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Abstract

As the global energy sector shifts toward decarbonization, hydrogen has emerged as
a promising energy carrier for achieving net-zero emissions. Its ability to store large
amounts of energy and balance fluctuations in renewable sources makes it a critical
component of future sustainable energy systems. To meet seasonal and large-scale
storage demands, Underground Hydrogen Storage (UHS) in geological formations
(such as saline aquifers and depleted gas reservoirs) can offer a viable and scalable
solution. However, the behaviour of hydrogen in subsurface environments is
influenced not only by physical transport processes but also by potential biochemical
reactions, particularly microbial methanogenesis, which can significantly impact
hydrogen recoverability.

In present thesis, a novel framework was developed to extend MATLAB Reservoir
Simulation Toolbox (MRST) for compositional flow simulations and couple it with
PHREEQC (via the IPhreeqcCOM interface) aiming to account for the kinetics of
microbial methanogenesis reactions in reservoir simulations. In particular, we are
interested to develop a numerical framework of UHS simulation that is capable of
accounting for the microbial conversion of hydrogen, H: (stored underground) and
carbon dioxide, CO: (typically resides in depleted gas reservoirs) into methane, CHa.

As a numerical case study practice, we considered a synthetic depleted gas reservoir
with an initial composition that contained mostly CHz and partially CO: and other
gases. An initial one-year phase consisting of four hydrogen injection cycles was
designed to achieve pressure build-up followed by another cycle of H: storage (4
months), relaxation (2 months), withdraw (4 months), and a final well shut-in (2
months). We will numerically simulate underground flow behavior. Besides, we will
track the effects of biochemical reactions on some key simulation outputs such as (i)
well production rates and the associated gas composition, (ii) temporal and spatial
distribution of gaseous/liquid fluid components, (iii) temporal and spatial distribution
of biomass concentration, and (iv) local changes in reservoir fluids pH.

Our numerical results show that microbial activity can lead to noticeable changes in
producing gas composition and hydrogen recovery. As a basis of comparison, we
performed a reservoir simulation (so called base-case) while neglecting biochemical
reactions. For the base-case scenario the final hydrogen recovery at the end of (two
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years) simulation was reported 41%. However, when biochemical reactions were
included, the ultimate recovery decreased to 29%, due to the biological consumption
of hydrogen and carbon dioxide. CO; in production gas composition ceased entirely,
indicating its consumption in methanogenesis, while CH, in production gas is
relatively high. Additionally, pH of the H, swept storage environment decreased over
time due to microbial activities. The biomass concentration initially increased in H,
swept region (for 62 days); hance it began to decay once hydrogen consumption
shifted to methanogenesis reactions.

Our findings can emphasize the importance of incorporating biochemical processes
when evaluating and designing UHS systems. Ignoring microbial reactions can lead
to overestimations in hydrogen recovery. Future work could expand this model to
include additional microbial pathways, sensitivity and uncertainty analysis, and
experimental validation, helping to move toward more realistic and reliable
understanding of underground hydrogen storage strategies.

KEYWORDS: Underground Hydrogen Storage; Depleted gas reservoir; Reactive
transport modeling; Compositional simulation; Subsurface microbiology; MRST;
PHREEQC.
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Abstract in italiano

Man mano che il settore energetico globale si orienta verso la decarbonizzazione,
I'idrogeno e emerso come un vettore energetico promettente per raggiungere le
emissioni nette zero. La sua capacita di immagazzinare grandi quantita di energia e di
bilanciare le fluttuazioni delle fonti rinnovabili lo rende un componente fondamentale
dei futuri sistemi energetici sostenibili. Per soddisfare la domanda di stoccaggio
stagionale e su larga scala, lo stoccaggio sotterraneo di idrogeno (Underground
Hydrogen Storage, UHS) in formazioni geologiche (come acquiferi salini e giacimenti
di gas esauriti) puo offrire una soluzione praticabile e scalabile. Tuttavia, il
comportamento dell’idrogeno negli ambienti sotterranei e influenzato non solo dai
processi fisici di trasporto, ma anche da potenziali reazioni biochimiche, in particolare
la metanogenesi microbica, che puo avere un impatto significativo sulla recuperabilita
dell’idrogeno.

Nella presente tesi e stato sviluppato un nuovo framework per estendere il MATLAB
Reservoir Simulation Toolbox (MRST) alle simulazioni di flusso composizionale e
accoppiarlo con PHREEQC (tramite l'interfaccia [PhreeqcCOM) con 1'obiettivo di
tenere conto della cinetica delle reazioni di metanogenesi microbica nelle simulazioni
di giacimento. In particolare, ci interessa sviluppare un framework numerico per la
simulazione UHS che sia in grado di considerare la conversione microbica
dell’idrogeno, H; (stoccato nel sottosuolo), e dell’anidride carbonica, CO; (tipicamente
presente nei giacimenti di gas esauriti), in metano, CH.,.

Come esercizio numerico di studio, abbiamo considerato un giacimento di gas esaurito
sintetico con una composizione iniziale costituita principalmente da CH; e in parte da
CO; e altri gas. E stata progettata una fase iniziale di un anno composta da quattro cicli
di iniezione di idrogeno per favorire I’aumento di pressione, seguita da un ulteriore
ciclo di stoccaggio di H (4 mesi), rilassamento (2 mesi), estrazione (4 mesi) e infine
shut-in del pozzo (2 mesi). Simuleremo numericamente il comportamento del flusso
sotterraneo. Inoltre, tracceremo gli effetti delle reazioni biochimiche su alcuni
parametri chiave della simulazione, quali: (i) portate di produzione e composizione
del gas associato, (ii) distribuzione temporale e spaziale delle componenti fluide
gassose/liquide, (iii) distribuzione temporale e spaziale della concentrazione di
biomassa, e (iv) variazioni locali di pH dei fluidi di giacimento.

I nostri risultati numerici mostrano che I'attivita microbica puo determinare variazioni
significative nella composizione del gas prodotto e nella recuperabilita dell’idrogeno.
Come base di confronto, abbiamo effettuato una simulazione di giacimento (cosiddetto
caso base) trascurando le reazioni biochimiche. Per lo scenario base, la recuperabilita
finale di idrogeno al termine della simulazione (due anni) e stata del 41%. Tuttavia,
includendo le reazioni biochimiche, la recuperabilita finale si e ridotta al 29%, a causa
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del consumo biologico di idrogeno e anidride carbonica. La CO; nella composizione
del gas prodotto e scomparsa del tutto, indicando il suo consumo nella metanogenesi,
mentre la concentrazione di CH, nel gas prodotto e risultata relativamente elevata.
Inoltre, il pH dell’ambiente di stoccaggio attraversato dall’'H, € diminuito nel tempo a
causa dell’attivita microbica. La concentrazione di biomassa e inizialmente aumentata
nella regione interessata dall’H, (per 62 giorni), per poi decrescere quando il consumo
di idrogeno e passato alle reazioni di metanogenesi.

I nostri risultati possono evidenziare I'importanza di incorporare i processi biochimici
nella valutazione e nella progettazione dei sistemi UHS. Ignorare le reazioni
microbiche puo portare a sovrastime nella recuperabilita dell’idrogeno. Lavori futuri
potrebbero ampliare questo modello includendo ulteriori vie metaboliche microbiche,
analisi di sensibilita e incertezza, nonché validazioni sperimentali, contribuendo a una
comprensione piu realistica e affidabile delle strategie di stoccaggio sotterraneo
dell’idrogeno.

PAROLE CHIAVE: Stoccaggio sotterraneo di idrogeno; Giacimento di gas esaurito;
Modellazione del trasporto reattivo; Simulazione composizionale; Microbiologia del
sottosuolo; MRST; PHREEQC.
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1 Introduction

In recent years, growing concern about global warming has pushed governments to
aim for the target set by the IPCC in 2018: keeping rises in global temperature being
below 1.5°C compared to pre-industrial levels. To meet this goal, the
intergovernmental communities have been set a target to reach net-zero greenhouse
gas (GHG) emissions by 2050. While carbon dioxide, CO,, emissions are going to
stabilize and even decrease in developed countries, they are still rising quickly in
developing nations. Hydrogen, H,, is seen as a key solution for the clean energy
transition. It can help to cut emissions in hard-to-decarbonize sectors like industry,
power generation, and heating. Hydrogen also supports renewable energy by
providing reliable storage. As a flexible energy carrier produced from both traditional
and renewable sources, hydrogen offers a clean alternative that emits only water
vapor, making it vital for a sustainable and low-carbon energy future (French, 2020;
Cheekatamarla, 2024).

In the late 20th century, investments in renewable energy grew significantly.
During this period, governments around the world began introducing policies to
support the development and adoption of cleaner energy sources. In the 215t century,
governments started paying more attention to hydrogen as a clean source of energy.
Hydrogen is a flexible carrier with properties that make it a suitable option for long-
term energy storage. It can be stored as a gas or liquid and later converted back into
electricity through fuel cells or combustion. Hydrogen storage systems can store large
amounts of energy for long periods and enable the decoupling of energy production
and consumption. These systems are also scalable, from residential to large industrial
applications. Considering that energy storage plays a vital role in mitigating global
warming, it is worth noting that only 3 % of global power capacity can be stored. This
capacity needs to be tripled by the end of 2050 to achieve the net-zero goal. Hydrogen
is recognized as one of the best solutions for energy storage (Cheekatamarla, 2024).

UHS is the process of injecting hydrogen gas into subsurface geological formations for
storage. The geological formations that are currently being considered for UHS include
salt caverns, depleted oil and gas reservoirs, and aquifers. UHS Includes complex
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geochemical, physicochemical, hydrodynamic, microbial, and biological reactions that
need to be noted. Development of UHS is associated with several challenges:
managing hydrogen flow in the porous reservoirs, considering the potential
geochemical reactions during and after injection, resolving microbial interactions that
cause hydrogen consumption, and determining how storage impacts the
geomechanical stability of the rock formation (Duartey et al., 2025).

Microorganisms can be present in different underground spaces, and microbial
activity is possible in all cases. However, the level of microbial activity depends on the
type of geological formation and is the highest in aquifers and depleted gas reservoirs,
and the lowest for salt caverns. Reactions such as methanogenesis, sulphate reduction,
and acetogenesis can result in by-products such as hydrogen sulfide, H.S, methane,
CHa4, and acids. In addition, they can cause corrosion, clogging, and dissolution of the
reservoir material (Dopffel et al., 2021).

Understanding these reaction pathways and their effect on hydrogen consumption
and loss is essential for evaluating the feasibility, efficiency, and long-term
performance of UHS. Neglecting these interactions may lead to inaccurate predictions
of storage behavior and underestimation of risks. Some petroleum toolkits (such as
MRST, Eclipse) are being used for the simulations of underground hydrogen storage.
Unfortunately, existing petroleum simulators do not support the coupling of
microbial/geochemical reactions with multiphase flow/transport processes. This is
because the timescale of petroleum formation is hundreds of millions of years, so
microbial and geochemical reactions can be neglected in an industrial timescale of
petroleum production. However, the timescale of biochemical hydrogen consumption
may overlap the same industrial timescale of UHS (20 to 30 years). Therefore, such
reactions cannot be neglected in simulations of UHS. This gap creates the need for
extending simulation tools tailored to the specific challenges of UHS.

1.1. Thesis Objectives and Outline

Present thesis work aims to enhance our understanding of underground hydrogen
behavior, taking into account microbial reactions which can be achieved by coupling
two open-source simulation tools: MRST (Matlab Reservoir Simulation Toolbox,
developed by SINTEF Digital) and PHREEQC (a geochemical modeling
software developed by the U.S. Geological Survey, USGS).

The present thesis is structured as follows:

Chapter 1: Introduction: provides the motivation, background, and objectives of
the research.
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Chapter 2: State of the Art: provides a comprehensive review of existing literature
relevant to underground hydrogen storage in depleted gas reservoirs.

Chapter 3: Material and Methods: introduces the numerical toolkits and the
associated governing equations used with reference to the studying problem as
well as our innovative technique we developed for coupling reactive transport
modeling for numerical practices of simulating hydrogen storage in depleted gas
reservoirs.

Chapter 4: Numerical Model Setup: details a benchmark synthetic test case
reservoir model set up configuration.

Chapter 5: Results: presents some key simulation results and the associated
analysis.

Chapter 6: Conclusion: provides our key findings of the study and
recommendations for future developments of the work.
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2 State of the art

2.1. Underground Hydrogen storage: perspective and
barriers

Underground hydrogen storage is a potential solution for high-level energy storage at
relatively low cost. By storing hydrogen when there’s too much electricity production
from renewable sources, the continuity and availability of renewable energy sources
can be assured. Today, UHS is an interesting topic among scientists, governments, and
industries. However, turning this idea into a large-scale reality still requires
overcoming several technical and practical barriers. Limited experience with
underground hydrogen storage is the first barrier that we face. Due to the
characteristics of hydrogen and its differences in chemical and physical properties, the
experience with underground natural gas storage cannot be applied to UHS. The
Location of geological formations is the second barrier. Sometimes, the ideal location
for hydrogen storage is not optimal for industries. Also, sites differ from each other,
and each of them needs individual analysis that might require expensive studies. The
third barrier is that when hydrogen is injected, it will react with the reservoir rocks
and fluids. These geochemical reactions can affect the efficiency of UHS. These
reactions can have bigger impacts in depleted hydrocarbon reservoirs, smaller in deep
aquifers, and the smallest in salt caverns. These geochemical reactions need to be
investigated further. The fifth barrier is microbial activity that can lead to unfavorable
reactions that may influence the storage efficiency by gas loss, loss of porosity, and
corrosion. The sixth phenomenon that needs to be considered is that the cyclic injection
and production of gas can cause rock deformation and needs to be investigated
thoroughly to understand the long-term effects of it on the geological formation. The
seventh topic that needs to be discussed is the choice of cushion gas and its effects on
the produced gas. Eighth is to consider suitable materials for the infrastructure.
Materials in boreholes and transfer systems must be compatible with hydrogen and its
reaction products, in a way that minimizes the leakage and unfavorable reactions. The
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ninth barrier is the lack of legal regulation for UHS. Either for the operation phase or
after the operation. As these geological structures can then be used for other activities
like storage of natural gas, fuels, carbon dioxide, liquid waste, radioactive waste.
Regulations that define the conditions of access to these geological formations need to
be legislated (Tarkowski and Uliasz-Misiak, 2022).

Following, we will present key studies dedicated to compositional flow modeling of
UHS, the characteristics of hydrogen in subsurface environments, and the influence of
critical operational factors on the efficiency of hydrogen storage. The review will also
cover literature research on biochemical and geochemical effects on UHS, the impact
of cushion gas selection and injection strategies, and hydrogen loss risks. Finally, we
will highlight some examples of relevant numerical simulation practices that support
the design and assessment of UHS systems.

2.2. Hydrogen Behavior in Subsurface Formations

Hydrogen has a different behavior from resident gases in underground reservoirs
because of its low molecular weight, high diffusivity, and low solubility. Ahmed et al.
(2024) explored phase behavior modeling using three different thermodynamic
models to predict hydrogen solubility in saline aquifers. They used those models to
provide Pressure-Volume-Temperature (PVT) phase equilibrium characterization that
can be used for black-oil simulations. Their study showed that all three models were
consistent with each other and the experimental data. Also, factors such as density,
solubility, injection and production rates, repetition, and rest periods between cycles
were found to be important for the amount of hydrogen that can be stored and
recovered.

2.3. Operational Factors

Ershadnia et al, (2023) ran a series of numerical simulations to see the effect of factors
such as anisotropy ratio, hysteresis, aquifer temperature, well perforation placement,
hydrogen injection and production period, and cushion gas on the efficiency of
underground hydrogen storage. The results showed that the higher the vertical
anisotropy, the lower the extracted water, solubility trapping, and residual trapping,
and the better the hydrogen storage. The temperature of the aquifer has minimal effect
on the storage or movement of hydrogen, but it can increase the volume of extracted
water. Well placement plays an important role in hydrogen storage efficiency. The
results showed that the scenario of injection from the bottom and production from the
top layer has the highest Hz recovery, followed by injection and production from the
top layer. However, injecting near the top can raise pressure and potentially fracture
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the caprock. Reducing the well shut-in time between injection and production period
improves hydrogen recovery, especially in early cycles. But it also increases bottom-
hole pressure (BHP) changes, which could be harmful to the caprock over time.
Injecting cushion gas before hydrogen storage helps improve recovery. However,
hydrogen will mix with the cushion gas, reducing its purity and increasing the need
for surface processing. Also, the lower the density and viscosity of the cushion gas, the
better for hydrogen storage in aquifer systems. So, methane was introduced as a better
cushion gas than carbon dioxide.

2.4. Biogeochemical effects on UHS

In another study, Bo et al. (2021) conducted geochemical modeling as a function of
temperature, pressure, and mineral composition. They evaluated hydrogen loss due
to geochemical reactions through kinetic simulations. Their study shows that
hydrogen loss from hydrogen dissolution in brines when there are no mineral
reactions has minimal dependence to temperature, pressure, and salinity. Also, the
hydrogen dissolved in water shows almost no reactivity with silicate and clay
minerals. On the other hand, calcite is responsible for up to 9.5% of hydrogen loss
because of calcite hydrogen bacteria aqueous solution reactions. Therefore, calcite-free
and quartz-rich sandstone reservoirs are suggested as desirable sites for UHS.

Recent measurements of relative permeability for the hydrogen—brine system reveal
that hydrogen has very low relative permeability and shows strong liquid phase
hysteresis, which is different from other fluid systems in similar rock types. This raises
concerns about the accuracy of previous studies that did not use hydrogen data. In Bo
et al. (2023) study, the impact of experimentally measured hydrogen—brine relative
permeability hysteresis on the performance of underground hydrogen storage is
investigated using numerical reservoir simulations. This analysis considered different
drainage curves, hysteresis coefficients, and injection/production rates. Results show
that it’s important to include gas relative permeability hysteresis in UHS simulations,
not doing so can cause up to 338% overestimation of cumulative hydrogen production.
This happens because trapped hydrogen takes up space in the rock, leaving less room
for the injected gas to flow, which lowers both injectivity and productivity. Including
liquid hysteresis in the UHS simulation will increase the liquid phase relative
permeability. However, it will decrease again because of gas trapping, and the overall
water production will decrease. Also, relative permeability data from other fluid
systems cannot be used for hydrogen-brine systems. Even though hydrogen has lower
gas permeability, it still shows much stronger hysteresis in the liquid phase, which can
lead to 141% higher productivity. So, to properly assess UHS performance, it’s
essential to use hydrogen-specific data.
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Gomez Mendez et al. (2024) provided a comprehensive review of experimental
advances addressing hydrodynamic and biogeochemical processes critical to the
feasibility of UHS in porous media. Their work emphasizes the importance of
understanding multiphase flow behaviors, such as capillary and viscous fingering,
which control hydrogen trapping and recovery during injection and withdrawal
cycles. The review highlights how mixing, residual trapping, and cushion gas selection
affect hydrogen purity, particularly in saline aquifers and depleted reservoirs.
Importantly, the authors draw attention to the underexplored coupling of geochemical
reactions and microbial activity, noting that microbial processes such as biofilm
formation may alter reservoir properties through pore clogging or wettability changes.
They advocate for further experimental studies and improved numerical models that
can capture the complex interactions between hydrodynamics and biogeochemistry,
which are essential for assessing the long-term viability of UHS sites.

Zeng et al. (2023) conducted a systematic review of storage integrity challenges during
UHS in depleted gas reservoirs, identifying a spectrum of mechanical, chemical, and
microbial threats to caprock, reservoir, and wellbore stability. Their analysis reveals
that abiotic and biotic mineral dissolution/precipitation processes can alter porosity
and permeability, while microbial activity may exacerbate material degradation and
corrosion. They also highlight mechanical risks related to fault reactivation and
fracture propagation under cyclic injection pressures, as well as cement degradation
and casing corrosion compromising wellbore integrity. By developing a technical
screening tool that considers these variables, the study presents a structured
framework to assess risks and suggests mitigation strategies essential for enabling
large-scale, safe UHS deployments.

2.5. Cushion Gas Interactions

The choice of cushion gas in UHS can significantly influence the reservoir pressure,
costs, and hydrogen production. Fatah and Al-Yaseri (2025) investigated the effects of
CO:2 as a cushion gas on the petrophysical properties of sandstone and limestone rocks.
They injected a H2-CO: mixture at 75 © and 1400 psi for 90 days into two sites. The
results showed an increase of 7.59% in gas porosity, 7.82% in pore volume, 9.5% in
NMR porosity, 13.54% in gas permeability for the sandstone site, and an increase of
5.98% in gas porosity, 6.79% in pore volume, 6.6% in Nuclear Magnetic Resonance
(NMR) porosity, 9.62% in gas permeability for the limestone site. While the changes in
pore structures were small and can be assumed safe for the short-term storage usages,
further investigations were recommended for long-term storage, as there is potential
for pore expansion and fracture development.
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In another study, Abdellatif et al. (2023) presented an integrated reservoir-well
simulation for the Viking A depleted gas field in the North Sea, which is a potential
site for UHS. They used an integrated model that led to more accurate predictions of
gas behavior, especially when the gas composition changes over time. The study finds
that using lighter cushion gases increases hydrogen production rates. However, due
to mixing with cushion gas, the purity of the produced hydrogen is lowered, which
would require additional surface treatment and increase costs. This can affect the UHS
efficiency and performance. Indeed, hydrogen purity can be improved by an increase
in the fill-up period and injection rates. A concerning issue was the high diffusivity of
methane with respect to methane. Also, hydrogen diffusion into the reservoir is found
to have only a minor effect. Overall, the results emphasize the importance of cushion
gas and integrated modeling to optimize both performance and economics of UHS.

2.6. Influence of injection strategy on hydrogen
migration

Injecting hydrogen at the top of underground reservoirs can lead to uncontrolled
spreading and gas loss due to instabilities like viscous fingering. To avoid this,
Hagemann, (2017) proposed an alternative method that involves injecting hydrogen at
the bottom of the reservoir, where its upward movement is slowed by horizontal
geological barriers. These barriers, low-permeable with different permeabilities, help
delay hydrogen from reaching the cap rock. The study developed analytical models to
understand how gas moves through layered rock formations during injection.

For two-component immiscible fluids systems, such as hydrogen and water, the gas
composition remains constant. The key effect in these cases is the phase transition
(liquid vaporizing) of a non-equilibrium gas when it is injected into the water. In the
model, the gas moves through these circumstances: an upward-moving shock of gas
and reverse shocks that form below each barrier, and the rarefaction waves inside the
barriers. While these patterns are similar to what happens in immiscible flow. But
the speeds of the upward and downward shocks differ, making the behavior more
complex.

In case of three-component systems (like hydrogen, CO,, and water) the behavior is
much more complex. Gas and water compositions change due to dissolution, creating
a new upward shock. Behind this shock, gas has injection composition and water is in
equilibrium with this gas. Ahead of the shock, the gas is still mostly pure hydrogen,
and the water remains unchanged.
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The study also found that in layered systems where all barriers have the same
permeability, gas tends to accumulate only below the first barrier. However, if the
barriers become less permeable towards the top of the reservoir, gas can build up
under each one. But the velocity of gas accumulation under first barrier is four times
the second one. Also, hydrogen moves upward more than five times faster than CO,,
leading to larger gas accumulations beneath the barriers.

Two-dimensional models showed that wider barriers lead to greater delays in gas
rising which is because the gas needs to flow around the barriers. Overall, the research
confirms that horizontal layering, especially with increasing heterogeneity toward the
top of the reservoir, is beneficial for slowing hydrogen.

2.7. Potential Risks of Hydrogen losses

Several risks can lead to hydrogen loss, including its conversion to methane (CH,) and
hydrogen sulfide (H,S) by microbial activities, interactions between gas, water, and
rock that can change porosity, and diffusion of dissolved hydrogen through the cap
rock brine. These processes ultimately reduce the amount of stored hydrogen. To
analyze these risks, Hemme and Van Berk (2018) developed a hydrogeochemical
modeling approach using PHREEQC, which includes equilibrium reactions for gas—
water-rock interactions and kinetic reactions for sulfate reduction and
methanogenesis in depleted gas reservoirs. The results show that the amount of
hydrogen loss because of bacterial conversion to methane and hydrogen sulphate is
limited to the amount of available CO: and sulphate in the reservoir, respectively. Also,
the mass of produced water increases the system pressure and empowers diffusion.
However, aqueous hydrogen loss by diffusion and its consequences on the cap rock
mineralogy are negligible. The mineralogy change in the reservoir can cause a small
decrease in porosity, which leads to less pore volume available for hydrogen storage.
So, either hydrogen migrates to further distances from the borehole, or less hydrogen
can be stored in future injections. In addition to that, if hydrogen is stored for a longer
time in one cycle, more of it is lost during that period. In contrast, if it's stored
for shorter periods in a cyclic manner, each period loses less hydrogen, but the total
loss over time ends up being more. Because every time hydrogen is injected, more CO,
will be available for microbes to convert hydrogen into methane.

Ahn et al. (2022) performed a set of H, incubation experiments using environmental
brine samples from underground reservoirs. Their samples contained 80% hydrogen
and 20% carbon dioxide at 1.7 bar total pressure and temperature ranging from 35 to
80 °C, and different media. The results of the analysis are summarized in Table 2-1
showing that acetogenesis and sulphate reduction only appeared at 35°C and 50°C. No
microbial activity was seen at 80°C and in a sample so called A2 at any temperature.
Sulphate reduction was only seen when sulphate was added to the media because
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normally, the samples contained very small amounts of sulphate. In addition to that,
an increase in pH due to lack of buffering capacity of the medium was seen when
methanogenesis took place. This Increase in pH could stop microbial activity.

Table 2-1 Microbial activities detected in environmental samples. CP: bicarbonate-buffered
mineral salt medium. (adapted from Ahn et al., 2022).

Sample Medium 35°C 50°C 65°C 80°C
Sample amended with CP trace elements |Acetogen Methanogen |Methanogen
Al |CP Methanogen Methanogen |Methanogen
CP with 0.5 M Na*+3mM SO SO reducer SO reducer
Sample amended with CP trace elements
A2 |CP Methanogen Acetogen
CP with 0.5 M Na* + 3mM SO Methanogen + SO4* reducer |SO reducer
B Sample amended with CP trace elements (Methanogen + Acetogen ~ |Methanogen [Methanogen
CP with 0.5 M Na* + 3mM SO SO reducer + Acetogen  |Methanogen |Methanogen
C Sample amended with CP trace elements [Methanogen Methanogen
CP with 0.5 M Na* + 3mM SO Methanogen

2.8. Relevant Numerical Practices

This section reviews studies closely related to our present research, focusing on
numerical assessment of underground hydrogen storage in depleted gas reservoirs. It
highlights existing approaches to modeling flow, geochemical reactions, and microbial
processes, providing a context for the methods and objectives of this thesis.

Huang et al. (2023) recently conducted a detailed numerical study on UHS in depleted
gas reservoirs (DGR), focusing on the feasibility, efficiency, and safety of such
operations. Their work employed a compositional fluid flow model based on the
TOUGH+ RealGasBrine (T+RGB) simulator toolkit, enabling the simulation of
multiphase and multicomponent gas flow, accounting for hydrogen mixing,
dissolution, and leakage processes, as well. Their obtained results demonstrated that
hydrogen losses due to leakage into caprock and dissolution in water are minimal
(below 1%), confirming DGR as a promising candidate for UHS. Furthermore, the
study evaluated the role of cushion gases, showing that nitrogen outperforms carbon
dioxide by enhancing hydrogen recovery and maintaining higher gas purity in
production. This work can contribute valuable insights into compositional flow
dynamics, hydrogen loss mechanisms, and operational strategies, addressing key
challenges for the safe and effective deployment of UHS in DGRs.

Recently, Han and Yan (2025) developed an advanced numerical simulation
framework to assess the impact of microbial processes on UHS. Recognizing UHS as a
scalable solution for renewable energy storage, they addressed some key risks posed
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by subsurface microbial activity, including hydrogen loss and contamination by
methane and hydrogen sulfide. Their study integrates compositional two-phase fluid
flow with bio-reactive transport to capture these complex interactions. A flash
calculation model based on a fugacity—fugacity framework was developed, applying
the Soave-Redlich-Kwong (SRK) equation of state for the gas phase and Henry’s law
for the aqueous phase, both rigorously calibrated against experimental data. The
simulator also incorporates a double Monod model to represent microbial growth,
decay, and hydrogen consumption. Notably, their results reveal chemotaxis-driven
microbial migration toward the injection well during storage operations. This work
provides a robust tool for analyzing the interplay of microbial activity and fluid
dynamics in UHS, offering valuable insights for safer and more efficient hydrogen
storage design.

Hassannayebi et al. (2019) tried to assess how hydrogen interacts with rocks and fluids
when stored in a depleted gas field in the Molasse Basin, Austria. A geochemical
model was used to understand short- and long-term chemical reactions involving
hydrogen, especially how it dissolves in water and reacts with minerals like pyrite.
Two batch modeling approaches with constant pressure and temperatures were
used: equilibrium models (to evaluate long-term impacts of hydrogen storage)
and kinetic models (to estimate how hydrogen interacts with the storage formation for
a typical storage cycle). They found thathydrogen reacts mildly with most
minerals during normal storage periods, meaning it's fairly stable in the short term.
However, if reactions are given enough time to happen at equilibrium, they predict a
noticeable increase in pH and potential hydrogen loss, especially from reactions with
redox pairs and the conversion of pyrite into pyrrhotite. One major challenge is
the lack of accurate data on reaction rates under hydrogen storage conditions, making
it hard to predict exactly how much hydrogen might be lost. But the authors emphasize
that real reservoirs are more complex than lab tests, and field-scale reactions happen
more slowly. While the model shows some risks, it's a conservative estimate.

Chaabi et al. (2021) introduced a coupled MRST-IPHREEQC 1-D model that added
geochemical reactions, such as aqueous mineral precipitation/dissolution, and ion
exchange reactions to one dimensional (1D) fluid flow simulations using IPHREEQC.
Their model was verified against PHREEQC and validated by history matching a
single-phase LSP coreflood. The study offers insights into partially hydrolyzed
polyacrylamide (HPAM) interactions with brine chemistry and provides a foundation
for future two-phase polymer-oil recovery studies.

Wu et al. (2024) provided a review of experimental, numerical, and field studies
relative to the influence of microbial activity in porous media. Their study introduces
metabolic processes like methanogenesis, acetogenesis, and sulphate reduction as
hydrogen consumers, which can lead to the production of byproducts such as
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methane, hydrogen sulfide, acetate. These activities are highly dependent on
underground environment conditions such as pH levels, temperature, salinity levels,
and availability of substrates such as carbon dioxide, hydrogen, and sulphate. These
reactions can have both positive and negative effects on the efficiency of underground
hydrogen storage. For example, hydrogen consumption by methanogenesis is
considered favorable in Uncemented Borehole Methanogenesis (UBM). UBM is a new
approach to UHS in which hydrogen is injected into uncemented boreholes, and
microbial activities turn it into methane and carbon dioxide. Also, the rate and amount
of hydrogen consumed were found to be different depending on the site conditions.
Microbial activity can also change wettability and mineral composition. Although
sometimes these reactions can be favorable, some of their outcomes, like steel
corrosion and dissolution of minerals, can pose risks to safe hydrogen storage.

Small-scale models help us understand detailed processes like how microbes consume
hydrogen or how minerals react underground. These models can also be tested and
adjusted using lab experiments. On the other hand, large-scale models are needed to
predict how well a full UHS site might work, but they’re harder to verify with real-
world data.

A study by Vasile (2024) focuses on the challenge of connecting small, detailed models
with large reservoir-scale simulations. It uses tools like PHREEQC, Comsol, DuMuX,
Eclipse, and CMG-GEM to simulate how hydrogen moves and reacts underground,
while also accounting for complex factors like pressure, temperature, and rock types.

One big issue is that what we observe in the lab doesn’t always match what happens
in real reservoirs, real-world reservoirs are less predictable. For example, changes in
pressure or temperature can happen and affect microbial activity in ways we don’t see
in the lab. That's why models need to account for things like fractures, different rock
types, and uneven nutrient availability underground. To get the best results,
simulations at large scales help define where we need more detailed modeling. On the
other hand, smaller models predict the overall system’s behavior better. This back-
and-forth between scales helps make UHS predictions more accurate and reliable.

Due to hydrogen’s thermodynamic properties, many correlations cannot be applied to
a system with high hydrogen concentrations. Mixing processes and microbial activities
need to be understood to achieve high storage efficiency. Benchmark studies play an
important role in comparing different simulation tools and testing their ability to
handle underground hydrogen storage scenarios. Hogeweg et al. (2022) created a UHS
benchmark using a sandstone gas reservoir. Their study evaluated the behavior of
UHS processes by examining two simulators: Schlumberger ECLIPSE (a commercial
simulator) and DuMux (an open-source simulator), enabling the monitoring of
biochemical reactions maintained by microorganisms in addition to hydrodynamic
simulations. Their results highlighted that even though the methanogenic
microorganisms' metabolism gets stronger as the hydrogen concentration goes up, the
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effect on hydrogen generation is more noticeable when the hydrogen percentage is
low. Also, it was shown that the most sensitive indicators are a decrease in the field
pressure and the fraction of COz in the production flow. Also, it was observed that the
efficiency of hydrogen reproduction during the first four storage cycles was good.
However, this efficiency is expected to decline over time.

In a similar benchmark work, Hogeweg et al. (2024) implemented a model for two-
phase multicomponent flow in porous media that took into consideration the
methanation, sulphate reduction, and pyrite to pyrrhotite reduction using
geochemical reactions. Then, calibrated the reactions through a kinetic model in
DuMux to show the permanent hydrogen losses that can be caused by gas-gas mixing
with the initial and cushion gas. An especial focus was on the transformation of pyrite
(FeS,) into pyrrhotite (FeS), which produces hydrogen sulfide (H.S). Hydrogen sulfide
is a toxic and corrosive gas that can be harmful to storage infrastructure and cause
additional costs. This highlights the necessity of including biological and geochemical
processes in UHS simulations for accurate risk assessments and storage performance.

Authors suggested that during the production and injection cycles, the hydrogen
molar fraction decreases as the gas is being recovered from further areas and has a
higher possibility of being mixed with the initial gas. This mixing is considered as
hydrogen loss and can cause efficiency drops. Carbon dioxide molar fraction,
similarly, decreases during each cycle. This behavior can be an indicator of microbial
activity, because in other cases carbon dioxide molar fraction decreases at initial cycles
but rises again. The decrease in CO2molar fraction is a stronger reason for microbial
activity than that of hydrogen, which can be simply because of the mixing with the
initial gas. After four cycles, about 49.4% of the injected hydrogen remains in the
formation, while about 40.7% of it is reproduced. The rest (about 9.9%) can be
considered as loss of hydrogen because of biochemical and geochemical reactions.
About 6.6% of the hydrogen consumed is by sulphate-reduction, 2.7% by
methanogenesis, and 0.6% by pyrite to pyrrhotite reduction reactions.

Thaysen et al. (2023) presented a comprehensive microbial risk assessment for UHS in porous
rocks, focusing on depleted gas fields (DGF) across the UK Continental Shelf. The study
integrates physicochemical data (temperature, salinity, sulphate concentration) from 75 DGFs
with microbial growth constraints to classify sites into risk categories for adverse microbial
effects. Their analysis highlights that higher temperature fields (higher than 90°C) offer reduced
microbial risk due to paleo sterilization, while fields with temperatures below 55°C pose a
higher risk of microbial hydrogen consumption, hydrogen sulfide production, and biofilm
formation. The study emphasizes the importance of selecting UHS sites that align with low
microbial risk, proximity to renewable energy sources, and existing infrastructure to minimize
costs and maximize storage integrity. Their GIS-based framework is proposed as a globally
applicable tool to guide hydrogen storage site selection and reduce uncertainty related to
microbial impacts on hydrogen recovery.
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2.9. Conclusions

The reviewed literature highlights the complex interplay between hydrodynamic,
geochemical, and microbial processes in UHS. Key findings from recent studies
emphasize the importance of accurate thermodynamic models, reactive transport
simulations, and the use of hydrogen-specific flow properties to predict storage
performance and risks. Microbial metabolisms such as methanogenesis, sulfate
reduction, and acetogenesis pose potential threats to hydrogen integrity, particularly
under favorable subsurface conditions. Furthermore, experimental and numerical
efforts have advanced our understanding of gas movement, dissolution, and the
impact of reservoir heterogeneity. Despite these developments, challenges remain in
validating models due to limited field data. Notably, there are fewer studies focused
specifically on underground hydrogen storage compared to other subsurface energy
technologies. Most existing research works rely on petroleum reservoir simulators,
where geochemical reactions are neglected. These studies are often limited to
laboratory scale batch models rather than field scale reactive transport simulations.
Only a few efforts have attempted to couple fluid flow with biochemical reactions,
leaving a clear gap in comprehensive modeling approaches. This thesis aims to
address this gap by developing a coupled fluid flow-biochemical simulation
framework that explicitly accounts for microbial processes and their interactions with
subsurface conditions, thereby contributing to more reliable and safer hydrogen
storage under real-world subsurface conditions.
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3 Materials and methods

The behavior of hydrogen in porous reservoirs is complex due to its unique
thermodynamic properties and the potential for microbial activities, including
methanogenesis. In this chapter, we bring together compositional flow simulations
and biochemical reactions within an innovative integrated modeling framework. Here
we introduce the governing flow and transport equations, dual-Monod model of
evaluating microbial kinetics, and the coupling framework of simulating multiphase
multi-component flow in porous media with biochemical reactions.

To model subsurface flow and storage processes, various reservoir simulators are
available, each with its own strengths and limitations. Commercial tools like Eclipse,
developed by Schlumberger, are commonly used in industry due to their ease of use
and proven reliability for conventional hydrocarbon systems. However, they offer
limited flexibility when it comes to incorporating complex geochemical or biological
processes. We use here the MATLAB Reservoir Simulation Toolbox (MRST) for
modeling fluid flow and transport, combined with the IphreeqcCOM interface to
integrate PHREEQC for reactive geochemistry. In the following, we introduce how
these toolkits work together within our developed simulation framework.

3.1. Equations Governing Multiphase Multicomponent
Flow in Porous Media

In this work, we use a flow model to simulate fluid movement and component
transport in porous media. The fluid flow is governed by mass conservation and
darcy’s law:

3.1.1. Mass Conservation

In a compositional multiphase flow system, each chemical component is tracked
individually through a mass conservation equation that accounts for accumulation,
advection, diffusion, and source/sink contributions. The general form of the mass
conservation equation (assuming isothermal conditions) for a given component i reads
(Lie, 2019):
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However, in our simulations the diffusive flux term is neglected.

3.1.2. Darcy's Law

The motion of each fluid phase in a porous medium is governed by Darcy’s law, which
relates the volumetric flux to the driving forces of pressure and gravity. For phase a,
the equation is:

1})0: = _K/la(v Py — 9PV Z) (3—2)

K
Where K is permeability, 4, = % is phase mobility. K., is relative permeability and
a
Ug is the viscosity of phase a. Whereas z is the coordinate in the vertical direction.

In a compositional system, the phase propertiesare functions of local fluid
composition and are typically determined through an equation of state. Darcy’s law
provides the phase velocities needed to evaluate advective transport in the mass
conservation equations (Lie, 2019).

3.1.3. Overall Composition Formulation

To solve the aforesaid system of governing equations for compositional multiphase
flow problems, MRST provides two alternative techniques:

1- Overall Composition Model: This formulation uses pressure and overall fluid
composition as evaluating variables. PVT properties are applied to the overall
mixture at each computational grid cell. Then it requires flash calculations at
each time step to find phase saturations and compositions. This model offers a
compact system size, which can be computationally efficient, but may involve
stronger nonlinearities due to the repeated flash calculations.

2- Natural Variables Compositional Model: This formulation uses pressure, phase
saturations, and phase compositions as primary variables in the solution. PVT
properties are applied directly to each phase. Since the phase compositions and
saturations are explicitly part of the solution, no flash calculation is needed
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during Newton iterations. This model can provide more stable convergence for
complex phase behavior, but at the cost of a larger system of equations.

In present work, we chose to use Overall Composition Model for our simulations:

Given overall molar composition n, pressure, P, temperature, T, overall compositional
Model, solves a flash problem of the kind G(n, ) = 0, assuming;:

e Fugacity matching (fi'=f}})

e Mass balance constraint (n* = Ly; + (1 - L))
Here flash constraint system, G, is often the phase equilibrium condition (e.g., equal
fugacity across phases); 1 is independent variables (e.g., M, P, T); and (1) is
dependent variables (e.g., ¥4, L)Iteratively solving those flash equations yield Yy,

component distributions in each phase; L molar liquid fraction; Z, compressibility
factors; p, phase densities.

In practice, the flash problem is solved within a tight tolerance to ensure accurate
derivatives in the next step. Then, it uses the equation (3-3) to compute the derivatives

of the flash outputs with respect to the flow primary variables, %. Next, MRST

computes the phase saturations from molar phase fractions (equation 3-4). Water
saturation is assumed to be immiscible. Then saturations are determined by the liquid
fraction, L, along with the compressibility factors of the liquid, Z; , and vapor, Z,,. (Lie
and Mayner, 2021).

dG _9G 9Gp P aG\"' oG
GOLBm) =0 G =T e =025 =) 7 G-
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The phase equilibrium and density calculations rely on the equation of state. In the
following, we will introduce the equation of state (EOS) that will be used in this work.

3.1.4. Equation of state (EOS) and fluid behavior

When converting a former natural gas storage site or a depleted gas reservoir into a
hydrogen storage system or using gases other than hydrogen like nitrogen or CO; as
cushion gases, mixing between hydrogen and the existing gases becomes a significant
issue. This mixing can result in the production of impure hydrogen during
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withdrawal. The degree of mixing depends on factors like differences in mobility
ratios, density, molecular diffusion, and mechanical dispersion. Like hydrogen’s
interaction with brine, injecting hydrogen to displace other gases can lead to flow
instabilities such as gravity override, especially when density differences are high and
mobility ratios are undesirable. However, because dispersion tends to smooth out
concentration gradients, it also helps stabilize the flow, making these instabilities less
severe.

Although molecular diffusion is typically a slow process, hydrogen diffuses relatively
quickly due to its small molecular size. This means some mixing occurs even during
idle periods. During injection and withdrawal, however, mixing becomes much
stronger due to mechanical dispersion caused by variations in flow velocity, often two
orders of magnitude faster than diffusion alone. Additionally, hydrogen can dissolve
into surrounding water and brine, particularly at high pressure and low salinity. These
initial dissolution losses should be considered when injecting hydrogen for the first
time.

Relative to the hydrogen storage in depleted gas reservoirs, a cubic equation of state
(e.g., Peng-Robinson, PR-E0S) is necessary to model phase behavior of the (liquid/gas)
phases. In our present work, the thermodynamic behavior of the system is primarily
evaluated by the PR-EoS, which is widely used for calculating fluid densities (Peng
and Robinson, 1976). The equation is as follows:

p = RT a(T) 3_c
“v—b v(w+b)+b(v->h) ( )
This equation can be re-written as:
Z3—(1-B)Z*+ (A—3B*—-2B)Z — (AB—B*—-B3) =3 (3—-06)
Where:
aP
A= B-7)
B = bP 3—8
=27 (3-8)
Pv
7 =— (3-9)

RT
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Now, we have introduced the method used to model multiphase multicomponent
flow simulations. Next, we will describe how biochemical reactions are incorporated
into simulations.

3.2. Biochemical Model

Although the Earth's surface provides ideal conditions for microbial life, the
subsurface is much more challenging. Extreme temperatures, lack of oxygen, high
pressures, and unfavorable pH levels can make it an unfavorable environment for
most organisms. Despite this, certain microorganisms like archaea and bacteria have
evolved to survive in these conditions. These microbes, typically smaller than 10
micrometers, sustain themselves by utilizing available resources and reproduce
through cell division, doubling their population under suitable conditions. Their
growth is mainly influenced by the presence of nutrients, space, and environmental
conditions.

In underground hydrogen storage settings, a variety of microbial species can be found,
each with unique characteristics: some tolerate high temperatures, others withstand
extreme pH. The microbial community differs from one reservoir to another, so
laboratory testing is needed to identify which organisms are present. These microbes
are often categorized based on what they consume and produce. Notably, during the
storage of hydrogen gas, it may involve in a biochemical (methanogenesis) reaction,
being converted into methane. These microbes metabolize hydrogen and carbon
dioxide, releasing methane and water as byproducts. Here we simplify such a
mechanism of hydrogen consumption as a Sabatier reaction:

AH, + CO, > CH, + 2H,0 (3—10)

To gain a better understanding of our reservoir conditions, following, we will
introduce a conceptual model of such a reaction.

3.2.1. Conceptual model

Figure 3-1 shows the conceptual model of methanogenesis relative to the hydrogen
storage in a depleted gas reservoir. This model consists of two phases (here solid phase
is neglected for simplicity purposes):

1. Gas phase: Includes water vapor, injected gas, and residual gases in the
reservoir after primary natural gas production.

2. Aqueous phase: contains formation brine and dissolved gases like hydrogen,
carbon dioxide, and methane.
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Methanogenesis
Anabolic COZ(aq) + 2.1H2(aq) + OZNHI d CH1_800_5N0.2 + 15H20

Figure 3-1 Conceptual Model of biochemical methanogenesis reaction

In our simulations the interactions of the aqueous/gaseous components (i.e., H20, CH,,
H,, and CO,) involving in methanogenesis (3 - 10) will be simulated by using
PHREEQC’s standard approach. This typically involves applying Henry’s Law
(Henry, 1832) constants to describe how these gases dissolve and equilibrate with the
surrounding liquid. It's also assumed that all chemicals react within the solution, and
the exchange of substances between the liquid and gas phases happen under
equilibrium conditions. However, microbial processes do not follow this assumption.
They proceed based on kinetic rates (Shojaee et al., 2024). To solve for microbial activity
in the reservoir, we extended scripts to account for the dual-Monod model, which will
be discussed next.

3.2.2. Dual-Monod Reaction Kinetic Model

Methanogenesis is a microbial process that involves the reduction of carbon-
containing compounds and producing methane. Given the complexity of microbial
biomass, it is approximated here by the general formula of CH;i.s00.5No... So, the
estimated molar mass of microbial cells is approximately 24.6 g/mol.

The metabolic pathway consists of catabolic and anabolic reactions (see Figure 3-1).
Catabolic reaction generates energy for microbial survival, while Anabolic reaction
supports biomass growth and reproduction. Dissolved ammonium, NHy, in formation
water from organic nitrogen mineralization is a nutrient for anabolic methanogen
biomass synthesis. Methanogenesis involve the reduction of carbon species, resulting
in CH, (oxidation state -4). In these subsurface reactions, H, serves as an electron
donor, while carbonate species (here CO2) act as electron acceptors. As a result, H; is
consumed and producing CH,. Though these redox reactions are thermodynamically
favorable (high equilibrium constants, K-values), their kinetics ultimately determine
reaction rates.

Methanogenic archaea in a depleted gas reservoir is expected to convert available H,
and CO; into CHs, supporting the concept of an Underground Methanation Reactor.
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Note that other microbes like sulfate-reducing and iron-reducing bacteria may also
exist in underground environment (hence they are neglected in present work), leading
to possible competition between reactions to consume species.

Then reaction model should include an extra component to represent methanogenic
microorganisms. This pseudo-component grows over time through microbial activity
can be described by the double Monod model (Monod, 2012) as follows:

X _ 3—-11
= u—eX (3-11)

Temporal variations in biomass concentration are evaluated as the net difference

between the biomass growth rate, I'cx, and the biomass decay rate, rox:
Tox = u.X (3—-12)
oy =6€X (3—13)

For each reaction, the Dual-Monod model quantifies the microbial growth rate
coefficient, |, as a function of its maximum specific growth rate, i, and the
concentrations of the electron donor Cpand acceptor C4, through the following
relationship, K, and K, are the Dual-Monod constants:

_ Cy Cp
“_”maxCA+KA Cp + Kp

(3—14)

The substrate consumption rate, 7y x, is determined by incorporating the temperature-
dependent factor «a, the pH-related constraint ¢, and the microbial yield coefficient Y,
as expressed by the following formulation

T, —a
Fox = ;’C:( Y(H)X (3 - 15)

Accordingly, hydrogen consumption rates will depend on three main parameters: (i)
the microbial growth rate, (ii) the half-saturation constant, and (iii) the biomass yield
factor. The microbial group named methanogens (MET) has different rate parameters
and works better with specific pH and temperature ranges (Javadi, 2025) (Monod,
2012).

Next, we describe how MRST and PHREEQC have been coupled to apply the
formulations introduced in this section, enabling the simulation of both fluid flow and
biochemical reactions within a unified framework.
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3.3. MRST-PHREEQC Coupling

In present study, the fluid flow is modeled using MRST, while the microbial kinetics
are handled by PHREEQC, accessed through the IPhreeqcCOM interface. After
initialization, at each simulation time step, MRST computes the fluid flow properties,
which are passed to PHREEQC through IPhreeqcCOM for biochemical calculations.
As we are using a batch model for each numerical grid of reservoir model,
IPhreeqcCOM needs to run for each computational cell (across reservoir geometry)
separately, and at the end, updates (due to methanogenesis) of the fluid’s components
(for a given simulation time step) for all the numerical cells will be put together. The
[PhreeqcCOM results update the mole fractions of H.O, CHs, CO», Hz, pH, and biomass
properties, which will then be feeded into the MRST records of reservoir state
conditions. The flowchart of the coupling strategy is presented below:
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Figure 3-2 Flowchart of the coupling strategy used in this study. Green steps represent
calculations in MRST environment, and blue steps represent calculations performed in

PHREEQC.

31



32 | Numerical Model Setup

4  Numerical Model Setup

In this study, we build upon a benchmark reservoir model introduced by Hogeweg et
al (2022) in MRST environment. MRST provides a highly customizable and transparent
platform for implementing compositional multiphase flow models. To incorporate
microbial activity, we developed a coupling between MRST and IPhreeqc, the COM
interface of the PHREEQC to prepare biochemical scripts. This extension enables us to
simulate microbially driven processes such as methanogenesis within a fully
integrated reactive transport framework, combining the flexibility of open-source tools
with the capability to model complex biochemical interactions.

In this chapter, we introduce the numerical setup used in this study, including the test
case geometry, reservoir properties, initial conditions, and boundary conditions.

4.1.1. Reservoir model characteristics

A synthetic gas reservoir model is adapted from Hogeweg et al (2022) work which is
originally constructed in DuMux toolkit environment. We converted the model to be
used in MRST environment. A corner-point grid, derived from a semi-artificial
geological structure, is used to discretize the simulation domain spatially. The model
includes a total of 864 grid cells arranged in a 12 x 12 x 6 computational cell
configurations. Each cell measures 250 meters by 250 meters in horizontal directions,
and about 17 meters in the vertical direction. A well is located at the center of the
reservoir called W1 (see Figure 4-1).

The petrophysical properties of the reservoir, such as porosity and permeability, are
distributed heterogeneously, with permeability also exhibiting anisotropy. The
average porosity is approximately 15%, and the mean horizontal permeability is about
143 millidarcies (mD). Average vertical permeability is roughly 2.88 mD. These values
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are representative of certain sandstone formations in northern Germany, and the
permeability distribution is based on a modified porosity—permeability correlation.

Permeability (mD)

W1

3000

100 200 300 400 500 600 700

Figure 4-1 Benchmark test case property. spatial distribution of horizontal permeability field

in (mD). injection/ production well is located at the center of the model (W1).



34 | Numerical Model Setup

Porosity

1120
1140
1160
1180
1200

1220 3000

3000 0

— L 1 1 1

0.02 004 006 008 01 012 014 016 018 0.2 0.22

Figure 4-2 Benchmark test case property. spatial distribution of porosity.

4.1.2. Reservoir initial condition

The initial pressure throughout the reservoir was set uniformly to 81.6 bar, and we
assume a uniform temperature of 60°C through the reservoir. For initialization of the
reservoir state conditions, we assume hydrostatic pressure distribution as illustrated
in Figure 4-3 The initial phase distribution is assumed to be a uniform liquid saturation
of 20% and a gas saturation of 80%.
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Figure 4-3 initial distribution of reservoir hydrostatic pressure

Table 4-1 initial composition of each component in the system (mole fractions)

H20O (water) 0.45%

C1 (Methane) 87.23%

N2 (nitrogen) 9.05%
CO: (Carbon dioxide) 2.50%
C2 (Ethane) 0.72%

C3 (Propane) 0.04%
NCs (n-Butane) 0.02%

H: (Hydrogen) 0.00%

Table 4-1 shows the mole fractions of initial composition for each component in the
system. Since the study is based on a depleted gas reservoir, the initial gas composition
consists of approximately 87% methane and 13% other components, which reflects that

of a typical natural gas mixture.
4.1.3. Boundary condition and schedule

We consider no-flow conditions on boundaries of the model, the only source/sink term
is a well, W1, located at the center of the reservoir. The well operation schedule is
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divided into two main phases: (1) the conversion of a natural gas storage site into an
UHS facility, and (2) regular cyclic storage operation. In both phases, gas is injected
and/or withdrawn through a single well positioned at the center of the reservoir
structure. This well undergoes a planned sequence of operational phases: injection,
relaxation (shut-in), and production. The simulation starts with four steps, each
involving two months of hydrogen injection followed by one month of relaxation.
After these initial cycles, a longer injection phase of four months is carried out,
followed by a two-month relaxation period to enable pressure buildup and increase in
the hydrogen content of the storage before production begins. The storage phase takes
four months and is followed by a final two-month relaxation period. The production
phase also continues for four months and is followed by a final two-month relaxation
period.

During this process, the well is controlled under a constant injection and production
rates, with a limit placed on the BHP to maintain safe reservoir conditions.

Well Operation Schedule

Relaxation D D |:| |:|

Production |

01 2 3 45 6 7 8 91011121314 1516 17 18 192021 2223 24
Time (months)

Figure 4-4 Operation schedule of the well, the sequence of injection, production, and
relaxation cycles applied during the simulation.
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5 Results

This chapter presents the key results obtained from the simulation of UHS scenario
introduced in Chapter 4. We focus on how biochemical reactions affect gas production
composition and behavior, reservoir performance, and overall storage efficiency. The
analysis focuses on a case where MRST is coupled with PHREEQC model via the
[PhreeqcCOM interface to simulate reactive transport and includes a comparison with
a separate “base-case” simulation using MRST alone to represent the non-reactive case.
In Our simulation setup, IphreeqcCOM is used to model microbial methanogenesis,
reflecting the biological consumption of hydrogen and the production of methane
during hydrogen storage. This coupling offers a more representative view of the
biochemical dynamics that may occur in subsurface environments over operational
timescales.

We present the total gas injection and production rates in m?3/s, which reflect the
volumetric behavior of the reservoir and, allow us to observe how the overall
volumetric throughput is affected by microbial activity and associated compositional
changes over time. We also present a set of results in which the evolution of average
reservoir pressure and BHP is shown, providing insight into the pressure dynamics
that govern injectivity, flow, and operational control over time.

We Also examine the total gas injection and production rates in mol/s, which give an
overall picture of the mass balance within the system. These plots offer early
indications of hydrogen consumption due to microbial activity. They also serve as a
reference for interpreting changes in individual gas component trends.

Following this, plots of molar rates of injection and production for each gas component
are presented. These trends help visualize how microbial conversion of hydrogen to
methane alters production profiles, and how this differs from the base-case.

Further results accounts for the spatial distribution of gas components (H,, CO,, and
CH,) at different stages of storage/production, showing how these gases evolve during
injection and withdrawal phases. With assessment of those results we can gain insight
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into how microbial activity modifies the movement and accumulation of gases in the
reservoir.

To better understand the biochemical environment of the reservoir, we include plots
showing the spatial distribution of pH and biomass concentration at selected
timesteps. These figures provide insight into how microbial populations evolve over
the course of the simulation and how local acidity levels respond to ongoing
biochemical reactions. Together, they offer a more complete picture of the microbial
system's role in shaping subsurface chemistry and influencing hydrogen conversion.

To assess system performance, hydrogen final recovery is calculated using cumulative
injected and produced hydrogen mass, which offers a clear comparison of storage
effectiveness in the presence or absence of microbial consumption.

Together, these results highlight the importance of considering biochemical processes
(especially microbial methanogenesis) when evaluating the viability and efficiency of
underground hydrogen storage.

5.1. Well Operation Responses

The comparison of total gas injection and production rates between the MRST base-
case and the coupled MRST-PHREEQC cases is shown in figure 5-1. It shows very
minimal differences throughout the simulation period. This is primarily because both
models were run under identical well control conditions, with fixed injection and
production rates and a constraint on BHP. As a result, the imposed boundary
conditions dominate the flow behaviour, leaving little room for microbial reactions to
noticeably affect the overall injection or withdrawal dynamics. Only a slight deviation
is observed in the total volume of gas produced, which can be attributed to biochemical
conversion of hydrogen to methane, subtly altering the gas composition without
significantly impacting the flow rates.
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Figure 5-1 Gas injection and production rate over simulation time. The red curve represents
no reactive base-case, and the black curve represents simulation accounting for the kinetics
of methanogenesis.

Figure 5-2 shows the evolution of BHP over time for both the MRST base-case and the
coupled MRST-PHREEQC models. As expected, the two cases exhibit almost identical
BHP trends, with negligible differences throughout the simulation. This behaviour is
consistent with the applied well control strategy, where a constant production rate was
enforced with a BHP limit constraint. Since these constraints were identical in both
cases, the well's pressure response remains largely unaffected by the presence or
absence of microbial activity. During the injection phase, The BHP increases steadily
and during production, we see a brief decline followed by a stable plateau. This
behaviour indicates that the well is initially controlled by the fixed injection and
production rates, but as the pressure reaches the BHP limit set by the control
conditions, the system shifts to being controlled by bottom-hole pressure, rather than
by the flow rates.
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Figure 5-2 Well bottom-hole pressure over time. The red curve represents no reactive base-
case, and the black curve represents simulation accounting for the kinetics of
methanogenesis.

Figure 5-3 presents the evolution of average reservoir pressure, which shows some
slight increase in the coupled reactive transport simulation case (accounting for
microbial kinetics. It can be explained by the differences in the types of gas present in
the reservoir. In the base-case, there is more H; and CO, in place, while in the coupled
reactive transport simulation case, a portion of those gases has been converted into
CHa. Because methane has a higher molar mass, different density, and compressibility
compared to hydrogen and CO,, the overall gas behavior in the reservoir changes
slightly. As a result, the average pressure in the coupled reactive transport case ends
up being slightly higher.
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Figure 5-3 Average reservoir pressure [bar] over time. The red curve represents no reactive
base-case, and the black curve represents simulation accounting for the kinetics of
methanogenesis.

5.2. Composition of Withdrawal Gas

The total gas injection and production rates in figure 5-4 reveal distinct behaviours
between the base-case simulation and the coupled MRST-PHREEQC cases. During the
injection phase, both cases exhibit nearly identical rates, which is expected since the
same well control conditions (constant injection rate and a bottom-hole pressure
constraint) were applied. However, during the production phase, a noticeable
decrease in total gas production is observed in the coupled reactive transport case. This
reduction is a direct result of microbial activity, where a portion of the injected
hydrogen and carbon dioxide is biologically converted into methane through
methanogenesis. As a result, less of the originally injected gases are recovered, leading
to a lower production rate compared to the base-case.
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Figure 5-4 Total gas injection and production rate over time. The red curve represents no
reactive base-case, and the black curve represents simulation accounting for the kinetics of
methanogenesis.

Differences are more obvious, as illustrated in figure 5-5, in terms of the injection and
production molar rates of hydrogen. While injection molar rates remain the same due
to the applied well control and constrains, hydrogen production declines noticeably in
the coupled reactive transport case because of microbial methanogenesis loss. This
biological conversion reduces the amount of hydrogen that remains in recoverable
form, directly impacting the hydrogen recovery of the UHS system. This highlights the
importance of accounting for microbial activity in evaluating the long-term viability
of underground hydrogen storage.
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Figure 5-5 Hydrogen injection and production rate over time. The red curve represents no
reactive base-case, and the black curve represents simulation accounting for the kinetics of
methanogenesis.

Effects of microbial activity is clearly shown in figure 5-6, which presents the injection
and production rates of CO, mole. In the base-case simulation results, CO, behaves as
expected under physical transport, with a portion of the injected CO, being produced
during withdrawal. However, in the coupled case, CO, production drops sharply,
indicating that available CO, is consumed by microbial methanogenesis. This result is
especially important because it shows that CO, availability plays a key role in how
much hydrogen gets consumed by microbes. When there's limited CO, available in
reservoir initial state, the conversion of hydrogen to methane slows down or even
stops. That means more hydrogen remains in the system, which could be beneficial for
storage. It also suggests that hydrogen and CO; are closely linked in methanogenesis
reaction, and managing CO, in the reservoir can have a reasonable impact on how
much hydrogen we end up recovering. This finding could influence how future
underground hydrogen storage projects are designed and operated.
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Figure 5-6 CO; injection and production rate over time. The red curve represents no reactive
base-case, and the black curve represents simulation accounting for the kinetics of
methanogenesis.

Figure 5-7 shows the injection and production rates of methane, CH,. In the coupled
reactive transport case, where microbial methanogenesis is active, we would expect
methane production to increase due to the conversion of hydrogen and CO,. However,
the results show that injection and production molar rates of methane remain almost
the same as reported for base-case simulations. This can be explained by the fact that,
although a portion of H, and CO; is microbially converted into CH,, the amount of
methane produced does not increase noticeably because the methane generated
through microbial activity spreads through reservoir, rather than adding to the total
production. As a result, although methane is generated within the reservoir, it does
not significantly change the total CH,s production rate because the well is operated
under a specified rate target with a BHP constraint. The generated methane effectively
replaces part of the injected gas, maintaining the overall CH, production rate close to
the base-case, while reducing the amounts of H, and CO, produced.
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Figure 5-7 CH, injection and production rate over time. The red curve represents no reactive
base-case, and the black curve represents simulation accounting for the kinetics of
methanogenesis.

The impact of microbial activity becomes even more evident in figure 5-8, which shows
the cumulative hydrogen injection and production over time. While the amount of
hydrogen injected is the same in both cases, the produced hydrogen is significantly
lower in the coupled reactive transport case. This drop reflects the effect of microbial
methanogenesis, where a portion of the stored hydrogen is biologically consumed and
converted into methane.
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Figure 5-8 Comparison of cumulative hydrogen injection and production over time. The red
curve represents no reactive base-case, and the black curve represents simulation accounting
for the kinetics of methanogenesis.

Figure 5-9 presents the cumulative injection and production of CO,, and it confirms
the earlier observations: in the coupled reactive transport case, the amount of
produced CO, drops to zero. This indicates that all the injected CO, is consumed
microbially, primarily in the methanogenesis process. As mentioned before, this
complete consumption of CO, emphasizes its critical role as a reactant in hydrogen
conversion. Without sufficient CO,, microbial hydrogen consumption would be
limited, which in turn affects the overall efficiency and gas composition in
underground hydrogen storage systems.
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Figure 5-9 Comparison of cumulative CO, injection and production over time. The red curve
represents no reactive base-case, and the black curve represents simulation accounting for the
kinetics of methanogenesis.

Figure 5-10 shows the cumulative injection and production of CH,, and, as previously
noted, the change is negligible between the two cases. Despite the microbial
production of methane in the coupled model, the overall impact on cumulative
methane production is minimal. What does change, however, is the fractional
composition of the produced gas. In the coupled case, we see less hydrogen and CO,
being produced, as both are consumed by microbes during methanogenesis. The
methane produced biologically doesn't add to the total gas output but rather replaces
part of what would have been recovered as H,; and CO in a base-case simulation. This
shift in composition is a key outcome of microbial activity in underground hydrogen
storage systems.
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Figure 5-10 Comparison of cumulative CH, injection and production over time. The red
curve represents no reactive base-case, and the black curve represents simulation accounting
for the kinetics of methanogenesis.

5.3. Hydrogen Recovery

As summarized in Table 5-1, results report noticeable decline in H, final recovery
(from 41% in the base-case to just 29% when microbial kinetics are included).

Table 5-1 Comparison of hydrogen storage and recovery performance with and without
microbial kinetics. The table summarizes key metrics including hydrogen stored after
injection, hydrogen remaining after production, produced hydrogen, and final recovery

percentage
variable With no Reaction
reaction included
Cumulative Hz (kg) stored in reservoir 7.05E+09 7.03E+09
by the end of injection phase
Cumulative Hz (kg) stored in reservoir 4.18E+09 4.99E+09
by the end of production phase
Cumulative Hz (kg) produced from 2.86E+09 2.04E+09
reservoir by the end of production phase
H: ultimate recovery 41% 29%
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This clearly shows that microbial activity can lead to substantial hydrogen losses and
highlights why it must be carefully considered when designing and evaluating
underground hydrogen storage systems.

5.4. Spatial Distribution of Gas Compositions” Plume

Figures 5-11 and 5-12 illustrate the mole fraction distribution of the key gas
components (CO,, H,, and CH,) at four different simulation stages: (1) the initial
condition, (2) after pressure build-up (3) after injection and the relaxation phase before
production, and (4) after production and final relaxation. Figure 5-11 corresponds to
the base-case simulations. In contrast, Figures 5-12 represents the coupled case with
microbial kinetics.

In the base-case simulation results shown in (Figures 5-11 a, b, c), the initial condition
reflects the state of a depleted gas reservoir, containing no hydrogen, a very small
amount of CO,, and predominantly CH,. In the second row of graphs (Figures 5-11 d,
e, f) After starting hydrogen injection and pressure build-up, we observe that H, begins
to enter the reservoir and pushes both CO, and CH, (in place) toward the outer regions
of the reservoir. By the end of injection cycle (followed by a relaxation period), shown
in the third row of figures (Figure 5-11 g, h, i), the mole fractions of all components
spread and redistribute throughout the reservoir domain. Finally, in the last
simulation timestep (Figures 5-11 j, k, 1), mole fractions of all components decrease,
especially near the production well, due to gas withdrawal during the production
phase.
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Figure 5-11 spatial distribution of CO2, Hz. and CH4 molar fraction in the base-case at initial
condition (a, b,c), at the end of pressure build up (d,e,f), at the end of injection (g/h,i) , and at
the end of production (j k,1)
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At the beginning of the simulation of the reactive transport case (Figures 5-12 a, b, c),
the reservoir contains no hydrogen, a very small amount of CO,, and is composed
mostly of CH,, which is expected since the system represents a depleted gas reservoir.
In the second row of graphs (Figures 5-12 d, e, f), after hydrogen injection and the
resulting pressure build-up, we observe that H, begins to displace existing gases,
pushing both CO, and CHj far from the injection well location.

Indeed, Figure 5-12 (g, h, i) shows that by the end of the injection cycle followed by a
relaxation period, the gases have spread even more extensively throughout the
domain. The molar fraction distributions become smoother, indicating that the
components have had more time to diffuse and redistribute. We also begin to see the
effects of microbial methanogenesis, as H, and CO, depletion plumes become more
expanded, when compared to the results reported in Figure 5-11. Relatively lower
mole fractions of H, and CO; is also obvious when compared to the former simulation
timestep.

After the production phase (Figures 5-12 j, k, 1), there is a noticeable decrease in the
molar fractions of both CH, and H,, especially in regions near the production well,
reflecting gas withdrawal. In contrast, CO, levels remain almost unchanged, since
most of it (in the H, swept region of reservoir) was already consumed by microbial
processes during earlier stages. Some residual CO, remains near the reservoir edges,
likely trapped in H, inswept zones where microbial activity was limited or absent.
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Figure 5-12 spatial distribution of CO2, H2. and CH4 molar fraction in the reactive case at
initial condition (a, b,c), at the end of pressure build up (d,e,f), at the end of injection (g,h,i),
and at the end of production (j k,1).



| Results 53

5.5. Spatial Distributions of Biomass Concentration and
pH Conditions

Figure 5-13 presents the spatial distribution of pH at different simulation stages,
showing how the reservoir’s acidity evolves over simulation time. Initially (Figure 5-
13a and 5-13b), the pH is uniformly distributed in reservoir with a value around 7,
representing the unreacted state of the system. As hydrogen injection proceeds
(Figures 5-13c and 5-13d), regions reached by hydrogen plume show noticeable pH
decline due to biochemical reactions, particularly near the well location where
hydrogen concentration is highest. By the end of the production phase (Figures 5-13e
and 5-13f), pH reaches its lowest levels, reflecting the cumulative effects of microbial
methanogenesis. This acidification arises from by-products such as dissolved CO, or
organic acids generated during microbial activity. The contrast between the initial and
final states highlights how microbial processes influence reservoir chemistry beyond
gas conversion and suggests that pH could serve as a valuable indicator for tracking
reaction fronts and zones of microbial activity in underground hydrogen storage
systems.
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Figure 5-13 spatial distribution of pH in reactive case at initial condition (side view at a, and
top view at b), after 2 months of hydrogen injection for pressure build up (side view at ¢, and
top view at d), and after production (side view at e, and top view at f).
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Figure 5-14 displays the biomass concentration in the reservoir at the initial,
intermediate, and final stages of the simulation. During the first two months of
injection, biomass concentration increases as microbes utilize the injected hydrogen as
an energy source and grow. This growth is most notable near the well location where
hydrogen availability is highest. Biomass reaches its peak (Figure 5-14c and 5-14d) and
as hydrogen begins to be consumed and energy sources become limited biomass
concentration declines. By the end of the production phase (Figure 5-14e and 5-14f),
biomass concentration reaches a minimum, reflecting the depletion of hydrogen and
the reduced microbial activity in the reservoir. This spatial and temporal pattern
illustrates the typical dynamics of microbial populations in subsurface environments
undergoing hydrogen storage and methanogenesis.
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Figure 5-14 spatial distribution of biomass concentration (mol) in reactive case at initial
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6 Conclusions and Future Development

6.1. Conclusion

As the world moves toward a net-zero carbon future, hydrogen has emerged as a
promising energy carrier capable of decarbonizing sectors that are hard to electrify
such as heavy industry, shipping, and seasonal energy storage. Green hydrogen
produced from renewable energy sources can play a pivotal role in balancing the
intermittent nature of wind and solar power. However, reliable and large-capacity
storage solutions are essential for hydrogen to fulfil this role at scale.

Among the various options, UHS in geological formations offers the most practical
means for storing hydrogen in bulk over long periods. This approach allows excess
renewable energy to be converted into hydrogen and stored during times of surplus,
then withdrawn and used when demand is high. Despite its potential, UHS still faces
scientific and technical challenges, particularly related to the complex behaviour of
hydrogen in subsurface environments.

In this thesis, we investigated (in a numerical framework) microbial methanogenesis
as a key biochemical process that can affect hydrogen behaviour during underground
storage. We developed a coupled simulation framework combining MRST toolkit for
multiphase multicomponent flow simulation and PHREEQC via the IPhreeqcCOM
interface to model kinetics of the microbial activities during UHS scenarios. The main
goal was to understand how hydrogen consumption by microbes and the resulting
methane production could influence gas composition, final hydrogen recovery, and
system dynamics.

Through a series of comparative simulations (one using only physical transport, and
the other coupled simulation of transport and microbial kinetics) we found that:

1. Hydrogen, Hy, final recovery dropped from 41% to 29% in the presence of
microbial activity, due to biochemical consumption of Ho.
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Carbon dioxide, CO,, production dropped to zero in the reactive case,
indicating complete microbial use of this component.

The availability of CO; in the reservoir strongly controls microbial hydrogen
consumption, since low CO; levels can slow or stop the conversion of hydrogen
to methane, leaving more hydrogen available for storage. This underscores the
importance of managing CO, to maximize hydrogen recovery and optimize the
design and operation of future underground hydrogen storage projects.
Methane, CH,, generated through microbial activity mainly replaces the lost H,
and CO,, in produced gas composition rather than increasing the total amount
of gas produced. This leads to a shift in the composition of the produced gas.
Well simulation responses of pressure and flow rate were mostly governed by
the imposed well control conditions (fixed well gas flow rates and BHP limits).
However, minor differences were observed in terms of average reservoir
pressure in the reactive case due to changes in gas composition and properties
caused by microbial methanogenesis.

The pH of the storage environment decreased over time due to microbial
activities, with the strongest effects occurring close to the wellbore.

Biomass concentration initially increased near the well as microbes consumed
injected H, as an energy source but later declined as hydrogen consumption
shifted toward methanogenesis reactions.

These results highlight the importance of accounting for microbial processes in the
planning and assessment of UHS projects, as they can lead to non-negligible hydrogen
losses and affect long-term storage performance.

6.2.

Future Developments

There are various directions in which this research can be extended:

1.

Include a wider range of microbial reactions: Future models could account for
competing or sequential biochemical pathways, such as sulphate reduction or
acetogenesis, to better capture real subsurface conditions.

Sensitivity assessment and uncertainty analysis: Uncertainty assessment and
global sensitivity analysis could help to identify the most influential microbial
and physical parameters, guiding data collection and site characterization
efforts.

Experimental validation: Coupling the simulation work with laboratory or
field-scale microbial studies would help validate kinetic models and improve
parameter calibration.
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In summary, this thesis contributes to a growing body of research emphasizing that
underground hydrogen storage is not just a physical process, but a biochemical one as
well. Accounting for microbial activity is essential to accurately estimate hydrogen
recoverability, assess risks, and design robust storage systems for a low-carbon energy
future.
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