore cement
core, shale

Synthetic
formation brine

90% H2/N2 þ 5% CO2 Microbes in
synthetic formation
brine.

100 bar, 60 �C HP and HT reactor GC, MC, etc.

Schwab et al.
(2023)

Microbial activities
at hypersaline
conditions

Hypersaline
reservoirs, salt
caverns

NA Nutrient medium 80% H2 þ 20% CO2 Halophilic
enrichment
cultures

2 bar, 30 �C Serum bottle IC, GC, MCC,
acetate/lactate
concentrations, etc.

Strobel et al.
(2023b)

Microbial growth in
two-phase
saturated porous
media

Porous sandstone
reservoirs

Glass-silicon-glass
micromodel

Culture medium 80% H2 þ 20% CO2 Methanogenic
archaea

1.1e1.75 bar, 37
e63 �C

Glass-silicon-glass
micromodel

Cell number

Vít�ezov�a et al.
(2023)

Biomethane
production from H2

and CO2

Depleted reservoirs Rock samples Growth medium,
formation water

80% H2 þ 20% CO2 Autochthonous
microbes

3e4 bar, 48 �C Serum bottle,
fermenter

GC, MCC, etc.

Aftab et al. (2024) Microbial effect on
interfacial
properties

Porous reservoirs Basalt rock bars Medium solution H2 SRB Incubation: RT;
Measurement:
25e50 �C, 0e4000
psi

Culture tube/bottle Contact angle,
capillary pressure,
and interfacial
tension

(continued on next page)
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(2023) employed different sizes of serum bottles to investigate the
consumption of H2 by autochthonous microbes in formation water
from natural gas fields under anaerobic conditions without the
addition of nutrients, aiming to analyze the effects of reactor size
and liquid volume. Additionally, the impact of heat shock was
explored by dynamically adjusting the experimental temperature
(30 / 60 / 30 �C). Dopffel et al. (2023) utilized sterile bottles to
investigate H2 consumption by salt-tolerant SRB Desulfohalobium
retbaense and salt-tolerant methanogen Methanocalculus hal-
otolerans under different H2 partial pressures. The results are
compared with those of autochthonous microbes in brine obtained
from salt caverns in Northern Germany, both with and without the
addition of nutrients. Schwab et al. (2023) analyzed the effects of
salinity levels (2.5e4.4 mol/L) and different carbon source combi-
nations on methanogenesis, SR, and acetogenesis by using serum
bottles as bioreactors, aiming to simulate microbial H2 consump-
tion in high-salinity environments. Vít�ezov�a et al. (2023) studied
the methanation of H2 and CO2 by autochthonous microbes in the
formation water from the Tvrdonice gas storage in the Czech Re-
public, using serum bottles as bioreactors. To ensure an adequate
supply of gaseous substrates for the microbes, the headspace was
replenished with an H2/CO2 mixture (4:1) after each measurement
of pressure and gas composition.

In the aforementioned studies, no rock samples were added to
the bottles, so the influence of rocks was not considered. Khajooie
et al. (2024) initially analyzed the impact of rock pore space on
H2 consumption using six sealed glass bottles (Fig. 5). Among these,
three bottles contained rock specimens saturated with
M. Thermolithotrophicus solution (MTS), while the remaining three
contained only MTS, with amounts equivalent to the pore volume
of the rock samples. Additionally, they investigated the effects of
different rock types and rock particle sizes on microbial activity.
Since these bottles have larger volumes compared to the culture
tubes used previously, they can, to some extent, accommodate
pressure sensors and be connected to devices such as mass spec-
trometers for dynamic analysis of pressure and gas composition
(Fig. 5). However, similar to culture tubes, experiments using bot-
tles can only be conducted under low pressure, with the previous
highest pressure being 3 bar (Vít�ezov�a et al., 2023).

To better replicate the reservoir's temperature and pressure
conditions, some high-pressure and high-temperature bioreactors
have been developed and employed. Their temperature and pres-
sure capacities, along with the corresponding volumes, are illus-
trated in Fig. 6. In the Underground Sun Storage (USS) project led by
RAG Austria AG, ten high-pressure reservoir simulation reactors
(RSRs) were deployed (Bauer, 2017). A sequence of operations
involving CH4 injection, CH4 extraction, and injection of amixed gas
containing 4%e10% H2 and 0.3%e2.5% CO2, was performed to
simulate underground storage of H2 and natural gas mixtures. In
the following Underground Sun Conversion (USC) project (Bauer,
2023), cyclic injection experiments with 10%e40% H2 and 2.5%e
10% CO2 were conducted using RSRs, exploring the viability of using
native microbes in the formation water for converting H2 and CO2
into CH4. Furthermore, three confined core reactors (CCRs) each
capable of accommodating 1-m-long rock cores were also
deployed, enhancing the simulation of in-situ conditions by facili-
tating the forcing of gas through these cores. In the subsequent
USCeFlex Store project (Konegger et al., 2023), wellbore simulation
reactors (WSRs) with smaller capacities were employed. The ad-
justments in total pressure and the ratio of injected gases (H2 to
CO2), combined with analyses of dominant microbes and physico-
chemical characteristics, aimed to elucidate potential and existing
microbial pathways and to identify optimal operational strategies
for UBM technology.

Haddad et al. (2022) and Mura et al. (2024) simulated H2 losses



Fig. 5. Schematic of the experimental setup for analyzing pore effects on H2 consumption (Adapted with permission from Khajooie et al., 2024. Copyright, 2023; Hydrogen Energy
Publications LLC).
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induced by autochthonous microbes in three aquifers in the Paris
Basin, France, using high-pressure reactors as shown in Fig. 7. The
experiment process was divided into two stages. In the first stage, a
gas composition of 99% CH4 þ 1% CO2 was used to simulate the gas
phase of the stored natural gas. This was followed by the injection
of H2, reaching a maximum concentration of 10%. Dohrmann and
Kruger (2023) utilized high-pressure reactors to explore the po-
tential H2 consumption by autochthonousmicrobes in the reservoir
fluid of the Schneeren Gas Field, under pressure and temperature
conditions close to in-situ conditions. After H2 consumption, rein-
jection was conducted to simulate the periodic pressure fluctua-
tions experienced during H2 storage and to explore their effects on
microbial activity. Vasile et al. (2024a) used innovative high-
pressure, high-temperature, multi-sensing bioreactors (Bio-
Xplorer) to simulate the conditions of two depleted gas reservoirs
in Italy and investigate associated microbial risks. Cylindrical rock
Fig. 6. Maximum temperature and pressure thresholds for high-pressure bioreactors
(Data from Bauer, 2017; Haddad et al., 2022; Bauer, 2023; Dohrmann and Kruger, 2023;
Konegger et al., 2023; Rooney and Li, 2023; Mura et al., 2024; Vasile et al., 2024a).
Labels indicate the corresponding volumes in liters. Hollow symbols denote unknown
upper limits; the values associated with these symbols represent the maximum values
employed in the experiments.
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samples obtained through deep coring, alongwith formationwater,
were inserted into the bioreactors and subjected to the desired
conditions of temperature, pressure, and H2 mixture. Additionally,
Rooney and Li (2023) focused on the impact of biogeochemical
reactions on the wellbore cement ring in UHS. The experiments
involved immersing wellbore cement cores and shale in synthetic
formation brine. Generally, the aforementioned high-pressure
bioreactors are equipped with pressure and temperature sensors
and allow for dynamic sampling of gases and liquids, enabling
Fig. 7. Photography (a) and schematic (b) of the high-pressure bioreactor used by
Haddad et al. (2022) (Adapted under the terms of the license CC BY-NC 3.0).
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comprehensive dynamic analysis of various key parameters.
Apart from CCRs, other mentioned reactors including tubes,

bottles, and high-pressure reactors are limited to analyzing batch-
type GWRM interactions, without considering spatial fluid flow. In
contrast, microfluidic pore networks provide a valuable approach
for dynamic analysis (Liu et al., 2023b; Strobel et al., 2023b). When
paired with microscopic examination, this method enables direct
observation of various phenomena, such as microbial-induced
clogging, temporal and spatial variations in fluid saturation
caused by microbial processes, and changes in wettability.

4.1.3. Interfacial properties
The wettability alteration caused by GWRM interactions is

typically evaluated through measurements of contact angles before
and after microbial activity. In a study by Ali et al. (2023), the
cyanobacteria Geitlerinema sp. was cultured in synthetic seawater
under room temperature and ambient pressure conditions. This
study examined the impact of initial rock wettability using strongly
water-wet quartz samples and strongly oil-wet quartz samples
coated with a layer of stearic acid. Post-culturing, the quartz sam-
ples were dried, and the advancing and receding angles were
measured using a brine droplet method on an inclined plate within
a cell designed for high-pressure and high-temperature conditions.
This approach of cultivating microbes at room temperature and
subsequently assessing contact angles under elevated tempera-
tures and pressures was similarly adopted by Aftab et al. (2023,
2024), and Al-Yaseri et al. (2024). Their research explored wetta-
bility changes across various rock types, utilizing the sessile drop
technique to measure the contact angles.

In a study by Boon et al. (2024), both microbial cultivation and
contact angle measurements occurred under uniform temperature
conditions using the experimental setups depicted in Fig. 8 (a),
employing the captive-bubble cell method. This investigation also
explored the impact of surface roughness by utilizing both rough
sandstone and smooth pure quartz samples. However, due to the
strong heterogeneity of underground rocks, the aforementioned
measurement methods may struggle to accurately reflect this
characteristic. Additionally, fluid flow in porous rocks can lead to
complex dynamic changes in the wettability contact angle.
Consequently, the contact angle measured by these methods may
deviate from the actual conditions underground. Contrastingly, the
microfluidic pore network-based method utilized by Liu et al.
(2023b), illustrated in Fig. 8(b1) and (b2), achieved a more real-
istic representation of actual porous conditions in UHS. By
following steps including pore space cleaning, pressurization to
operating pressure (35 bar), bacterial inoculation, H₂ drainage, and
microfluidic system closure, the key stages of H₂ injection and well
shutdown in UHS were effectively simulated. The contact angles in
the porous medium before and after microbial activity were
directly measured through microscopic observation.

Other methods for measuring contact angles, such as the Wil-
helmy plate method and the capillary rise method, are prevalent
across various fields. However, due to their lack of specificity
without microbial influence, they are not included in the scope of
this review. Capillary pressure and interfacial tension have received
minimal study and, for the reasons mentioned previously, are
excluded from this review. Detailed discussions are available in
Aslannezhad et al. (2023).

4.2. Numerical simulations

4.2.1. Overview of numerical simulations
As shown in Table 4, prior numerical simulations have typically

concentrated on either bio-geochemical or bio-hydrodynamic as-
pects (Fig. 9), largely due to the complexities involved in
4076
simultaneously integrating biochemistry, geochemistry, and hy-
drodynamics. PHREEQC was primarily employed for the former,
analyzing intricate GWRM interactions and the resultant H₂ losses.
For bio-hydrodynamic studies, simulators such as CMG, Eclipse,
and DuMuX were used, focusing predominantly on the effects of
microbes on the injection and extraction of H2 under various
operating modes and parameters. In the following subsections, the
key models and simulators are introduced. Since the geochemical
models used show no difference with or without microbial meta-
bolism, the relevant models are omitted. Detailed information can
be found in Refs. (Xu, 2008; Parkhurst and Appelo, 2013; Steefel
et al., 2015; Addassi et al., 2021; Lu et al., 2022; Saeed and
Jadhawar, 2024).

4.2.2. Biochemical models
Themicrobial life cycle generally flows through four key phases:

the lag phase, exponential phase, stationary phase, and decay phase
(Muloiwa et al., 2020). During the lag phase, microbes need time to
adapt to new environmental conditions, leading to relatively stable
population levels. In the exponential phase, the number of mi-
crobes rapidly increases, signifying the period of fastest growth.
The stationary phase is marked by a delicate balance between
microbial reproduction and death, leading to no overall increase in
population, typically due to the exhaustion of essential nutrients
and the accumulation of toxic by-products. In the decay phase, the
depletion of essential nutrients for microbial growth results in a
steep decrease in microbial populations. Additionally, in certain
instances, an acceleration phase and a deceleration phase may also
be included (Hagemann et al., 2016), as shown in Fig. 10. Using
precise kinetic models to describe the phases of microbial growth
and death is critical for evaluating the impacts of microbial in-
teractions on UHS.

In numerical simulations that explore microbial effects on UHS,
the majority have employed a dual Monod model to compute mi-
crobial specific growth rates (Eq. (1)), enabling consideration of the
influence of two limiting substrates (i.e., electron donor and elec-
tron acceptor) on microbial growth (Hagemann et al., 2016;
Veshareh et al., 2022; Shojaee et al., 2024b). In the context of sulfate
reduction simulations, dissolved H2 is typically used as the electron
donor, with sulfate ions acting as the electron acceptor. In contrast,
for methanogenesis and acetogenesis simulations, while dissolved
H2 remains the electron donor, the choice of electron acceptors can
vary. For example, Hogeweg et al. (2024) used dissolved CO2 as the
electron acceptor, while Veshareh et al. (2022) included all forms of
dissolved inorganic carbon in an oxidation state of þ4, such as bi-
carbonate, CO2(aq), and CaHCO3

þ, as electron acceptors. The specific
choice primarily hinges on the simulator's capacity to incorporate
the series of chemical reactions of CO2 in water.

mgr ¼mmax
CA

CA þ KA

CD
CD þ KD

(1)

where mgr represents the specific growth rate, s�1; while mmax de-
notes the maximum specific growth rate, s�1; CA and CD are the
concentrations of electron acceptor and donor, mol/L, respectively,
with KA and KD being their corresponding half-saturation constants
(mol/L) (Shojaee et al., 2024b). At high substrate concentrations,
the specific growth rate is largely independent of the substrate
levels. Conversely, at low substrate concentrations, the specific
growth rate is significantly influenced by them.

Although the dual Monod model is extensively utilized, it ini-
tiates microbial growth immediately and transitions directly from
the deceleration phase to the decay phase, making it inadequate for
accurately predicting the lag and stationary phases (Hagemann
et al., 2016). Laboratory experiments indicate that the lag phase



Fig. 8. Experimental setups for evaluating wettability under microbial influence. (a) Captive-bubble method in a high-pressure and high-temperature cell (Adapted under the terms
of the license CC BY 4.0 from Boon et al., 2024); (b1, b2) Microfluidic pore network-based method (Adapted under the terms of the license CC BY 4.0 from Liu et al., 2023b).
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may be completely absent or extend for several weeks. Conse-
quently, Panfilov (2010) introduced enhancements to this model by
representing the maximum specific growth rate as a function of the
characteristic time of eating and the maximum population size, as
illustrated in Eq. (2). A significant challenge in applying this model
is the difficulty in obtaining accurate parameters.

mmax ¼
1
te

n
1þ n2

�
n2max

(2)

where te denotes the characteristic time of eating, s; n represents
the population size of microbes, m�3; and nmax is the maximum
population size of microbes, m�3. Additionally, the lag phase can
also be considered by multiplying the maximum specific growth
rate by the lag coefficient l, represented as a piece-wise function
(Wood et al., 1995; Strobel et al., 2023a).

l ¼

8>>>><
>>>>:

0; if t < tL
t � tL
tE � tL

; if tL � t � tE

1; if t > tE

(3)

where t represents the time starting from the initial contact of the
4077
substrates with the liquid, s; tL is the end time of lag phase, s; tE is
the time when the exponential growth is reached, s.

In some simulations that account for geochemical reactions,
such as those conducted using PHREEQC software, the impact of
environmental conditions on microbial growth is also considered
(Veshareh et al., 2022; Shojaee et al., 2024b). In these simulations,
themaximum specific growth rate is not a constant value but varies
with changes in environmental conditions by applying influencing
coefficients. Influencing factors can include temperature, salinity,
pH, microbial concentration, and more. Therefore, the maximum
specific growth rate can be presented in the following general
formulation (Rosso et al., 1995; Peleg, 2021; Jin, 2023):

mmax ¼mopt
Y

ji (4)

where mopt represents the specific growth rate of microbes under
optimal conditions, s-1; and ji is the influencing coefficient of each
factor. Table 5 summarizes the general calculation models for
various influencing factors and their applications in simulations
investigating microbial interactions in UHS. In these simulations,
the values of key parameters, which are combined values of the
same type of microbes, may deviate from the actual situations.
Hogeweg et al. (2022a) enhanced the accuracy of the simulation
results by directly fitting the specific growth rate curve obtained



Table 4
Comprehensive comparison of numerical simulations of microbial interactions in UHS within porous media.

Research Focus Storage scenario Physio-chemical process Spatial dimension Microbial metabolism Microbial growth limit Simulator

Panfilov (2010) Analysis of in-situ self-
organization and CH4

generation in UHS

Porous reservoirs Bio-hydrodynamics 1D, 2D MET Substrate NA

Ebigbo et al. (2013) Investigation of the
mechanisms underlying the
conversion of H2 to CH4

Porous reservoirs Bio-hydrodynamics Pore-scale 3D MET, ACE, acetotrophic
methanogenesis

Substrate NA

Hagemann et al. (2016) Impact of H2 on the
hydrodynamic and
biochemical behavior

Depleted gas reservoirs Bio-hydrodynamics 2D MET, ACE, SR, Iron
reduction

Substrate DuMuX

Panfilov et al. (2016) Analysis of self-
organization and shock
waves in UBM and UHS

Porous reservoirs Bio-hydrodynamics 1D MET Substrate NA

Pfeiffer et al. (2016) Demonstrating the
potential applications of the
coupled simulator

Depleted gas reservoirs Bio-hydrodynamics 2D MET Substrate OpenGeoSyseEclipse

Hemme and van Berk (2018) Identification of potential
risks in UHS

Depleted gas reservoirs Bio-geochemistry 1D MET, SR Substrate PHREEQC

Eddaoui et al. (2021) Impact of pore clogging on
UHS

Aquifers Bio-hydrodynamics 3D MET Substrate DuMuX

Nikolaev et al. (2021) Examining the effects of
operational parameters on
UBM

Depleted gas reservoirs Bio-hydrodynamics 3D MET Substrate DuMuX

Ali et al. (2022) Evaluation of H2 loss due to
methanogenesis

Depleted gas reservoirs Bio-hydrodynamics 3D MET Substrate Eclipse-E300

Hogeweg et al. (2022a) Examining the viability of
freshwater injection to
facilitate UBM

High-saline gas reservoirs Bio-hydrodynamics 2D MET Substrate, salinity DuMuX

Hogeweg et al. (2022b) Evaluating the impact of
methanogenesis on UHS
performance

Depleted gas reservoirs Bio-hydrodynamics 3D MET Substrate DuMuX

Minougou (2022) Assessing microbial effects
on H2 consumption

Depleted gas reservoirs Bio-hydrodynamics 3D MET Substrate DuMuX

Veshareh et al. (2022) Assessment of bio-
geochemical effects on UHS

Depleted hydrocarbon
chalk reservoirs

Bio-geochemistry 0D MET, ACE, SR Substrate, pH PHREEQC

Bauer (2023) Predicting CH4 production
in UBM

Depleted gas reservoirs Bio-hydrodynamics 2D MET Substrate STAR-CCMþ

Elgendy et al. (2023) Implementing bio-
geochemical reactions in
CMG

Depleted gas reservoirs Bio-geochemistry 0D MET Substrate CMG GEM

Maniglio et al. (2023) Assessing the impact of
biotic reactions on UHS

Depleted gas reservoirs Bio-hydrodynamics 3D MET, SR Substrate CMG STARS

Rosman et al. (2023) Evaluating the impact of
H2S generation on UHS

Depleted gas reservoirs Bio-hydrodynamics 3D SR Substrate Eclipse E300

Strobel et al. (2023b) Analyzing the microbial
dynamics in porous media
at the pore scale

Porous reservoirs Bio-hydrodynamics 2D MET Substrate NA

Tremosa et al. (2023) Assessing H2 reactivity in
UHS

Aquifers Bio-geochemistry 0D MET, ACE, SR Substrate, thermodynamic
potential

PHREEQC

Wu et al. (2023a) Evaluating the efficiency of
UBM

Depleted gas reservoirs Bio-geochemistry 0D MET Substrate, pH, temperature,
salinity

PHREEQC

Gao et al. (2024) Quantitative analysis of
microbial impact on H2

storage

Aquifers Bio-geochemistry, Bio-
hydrodynamics,
Geomechanics

2D Iron reduction Substrate NA

Hamdi et al. (2024) Salinity effects on H2S
generation in UHS

Depleted gas reservoirs Bio-hydrodynamics 3D SR Substrate Eclipse E300

Hogeweg et al. (2024) Depleted gas reservoirs 3D MET, SR Substrate DuMuX
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from experimental data under varying salinity.
Additionally, models such as the Haldane model, the Moser

model, and the Tesseir model are commonly used to compute
specific growth rates. The characteristics and applications of these
various models can be explored in Muloiwa et al. (2020). It is
crucial to emphasize that regardless of the specific growth rate
calculation model selected, obtaining accurate input parameters is
the most critical aspect.

The specific growth rate, in conjunction with the yield coeffi-
cient, can be employed to establish the relationship between
substrate consumption rate and microbial population size
(Shojaee et al., 2024b):

rs ¼ � mgr
Y

N (5)

where rs represents the consumption rate of substrate, mol/(L$s);
Y denotes the yield coefficient, g/mol; and N is the biomass, g/L.

Regarding microbial decay, two methods are commonly
employed in previous studies for calculating the specific decay rate
mdec. The first approach utilizes a constant specific decay rate
(mdec ¼ d); thus, the biomass change rate is typically determined
using the following formula (Wu et al., 2023a; Shojaee et al.,
2024b):

rbio ¼ � Yrs � dN (6)

where rbio represents biomass growth rate, g/(L$s); and d denotes
the decay coefficient, s�1. The second approach allows the decay
rate to vary linearly with microbial population size (mdec ¼ d,n).
This method is frequently used in simulations employing the
DuMuX (Hagemann et al., 2016; Hogeweg et al., 2022b). Detailed
information on calculating microbial population changes using
this approach can be found in Section 4.2.3.

Recently, in pursuit of greater alignment with engineering
scales, some studies have adopted reservoir simulators (e.g.,
Eclipse and CMG) to simulate microbial interactions in UHS
(Table 4). Methods based on the Arrhenius equation are commonly
used for the approximate calculation of reaction rates. The general
expression is formulated as follows (Maniglio et al., 2023; Wang
et al., 2024a):

rs ¼ F,exp
�
�Ea
R

1
T

�Y
c2imi (7)

where F is the frequency factor, with its dimensions determined by
the reaction order; Ea stands for the reaction activation energy, J/
mol; R denotes the universal gas constant, J/(mol$K); T signifies the
reaction temperature, K; cmi stands for the molality of each reac-
tant, mol/L; and 2i is the reaction order. The specific approximation
methods vary slightly among different studies. For instance,
Maniglio et al. (2023) assumed the activation energy to be 0 in
their simulation, with the remaining parameters fitted using the
PHREEQC benchmark. Wang et al. (2024a) further simplified the
reaction order of the reactants to 1, where the only parameter
requiring determination was F, established through single-cell
simulations. Meanwhile, Ali et al. (2022) employed ruthenium
metal-based catalyst activation energy for a similar methanation
reaction.

4.2.3. Hydrodynamic models
The spatial distribution of substrate gases and microbes is

influenced by a multitude of factors, directly impacting microbial
metabolism and UHS performance. Hence, it is crucial to consider
the effect of hydrodynamics in numerical modeling. Saeed and
Jadhawar (2024) reviewed hydrodynamic models relevant to



Fig. 9. Overview of key parameters and outcomes discussed from previous numerical simulations.
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UHS, encompassing models for calculating fluid properties, rock
properties, rockefluid properties, fluidefluid properties, etc.
However, there was a notable absence in considering microbial
effects. Therefore, this subsection focuses on hydrodynamic models
under the influence of microbes.

The foremost and pivotal aspect is the conservation equations.
At a macroscopic level, porous media and all present fluids can be
perceived as continuous and equivalent media. This assumption
forms the basis for deriving mass conservation equations for gas
and water. One commonly employed mass conservation equation
that considers advective and dispersive/diffusive transport is as
follows (Hagemann et al., 2016):

f
v
�
rgc

k
gSg þ rwc

k
wSw

�
vt

þV ,
�
rwc

k
wvw þ Jkw þ rgc

k
gvg þ Jkg

�
¼ qk

(8)

where f represents porosity; r is molar density, mol/m3; c is mole
fraction; S is saturation; v is convective flux, m/s; J is dispersion/
4080
diffusion flux, mol/(m2$s); and q is the source or sink term related
to microbial consumption, mol/(m3$s). The subscripts g and w refer
to the gas phase and the water phase, respectively, and the super-
script k represents the chemical composition.

The growth and decay of microbes depend on the availability of
substrates. Furthermore, microbes can attach to and detach from
rocks, and they move through randommotion (similar to diffusion)
and chemotaxis, making the conservation equations for microbes
highly complex. The non-structural mass conservation equation,
which considers only microbial growth, decay, and diffusion, is as
follows (Hagemann et al., 2016):

vn
vt

¼ Swmgr n� mdecnþ V,ðDVnÞ (9)

where D is the cell diffusion coefficient, m2/s; and mdec varies lin-
early with the microbial population size, as detailed in Section
4.2.2. These models were integrated into the DuMux, and subse-
quent studies using DuMuX has primarily been based on these
frameworks with minor changes (Nikolaev et al., 2021; Hogeweg



Fig. 10. The six stages of the microbial life cycle (Redrawn under the terms of the li-
cense CC BY 4.0 from Hagemann et al., 2016).
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et al., 2022b, 2024). In contrast, Eddaoui et al. (2021) proposed a
model based on the assumption that the two forms of microbial
existence (i.e., biofilm and plankton) are likely to occur within
porous geological media, while also taking advection into account.
Table 5
General models for calculating influencing factors and their application.

Influencing factor Model

pH
jpH ¼

� ðpH� pHminÞf1� exp½b1ðpH� pHmaxÞ�g
ðpHopt � pHminÞf1� exp½b1ðpHopt � pHmaxÞ�

jpH ¼ ðpH� pHminÞðpH� pHmaxÞ
ðpH� pHminÞðpH� pHmaxÞ � ðpH� pHoptÞ2

jpH ¼ ðpH� pHminÞðpH� pHmaxÞ
ðpHopt � pHminÞðpHopt � pHmaxÞ

jpH ¼ ðpH� pHminÞð2pHopt � pHmin � pHÞ
ðpHopt � pHminÞ2

jpH ¼

8>>>>>>>>><
>>>>>>>>>:

�
ðpH� pHminÞ

�
pHþ pHmin � 2pHopt

�
�
pHopt � pHmin

�2 ; pH

1; pH ¼ pHopt

�
ðpH� pHmaxÞ

�
pHþ pHmax � 2pHopt

�
�
pHopt � pHmax

�2 ; pH

Temperature
jT ¼ ðT � TmaxÞðT � TminÞ2

ðTopt � TminÞ½ðTopt � TminÞðT � ToptÞ � ðTopt � Tm

jT ¼

8>>>>>>><
>>>>>>>:

�ðT � TminÞ
�
T þ Tmin � 2Topt

�
�
Topt � Tmin

�2 ; Tmin < T < Topt

1; T ¼ Topt

�ðT � TmaxÞ
�
T þ Tmax � 2Topt

�
�
Topt � Tmax

�2 ; Topt < T < Tma

jT ¼
� ðT � TminÞf1� exp½b2ðT � TmaxÞ�g
ðTopt � TminÞf1� exp½b2ðTopt � TmaxÞ�g

!2

Salinity
jCs

¼ ðCs � 2Cs;opt þ Cs;maxÞðCs;max � CsÞ
ðCs;max � Cs;optÞ2

jCs
¼ exp

	
�
� Cs
Cs;c

�b3

Thermodynamic potential

jTP ¼ 1� exp
�
� fd

cRT

�
Microbial concentration

jCX
¼ 1� CX

CX;max

Notes: pH is the pH value of the brine; T is the temperature, K; Cs is the salinity of the brine
thermodynamic drive, J/mol; c is the average stoichiometric number; R is the gas constan
coefficients. The subscripts min, opt, and max represent the minimum, optimum, and m
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The mass balance equations of attached and detached microbes are
as follows:

v

vt
ðfSwnaÞ¼mgrSwna � mdecSwna þ kaSwnd � kdSwna (10)

v

vt
ðfSwndÞþV , ðndvwÞ � V , ðDSwVndÞ¼mgrSwnd � mdecSwnd

� kaSwnd þ kdSwna
(11)

where na and nd represent the numbers of attached and detached
microbes, m�3, respectively; while ka and kd are the rates of
attachment and detachment per microbe, s�1. In this model,
attachment is influenced by diffusion, geometrical interception,
and inertial deviation. The specific calculation methods of relevant
parameters can be found in Eddaoui et al. (2021). Similarly, Gao
et al. (2024) incorporated microbial adsorption/desorption into
their coupled hydrological-mechanical-chemical-biological model.
Their treatment of microbial adsorption includes both reversible
and irreversible adsorption processes.

In natural porous media with pore sizes comparable to the size
of microbes, the presence of microbes can potentially result in
complete pore clogging, irrespective of whether the microbes are
Source Application

g

1
A2 Zwietering et al. (1992) NA

Rosso et al. (1995) Wu et al. (2023a)

Wijtzes et al. (2001) Veshareh et al. (2022)

Leroi et al. (2012) NA

min <pH<pHopt

opt <pH<pHmax

Shojaee et al. (2024b) Shojaee et al. (2024b)

axÞðTopt þ Tmin � 2TÞ�
Rosso et al. (1995) NA

x

Shojaee et al. (2024b) Shojaee et al. (2024b)

Zwietering et al. (1992) NA

Leroi et al. (2012) NA

Peleg (2021) Wu et al. (2023a)

Jin (2023) Tremosa et al. (2023)

Jin (2023) NA

, g/L; Cs;c is the characteristic salinity that marks the curve's drop region, g/L; fd is the
t, J/(mol$K); CX is the concentration of biomass, L�1; and b1, b2, and b3 are regression
aximum values of each factor for the growth of microbes, respectively.
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attached or detached. This phenomenon subsequently impacts the
porosity and permeability of the reservoir. Eddaoui et al. (2021)
developed a porosity evolution model that considers both the
number of detached and attached microbes, formulated as follows:

f¼fðna;ndÞ¼
f0

1þ
�
naþnd
nc

�2 (12)

where nc represents the quantity of microbes required to induce
maximal bio-clogging effect, m�3; and f0 denotes the porosity of a
clean reservoir devoid of microbes. The alteration in permeability is
determined using the CarmaneKozeny formula:

kp ¼ kpðna;ndÞ¼
 

d2p
180

!
fðna;ndÞ3

ð1� fðna;ndÞÞ2
(13)

where kp is the absolute permeability, m2; and dp is the pore
diameter, m. However, Zhang et al. (1992) believed that microbial
clogging effects might not notably alter porosity but could signifi-
cantly impact permeability. They introduced a dimensionless flow
efficiency coefficient for correction, which is mainly determined by
the bimodal function of the pore throat diameter:

kp
kp0

¼ fe

�
f

f0

�3
¼ fe

�
f0 � 4

f0

�3
(14)

where kp0 denotes the absolute permeability of a clean reservoir
devoid of microbes, m2; fe represents the dimensionless flow effi-
ciency coefficient; and 4 is the pore fraction occupied by microbes.
In the commercial software CMG, other relationships between
porosity and permeability based on Carman-Kozeny equation are
also suggested (Jeong et al., 2019). Another significant approach to
compute permeability evolution involves considering the equilib-
rium relationship between mobile microbes and adsorbed mi-
crobes without initially computing porosity. The model is outlined
as follows (Jeong et al., 2019):

kp ¼1þ ðRr � 1Þ ad
admax

(15)

where Rr represents the resistance factor; admax denotes maximum
adsorption capacity of microbes, L�1; and ad signifies the number of
adsorbed microbes, L�1, typically calculated by the Langmuir
isotherm adsorption equation:

ad¼
�
cad1 þ cad2 XNaCl

�
Xa

1þ cad3 Xa
(16)

where XNaCl represents salinity, g/L; cad1 , cad2 , and cad3 are constants.
In some pore-scale simulations (e.g., Ebigbo et al., 2013; Song

et al., 2024), a biofilm volume fraction fb is often defined to accu-
rately track the interface between the biofilm and the bulk water.
By solving the mass balance equation for the biofilm that includes
this volume fraction, pore clogging due to microbial growth and its
impact on fluid flow can be evaluated more precisely (Peszynska
et al., 2016).

The microbial effect on capillary pressure can be evaluated by
analyzing alterations in porosity and absolute permeability, utiliz-
ing the Leverett scaling relation (Steefel et al., 2015; Eddaoui et al.,
2021). However, this method doesn't account for variations in
wettability, interfacial tension, etc. While there have been studies
on microbial effects on wettability, interfacial tension, relative
4082
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permeability, and fluid viscosity, and various models have been
proposed, their use is primarily confined to scenarios of microbial
enhanced oil recovery (Jeong et al., 2019; Niu et al., 2020). Although
some relevant experiments have been undertaken in the context of
UHS (Section 4.1.3), mathematical models have yet to be developed,
necessitating further investigation.

4.2.4. Numerical simulators
As outlined in Table 4, various simulators are currently utilized

to investigate microbial interactions in UHS. These tools serve
different purposes such as flow simulation in porous media,
reservoir simulation, or multi-physics field coupling, each with
unique functionalities and characteristics. A comprehensive com-
parison of these simulators is provided in Table 6.

For investigating the intricate GWRM interactionmechanisms in
UHS, simulators capable of handling complex geochemical re-
actions, such as PHREEQC and TOUGHREACT, are recommended
(Vilc�aez, 2015; Veshareh et al., 2022). While PHREEQC allows easy
definition of various biogeochemical reactions, it is limited in terms
of simulation dimensions and cannot model critical processes such
as unsaturated flow and heat transfer. A primary limitation of
TOUGHREACT is its inability to simulate rock deformation;
addressing this shortcoming typically requires coupling with
additional software, such as Flac3D (Taron et al., 2009), which
significantly increases computational time.

For research focused on microbial influences on H2 storage
performance, including aspects like gas mixing and recovery, fluid
flow-focused simulators such as DuMuX and MRST are advanta-
geous (Hogeweg et al., 2022b; Safari et al., 2024). However, these
tools currently handle geochemical reactions to a limited extent,
making the incorporation of complex geochemical reactions chal-
lenging. When the interaction between H2 and reservoir hydro-
carbons (e.g., residual natural gas) is also of a concern, utilizing
reservoir-specific simulators like CMG and Eclipse would is more
appropriate (Ali et al., 2022; Rivolta et al., 2024). These simulators
can effectively integrate on-site geological and engineering data
but currently use the Arrhenius equation to model microbial
growth instead of kinetic models specifically tailored for microbes,
potentially leading to significant deviations in simulation results.

Therefore, selecting a simulator that aligns with specific
research objectives is crucial. To accurately assess microbial im-
pacts on UHS, the development of more precise models and
comprehensive simulators is essential.

4.3. Field studies

4.3.1. Overview of field studies
Currently, three countries (i.e., Austria, the Czech Republic, and

Argentina) have conducted field tests of UBM (Table 7). Austria
leads in the number of field test projects, each of which is relatively
large in scale. These tests predominantly utilize depleted sandstone
gas reservoirs, which are generally characterized by shallow burial
depth, low temperature, and low salinity, conditions favorable for
the growth of methanogens. The field tests typically operate in two
main modes: batch and cycle. Additionally, several other countries
are in the preliminary stages of site selection for UBM (e.g., Ger-
many) or are evaluating the microbial risks associated with using
depleted gas reservoirs or aquifers for UHS (e.g., France and Italy).
The following subsections primarily introduce the procedures
implemented in field trials.

4.3.2. Czech Republic
Lododice gas storage: It is the only aquifer gas storage in the

Czech Republic and the first underground gas storage in the
country. Around 1989, when town gas was stored, the initial
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composition of the injected gas consisted of 54% H₂, 12% CO₂, and
22% CH₄. However, after a storage period of seven months, signifi-
cant changes were observed in the gas withdrawn: the H2 content
had decreased to 37%, the CO2 content to 9%, and the CH4 content
had increased to 40% (�Smig�a�n et al., 1990). To investigate the cause
of the significant changes in gas composition, isotopic monitoring
was conducted onsite. The d13CCH4 value of the injected town gas
was measured at �34.5‰, while the d13CCH4 value of the gas
extracted after storage was �80‰. These isotopic changes, along
with findings from laboratory experiments involving formation
water with methanogen-like microbes at concentrations of 103 to
10⁴ cells per mL, decisively indicated that the CH4 generated during
storage was primarily produced via the catalytic action of metha-
nogens (�Smig�a�n et al., 1990; Buzek et al., 1994).

Tvrdonice gas storage: It was transformed from a depleted
system of hydrocarbon reservoirs located in the Czech part of the
Vienna basin (Vít�ezov�a et al., 2023). The field test primarily aims to
assess the potential and applicability of power-to-CH₄. During the
test, 392 Sm3 of mixed gas was injected into the formation through
the test well Z-73A, comprising 50% H₂, 12.5% CO₂, and 37.5% N₂ to
simulate the composition of town gas previously stored in the
Lobodice gas storage. Subsequently, 19 m3 of formation water
collected from the adjacent well HR-41 was injected. This was due
to the reservoir conditions of the test well at the time of the test not
being conducive to producing sufficient water in a reasonable
timeframe. The wellhead injection method is illustrated in Fig. 11.
The methanogenesis process and other changes within the reser-
voir were monitored 6 h after completing the reservoir water in-
jection. The results showed a notable shift in the d13C values of CH4,
which increased from initial �53.6‰ to approximately �30‰ over
10 days. Additionally, the population of methanogens peaked at
about 43% in the microbial community on the 22nd day post-
injection, and the injected H2 and CO2 were completely
consumed within approximately 40 days (Section 5.1.2.2). These
findings demonstrate the feasibility of synthesizing green CH₄ from
H₂ and CO₂ underground.

4.3.3. Austria
Currently, Austria has undertaken three field study projects
Fig. 11. The wellhead injection method used during the field test at Tvrdonice gas storage (
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concerning microbial interactions in UHS: USS, USC, and USC-
FlexStore (Bauer, 2017, 2023; Konegger et al., 2023;
Hellerschmied et al., 2024). Field tests for all three projects were
conducted in a small depleted sandstone gas reservoir, specifically
the Lehen-002 reservoir in Pilsbach, Upper Austria, with a total
capacity of approximately 6 million Nm3. Similarly, the reservoir
underwent on-site monitoring, and regular analysis of gas and
formation water was performed.

USS: A pivotal aspect of this project involved assessing the
viability of storing renewable energy in the form of H2 admixture
amidst intricate field conditions (Bauer, 2017). The injected gas
amounted to 1.22million Nm3, comprising roughly 10% H2 (115,444
Nm3) and 90% natural gas. Gas injection spanned three months,
followed by a four-month shutdown period to monitor changes in
reservoir temperature, pressure, gas composition, etc. Subse-
quently, production recommenced through the injection well LEH-
002 for three months, yielding 1.24 million Nm3 of gas, with the H2
content declining to 7.6% (94,549 Nm3) and the CO2 content
decreasing from 0.22% to 0.01%. A minor portion (3%) of H2 loss was
attributed to methanogens. Strobel et al. (2020) roughly estimated
the metabolic rate for CH4 production to be about 1.66 � 10�9 mol/
(s$Sm3). The project underscored the feasibility of storing 10% H2
mixed with natural gas for RAG's gas storage facilities.

USC: Similar to the Tvrdonice gas storage project, this initiative
endeavors to assess the viability of UBM of CO2 and H2, thereby
enabling large-scale, long-term energy storage (Bauer, 2023). In the
batch experiments, a gas mixture comprising up to 10% H2 and up
to 2.5% CO2 was injected from the well LEH-002 five times, with an
average volume of approximately 0.5 million Nm3 per injection.
Additionally, modified cycle experiments were conducted 11 times
due to the limited connectivity between the test wells. In this
approach, a gas mixture containing up to 20% H₂ and up to 2.5% CO₂
was initially injected into the new well LESP-001A, which is char-
acterized by high water saturation and robust microbial activity.
Subsequently, the gas was transferred to the well LEH-002,
resulting in a total movement of over 0.6 million Nm3 of gas.
Several phenomena observed during the field test affirmed the
feasibility of UBM. Notably, the produced water showed an
enrichment of methanogens, with 89% of the microbial population
Reprinted under the terms of the license CC BY-NC-ND 4.0 from Vít�ezov�a et al., 2023).
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identified as belonging to the Methanobacteriaceae family, and a
significant reduction in CO2 levels.

USC-FlexStore: The primary focus of this project lies in
researching and demonstrating the flexible operational modes of
UBM (Konegger et al., 2023). This involves injecting different gas
ratios to delineate the boundaries and optimal conditions for UBM.
Two batch experiments were conducted in the well LEH-002. In the
first experiment, 0.6 million Nm3 of gas was injected, maintaining a
constant 10% H2 content while varying CO2 levels between 0.3% and
1.3%. The second experiment injected a total of 0.715million Nm3 of
gas without additional CO2 injection. Additionally, the modified
cycle experiment was performed 16 times in eachwell. Gas injected
into the well LESP-001A was primarily withdrawn from the well
LEH-002, with a certain CO2 content (up to 2.3%) added before in-
jection to simulate scenarios in future energy systems where CO2 is
consistently available and H2 is intermittently supplied through
storage with fluctuating production. Field test findings indicated
the flexibility of CO2 proportions in the UBM process (Section
5.1.2.2).

Several follow-up projects are underway, building upon the
discoveries of the aforementioned initiatives. For instance, the
USS2030 project is gearing up to store pure H2 in an underground
natural gas reservoir located in Gampern, Upper Austria (RAG,
2024).
4.3.4. Argentina
In 2010, Hychico in Argentina initiated a project to produce H₂

fromwind energy and store it in a depleted gas reservoir. The field
test of UHS was divided into three main stages (P�erez et al., 2016;
Bellini et al., 2022). Initially, natural gas was injected intowell F-160
to reach the original formation pressure, which allowed for the
confirmation of reservoir properties and sealing capabilities. Sub-
sequently, a mixture of 10% H2 and natural gas was injected to
achieve a pressure of 10 bar, alongside an analysis of reservoir
properties and gas composition in this stage. Finally, natural gas
was re-injected to analyze the H2 sealing at the original reservoir
pressure. Throughout the test, the conversion of H2 to CH₄ was
monitored.

Hychico and French Geological Survey (BRGM) then launched a
cooperative project focused on UBM (Dupraz et al., 2018; Bellini
Fig. 12. pH decease induced by the metabolism of SRB (Adapted with permission from Aftab
to the formation of water-insoluble precipitates, such as FeS.
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et al., 2022). This project included biological characterization,
both laboratory and field testing, and modeling efforts aimed at
identifying the critical factors involved in the production of CH₄
from H₂ and CO₂, and at optimizing this process. However, there
have been no subsequent reports on related field tests, and only
results from indoor experiments demonstrating favorable conver-
sions are available (Stephant et al., 2018).

4.3.5. Other countries
In addition to the aforementioned projects that have directly

conducted field tests, several other projects indirectly related to
field studies have been initiated. For instance, DBI Gas & Environ-
mental Technologies Ltd. (DBI GUT) in Germany launched the Bio-
UGS project in 2020, which primarily investigates biological con-
version of CO2 and H2 to CH4 in porous underground gas storage
facilities (Bültemeier, 2023). Despite the absence of field tests to
date, the project has produced a catalog of recommendations for
conducting such tests, incorporating selection criteria for identi-
fying suitable sites. Furthermore, some studies aim to assess mi-
crobial risks in UHS through laboratory experiments utilizing rock
samples or formation waters sourced from actual depleted gas
reservoirs in Italy and Germany (Dohrmann and Kruger, 2023;
Bellini et al., 2024; Vasile et al., 2024a), as well as saline aquifers in
France (Mura et al., 2024; Ranchou-Peyruse et al., 2024). Details on
these studies are provided in Section 4.1.2.

5. Microbial interactions and their impacts on UHS

This section introduces and discusses the intricate microbial
interactions and their positive and negative impacts on UHS in
porous media from three perspectives: H2 consumption, H2 flow,
and storage safety.

5.1. H2 consumption

Various factors, such as the underground environment and
substrate availability, can influence microbial activity in porous
media. Consequently, H₂ consumption induced by native microbes
in formation water collected on-site can vary markedly during
laboratory experiments. These variations may present as
et al., 2023. Copyright, 2023; American Chemical Society). The solution turns dark due



Fig. 14. Effect of pore/MTS volume on H2 consumption: Comparison of rock samples
(circles) saturated with MTS solution and bulk MTS (quadrilaterals) with amounts
equivalent to corresponding pore volumes (Adapted with permission from Khajooie
et al., 2024. Copyright, 2023; Hydrogen Energy Publications LLC).
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insignificant H₂ consumption (Vasile et al., 2024a), immediate H₂
consumption without the addition of nutrients (Dohrmann and
Kruger, 2023), or successful multi-cycle bio-methanation (Bauer,
2023; Vít�ezov�a et al., 2023). Understanding the intricate impact
mechanisms of these factors is crucial for improving UHS perfor-
mance. The details are elaborated below.

5.1.1. Underground environment
The complex GWRM interactions are affected by the initial un-

derground environment, including factors such as pH, salinity, and
temperature. These interactions also induce changes in the un-
derground environment, which in turn impact microbial activity
and H2 consumption.

5.1.1.1. pH. The dynamic trend in pH evolution driven by microbial
growth primarily depends on the type of microbes involved.
Methanogens, for instance, typically consume substantial amounts
of Hþ and HCO3

� (Table 1), leading to an increase in pH. This trend
has been widely observed in previous studies (Veshareh et al.,
2022; Dopffel et al., 2023; Shojaee et al., 2024b). However, the
impact of this pH increase on the final activity of methanogens
varies: the pH may rise from near neutrality to strong alkalinity,
thereby inhibiting their activity (Shojaee et al., 2024b), or it may
transition from acidity to near neutrality, enhancing their activity
(Elgendy et al., 2023). Similarly, acetogens also consume Hþ and
HCO3

�. However, a key difference lies in the significant production
of acetate, which, upon accumulation, can lead to a decrease in pH,
potentially triggering an "acid crash" effect (Rami�o-Pujol et al.,
2015). In the laboratory experiment of the USC-FlexStore project,
conducted under a CO2 partial pressure of 4 bar, acetate accumu-
lation reached 4.9 g/L, resulting in a pH drop to 5.0 (Konegger et al.,
2023). This self-limiting process is beneficial in reducing H₂ con-
sumption in UHS, but may be detrimental to UBM. Nevertheless,
numerical simulation results presented by Veshareh et al. (2022)
Fig. 13. Schematic of UBM coupled with geothermal energy production (Ada
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depicted a divergent trend, indicating a significant increase in pH.
This discrepancy may be attributed to limitations in the simulation
method.

The disparity in pH evolution trends is even more pronounced
pted with permission from Wu et al., 2023c. Copyright, 2023; Elsevier).



L. Wu, Z.-M. Hou, Z.-F. Luo et al. Petroleum Science 21 (2024) 4067e4099
for SRB. In the experiments conducted by Aftab et al. (2023) and
Boon et al. (2024), where only SRB were utilized, the pH change
trends were entirely opposite: in one study, the pH decreased from
near neutrality to 5.98 (Fig. 12), whereas in the other, it increased
from near neutrality to slightly below 9.0. This variance may stem
from the selection of different SRB strains, specifically, Desulfovibrio
marinisediminis and Oleidesulfovibrio alaskensis, respectively. The
former employs various organic compounds as carbon sources to
produce acetate (Aftab et al., 2023), whereas the latter utilizes ac-
etate as a carbon source (Boon et al., 2024).

Furthermore, microbial metabolism may involve the dynamic
generation and consumption of formic acid and other volatile fatty
acids. However, the concentrations of these substances are gener-
ally lower compared to acetic acid. For example, in the experiments
conducted by Konegger et al. (2023), the concentrations of formic
acid, butyric acid, and i-butyric acid were typically below 50, 500,
and 300 mg/L, respectively, while the concentration of acetic acid
was generally 5e10 times higher than that of butyric acid. In
extreme cases, the concentrations of these substances can be so low
that they cannot be detected (Konegger et al., 2023; Vasile et al.,
2024a). Consequently, from the perspective of pH change alone,
these substances have a less pronounced effect on microbial ac-
tivity compared to acetic acid.
5.1.1.2. Salinity. Generally, low salinity is more conducive to mi-
crobial metabolism (Table 2). At higher salinity levels, microbes
consume H2 more slowly and in smaller amounts (Schwab et al.,
2023; Wu et al., 2023a). This is primarily because high salinity
exacerbates adverse effects on microbial proteins, enzymes, and
cell membranes. Additionally, increased salinity reduces gas solu-
bility in brine, which subsequently decreases the supply of sub-
strate gases (Wu et al., 2023a). Consequently, reservoirs reporting
microbial activity in UHS typically exhibit low salinity characteris-
tics (Table 7). Although high salinity can inhibit microbial repro-
duction and even cause cell death, the presence of sufficient and
appropriate nutrients can mitigate these adverse effects to some
extent. Schwab et al. (2023) observed that the addition of acetate
and methanol enhanced the sulfate reduction rate, achieving
complete sulfate consumption after 1445 days, even at high salinity
levels of 4.4 mol/L NaCl.

The salinity of brine in UHS undergoes complex changes due to
the dynamic concentrations of various ions. Notably, HCO3

� is
consumed bymethanogens and acetogens, while SO4

2� is consumed
by SRB, leading to a decrease in their concentrations. Changes in the
Fig. 15. Absolute and relative quantities of H2 consumption by methanogens across
different gas compositions (10% H2 in Case III and 80% H2 in Case IV) (Adapted under
the terms of the license CC BY 4.0 from Hogeweg et al., 2022b).
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concentrations of other ions are closely related to the precipitation
and dissolution of minerals. Aftab et al. (2023) reported significant
decreases in the concentrations of metal elements after culturing
SRB with quartz bars. Specifically, iron concentrations decreased by
about 80%, while calcium and magnesium concentrations each
decreased by 40%e50%. This decrease can be attributed to the re-
action of sulfide, a metabolite produced by sulfate reduction, with
these metal ions (Aftab et al., 2023). The interaction results in the
formation of water-insoluble precipitates such as FeS, CaS, and MgS
(Fig. 12). Additionally, microbes convert part of the H2 into water,
thereby increasing water content (Hemme and van Berk, 2018; Wu
et al., 2023a). Collectively, these processes may lead to a reduction
in salinity, which in turn fosters microbial growth and H2 con-
sumption. Therefore, Wu et al. (2023a) observed a positive feed-
back mechanism in underground bio-methanation. Although it is
certain that increased water content leads to a reduction in salinity,
it remains unclear whether this effect is always dominant
compared to the potential increase in salinity due to mineral
dissolution. Further in-depth analysis and additional case studies
are necessary.

5.1.1.3. Temperature. The impact of temperature on microbial ac-
tivity and H2 consumption in UHS can be elucidated as follows
(Hemme and van Berk, 2018; Veshareh et al., 2022; Wu et al.,
2023a; Minougou et al., 2024; Safari et al., 2024). First, tempera-
ture fluctuations exert influence on gas dissolution and diffusion.
For instance, heightened temperatures tend to decrease the solu-
bility of CO2 and H2 in brine, thereby impeding the supply of mi-
crobial substrate gases and diminishing H2 consumption. On the
contrary, an increase in temperature speeds up gas diffusion, while
also reducing gas solubility and potentially alleviating pH decline.
This dual impact could promote microbial growth and enhance H2
consumption. Additionally, temperature variations impact particle
collision, potentially influencing both equilibrium and kinetic re-
action rates in geochemistry. Consequently, this modulation may
affect H2 consumption. Moreover, temperature escalation directly
suppresses microbial activity by impeding enzyme function,
thereby reducing H2 consumption. This factormay be predominant.

The reservoir temperature undergoes dynamic changes during
UHS operations. On one hand, injecting fluids like cold H2 causes a
drop in reservoir temperature, which may gradually recover due to
heat conduction during shut-in stages. On the other hand,
Fig. 16. Evolution of gas composition during the field test at Tvrdonice gas storage. The
injected gas volume was 392 Sm3, consisting of 50% H2, 12.5% CO2, and 37.5% N2

(Reprinted under the terms of the license CC BY-NC-ND 4.0 from Vít�ezov�a et al., 2023).



Fig. 17. Effect of injection ratios on conversion processes during the field tests of the USC-FlexStore project: (a) well LESP-001A and (b) well LEH-002 (Data from Konegger et al.,
2023). Notes: MER-Methane evolution rate, H2in/CO2in-Ratio of injected H2 to CO2, H2conv/CO2conv-Ratio of converted H2 to CO2.
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microbial processes like methanogenesis generate substantial heat
while consuming considerable amounts of H2, which can lead to an
increase in temperature. This mechanism may explain the signifi-
cant temperature rise observed at the Ketzin gas storage in Ger-
many, where temperatures increased by 30e40 �C between 1964
and 1985 (Strobel et al., 2020). As the metabolism of methanogens
increases reservoir temperature, which in turn limits their repro-
duction, Hou et al. (2023c) and Wu et al. (2023c) proposed an
innovative technology to enhance H2/CO2 conversion efficiency and
economic benefits in UBM. This technology, termed CCCUS, couples
UBM with geothermal energy production (Fig. 13). Additionally,
Dohrmann and Kruger (2023) conducted experimental analyses on
the impact of heat shock on H2 consumption. Their results indicate
that as temperature increases, H2 consumption decreases, and as
temperature decreases, H2 consumption recovers. These research
findings lend support to the necessity and feasibility of the CCCUS
technology to a certain extent.

5.1.1.4. Pore characteristics. The effects of pore size and heteroge-
neity on H2 consumption are presented here, while the impacts of
microbial growth on pores and subsequent H2 flow will be
addressed in Section 5.2.2. Khajooie et al. (2024) reported that
microbial activities within intact rocks are 8e10 times higher than
in corresponding bulk M. thermolithotrophicus solution (MTS)
(Fig. 14), due to the presence of pores, which provide favorable
conditions for microbial colonization. As the pore volume and
surface area increase, the H2 consumption rate also rises accord-
ingly. However, the size of individual pore volumes significantly
affects this relationship. As the surface area increases, the indi-
vidual pore volumes can become very small, potentially
approaching the nominal size of microbes (e.g., the nominal size of
M. thermolithotrophicus is approximately 1.5 mm). This size limita-
tion can inhibit microbial colonization and restrict microbial
reproduction. Additionally, field tests conducted in the USC project
indicate that certain areas within the "deep reservoir" exhibit low
or no microbial activity due to heterogeneity, leading to low H2
consumption. This conclusion is supported by the observation that
the H2 and CO2 contents in the extracted gas show no significant
change (Bauer, 2023). Currently, there is limited research on the
effect of pore characteristics on H2 consumption in UHS, necessi-
tating further investigation in this area.

5.1.2. Substrate availability
5.1.2.1. H2 availability. H2 serves as an electron donor in microbial
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metabolism, making its availability crucial. According to Nikolaev
et al. (2021) and Hogeweg et al. (2022b), higher concentrations of
injected H2 lead to greater absolute amounts of converted H2 by
methanogens (Fig. 15), although the relationship is not linear.
Additionally, the concentrations of CH4 and H2 in the produced gas
also increase accordingly. However, the relative amount of con-
verted H2 exhibits an opposite trend, with higher conversion ratios
at lower H2 concentrations. Similarly, Dopffel et al. (2023) reported
comparable results, suggesting that the experimental observations
might primarily arise from physiological constraints; specifically,
high H2 concentrations may negatively impact H2 uptake or the
function of hydrogenases within the cells. Dohrmann and Kruger
(2023) and Vít�ezov�a et al. (2023) observed that reactions pro-
ceeded more rapidly in smaller reactors. This can be attributed to
the increased interference between liquid and gas in smaller scales,
leading to a swifter transfer rate of gas to liquid and enhanced
accessibility of H2 to microbes, thus resulting in accelerated reac-
tion rates. Additionally, Liu et al. (2023b) observed that as microbes
consumed H2, the continuity of the gas phase was disrupted,
generating isolated bubbles. This, in turn, increased the contact
area between H2 and microbial cells, consequently accelerating the
H2 consumption rate. This observation further underscores the
significance of H2 availability in microbial processes.

5.1.2.2. CO2 availability. In the processes of methanogenesis and
acetogenesis, CO2 serves as an essential electron acceptor, thereby
influencing the consumption of H2. When the partial pressure of
CO2 is low and the stoichiometric ratio of methanogenesis (4:1) is
used for the ratio of H2 to CO2, H2 can be completely consumed and
converted into carbon-neutral CH4 within a few days to several
months (Bauer, 2023; Konegger et al., 2023; Vít�ezov�a et al., 2023;
Wu et al., 2023a). For instance, during the field test at Tvrdonice gas
storage, H2 and CO2 were completely consumed within approxi-
mately forty days in the complex underground environment
(Fig. 16). As the partial pressure of CO2 increases, its solubility also
rises, potentially resulting in an almost linear increase in the re-
action rate and a corresponding decrease in the time required for
complete conversion (Bauer, 2023). However, upon surpassing a
certain pressure threshold, the significant decrease in pH may
inhibit methanogen activity, thereby potentially reducing reaction
rates and H2 consumption by methanogens, as discussed in Section
5.1.1.1.

In this scenario, given that acetogens thrive better at low pH
levels compared to methanogens, CO2 and H2 may initially be
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converted by acetogens into acetate (Section 5.1.1.1). Subsequently,
the accumulated acetate can generate CO2 and H2 through meta-
bolic pathways such as syntrophic acetate oxidation, also known as
reverse acetogenesis (Bauer, 2023; Konegger et al., 2023). Then,
combined with a gas mixture containing less CO2 and more H2, CH4
can also be produced. This is why, during the field test of the USC-
FlexStore project, at ultra-high injection ratios ranging from 20 to
28, the methane evolution rates experienced a considerable in-
crease (Fig. 17). Therefore, the accumulation of acetate due to
excessively high CO2 partial pressure does not necessarily signify a
complete loss of energy. The synthesis of the intermediate acetate
is inevitable and even can be considered a part of the proper
implementation of UBM on site (Bauer, 2023; Konegger et al.,
2023). However, the pathway involving acetate synthesis first and
then CH4 production will diminish the rate of CH4 synthesis and
prolong the conversion time. Thus, efforts should be made to
minimize this pathway during UBM.

Hemme and van Berk (2018) highlighted that a shorter storage
period is advantageous for reducing H2 consumption in each cycle.
Nonetheless, since each injection can introduce CO2, the total H2
consumption will be higher. Additionally, while reducing the CO2

content in the injected gas can beneficial for mitigating H2 con-
sumption by methanogens, it does not completely inhibit H2 con-
version, as carbonate minerals can still supply CO2 (Hemme and
van Berk, 2018; Haddad et al., 2022). However, the slow dissolu-
tion process of carbonate minerals results in a correspondingly
Fig. 18. Changes in advancing and receding contact angles on water-wet and oil-wet qua
permission from Ali et al., 2023. Copyright, 2023; Elsevier).
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sluggish H2 conversion process. Conversely, Shojaee et al. (2024b)
presented contrasting and surprising findings. Despite the
absence of CO2 in the injected gas, the rock composition being
entirely dolomite still led to the complete consumption of all
injected H2 at a partial pressure of 203 bar by methanogens within
40 months. This notable discrepancy may be attributed to in-
consistencies in the kinetic parameters selected during the simu-
lation process.

Cushion gas and residual gas may also serve as sources of CO2
and influence H2 consumption. Maniglio et al. (2023) observed that
using CO2 as the cushion gas leads to a notable rise in the H2
conversion rate compared to injecting gas containing CO2
(maximum 5%). Additionally, as the injection rate increases, viscous
instability may occur, enabling more H2 to infiltrate the lower
cushion gas layer of CO2 during injection (Wang et al., 2024a). This
phenomenon expands the mixing area of H2 and CO2, intensifying
methanogenesis and consequently augmenting H2 consumption.
Minougou (2022) also reported that the lowest H2 recovery ratio
occurred when CO2 was employed as the cushion gas primarily due
to methanogenesis. In contrast, the impact of CO2 in the residual
gas is relatively minor. Ali et al. (2022) reported that when the
residual gas contains 4% CO2, the methanation reaction consumes
only 0.3% H2. Even when considering gas diffusion, the H2 con-
sumption remains just 2.5%, despite the presence of a larger mixing
zone of H2 and CO2.

Furthermore, CO2 may also be introduced during early
rtz surfaces before and after microbial incubation at 25 �C and 50 �C (Adapted with



Fig. 19. SEM images of rough sandstone and smooth quartz samples before and after experiment (Adapted under the terms of the license CC BY 4.0 from Boon et al., 2024).

Fig. 20. (a) H2 concentration without methanogenesis; (b) H2 concentration with methanogenesis; (c) CH₄ concentration with methanogenesis; (d) Dimensionless microbial
concentration (Adapted under the terms of the license CC BY 4.0 from Hagemann et al., 2016).
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engineering operations, leading to additional H2 consumption. For
example, in the USS project experiment, CO2 originated from po-
tassium carbonate in the drilling mud, resulting in nearly complete
H2 consumption despite the initial gas composition being 10% H2 þ
0.3% CO2 (Bauer, 2017). However, this effect is relatively minor at
the reservoir scale because the filtration of drilling mud is primarily
concentrated near the wellbore.

5.1.2.3. Sulfate availability. Sulfate serves as an electron acceptor in
the metabolism of SRB, and its availability directly influences the
activity of these microbes and H2 consumption. Shojaee et al.
(2024b) reported that with an initial sulfate concentration of
approximately 3000 ppm in formation water, the H2S concentra-
tion could reach 400e550 ppm in reservoirs composed of pure
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quartz or dolomite. This finding highlights that even minimal
amounts of sulfate can result in dangerously high levels of H2S in
the gas phase. Similarly, the significant impact of sulfate reduction
was demonstrated in a study by Rosman et al. (2023), which
showed that 3.4 Bscf of H2S was produced after injecting a total of
81 Bscf of H2. Hemme and van Berk (2018) noted that once the
original sulfate in the formation water is depleted, replenishment
occurs very slowly through diffusion from the cap and underlying
rock layers, as well as from the dissolution of minerals like anhy-
drite gypsum or barite (Haddad et al., 2022). Additionally, barite
present in drilling mud can also contribute to sulfate replenish-
ment, similar to how drilling mud replenishes CO2 (Bauer, 2017).
However, this effect is limited.

During the on-site UHS process, only minimal H2S was observed



Fig. 21. Microscopic observation of microbial cells, biofilms, and H₂ gas within pores
(Adapted under the terms of the license CC BY 4.0 from Liu et al., 2023b).
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in the gas phase, and in some cases, no H2S was detected at all
(Table 7). This phenomenon could potentially be linked to the low
sulfate concentration in the on-site formation water. Additionally,
H2S produced in the gas phase might serve to offset pH changes of
formation water (Dopffel et al., 2023). For instance, Shojaee et al.
(2024b) reported that in a pure calcite system, the dissolution of
calcite induced by microbial metabolism caused a rapid increase in
pH levels to approximately 10. This prompted the H2S in the gas
phase to dissolve back into the formation water, thereby neutral-
izing the rise in pH. It is plausible that this dissolved H2S could
undergo further conversion into precipitates, as detailed in Section
5.1.1.2. Consequently, the presence and behavior of H2S in the gas
phase exhibit considerable complexity.

5.2. H2 flow

The flowability of H2 is crucial for recovery efficiency in UHS
(Wang et al., 2024b). The GWRM interactions can lead to alterations
in wettability, microbial aggregation, changes in mineral compo-
sition, and water generation, among others. Each of these factors
can potentially affect the flow of H2. The key mechanisms in these
areas are outlined as follows.

5.2.1. Wettability alteration
Liu et al. (2023b) observed that the wettability of a silica surface

shifted from initially being water-wet, with a contact angle of 41�,
to neutral-wet, exhibiting an average contact angle of 96�, within a
20-h period under the influence of SRB metabolism. In contrast,
Boon et al. (2024) reported an opposite trend, where interaction
with SRB led to a significant reduction in the apparent contact
angle. These divergent trends in wettability alteration may stem
from the utilization of different SRB strains in the experiments,
which produce varying types of extracellular polymeric substances
(EPS), such as polysaccharides, proteins, nucleic acids, and lipids,
within the biofilms (Flemming and Wingender, 2010). Thus, the
consistency of the EPS appears to be a crucial factor influencing
wettability, as emphasized by Boon et al. (2024). Furthermore,
microbial metabolism can alter the composition of solutions, which
may be another reason for shifts in wettability. For instance, Aftab
et al. (2023) noted that the activity of SRB generated considerable
amounts of acidic substances with functional groups like hydroxyl,
amine, and carboxyl, which enhance hydrophobicity by serving as
binding sites for divalent cations. Conversely, Al-Yaseri et al. (2024)
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found a substantial reduction in available carboxylic acid groups
due to SRB activity, further affecting shifts of wettability.

The initial wettability and the surface roughness of the rock
significantly influence changes in wettability. Ali et al. (2023)
observed that a clean quartz surface, which is inherently strongly
water-wet, became more hydrophobic following microbial inter-
action, whereas a quartz surface treated with a layer of stearic acid
(strongly oil-wet) became more hydrophilic post microbial expo-
sure (Fig. 18). This phenomenon can be attributed to the silanol
groups (eSieOH) on water-wet quartz, which form hydrogen
bonds with water molecules, endowing clean quartz with strong
hydrophilic properties. When these surfaces are enveloped by EPS
that combines both hydrophobic and hydrophilic groups, fewer
hydrophilic groups remain exposed, thus diminishing the surface's
hydrophilicity. The mechanism that increases the hydrophilicity of
oil-wet surfaces operates in the opposite manner. Concerning sur-
face roughness, smooth rock surfaces are more susceptible to shifts
in wettability, whereas the wettability of rough rock surfaces
generally remains unchanged (Boon et al., 2024). This resistance to
change on rough surfaces can be explained by the tendency of
biofilms to develop within the valleys of the rock surface, leaving
the protruding surfaces (Fig. 19), which primarily contact the H2 gas
bubble, unaffected, and thus the contact angle remains stable.
5.2.2. Microbial aggregation
Hagemann et al. (2016) observed that microbial growth peaked

at the interface where injected H2 gas displaced the original gas,
resulting in maximal concentrations of methanogens. Conse-
quently, the H2 concentration at the front tends to form a narrower
distribution (Fig. 20). Conversely, Hogeweg et al. (2022b) reported
the highest concentrations of methanogens nearer to the well, a
finding that aligns with the early-stage microbial distributions re-
ported by Minougou (2022). According to Minougou, one year post
gas injection, microbial proliferation caused a notable reduction in
porosity near the well, from initial 20% to approximately 18.75%.
This reduction occurred because the substrate-rich environment
near the well attracted microbes. Over time, the area with the
highest microbial concentration progressively shifted outward by
tens of meters. This shift was driven by high pressures that
dispersed the microbes situated near the well. These differences in
outcomes could significantly be related to methodological differ-
ences in the selection of temporal scope and physical models in
numerical simulations (e.g., 2D vs. 3D, horizontal vs. vertical
reservoir profiles).

Eddaoui et al. (2021) noted that while microbial growth inevi-
tably causes pore clogging, leading to reduced porosity and
permeability, these effects are not entirely negative. The accumu-
lation of methanogens redirects H2 flow away from undesirable
vertical ascension, prompting it instead to move horizontally
deeper into the formation, thereby forming nearly ideal gas bub-
bles. Capillary actions enhance this process, helping the bubbles
become more uniformly distributed in all directions, albeit smaller
and more compressed. However, Liu et al. (2023b) pointed out that
bubble formation disrupts the continuity of the gas phase and in-
creases the resistance to gas flow, this is disadvantageous for gas
extraction. Additionally, although microbial growth can lead to
biofilm formation (Fig. 21), affecting H2 flow, this phenomenon is
subject to change (Liu et al., 2023b). The shear stress caused by the
flow of injected gas may dislodge some biofilms from the pore
network, and subsequent microbial growth does not result in new
biofilm formation. This change likely results from microbes tran-
sitioning from a biofilm state to a planktonic mode in H₂-rich en-
vironments, potentially reducing the negative impacts associated
with pore clogging.
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5.2.3. Mineral change
The GWRM interactions in UHS can lead to the precipitation and

dissolution of minerals, potentially impacting rock porosity,
permeability, and gas flow capacity. However, the precipitation or
dissolution of minerals are not constant processes; instead, they are
dynamically transformative, continuously shifting in response to
environmental conditions. For instance, the acidic gas injection
may reduce the pH, causing calcite dissolution. Subsequently, a pH
elevation triggered by microbial extensive consumption of Hþ

could facilitate the precipitation of calcite (Wu et al., 2023a). When
all dissolved inorganic carbon in the formation water is depleted,
calcite starts dissolving again to replenish the carbon sources, as
observed by Haddad et al. (2022). Additionally, they also noted the
dissolution of barite in their experiments, which serves to enhance
the sulfate content in the formationwater, benefiting the growth of
SRB. However, the dissolution of neither calcite nor barite resulted
in an increase in the porosity of the solid matrix; rather, there was a
decrease in porosity, primarily due to the deposition of clay and the
precipitation of iron sulfide, both of which were triggered by mi-
crobial metabolism. Similar phenomena have been reported in
other experimental studies utilizing rock samples and formation
waters from aquifers in France (Mura et al., 2024).

Hemme and van Berk (2018) reported that anhydrous gypsum
could also be used to supplement sulfate. However, as this gypsum
dissolves, excessive calcium ions might be released into the brine,
potentially leading to the precipitation of calcite. The eventual
precipitation or dissolution of calcite largely depends on the ac-
tivity of methanogens. In their study, interactions resulted in the
dissolution of minerals such as calcite, illite, and quartz, while
minerals like K-feldspar, kaolinite, and dolomite precipitated. These
interactions led to a decrease in the porosity of reservoir rocks from
an initial 10% to between 9.79% and 9.95% over 30 years. In contrast,
a study by Veshareh et al. (2022) demonstrated that interactions
resulting in brucite and portlandite precipitation significantly
reduced porosity, with a decrease of as much as 2.5% within just ten
years, even while noticeable calcite dissolution occurred. These
results were obtained at relatively low CO2 concentrations. During
UBM, both H2 and CO2 are relatively abundant, and microbial ac-
tivity, particularly among methanogens, is heightened. This
increased activity may lead to more pronounced changes in
porosity and impacts on gas flow. However, there are no relevant
reports on this phenomenon thus far.

It is evident that the precipitation and dissolution processes of
various minerals, driven by GWRM interactions, are highly com-
plex. Consequently, the changes in porosity and their impacts on
gas flow cannot be simplistically assessed. Instead, a comprehen-
sive analysis needs to be conducted in conjunctionwith the specific
conditions of the actual reservoir.
5.2.4. Water generation
Water, produced as a byproduct of microbial metabolism

(Table 1), has been reported in several studies to exhibit increased
Table 8
Properties of various shale core samples before and after cultivation experiments (Data

Properties Eagle Ford shales

Before After

Mean UCS, MPaa 110 114
Mean UCS, MPab 88 138
Mean Poisson's ratioa 0.2610 0.2131
Mean Poisson's ratiob 0.2448 0.2348
Mean FT, MPa$m0.5 c 4.06 5.20
Permeability, mD 1.76000 0.00451
Porosity, % 9.46 6.48

Notes: FT-Fracture toughness; UCS-Unconfined compressive strength. a Scratch test resu
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levels. Hemme and van Berk (2018) noted a slight increase in water
content, from initial 1 to 1.007 kg over 30 years in a batch-type H2
storage system containing 96% H2 and 4% CO2. In contrast, Wu et al.
(2023a) reported a more significant rise to 1.05 kg within approx-
imately one year in UBM processes, with the injected gas compo-
sition being 80% H₂ and 20% CO₂. These increases in water content
invariably enhance the saturation of the water phase. However, the
impact on gas flow and extraction largely depends on the specific
conditions of each storage system. Nikolaev et al. (2021) observed
that almost all the injected gas was converted into CH4, and a
considerable amount of water was produced near the injection
well. However, the flowing water did not reach the vicinity of the
production well. Additionally, due to the high mobility ratio be-
tween the gas and water phases, the gas phase's ability to displace
water is markedly low, thus preventing water blocking. In a further
study by Safari et al. (2024), it was noted that the advancing water
front, with a saturation of 0.7, led to a water breakthrough after
nearly 10 years of operation. Similarly, Wang et al. (2024a) also
observed water breakthrough, noting that high flow rates exacer-
bate this phenomenon.

In brief, outside of UBM processes, the amount of water gener-
ated may be minimal, and its negative impact on gas flow could be
insignificant. Even with substantial water generation, the adverse
effects could be mitigated by strategies such as optimizing well
spacing early on and controlling the production rate (Nikolaev
et al., 2021; Wang et al., 2024a).

5.3. Storage safety

Microbial interactions can directly or indirectly impact well
integrity, caprock integrity, and fault sealing, thereby influencing
the safety of H₂ storage. Given the limited amount of research in this
area, potential risks are briefly reviewed by drawing insights from
the fields of oil and gas development, as well as underground
storage of CO2 and natural gas.

5.3.1. Well integrity
As previously noted, microbial activity can lead to substantial

consumption of specific ions (e.g., Hþ and HCO3
�) in formation

water, which is accompanied by significant pH fluctuations. These
dynamic changes may cause extensive dissolution of sensitive
minerals, such as calcite, barite, kaolinite, and illite, in the near
wellbore area. This can compromise the stability and integrity of
the formation close to the wellbore and potentially lead towellbore
failure (Zeng et al., 2023).

Microbial metabolism can also alter the interfacial conditions of
metal surfaces, thereby inducing electrochemical processes such as
corrosion, which compromise the integrity of underground metal
equipment. SRB are considered particularly damaging. They induce
damage both chemically, through the production of H2S, and
electrochemically, by the withdrawal (Ugarte and Salehi, 2022). For
instance, H2S can react with carbon steel to produce FexSy, which
from Kolawole et al., 2021b).

Marcellus shales Niobrara shales

Before After Before After

86 98 69 95
120 155 66 110
0.1822 0.1511 0.3204 0.2449
0.1900 0.1477 0.2567 0.2217
4.88 5.93 3.14 4.86
0.06930 0.01380 1.47000 0.02240
6.22 4.41 5.41 2.50

lt; b Uniaxial compression test result; c Scratch-derived result.



Table 9
Summary of microbial positive (P) and negative (N) impacts on UHS in porous media.

Microbially-induced phenomena UBM Other UHS scenarios

H2 consumption P: Desired phenomena N: Energy loss
CH4 generation P: Desired phenomena N: Energy loss
H2S generation N: Toxic and corrosive gas N: Toxic and corrosive gas
Acetate generation N: Extension of conversion time and energy loss N: Energy loss
Water generation P: Promotion of methanogen growth N: Hindrance of gas withdrawal

N: Hindrance of gas withdrawal
pH change P: Enhanced methanogen activity improves UBM efficiency. P: Self-limiting processes enhance UHS performance.

N: Self-limiting processes reduce UBM efficiency. N: Increased microbial activity leads to greater energy loss.
Temperature change P: Enhanced methanogen activity improves UBM efficiency. P: Self-limiting processes enhance UHS performance.

N: Self-limiting processes reduce UBM efficiency. N: Increased microbial activity leads to greater energy loss.
Microbial aggregation P: More uniform gas distribution P: More uniform gas distribution

N: Pore clogging N: Pore clogging
Wettability alteration P & N: The impact on gas flow, caprock integrity, and fault

sealing depends on the specific alterations.
P & N: The impact on gas flow, caprock integrity, and fault
sealing depends on the specific alterations.

Mineral precipitation and dissolution P & N: The impact on UBM efficiency, gas flow, well
integrity, caprock integrity, and fault sealing depends on the
specific alterations.

P & N: The impact on H2 loss, gas flow, well integrity,
caprock integrity, and fault sealing depends on the specific
alterations.

Metal corrosion N: Well integrity failure N: Well integrity failure

Notes: Other UHS scenarios include the underground storage of pure H2, underground storage of H2-natural gas mixtures, and underground storage of H2-rich town gas or
syngas.
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when exposed to oxygen, undergoes oxidation to create elemental
sulfur (S₀), a substance that significantly accelerates corrosion
(Fernandez et al., 2024). Moreover, modern theories also suggest
that the growth of SRB results in the formation of biofilms on the
metal surface, promoting the development of an anaerobic envi-
ronment conducive to the proliferation of other microbes. The
collective metabolism of these microbes synergistically accelerates
the corrosion rate and induces hydrogen embrittlement in steel
(Fernandez et al., 2024).

Additionally, microbial metabolism can adversely affect the
integrity of the cement sheath. A common metabolite, H2S, can
cause corrosion of the cement sheath through processes such as
decalcification. Furthermore, if the injected gas contains CO2, it can
cause carbonation of the cement sheath. However, as methanogens
Fig. 22. Preliminary evaluation criteria system for the site selection of UBM (A
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consume CO2, the extent of carbonation penetration into the
cement surface may be somewhat reduced (Rooney and Li, 2023;
Rooney et al., 2024).

5.3.2. Caprock integrity
Microbial metabolism can lead to changes in caprock properties,

impacting its integrity in both beneficial and adverse ways. In a
study by Kolawole et al. (2021b), shale core samples cultivated with
Sporosarcina pasteurii solution exhibited favorable changes
(Table 8), such as increased localized and bulk mechanical integrity,
decreased permeability and porosity, and the occlusion of micro-
fractures. However, the opposite situation may also occur
(Kolawole et al., 2021a; Ngoma and Kolawole, 2024), potentially
leading to sealing failures and subsequent leakage (Ugarte and
dapted with permission from Wu et al., 2024. Copyright, 2024; Elsevier).
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Salehi, 2022; Zeng et al., 2023). Additionally, for H2 to penetrate the
caprock, it must overcome capillary pressure. A reduction in
capillary pressure induced by microbial activity may increase the
risk of H₂ leakage. It is crucial to recognize that interfacial tension
and the wetting contact angle are key determinants of capillary
pressure. Since microbial metabolism might decrease the wetting
contact angle, thereby potentially increasing capillary pressure as
discussed in Section 5.2.1, the capillary pressure change caused by
microbial activities can also be beneficial. This is contingent on
various factors, such as the type of active microbes and the mineral
composition of the caprock.

5.3.3. Fault sealing
Microbial interactions impact fault sealing in ways similar to

their effects on caprock integrity, such as through changes in me-
chanical and interfacial properties (Zeng et al., 2023). However,
faults lack cohesion and therefore possess lower mechanical
strength compared to caprock. During H₂ injection and withdrawal
cycles, the altered stresses increase the likelihood of shear stress on
faults exceeding their shear strength, thereby promoting shear slip
along the main faults and the formation of microfractures (Zoback
et al., 2012). Correspondingly, using bio-cementation methods to
enhance the mechanical properties and stability of faults also
presents a greater challenge (Ngoma and Kolawole, 2024). More-
over, microbial metabolism produces water, which can act as a
lubricant, thereby reducing friction and shear strength (Yao et al.,
2020). This reduction is detrimental to fault sealing. Furthermore,
microbial interactions can alter the in-situ geochemical environ-
ment as discussed in Section 5.1.1, affecting rock surface potential
and energy, potentially resulting in subcritical crack growth around
faults (Zeng et al., 2023). Compared to transient fault slip, subcrit-
ical crack growth takes considerably longer to manifest, as surface
energy changes are governed by kinetics.

5.4. Summary of microbial impacts

As previously discussed, microbial interactions can lead to a
series of phenomena, including H₂ consumption, byproduct gen-
eration, changes in the underground environment, and mineral
precipitation and dissolution, among others. These phenomena can
significantly influence the efficiency and safety of UHS, with both
positive and negative impacts summarized in Table 9. Notably, the
generation of H₂S, acetate production, and metal corrosion consis-
tently have adverse effects. In contrast, other phenomena can have
either beneficial or detrimental impacts, contingent upon the
specific UHS scenarios and the particular alterations occurring
within the system.

6. Implementation recommendations for UHS

Selecting suitable UHS sites, adopting effective operational
modes, and conducting rigorous on-site monitoring are crucial for
maximizing the positive impacts while minimizing negative ones.
The following recommendations are provided.

6.1. Site selection

To minimize H2 loss due to microbial activity and mitigate
related risks, it is advisable to select reservoirs with a minimal
potential for microbial presence. If significant populations of H2-
consuming microbes are encountered, employing biocides may be
an effective management strategy (Raczkowski et al., 2004;
Bhadariya et al., 2024). It is also essential that the formation water
has low levels of sulfate or dissolved carbon to reduce the supply of
substrates. Additionally, the mineralogy of the reservoir rocks
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should primarily consist of minerals with low sulfate and bicar-
bonate content. Ideally, the reservoir rock should predominantly be
clean sandstone (Shojaee et al., 2024a). For the use of depleted gas
reservoirs in H2 storage, choosing fields with low concentrations of
residual CO2 is recommended (Hemme and van Berk, 2018).

In the context of UBM, preferred conditions can differ notably,
such as the desirability of higher concentrations of methanogens
and dissolved carbon. Additionally, the temperature of the reservoir
and the salinity levels of the formation water are critical factors to
consider (Thaysen et al., 2023; Wu et al., 2024). High temperatures
and salinity levels are generally detrimental to methanogen pro-
liferation. Coupling geothermal energy production could be bene-
ficial tomoderate these conditions, thereby enhancingmethanogen
activity (Hogeweg et al., 2022a; Wu et al., 2023c). Furthermore,
reservoirs with greater rock porosity and higher surface areas are
favorable for methanogen colonization. However, it is crucial to
ensure that the individual pore volumes are larger than the nom-
inal size of the methanogens to facilitate effective colonization
(Khajooie et al., 2024). Based on these considerations, a preliminary
evaluation criteria system for the site selection of UBM was pro-
posed (Wu et al., 2024). This system encompasses not only tech-
nical criteria but also integrates safety and socio-economic criteria,
as detailed in Fig. 22.

6.2. Engineering operation

To enhance the recovery of the target gas, it is crucial to optimize
both the flow rate and the composition of the injected gas. This
approach is considered the preferred method, as highlighted by
Nikolaev et al. (2021). Furthermore, selecting an appropriate
cushion gas plays a critical role. CO2 should be avoided as a cushion
gas, with CH4 or N2 often being more suitable choices (Minougou,
2022; Muhammed et al., 2024). If significant generation of H2S in
the gas phase is inevitable, strategies such as perforating the upper
part of the reservoir might be useful to mitigate its extraction
(Rosman et al., 2023). Additionally, microbial activities can alter
wettability, thereby impeding gas flow. To counter this adverse
effect, the injection of surfactants could be considered.

In the context of UBM, it is crucial to ensure that H2 is directed
toward methanogenesis rather than competing microbial path-
ways, which could lead to the production of acetate and its rela-
tively slow subsequent utilization. Instead of injecting a large
volume of substrate gas in a single batch (batch operation), it is
more effective to limit the injection volume of substrate gas to
small quantities and inject these repeatedly at predetermined in-
tervals (fed-batch operation), or dilute the substrate gas with a
carrier gas such as natural gas and N2 (Konegger et al., 2023).
Nikolaev et al. (2021) recommended a gas composition of 40% H2,
10% CO2, and 50% N2, advising pre-injection of CO2 to mitigate early
H2 breakthrough. In scenarios where the reservoir lacks indigenous
highly active methanogens, it may also be feasible to inject ground-
cultured high-activity methanogens along with the necessary nu-
trients. This strategy is akin to methods employed in microbial
enhanced coalbed methane production and microbial enhanced oil
recovery (Ritter et al., 2015; Niu et al., 2020).

6.3. On-site monitoring

On-site monitoring plays a pivotal role in mitigating the adverse
impacts of microbial metabolism or enhancing the conversion ef-
ficiency of H2 and CO2 into CH4. For monitoring methanogenesis,
indicators such as the fractions of H2 and CO2, along with pressure,
are less reliable because their changes might be obscured by ace-
togenesis. Instead, variations in the CH4 content of the produced
gas are more indicative. In the case of monitoring acetogenesis,
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dynamic shifts in acetate levels in the formation water serve as the
most reliable indicators. For monitoring sulfate reduction, the
presence of H2S in the produced gas typically acts as a direct
marker. However, it's crucial to recognize that in some instances,
the measurement of H2S in the gas phase may not be accurate due
to its potential redissolution and subsequent precipitation. Addi-
tionally, since the principal H2-consuming microbial metabolic re-
actions are strongly exothermic, monitoring the temperature of the
reservoir also becomes a viable and informative approach.

For more precise monitoring of microbial activity, stable isotope
analysis of H2, CO2, CH4 gases, and dissolved sulfate is crucial. This
technique leverages the fact that microbes exhibit isotopic selec-
tivity, causing shifts in the ratios of heavy to light isotopes (e.g.,
13C/12C, 2H/1H, 18O/16O, and 34S/32S) during biological processes
(Dopffel et al., 2024). For instance, isotopic analyses of carbon have
been utilized effectively during previous field tests (Vít�ezov�a et al.,
2023; Hellerschmied et al., 2024).
7. Conclusions and outlook

7.1. Conclusions

UHS represents a large-scale energy storage technology with
substantial potential to mitigate the instability of energy supply.
However, the presence of abundant H2-consuming microbes in
porous media, such as methanogens, acetogens, and SRB, can
impact the efficiency and safety of UHS systems.

Complex GWRM interactions can result in the consumption of
H2 and the production of CH4, H2S, acetate, and other substances. It
is important to note that in the emerging field of UBM, a new type
of UHS method, H2 consumption by methanogens is desirable.
Conversely, in other UHS scenarios, H2 consumption is generally
considered undesirable. This consumption is heavily influenced by
underground environmental conditions such as pH levels, salinity,
temperature, and the availability of substrates like CO2, H2, and
sulfate. Consequently, the rate and extent of H2 consumption
observed in laboratory experiments and field tests can vary
significantly. For instance, rapid on-site conversionwas observed at
the Tvrdonice gas storage in the Czech Republic, where the 50% H2
and 12.5% CO2 components of the injected 392 Sm3 of mixed gas
were completely consumed within approximately forty days.
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Microbial interactions can also induce complex changes in
wettability. Due to SRB metabolism, wettability can shift from
water-wet, with a contact angle of 41�, to neutral-wet, with an
average contact angle of 96� within a 20-h period. The opposite
trend has also been observed. Additionally, microbial aggregation,
changes in mineral composition, and water generation can occur.
These factors can impact H2 flow both positively and negatively,
depending on geological conditions, engineering operations, and
native microbial species. Furthermore, outcomes of microbial in-
teractions, such as steel corrosion and significant dissolution of
sensitive minerals, can compromise well integrity, caprock integ-
rity, and fault sealing, thereby posing risks to the safe storage of H2.

Therefore, careful site selection, optimization of operating
modes and parameters prior to implementing UHS, and rigorous
monitoring during UHS are crucial for minimizing the adverse ef-
fects of microbial interactions or effectively harnessing the catalytic
function of methanogens to synthesize carbon-neutral CH4 in UBM
technology.
7.2. Future research directions

Despite an extensive array of laboratory experiments, numerical
simulations, and some field trials, numerous aspects still demand
more comprehensive investigation. The details are outlined below.

In laboratory experiments, it is crucial to integrate various
methods to comprehensively investigate the complex GWRM in-
teractions. Thesemethods encompass physico-chemical analyses of
aqueous and gas phases, solid-phase X-Ray tomography and
diffraction, nucleic acid extraction and RNA retro-transcription,
polymerase chain reaction and sequencing, among others
(Haddad et al., 2022). The combination of these techniques is
pivotal for elucidating the metabolic pathways of diverse microbes,
understanding the mechanisms of competitive H2 consumption,
and examining their impacts on underground environments.
Additionally, dynamic visualization experiments are indispensable.
Techniques such as microfluidic models or large-scale physical
simulation apparatuses can shed light on the temporal and spatial
dynamics that closely mimic those in actual porous media.

In numerical modelling, research has predominantly focused on
either bio-geochemistry or bio-hydrodynamics. Future simulations
need to adopt a more holistic approach by fully integrating
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interactions across multiple domains, including thermal, hydro-
dynamic, mechanical, chemical, and biological processes (Fig. 23).
Moreover, current microbial kinetic models and their parameters,
primarily derived from laboratory data, lack the accuracy needed
for reliable field predictions. Therefore, for subsequent field tests, it
is recommended to implement comprehensive dynamic moni-
toring and detailed analysis of key parameters, such as gas
composition, microbial community structure, and formation water
composition. This approach will aid in the development of more
precise kinetic models and yield more accurate kinetic parameters.

Investigating the impact of different engineering operations on
H2 consumption during field tests is also crucial. Factors to consider
include the type of cushion gas used, the ratio of injected gas, the
total pressure of the injected gas, injection-production rates,
operational modes (e.g., batch versus cycle operation), among
others. These areas have not yet been comprehensively examined
in current field tests. Additionally, the feasibility of storing pure H2
in porous media and injecting ground-cultured high-activity
methanogens into cooled-down, high-temperature reservoirs to
promote UBM, deserves in-depth study. Moreover, examining the
feasibility of conducting UBM in existing CO2 geological storage
sites, as previous studies have indicated this potential (Vilc�aez,
2015; Tyne et al., 2021).

Integrating emerging technologies such as big data and artificial
intelligence into UHS processes is recommended to enhance the
prediction of microbial impacts (Katterbauer et al., 2023, 2024).
Additionally, greater attention should be directed towards socio-
economic aspects. This includes analyzing the carbon footprint of
UHS and examining the feasibility of using non-pure CO2 and H2-
containing industrial waste gases for UBM to mitigate environ-
mental impacts while enhancing economic benefits. Policy research
is also essential. It should encompass formulating a standardized
system for the entire UHSindustry chain, investigating tax in-
centives for UHScompanies, and exploring how the carbon trading
market can support UHSprojects, among other considerations.
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