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Summary

To enable the energy transition, renewable energy sources such as wind and solar are
playing an increasingly central role. However, their weather-dependent nature makes
balancing energy supply and demand challenging. While short-term fluctuations can often
be managed with batteries or other local storage solutions, many countries, such as the
Netherlands, are expected to face large seasonal energy imbalances of several tens of
terawatt-hours (TWh), far beyond the capabilities of conventional technologies such as
batteries.

Underground Hydrogen Storage (UHS) has therefore emerged as a promising solution.
Storing hydrogen in geological formations such as depleted gas reservoirs or aquifers at
depths of several kilometers can provide storage capacities on the order of several terawatt-
hours. These reservoirs are porous rocks of solid grains and interconnected voids, where
hydrogen is stored in the pore space. This introduces complex flow dynamics and technical
challenges across multiple scales: from the molecular interactions of hydrogen with other
fluids present in the reservoir, to the flow through micrometer-scale pore channels, up to
reservoir-scale processes spanning several kilometers.

This thesis advances the understanding of UHS by addressing knowledge gaps across
multiple scales, combining molecular simulations, microfluidic experiments, pore-scale
modeling, and the development of a site selection framework.

At themolecular scale, missing datasets of thermophysical properties of hydrogen–brine
systems were obtained by using molecular simulations. These properties, including densi-
ties, viscosities, interfacial tensions, solubilities, and diffusivities, are essential for accurate
large-scale reservoir simulations.

At the pore scale, microfluidic experiments were conducted to measure dynamic contact
angles in glass micromodels that mimic the micrometer-scale channels of porous rocks.
These measurements reveal how wettability depends on pore geometry and governs flow
dynamics. Complementary pore-scale simulations using the lattice Boltzmann method
were performed to explore mechanisms of hydrogen trapping and bypassing under varying
flow rates, pore shapes, and capillary conditions. Together, these results improve our un-
derstanding of multiphase flow processes critical for predicting and maximizing hydrogen
flow behaviour and recovery efficiency.

At the reservoir scale, a systematic site selection framework was developed for iden-
tifying suitable depleted gas fields for UHS. This framework integrates multidisciplinary
criteria including reservoir performance, geomechanical stability, bio-geochemistry, and
techno-economic feasibility providing a practically accessible and reliable method for
screening and ranking potential storage sites.

By linking insights across scales and disciplines, this thesis strengthens the scientific
foundation for the safe, efficient, and reliable deployment of UHS. The findings contribute
critical data, improve predictions, and support decision-making toward enabling large-scale
UHS.
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Samenvatting

Omde energietransitie mogelijk te maken, spelen hernieuwbare energiebronnen zoals wind
en zon een steeds centralere rol in ons energiesysteem. Hun weersafhankelijke karakter
maakt het echter uitdagend om vraag en aanbod van energie in balans te houden. Terwijl
korte termijn schommelingen vaak kunnen worden opgevangen met batterijen of andere
lokale opslagoplossingen, zullen veel landen, zoals Nederland, te maken krijgen met een
grote seizoensgebonden energiedisbalans van enkele tientallen terawattuur (TWh). Deze
overschotten en tekorten overstijgen ruimschoots de opslagcapaciteit van conventionele
technologieën zoals batterijen.

Ondergrondse waterstofopslag (UHS) is daarom naar voren gekomen als een veelbelo-
vende oplossing. Het opslaan van waterstof in geologische formaties zoals lege gasvelden
of diepe zoutwateraquifers op enkele kilometers diepte kan opslagcapaciteiten bieden
in de orde van meerdere terawattuur. Deze reservoirs bestaan uit poreuze gesteenten,
opgebouwd uit vaste korrels en onderling verbonden poriën, waarin de waterstof wordt
opgeslagen. Dit leidt tot complexe stromingsdynamica en technische uitdagingen op ver-
schillende schalen: van de moleculaire interacties van waterstof met andere vloeistoffen
aanwezig in het reservoir, via de stroming door micrometer-kanalen, tot processen op
reservoirschaal die zich uitstrekken over meerdere kilometers.

Dit proefschrift draagt bij aan een beter begrip van ondergrondse waterstofopslag
door kennishiaten op verschillende schalen te adresseren, met behulp van moleculaire
simulaties, microfluïdische experimenten, porieschaalmodellering en de ontwikkeling van
een locatieselectiekader.

Op moleculair niveau zijn uitgebreide datasets verkregen van de thermofysische eigen-
schappen van systemen van waterstof en reservoirvloeistoffen met behulp van moleculaire
simulaties. Deze eigenschappen, waaronder dichtheden, viscositeiten, grensvlakspannin-
gen, oplosbaarheden en diffusiviteiten, zijn essentieel voor het uitvoeren van nauwkeurige
grootschalige reservoirsimulaties.

Op porieschaal zijn microfluïdische experimenten uitgevoerd om dynamische contact-
hoeken te meten in glazen micromodellen die de micrometerschaalkanalen van poreuze
gesteenten nabootsen. Deze metingen laten zien hoe contacthoeken afhankelijk zijn van de
breedte van de kanalen, wat van belang is voor het begrijpen van multifase stromingspro-
cessen. Daarnaast zijn porieschaalsimulaties uitgevoerd met de lattice Boltzmann-methode
om mechanismen van opgesloten waterstof te onderzoeken, de fractie die in de poriën
achterblijft en niet kan worden teruggewonnen. De simulaties werden uitgevoerd bij
verschillende stromingssnelheden en poriegeometrieën en vergeleken met andere gassen.
Gezamenlijk verbeteren deze resultaten ons inzicht in multifase stromingsprocessen die
cruciaal zijn voor het voorspellen en maximaliseren van het rendement van waterstofte-
rugwinning.

Op reservoirschaal is een systematisch locatieselectiekader ontwikkeld voor het identi-
ficeren van geschikte lege gasvelden voor ondergrondse waterstofopslag op basis van de
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verschillende eigenschappen die de reservoirs kenmerken. Dit kader integreertmultidiscipli-
naire criteria, waaronder reservoirprestaties, geomechanische stabiliteit, bio-geochemische
interacties en techno-economische haalbaarheid en biedt zo een praktisch en betrouwbaar
hulpmiddel voor het screenen en rangschikken van potentiële opslaglocaties.

Door inzichten over verschillende schalen en disciplines te verbinden, versterkt dit
proefschrift dewetenschappelijke basis voor de veilige, efficiënte en betrouwbare toepassing
van ondergrondse waterstofopslag. De bevindingen leveren cruciale gegevens, verbeteren
de voorspellende mogelijkheden en ondersteunen besluitvorming voor de implementatie
van grootschalige ondergrondse waterstofopslag.
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2 1 Introduction

1.1 Motivation
Climate change presents an urgent global challenge, attracting growing attention from sci-
entists, companies, policymakers, the media, and the general public. To reduce greenhouse
gas emissions, the energy system is shifting toward renewable sources such as wind and
solar power. However, the inherent intermittency of these sources complicates the balance
between supply and demand, making large-scale energy storage a critical component of a
sustainable energy system [1–4].

While short-term storage solutions, such as home battery systems, are effective for
daily or weekly fluctuations, many regions experience seasonal mismatches between
energy generation and consumption. For example, in the Netherlands, it is estimated that
annual seasonal energy storage requirements will reach tens of terawatt-hours (TWh) by
2050 [5]. Conventional storage options, such as electrochemical batteries or above-ground
pressurized tanks, cannot provide such capacities [5].

Hydrogen (H2) is recognized as a key energy carrier due to its high energy content per
unit mass and clean combustion byproducts [4, 6–8]. Storing large quantities of hydrogen
in geological formations, referred to as Underground Hydrogen Storage (UHS), provides a
promising solution to the long-standing challenge of large-scale energy storage needed for
the energy transition [9–12].

1.2 Underground Hydrogen Storage (UHS)
Hydrogen can be stored in various geological formations, including lined rock caverns,
salt caverns, depleted gas reservoirs, and deep saline aquifers (Figure 1.1) [9–13]. Among
these, salt caverns currently have the highest Technology Readiness Level (TRL) [14, 15],
offering several advantages such as high gas purity, efficient cycling performance, and
rapid production rates[11]. On the other hand, the volumetric storage capacity of porous
formations, such as depleted gas reservoirs or aquifers, is significantly larger [16–18]. Of
these, depleted gas reservoirs are generally preferred over aquifers due to their proven
sealing integrity, detailed reservoir characterization, and existing infrastructure [19].

The capacity of a single salt cavern is typically in the order of 0.1-0.25 TWh, while lined
rock caverns provide only about 0.01–0.03 TWh. By contrast, depleted gas fields can offer
storage capacities of up to several tens of TWh [14, 15]. As an example, in the Netherlands,
the projected hydrogen storage demand for 2050 is estimated to be 7 - 18.5 TWh [5]. This
highlights that while salt caverns and lined rock caverns are well-suited for short-term
system flexibility, seasonal storage will likely require porous reservoirs such as depleted
gas fields. For this reason, this thesis is focussed on hydrogen storage in porous media.

The idea of a “hydrogen economy” has been discussed for decades [20], yet systematic
investigation of UHS has only recently gained significant momentum. While large-scale
underground storage of pure hydrogen remains relatively novel, underground gas storage
(UGS) has been widely practiced since the 1950s [15]. Several early UGS projects stored
town gas, a blend of hydrogen and methane (approximately 50–60% hydrogen), providing a
valuable foundation for UHS development and demonstrating the feasibility of subsurface
hydrogen storage. There are also two early examples of pure hydrogen storage: the first
dedicated underground hydrogen site was established in 1972 in Teesside, UK, using small
salt caverns with a capacity of only 30 GWh [21], followed by larger and deeper caverns
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Figure 1.1: Schematic geological cross-section showing various types of underground hydrogen storage technolo-
gies and their typical storage capacity ranges. Numbers are taken from [14, 15].

in Texas, USA, in 1983 with a capacity of 157.4 GWh [22]. Both sites remain operational
today [21].

Despite these early examples, the scale of commercial UHS deployment remains limited.
So far, no commercial projects aim to provide seasonal energy balancing [15]. However,
interest has grown rapidly in recent years, leading to numerous pilot and demonstration
projects worldwide. Regarding UHS in porous media, in Argentina, the Hychhio pilot
project is testing a hydrogen/methane blend in depleted gas fields [22], and a pilot project
in Austria is testing pure hydrogen storage in a depleted gas field, and preliminary results
are promising [23, 24]. Nevertheless, UHS in salt caverns is closest to commercial readiness,
whereas UHS in porous reservoirs is less mature and requires further technical validation.
Besides the few operational projects, numerous additional pilot projects in both salt caverns
and depleted fields have been announced or are being prepared for development [15].

1.3 Key challenges of UHS in porous reservoirs
Porous reservoirs, such as depleted gas fields and deep saline aquifers, offer substantial
potential for large-scale UHS, but their deployment is associated with several technical
and operational challenges, which should be carefully considered for safe and efficient
implementation. Due to hydrogen’s unique thermophysical properties, such as its low
density and viscosity compared to other gases, flow patterns can be significantly different
compared to the storage of natural gas or CO2 [25]. Processes such as gravity override,
viscous fingering, phase segregation, and upconing can strongly influence the spatial distri-
bution of hydrogen within the reservoir and affect its overall recoverability. Furthermore,
gas mixing and residual trapping reduce the fraction of retrievable hydrogen and thereby
impact storage efficiency [11]. Hydrogen’s small molecular size and high diffusivity could
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potentially introduce additional containment challenges, particularly in the presence of
old wells, faults, or imperfect sealing formations, making thorough site characterization
and well integrity assessments essential [19].

Cyclic injection and withdrawal of hydrogen impose repeated pressure fluctuations on
the subsurface, altering the local stress regime and potentially inducing rock deformation.
These variations can modify porosity and permeability, reduce caprock sealing capacity,
and in some cases trigger induced seismicity through fault reactivation, subsidence, uplift,
or wellbore instability [11, 19, 26]. In addition, introducing hydrogen into porous forma-
tions disturbs the existing geochemical equilibrium between reservoir fluids, dissolved
gases, and the surrounding rock matrix, potentially initiating a range of reactions that
affect both storage performance and integrity [11]. Hydrogen also acts as an electron
donor for various microbial communities present in the subsurface [27, 28], which can
consume hydrogen or produce unwanted byproducts such as hydrogen sulphide. These
bio-geochemical processes may reduce usable storage capacity, degrade gas quality, pro-
mote biofilm formation, clog flow pathways, alter injectivity through mineral dissolution
or precipitation, and compromise caprock sealing integrity [11, 27, 29].

Despite significant progress in laboratory experiments and pilot studies, the coupled
effects of geochemistry, microbiology, geomechanics, and multiphase flow in porous for-
mations remain a challenge. This knowledge gap highlights the importance of ongoing
field-scale demonstrations and integrated monitoring strategies to de-risk large-scale UHS
deployment [15].

1.4 Understanding UHS across scales and disciplines
From the wide variety of risks that may play a role in UHS in porous media, it becomes
clear that implementing this technology involves both multiscale and multidisciplinary
challenges. Safe and efficient UHS systems require understanding processes across a range
of scales from the molecular behavior of hydrogen at the nanometer scale to reservoir-
scale dynamics spanning several kilometers. Because hydrogen is stored in porous media,
resulting in complex flow behaviour, understanding the processes at intermediate scales
(e.g. mm, cm, and dm) becomes particularly important.

In addition to these scale-related complexities, UHS research spans multiple disciplines,
including bio-geochemistry, reservoir engineering and multiphase flow, geomechanics,
and techno-economic site assessment. Within reservoir engineering and multiphase flow,
both thermodynamics and hydrodynamics play a central role, providing essential inputs
for reservoir-scale investigations. Addressing these challenges requires a combination of
experimental studies, numerical modeling, and field-based investigations, together with the
integration of insights from these diverse fields. Figure 1.2 illustrates the range of relevant
scales and highlights examples of research approaches commonly used in UHS, as well as
the types of insights they provide.
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Figure 1.2: Schematic overview of the scales and corresponding structures relevant to UHS in porous media (top
arrow). Example research methods are shown beneath each scale, along with the types of insights or results these
methods can provide (bottom). Images are taken from [30–32]

1.5 Research goals and approaches
Underground Hydrogen Storage in porous media is receiving increasing attention as a
key enabling technology for large-scale, seasonal energy storage, and getting closer to
implementation [15]. However, despite this growing interest, many fundamental questions
remain unanswered across various scales. Improving our understanding of UHS systems is
essential to ensure their safe, efficient, and reliable implementation.

The overarching goal of this thesis is to advance the understanding of UHS processes
in porous media across multiple scales and disciplines by addressing a set of research
questions that remained unresolved at the time of this work. To achieve this, the following
objectives were defined:

1. Establish missing thermophysical datasets: Generate essential data for the hy-
drogen–brine system, including densities, viscosities, interfacial tensions, solubilities,
and self-diffusivities, to enable more accurate reservoir-scale simulations.

2. Characterize dynamic wetting behavior: Quantify dynamic contact angles rel-
evant for UHS and investigate their dependency on channel width to improve the
understanding of upscaled fluid functions.

3. Understanding trapping mechanisms: Study the underlying geometrical and
operational controls on hydrogen trapping.

4. Develop a site screening and selection framework: Establish a methodology to
identify suitable depleted gas fields for UHS by integrating reservoir performance,
geomechanics, bio-geochemistry, and techno-economics into a unified decision-
support framework.

By linking these scales and combining computational, experimental, and theoretical
approaches, this thesis aims to build a comprehensive understanding of the governing
processes in UHS systems in porous media. The findings help understanding UHS systems



1

6 1 Introduction

Figure 1.3: Schematic overview of how various subprojects of this thesis are connected and how they can
contribute to the understanding of UHS.

and provide insights that support the safe and efficient large-scale deployment of hydrogen
storage in porous media.

Achieving these objectives required combining complementary methods across multi-
ple scales and disciplines, ranging from molecular simulations to site selection. The input
for reservoir simulations can be subdivided into thermodynamics and hydrodynamics,
which are both adressed in this thesis. The following sections provide a general introduc-
tion of each approach and its role within this thesis. Figure 1.3 summarizes how these
methodologies are connected and how they contribute to the individual research objectives.

1.5.1 Molecular simulations

Molecular simulations provide a powerful tool to investigate the thermophysical properties
of the hydrogen–brine system under a wide range of pressures, temperatures, and salinities
that are often challenging or expensive to access experimentally. Molecular simulations
are a complementary approach to experiments to obtain accurate and large datasets at a
wide range of conditions. Molecular dynamics (MD) simulations track the trajectories of
individual atoms and molecules over time by solving Newton’s equations of motion, using
interatomic force fields to describe their interactions [33]. Monte Carlo (MC) simulations
explore the statistical behavior of molecular systems by sampling a wide range of configu-
rations based on probabilistic rules [33]. Using these methods, key properties including
densities, viscosities, interfacial tensions, solubilities, and self-diffusivities were computed
for conditions relevant to UHS. The resulting datasets are essential inputs for developing
accurate equations of state (EoS), which form a key building block for modeling thermody-
namic processes, and they also directly support reservoir-scale simulations by providing
reliable property data where experimental measurements are scarce or inconsistent.
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1.5.2 Microfluidic experiments

Microfluidic experiments provide an effective approach to study hydrodynamical pore-scale
processes [34]. In these experiments, transparent micromodels with engineered geometries
are used to directly visualize the displacement of fluids and to measure key properties
such as dynamic contact angles. Unlike natural rock samples, where the complex pore
structure makes systematic analysis challenging [35, 36], microfluidic systems allow for
controlled variation of channel widths and wettability, enabling a direct assessment of
how pore size influences hydrogen–brine contact angles. Understanding the wettability of
a system is essential, as contact angles strongly affect residual trapping and multiphase
flow dynamics, which in turn govern the shape of upscaled fluid functions such as relative
permeability and capillary pressure curves. These fluid functions form a critical input for
reservoir simulations, and accurate parameterization is therefore vital for predicting the
performance and efficiency of UHS systems [31].

1.5.3 Pore-scale simulations

Pore-scale simulations provide a numerical framework to study multiphase flow mecha-
nisms in porous geometries under controlled conditions relevant to UHS [37–43]. In this
work, the lattice Boltzmann method (LBM) [44] is employed, which simulates fluid flow
by tracking the evolution of particle distribution functions on a discrete lattice using the
Boltzmann equation [45]. These hydrodynamic simulations allow for systematic investiga-
tion of how physical and geometrical factors, such as channel width ratios, pore shapes,
flow rates, and fluid properties, control residual trapping. The results provide quantitative
insights into pore-scale mechanisms governing hydrogen mobility and bypassing, which
are essential for deriving accurate upscaled fluid functions, such as relative permeability
and capillary pressure, that serve as critical inputs for reservoir-scale simulations of UHS
performance.

1.5.4 Site selection

Selecting suitable sites for UHS is critical to ensuring safe, reliable, and efficient systems [46].
In the Netherlands, there are around 500 depleted gas fields with varying geological and
operational characteristics [32], making a structured framework essential to identify the
most promising candidates efficiently. Site selection involves assessing a wide range of
interdisciplinary factors, including reservoir performance (e.g., injectivity and deliver-
ability), geomechanical stability, containment security, bio-geochemical interactions, and
techno-economic feasibility. Developing an effective screening framework therefore re-
quires defining the most relevant criteria to systematically rank and eliminate potential
sites. These criteria should ideally be grounded in scientific evidence and obtained across
multiple scales. For example, reservoir-scale sensitivity analyses help identify parameters
that dominate storage performance, pore-scale studies reveal how rock properties affect
hydrogen trapping or hydrodynamic flow behaviour, and thermodynamic studies help
understanding how operational conditions influence fluid properties and therefore provide
additional insights into the efficiency of UHS systems.
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1.6 Thesis outline
This thesis is structured into three main parts, six chapters and two appendices as follows:

• Part I: Thermodynamics

– Chapter 2: Presents molecular simulations to obtain missing thermophysical
datasets, including densities, viscosities, interfacial tensions, solubilities, and
self-diffusivities of the H2/brine system under reservoir-relevant conditions.
These datasets are essential inputs for equations of state and reservoir-scale
modeling.

• Part II: Hydrodynamics

– Chapter 3: Reports on microfluidic experiments designed to measure dynamic
contact angles of H2/brine systems across a range of channel widths. The results
provide insights into wettability behavior at the pore scale and its influence on
upscaled flow functions relevant to UHS.

– Chapter 4: Investigates residual hydrogen trapping mechanisms through
pore-scale simulations using the lattice Boltzmann method. The study explores
the effect of pore geometry, channel width ratios, flow conditions, and fluid
properties on bypass trapping phenomena.

• Part III: Site selection

– Chapter 5: Develops a systematic framework for site selection of underground
hydrogen storage in depleted gas reservoirs. The framework integrates reservoir
simulations, sensitivity analyses, and findings from targeted studies at smaller
scales from literature to identify the most influential selection criteria and
enable efficient field ranking.

• Chapter 6: Summarizes the main findings of this thesis, integrates insights across
different scales, and provides recommendations for future research directions.

• Appendix A: Provides supplementary details on the microfluidic experiments, in-
cluding sensitivity analyses and method validation.

• Appendix B: Presents the derivation of a full set of dimensionless variables describ-
ing the functional dependence of trapped saturation, complementing the theoretical
analysis in Chapter 4.
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2
Molecular Simulations:

Thermophysical properties of the
Hydrogen/Brine system

Data for several key thermodynamic and transport properties needed for technologies using
hydrogen (H2), such as underground H2 storage and H2O electrolysis are scarce or completely
missing. Force field-based Molecular Dynamics (MD) and Continuous Fractional Component
Monte Carlo (CFCMC) simulations are carried out in this work to cover this gap. Extensive
new data sets are provided for (a) Interfacial tensions of H2 gas in contact with aqueous
NaCl solutions for temperatures of (298 to 523) K, pressures of (1 to 600) bar, and molalities
of (0 to 6) mol NaCl/kg H2O, (b) self-diffusivities of infinitely diluted H2 in aqueous NaCl
solutions for temperatures of (298 to 723) K, pressures of (1 to 1000) bar, and molalities of
(0 to 6) mol NaCl/kg H2O, and (c) solubilities of H2 in aqueous NaCl solutions for temperatures
of (298 to 363) K, pressures of (1 to 1000) bar, and molalities of (0 to 6) mol NaCl/kg H2O. The
force fields used are the TIP4P/2005 for H2O, the Madrid-2019 and the Madrid-Transport for
NaCl, and the Vrabec and Marx for H2. Excellent agreement between the simulation results
and available experimental data is found with average deviations lower than 10%.

This chapter was published in the Journal of Chemical & Engineering Data Vol. 69(2), (2023) [47].
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2.1 Introduction
Due to the vastly growing global energy demand and the resulting climate change, a
transition from fossil-fuel based energy production to clean renewable energy production is
crucial [1, 2]. As a green energy carrier, hydrogen (H2) plays a crucial role in this transition,
because of its high gravimetric energy density and clean combustion products [6–8].
Important technologies in the H2 value chain include underground H2 storage [9, 12, 16, 48]
and H2O electrolysis [49, 50]. To enable the design and optimization of these technologies,
accurate knowledge of thermodynamic, interfacial, and transport properties of H2 is
essential [9, 51–54]. More specifically, the diffusivities and solubilities of H2 in aqueous
solutions, and the interfacial tensions of H2 gas in contact with aqueous electrolyte solutions
are crucial properties. The interplay of these properties determine the efficiency of the
technologies, and allow for accurate predictions of the processes involved, which are
e.g., required for safety. These properties depend on pressure, temperature, and salt
concentration [55]. H2 technologies cover a wide range of operational conditions. For
example, in underground H2 storage sites, the pressure, temperature, and salt molality
can be as high as 300 bar, 333 K, and 5 mol NaCl/kg H2O, respectively [12]. Typically,
H2O electrolysers operate at atmospheric pressure, temperatures of ca. (348 to 372) K, and
molalities of ca (3 to 4) electrolyte/kg H2O [56, 57]. Other types of electrolysis require
much higher pressures and temperatures, i.e., up to 700 bar and 1400 K, respectively [58–
60]. Thus, to cover the conditions for important H2 applications, the interfacial tensions,
self-diffusivities, and solubilities need to be available for a very wide range of pressures,
temperatures, and salt concentrations.

Traditionally, these thermophysical properties are measured experimentally [61–63].
Nevertheless, only a small number of experimental studies on the interfacial tension of
H2/pure H2O [35, 61, 64–66] is available, while only two studies report measurements of
interfacial tension of H2/aqueous solutions (with NaCl and NaCl+KCl) [35, 66]. These
experiments are performed by using the capillary rise [67] and the pendant drop [35, 64, 66,
68] techniques. Interfacial tensions of H2/aqueous solutions are reported for temperatures
up to 423 K, pressures up to 345 bar, and molalities of up to 5 mol (NaCl + KCl)/kg H2O. As
far as the solubility of H2 in aqueous NaCl solutions is concerned, for an overview of the
available experimental data the reader is referred to the works of Chabab et al. [69], Torín-
Ollarves and Trusler [70], and Ansari et al. [71]. Although a lot of experimental data are
available for H2 in pure H2O, solubility measurements of H2 in aqueous NaCl solutions are
scarce, and in many cases conflicting [62, 69, 72–76]. The two main sources of experimental
data of solubilities of H2 in aqueous solutions at concentrations above 1 mol NaCl/kg H2O,
at temperatures above 300 K, and at pressures above 10 bar by Torín-Ollarves and Trusler
[70], and Chabab et al. [69] show conflicting results as the measured solubilities differ by
ca. 30%. For the self-diffusivity of H2 in H2O, experimental data are available [63, 77–84]
but mostly at atmospheric pressure and for limited temperatures below 340 K. Similarly to
the solubilities, the experimental measurements also differ by up to 70 %. To the best of
our knowledge, no experimental data are available for the self-diffusivity of H2 in aqueous
NaCl solutions.

Based on the available experimental data, it is evident that only a limited range of the
required interfacial tensions, solubilities, and self-diffusivities of the H2/H2O/NaCl system
has been measured, while in some cases, there are significant discrepancies between the
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data reported from different sources. The reason for the scarcity of and deviation in the
data may be that experimental measurements are rather challenging and expensive to
perform, especially at high pressures and temperatures. To this end, a widely used comple-
mentary approach for obtaining thermophysical data is molecular simulation, especially at
conditions which are challenging for experimental measurements.

Numerous studies have used Molecular Dynamics (MD) to compute the interfacial
tension of gases (e.g., CO2, CH4) and liquids (e.g., hydrocarbons) in contact with H2O (pure
or saline) [85–95]. However, no molecular simulation studies on the interfacial tension
of H2 and aqueous solutions are available. MD simulations have also been performed
to compute self-diffusivities (i.e., self-diffusion coefficients) of H2 in pure H2O [96–100].
Recently, Tsimpanogiannis et al. [98] reported such data for pressures in the range of
(1 to 2000) bar and temperatures in the range of (275 to 975) K spanning vapor, liquid,
and supercritical H2O. The Marx [101], Vrabec [102], Buch [103], Hirschenfelder [104],
Cracknell [105], and Silvera-Goldman [106] H2 force fields were used in combination with
the TIP4P/2005 [107] H2O force field. The Buch [103] and Vrabec [102] H2 force fields were
shown to yield the best agreement with experimental data. In contrast, self-diffusivities of
H2 in aqueous NaCl solutions computed from MD simulations have not yet been reported,
while there are a few studies available reporting computations of self-diffusivities of CO2
in aqueous NaCl solutions [108–111]. Lopez-Lazaro et al. [112] have computed solubilities
of H2 in aqueous NaCl solutions using Monte Carlo (MC) simulations for molalities up
to a maximum of 2 mol NaCl/kg H2O. To the best of the authors knowledge, this was the
only molecular simulation study on H2 solubilities in aqueous NaCl solutions. Molecular
simulations have been used for computing solubilities of other gases (e.g., CO2, CH4) in
water and aqueous NaCl solutions [90, 95, 113–115].

Despite the urgency and importance of reliable data of interfacial tension of H2 in
contact with aqueous NaCl solutions, self-diffusivity of H2 in aqueous NaCl solutions, and
solubility of H2 in aqueous NaCl solutions, only very limited experimental and simulation
studies are available. The objective of this work is to generate reliable data for these
properties for a wide range of conditions relevant to H2 technologies, such as underground
H2 storage and H2O electrolysis. We present new data sets of (a) interfacial tensions of H2
and aqueous NaCl solutions for temperatures, pressures, and molalities of (298 to 523) K,
(1 to 600) bar, and (0 to 6) mol NaCl/kg H2O, respectively, (b) self-diffusivities of H2 in
aqueous NaCl solutions for temperatures, pressures, and molalities of (298 to 723) K,
(1 to 1000) bar and (0 to 6) mol NaCl/kg H2O, respectively, and (c) solubilities of H2 in
aqueous NaCl solutions for temperatures, pressures, and molalities of (298 to 363) K,
(1 to 1000) bar and (0 to 6) mol NaCl/kg H2O, respectively. The interfacial tensions and self-
diffusivities are computed using MD simulations, and the solubilities are computed using
CFCMC [116–118] simulations. Densities and viscosities of the aqueous NaCl solutions are
also computed for a wide range of conditions and are compared to available experimental
data. The TIP4P/2005 [107] force field is used for H2O, the Madrid-2019 [119] force field
for NaCl, and the Vrabec [102] and Marx [101] force fields are used for H2. A modified
version of the Madrid-2019 force field by Vega and co-workers [120] (i.e., the Madrid-
Transport [115, 120]), optimized for viscosities of aqueous NaCl solutions for salinities up
to the experimental solubility limit, is also used.

The paper is structured as follows. Details of the force fields used and the molecular
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simulation techniques are given in section 4.2. In section 4.5, the computed interfacial
tensions, viscosities, densities, self-diffusivities, and solubilities obtained are presented and
compared with experimental data when possible. Finally, concluding remarks are presented
in section 5.11. All data computed in this study are provided in a tabulated format in the
Supporting Information of Ref. [47].

2.2 Methodology

2.2.1 Force Fields
The four-site TIP4P/2005 [107] force field is used to model H2O. Previous studies have
shown that this force field can accurately capture thermodynamic, transport, and interfacial
properties of pure H2O and H2O/NaCl solutions in contact with gases for a wide range
of conditions [85, 87, 98, 121–126]. For the Na+ and Cl− ions, the Madrid-2019 [119] force
field is used, which is parameterized for the TIP4P/2005 H2Omodel [127]. A new version of
the Madrid-2019 force field (i.e., Madrid-Transport force field [115, 120]) is currently being
developed by Vega and co-workers [120], which performs better for transport properties,
especially at high NaCl molalities. The difference of Madrid-Tranport from Madrid-2019 is
that ion charges are scaled by 0.75 instead of 0.85, and the Lennard-Jones (LJ) parameters are
slightly altered. Interfacial tensions and self-diffusivities are computed using the single-site
Vrabec [102] H2 force field, while for the solubilities of H2 in the aqueous NaCl solutions
the three-site Marx [101] model is used. Tsimpanogiannis et al. [122] showed that the
Vrabec [102] H2 force field yields very accurate self-diffusivities of H2 in pure TIP4P/2005
H2O. The solubilities computed using the Vrabec [102] force field deviate from experimental
data of H2 in pure water by ca. 50%. In sharp contrast, the solubilities computed using the
Marx [101] force field show excellent agreement with experimental data. A comparison
of the solubilities computed using the Marx and Vrabec force fields in pure TIP4P/2005
H2O are listed in Table S1 and shown in Figure S1 of the Supporting Information of Ref.
[47]. At low temperatures, H2 exhibits quantum effects which can be accounted for by
using potentials such as the Feynman-Hibbs effective interaction potential [128–130]. At
the temperatures considered in this work (i.e., 298 K and above) these quantum effects can
be neglected [131]. All force field parameters are listed in Tables S2-S5 in the Supporting
Information of Ref. [47]. A list of the chemical formulas, CAS numbers, and force fields of
all species studied here is shown in Table 2.1.

Component Chemical formula CAS number Force field
Water H2O 7732-18-5 TIP4P/2005 [107]
Hydrogen H2 133-74-0 Vrabec [102]
Hydrogen H2 133-74-0 Marx [101]
Sodium Na+ 7440-23-5 Madrid-2019 [119]
Sodium Na+ 7440-23-5 Madrid-Transport [115, 120]
Chloride Cl− 7782-50-5 Madrid-2019 [119]
Chloride Cl− 7782-50-5 Madrid-Transport [115, 120]

Table 2.1: Details of all the species simulated in this work.
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2.2.2 Molecular Simulation Details

MD simulations

The MD simulations are used to calculate (a) the interfacial tensions of H2 in contact
with aqueous NaCl solutions, (b) self-diffusivities of H2 in aqueous NaCl solutions, (c)
densities, and (d) viscosities of aqueous NaCl solutions. For all MD simulations, the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [132] is used (version 29
Sep 2021). For the integration of the equations of motion, the velocity-Verlet algorithm
is used with a time step of 1 fs. The bond length and bending angle of H2O are fixed
using the SHAKE algorithm [132, 133]. The intermolecular interactions are described by
Lennard-Jones and Coulombic interaction potentials. The Lorentz-Berthelot combining
rules [134] are used for interactions between different types of molecules, with the exception
of Na+ −H2O, Na+ −Cl−, and Cl− −H2O LJ interactions as specified in Table S5. Long-
range electrostatic energies are computed using the particle-particle particle-mesh (PPPM)
method [33, 135] with a relative error [136] of 10−5. The temperature and pressure are
regulated by the Nosé-Hoover thermostat and barostat [33]. Initial configurations are
created using the PACKMOL software [137]. Periodic boundary conditions are imposed in
all directions. All MD simulations for a specific set of conditions are repeated 5 times using
different initial velocity distributions from which the average quantities are calculated.
The reported uncertainties are standard deviations from the results of these 5 simulations.

Computation of interfacial tension

The following procedure is used for computing the interfacial tensions: An initial config-
uration is created by combining separately equilibrated bulk phases of aqueous sodium
chloride solutions and H2 gas. An equilibration run of 5 ns is carried out in the 𝑁𝑃𝑇
ensemble using anisotropic pressure coupling, i.e., only the z-direction of the simulation
box is allowed to fluctuate. The last 2 ns of the equilibration run are used to calculate the
average simulation box dimensions, which are used for an equilibration run of 3 ns in the𝑁𝑉𝑇 ensemble. Next, production runs of 2 ns are carried out for computing the interfacial
tension. In all simulations, 2088 H2O molecules are used. Depending on the pressure, the
number of H2 molecules varied between 64 - 640. 0 - 188 Na+ and Cl− ions are used, depend-
ing on the molality. The exact numbers of species along with the simulation box sizes for all
simulations are listed in Table S6 of the Supporting Information of Ref. [47]. A cutoff radius
of 12 Å is used for the short-range LJ and short-range electrostatic energies. Because the
system is inhomogeneous, analytic corrections were not used. Instead, Long-range LJ and
electrostatic interactions are computed using the Particle-Particle Particle-Mesh (PPPM)
method [33, 135, 138]. For the real and reciprocal space computations for the dispersion
part of the PPPM method the desired accuracies are set to 0.0001 and 0.002, respectively. A
relative error of 10−5 is used for the long-range electrostatic energies. The adequacy of the
PPPM method for computing the LJ interactions has been recently validated by Salehi et al.
[139] in interfacial MD simulations of deep eutectic solvents with water.

Figure 2.1 (top panel) shows a typical MD simulation snapshot at 𝑇 = 343 K, 𝑃 = 100 bar,
and 𝑚 = 3 mol NaCl/kg H2O. The bulk liquid H2O phase containing the Na+ and Cl− ions,
which is shown as the transparent blue surface, occupies a domain of ca. 40 × 40 × 40 Å in
the middle of the simulation box. H2 gas is in contact with the liquid phase from both sides,
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in the 𝑧-direction. This creates two H2/H2O interfaces perpendicular to the 𝑧-direction.
The density profile of this system, averaged over 1 ns, is shown in Figure 2.1 bottom panel.

Figure 2.1: Top: Typical snapshot from a Molecular Dynamics simulation used to calculate the interfacial tension
of H2 and an aqueous NaCl solution (3 mol NaCl/kg H2O) at 343 K and 100 bar. H2 molecules are represented by
red spheres, Na+ and Cl− are represented by purple and green spheres, respectively, H2O is represented by the
transparent blue surface. Bottom: Density profile in the 𝑧-direction of H2 and the aqueous NaCl solution of the
same simulation, averaged over 1 ns. 𝑧 is the direction perpendicular to the interface.

The interfacial tension 𝛾 is calculated from the principal components of the diagonal
elements of the stress tensor (𝑃𝑧𝑧,𝑃𝑥𝑥 , and 𝑃𝑦𝑦 ) [140]:

𝛾 = 12ℎ𝑧 [𝑃𝑧𝑧 − 12 (𝑃𝑥𝑥 +𝑃𝑦𝑦)] , (2.1)

where ℎ𝑧 is the simulation cell length in 𝑧-direction.
Computation of self-diffusivities and viscosities

The scheme used for computing self-diffusivities and viscosities follows from Ref. [141].
Initially, energy minimizion of the system is performed, followed by equilibration runs in
the 𝑁𝑃𝑇 and 𝑁𝑉𝑇 ensembles for 1 – 2 ns. Next, production runs in the 𝑁𝑉𝑇 ensemble
for 10 ns are carried out. The system consists of 700 H2O molecules, 2 H2 molecules, and 0
– 76 Na+ and Cl− ions, depending on the molality. The exact numbers of species used for
every state point are provided in Table S7 of the Supporting Information of Ref. [47]. A
cutoff radius of 10 Å is used for Lennard-Jones and electrostatic interactions. Analytic tail
corrections for energies and pressures are applied.

To compute the self-diffusivities and the shear viscosities, the OCTP plugin [141] in
LAMMPS is used. In this plugin, the Einstein relations are used in combination with the
order-𝑛 algorithm[33] as implemented by Dubbeldam et al. [142]. Self-diffusivity 𝐷𝑖 of
species 𝑖 is computed based on the mean-squared displacements using:
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𝐷𝑖 = lim𝑡→∞ 16𝑁𝑖𝑡 ⟨ 𝑁𝑖∑𝑗=1 (𝒓𝑗,𝑖(𝑡)−𝒓𝑗,𝑖(0))2⟩, (2.2)

where 𝒓𝑗,𝑖(𝑡) is the position vector of the 𝑗-th molecule of species 𝑖 at time 𝑡 and 𝑁𝑖 is
the number of molecules of species 𝑖. All self-diffusivities in this work are corrected for
finite-size effects using the Yeh-Hummer equation [143–145]:

𝐷 = 𝐷𝑖 + 𝑘𝐵𝑇𝜉6𝜋𝜂𝐿 , (2.3)

where 𝐷 is the finite-size corrected self-diffusivity, 𝑇 is the temperature in K, 𝜉 is a
dimensionless constant equal to 2.837298, 𝜂 is the shear viscosity from Equation 2.4, and 𝐿
is the simulation box length. In this work, the finite-size correction magnitude was ca. 5 –
10 % of the computed self-diffusivities.

Shear viscosity 𝜂 is computed from:

𝜂 = lim𝑡→∞ 110 ⋅ 2𝑡 𝑉𝑘B𝑇 ⟨∑𝛼𝛽 (∫
𝑡

0 𝑃os𝛼𝛽 (𝑡′)d𝑡′)2⟩, (2.4)

where 𝑃os𝛼𝛽 = 𝑃𝑎𝛽 +𝑃𝛽𝑎2 −𝛿𝛼𝛽 (13∑𝑘 𝑃𝑘𝑘), (2.5)

where 𝑉 is the volume of the system, 𝑘B is the Boltzmann constant, 𝑃os𝛼𝛽 denotes the
components of the traceless pressure tensor, 𝛿𝛼𝛽 is the Kronecker delta, and ⟨..⟩ indicates an
ensemble average. The compution of 𝜂 does not depend on the size of the system [146–148].

Computation of Solubilities

Continuous Fractional Component Monte Carlo [116–118] simulations in the isobaric-
isothermal (CFCNPT) ensemble are used to compute solubilities and excess chemical
potentials of H2 in NaCl solutions. The open-source Brick-CFCMC software [116, 149, 150]
is used for all simulations. A 10 Å cutoff radius is used for both the LJ and Coulombic
interactions. The Ewald summation with a relative precision of 10−6 is used for the
electrostatics. Analytic tail corrections for energies and pressures are applied [33]. The
infinite dilution excess chemical potential of H2 can be computed using a single "fractional"
molecule of H2. Fractional molecules have their interactions scaled with a continuous
order parameter 𝜆 [116, 131]. In CFCNPT simulations, 𝜆 ranges from 0 to 1. 𝜆 = 0 indicates
that the fractional molecule does not interact with the surrounding molecules/atoms (i.e.,
the fractional molecule behaves as an ideal gas molecule), and 𝜆 = 1 corresponds to full
interactions. For the specifics regarding the scaling of the interactions the reader is referred
elsewhere [151–153]. To improve the sampling in the 𝜆-space, a biasing weight function
(𝑊(𝜆)) is created using theWang-Landau algorithm [154, 155]. This biasingweight function
is used to ensure a flat probability distribution in the 𝜆-space (𝑝obs(𝜆)). To compute the
probability of occurrence of each 𝜆 value, a histogram with 100 bins is used. The Boltzmann
averaged probability distributions of 𝜆 (𝑝(𝜆)) can be computed using [115, 156]

𝑝(𝜆) = ⟨𝑝obs(𝜆)exp[−𝑊(𝜆)]⟩⟨exp[−𝑊(𝜆)]⟩ . (2.6)
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The Boltzmann sampled probability distribution of 𝜆 (𝑝(𝜆)) can be related to the infinite
dilution chemical potential (𝜇ex) using [115, 116, 156]

𝜇ex = −𝑘B𝑇 ln 𝑝(𝜆 = 1)𝑝(𝜆 = 0) , (2.7)

where 𝑝(𝜆 = 1) and 𝑝(𝜆 = 0) are the Boltzmann averaged probability distributions of 𝜆 at 1
and 0, respectively.5 × 105 equilibration cycles, and 5 × 105 production cycles are performed for all sim-
ulations. A cycle contains 𝑁 number of trial moves, with 𝑁 being the total number of
molecules, with a minimum of 20. The following probabilities are used for selecting the
trial moves: 35% translations, 29% rotations, 1% volume changes, 25% 𝜆 changes, and 10%
reinsertions of the fractional molecules at random locations inside the simulation box.
The maximum displacements for molecule translations, volume changes, rotations, and𝜆 changes are adjusted to obtain ca. 50% acceptance. Another method that can be used
to compute 𝜇ex is the Widom’s Test Particle Insertion method (WTPI) [33, 134, 157, 158].
In dense fluid phases WTPI yields inaccurate results compared to the CFCMC method
as successful insertion of test particles is a highly unlikely event due to the significant
potential energy increase in case of overlap with other particles [116, 159].

The solubilities of H2 in aqueous NaCl solutions are computed at temperatures in the
range (298 to 363) K and at H2 partial pressures of 1, 10, 100, 400, and 1000 bar. At H2 partial
pressures of 1 bar and 10 bar, the H2 solubilities are computed using Henry coefficients
(𝐻 ): 𝐻 = lim𝑓𝑖→0 𝑓𝑖⟨𝜌H2,L⟩/𝜌0 , (2.8)

where 𝑓𝑖 is the fugacity of H2 in the gas phase, ⟨𝜌H2,L⟩ is the average number density of H2
in the aqueous solution in units of 1/m3, and 𝜌0 is a reference number density in the same
unit as 𝜌H2,L (set to 1 molecule perm3)[156]. At H2 partial pressures of 1 bar and 10 bar, the
fugacity coefficient of H2 is assumed to be 1 (i.e., the fugacity of H2 is equal to the partial
pressure of H2). The validity of Eq. 2.8 at H2 partial pressures of 1-100 bar is discussed in
Figure S3 of the Supporting Information of Ref. [47]. From the MC simulations, 𝐻 can be
computed using [156] 𝐻 = 𝜌0𝑘B𝑇 exp[𝜇exH2,L𝑘B𝑇 ], (2.9)

where 𝜇exH2,L is the infinite dilution chemical potential of H2 in the aqueous solution. A single
fractional molecule of H2, 300 H2O molecules, and varying number of NaCl molecules
depending on the molality (ranging from 0 to 6 mol NaCl/kg H2O) are used to compute 𝜇exH2,L.
The exact numbers of ions used for each molality are listed in Table S8 of the Supporting
Information of Ref. [47]. To calculate solubilities of H2 in aqueous NaCl solutions at
pressures of 100, 400, and 1000 bar, the chemical potentials of H2 in the liquid and in the
gas phase are equated at constant pressure and temperature. The chemical potential of H2
in the gas phase (𝜇H2,G) is equal to [33]

𝜇H2,G = 𝜇0H2 +𝑘B𝑇 ln(⟨𝜌H2,G⟩𝜌0 )+𝜇exH2,G, (2.10)
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where 𝜇0H2 is the reference state of the chemical potential, ⟨𝜌H2,G⟩ is the average number

density of H2 in the gas phase in units of 1/m3, and 𝜇exH2,G is the excess chemical potential
of H2 in the gas phase. At pressures above 100 bar and at temperatures between (298 to 363)
K, the gas phase contains very few H2O molecules (a H2O mole fraction below 0.01)[131].𝜇exH2,G is calculated in separate CFCNPT simulations, containing a single fractional molecule
of H2, and 300 H2 molecules in the gas phase. At conditions where the gas phase is non-
ideal and the H2O content in the gas phase is not negligible (i.e., temperatures above 363 K
and pressures above 100 bar), Gibbs ensemble simulations can be performed to simulate
the gas and the liquid phase simultaneously [131]. These simulations are beyond the scope
of this work. The chemical potential of H2 in the liquid phase (𝜇H2,L) is equal to [33]

𝜇H2,L = 𝜇0H2 +𝑘B𝑇 ln(⟨𝜌H2,L⟩𝜌0 )+𝜇exH2,L. (2.11)

⟨𝜌H2,L⟩ can be computed by equating Eq. 2.10 and Eq. 2.11. The mole fractions of H2 (𝑥H2 )
in aqueous NaCl solutions are computed using

𝑥H2 = ⟨𝜌H2,L⟩⟨𝑉 ⟩𝑁H2O +𝑁NaCl + ⟨𝜌H2,L⟩⟨𝑉 ⟩ , (2.12)

where ⟨𝑉 ⟩ is the average volume of the simulation box, computed in the CFCNPT ensemble.𝑁H2O and 𝑁NaCl are the numbers of H2O and NaCl molecules in the simulation box, re-
spectively. For each condition (concentration, temperature, and pressure), 20 independent
simulations are performed. These 20 simulations are divided into 5 blocks from which
the Boltzmann sampled probability distribution of 𝜆 (𝑝(𝜆)) are averaged. The averaged
distributions (𝑝(𝜆)) of all blocks are used to compute mean values and standard deviations
for the excess chemical potentials and solubilities of H2.

2.3 Results and Discussion
2.3.1 Interfacial tensions
Figure 2.2 shows the computed interfacial tensions of H2/H2O/NaCl as a function of pressure
(Figure 2.2a), molality (Figure 2.2b) at temperatures in the range of (298 to 523) K, and as a
function of temperature (Figure 2.2c) for molalities in the range of (0 to 6) mol NaCl/kg
H2O. Tabulated raw data of the interfacial tension along with their statistical uncertainties
are listed in Table S9 of the Supporting Information of Ref. [47]. Figure 2.2a and 2.2c also
show the available experimental data from Hosseini et al. [66]. For the whole range of
conditions a close agreement with the experimental results is found. The MD results differ
on average 6.4 % from the experimental values. The simulations at 523 K cannot be directly
validated due to lack of experimental data.

The interfacial tensions computed in this work are fitted to an engineering equation:

𝛾 = 𝑐1 +𝑐2𝑚+𝑐3𝑇 𝑐4 , (2.13)

where 𝑐1, 𝑐2, 𝑐3 and 𝑐4 are fitting parameters, which are listed in Table 2.2. Eq. 2.13 is valid
for temperatures, pressures, and molalities of (298 to 523) K, (1 to 600) bar, and (0 to 6) mol
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NaCl/kg H2O, respectively. The results of this engineering equation are shown as solid
lines in Figure 2.2. Eq. 2.13 is a very good fit to MD results, and can be used for calculating
values at a specific combination of conditions in a fast and reliable way.

𝑐1 / [mN/m] 89.6𝑐2 / [(mN⋅kgH2O)/(m⋅molNaCl)] 1.44𝑐3 / [mN/(m⋅K1.65)] -2.04 ×10−3𝑐4 / [-] 1.65

Table 2.2: Parameters of Eq. 2.13 for predicting interfacial tension of H2 in contact with aqueous NaCl solutions
obtained using the NaCl Madrid-2019 [119] force fields, TIP4P/2005 [107] H2O force field and Vrabec [102]
H2 force field. These parameters are valid for NaCl molalities of (0 to 6) mol NaCl/kg H2O, temperatures of
(298 to 523) K, and pressures of (1 to 600) bar.

As shown in Figure 2.2a, no significant pressure dependence of interfacial tension is
observed. The data of experimental studies also show no significant or small pressure
dependence [35, 61, 64, 66]. In particular, Higgs et al. [35] did not observe a significant
pressure dependence for H2 in contact with aqueous NaCl solutions. Other studies observed
a small decrease in interfacial tension of H2 and pure H2O [61, 64, 66] and H2 and aqueous
(NaCl+KCl) solutions[66]. Interestingly, the pressure dependence of H2/H2O interfacial
tension is small compared to the CO2/H2O [160–162] and CH4/H2O [89, 163, 164] systems.
This is because the interfacial tension is related to the density difference between the two
phases [55]. The change in density difference between H2 and H2O is very small at varying
pressures because the density of H2 is very low in comparison to H2O, and H2O is almost
incompressible at these pressures.

As shown in Figure 2.2b, the interfacial tension increases linearly with solution mo-
lalities, in agreement with the available experimental data [66]. This behavior is also
observed for other gases such as CO2 and CH4 [165–167]. This increase is mainly due to
the increased density of saline H2O compared to pure H2O as well as the arrangement of
cations and anions at the interface [166, 168–172]. The hydrogen bond network of H2O
is strengthened by cations [169–171], while anions cause the opposite effect [169–171].
Therefore, cations are absorbed into the bulk phase while anions are depleted from the
bulk phase. This phenomenon can be observed in Figure S2 of the Supporting Information
of Ref. [47], where it is shown that the number density of Cl− ions at the interface is higher
than Na+ ions, and Na+ ions are drawn into the bulk phase. The strengthening of the
hydrogen bond network of H2O leads to an increase in interfacial tension [166, 168].

In Figure 2.2c, a non-linear decrease of interfacial tension with temperature can be
observed. This is in line with the experimental data of Chow et al. [64]. In sharp contrast,
Hosseini et al. [66] reported a linear decrease of interfacial tension with temperature. The
fact that interfacial tension depends non-linearly on the density difference between the two
phases in contact [55] combined with the non-linear effect of temperature on the density
difference between H2 and H2O, results in the expectation that the interfacial tension is
also non-linearly related to temperature. Therefore, the observed non-linear relationship
between interfacial tension and temperature in our results is expected.
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(a) (b)

(c)

Figure 2.2: MD results of interfacial tension 𝛾 of H2 and aqueous NaCl solutions using the NaCl Madrid-2019 [119]
force fields, the TIP4P/2005 [107] H2O force field, and the Vrabec [102] H2 force field (a) as functions of pressure𝑃 for temperatures in a range of (298 to 523) K with a molality 𝑚 of 1 mol NaCl/kg H2O in combination with the
experimental results of Hosseini et al. [66], (b) as functions of molality at a pressure of 200 bar of the solution for
similar temperatures, and (c) as functions of temperature at a pressure of 200 bar and molalities of (0 to 6) mol
NaCl/kg H2O. The statistical uncertainties are comparable to or smaller than the symbols and can be found in
Table S9 of the Supporting Information of Ref. [47]. The error bars have been omitted for clarity. The solid lines
represent fits using Eq. 2.13 for temperatures in the range of (298 to 523) K.
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2.3.2 Viscosities and Densities
Figure A.1 shows the computed densities and viscosities of aqueous NaCl solutions as
functions of NaCl molalities at 298 and 343 K. The densities are computed from the average
volume calculated from the 𝑁𝑃𝑇 ensemble. Eq. 2.4 is used to compute the viscosities.
Densities and viscosities of aqueous NaCl solutions have a weaker dependence on pressure
(in the range of 0 – 1000 bar) compared to temperature and NaCl molalities. Figure S4 and
S5 in the Supporting Information of Ref. [47] show the densities, and viscosities as functions
of pressure. The results for the Madrid-2019 [119] and the Madrid-Transport [115, 120]
NaCl force fields are shown in Figure A.1. Laliberté [173] and Laliberté and Cooper
[174] developed models on the basis of experimental data for viscosities and densities,
respectively. These fits are shown in Figure A.1. The raw data of these properties, as
well as their statistical uncertainties, are listed in Table S10 of the Supporting Information
of Ref. [47]. Both the Madrid-2019 [119] and Madrid-Transport [115, 120] capture the
experimental data of density very accurately (within 1%). As shown in Figure 2.3a, the
Madrid-Transport [115, 120] force field yields a better agreement with the experimental
data of viscosity compared to the Madrid-2019 [119] force field. The discrepancy between
the two force fields starts at molalities above 2 mol NaCl/kg H2O. The viscosities computed
using the Madrid-2019 force field deviate on average ca. 20 % from the experimental data,
while this deviation is is only ca. 3% when the Madrid-Transport force field is used. Based
on the excellent performance of Madrid-Transport in reproducing experimental viscosities,
which is necessary for reliable diffusivity predictions [175], only this force field was used
for computing the self-diffusivities of H2 in NaCl solutions.

(a) (b)

Figure 2.3: Computed (a) viscosities 𝜂 and (b) densities 𝜌 of aqueous NaCl solutions as a function of molality 𝑚
(mol NaCl/kg H2O) at a pressure of 1 bar and temperatures of 298 and 343 K. The fit to the experimental data is
created by (a) Laliberté [173] and (b) Laliberté and Cooper [174]. The statistical uncertainties can be found in
Table S10 of the Supporting Information of Ref. [47]. The error bars are smaller or comparable to the symbol size
and have been omitted for clarity.
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2.3.3 Self-diffusivities of H2
Figure 2.4 shows the computed finite-size corrected self-diffusivities of H2 in aqueous
NaCl solutions as a function of (a) pressure, (b) NaCl molality, and (c) temperature. These
simulation are performed with the Madrid-Transport [115, 120] force field for NaCl, the
TIP4P/2005 [107] H2O, and the Vrabec [102] force field for H2. All the self-diffusivities of
H2 computed in this work are listed in Tables S11 and S12 of the Supporting Information
of Ref. [47]. Simulations using the Madrid-2019 [119] NaCl force field are performed for
comparison. These data are shown in Table S12 of the Supporting Information of Ref. [47].

The self-diffusivities of H2 shown in Figure 2.4 are fitted to an engineering correlation:

𝐷 = 𝑐1 exp[𝑐2𝑚+𝑐3( 1𝑇 )+𝑐4𝑃] , (2.14)

where 𝑐1, 𝑐2, 𝑐3, and 𝑐4 are fitting parameters, which are listed in Table 2.3. As shown in
Figure 2.4, this correlation provides an excellent fit for the MD results. Note that Eq. 2.14 is
only valid for conditions at which H2O is in the liquid phase, and therefore, data points at
temperatures of 723 K or higher are excluded as the solution is in the supercritical phase.
In this work, self-diffusivities for temperatures of 723 K and pressures lower than 400 bar
are not calculated, because at those conditions, H2O is in the gas phase. Eq. 2.14 is an
empirical model.

𝑐1 / [m2/s] 1.24 ×10−6𝑐2 / [(molNaCl/kgH2O)−1] -7.29 ×10−2𝑐3 / [K] -1.70 ×103𝑐4 / [bar−1] -1.84 ×10−4
Table 2.3: Parameters of Eq. 2.14 for predicting the computed finite-size corrected self-diffusivities 𝐷 of H2 in
aqueous NaCl solutions obtained using the NaCl Madrid-Transport [115, 120] force fields, the TIP4P/2005 [107]
H2O force field, and the Vrabec [102] H2 force field. These parameters are valid for NaCl molalities of (0 to 6) mol
NaCl/ kg H2O, temperatures of (298 to 523) K, and pressures of (1 to 1000) bar. Note that Eq. 2.14 should only be
used at conditions in which water is in the liquid state.

In Figure 2.4a a weak pressure dependence of the self-diffusivities of H2 is observed.
The logarithm of the self-diffusivities decays linearly with respect to variations in pressure,
similarly to what is reported by Tsimpanogiannis et al. [122]. The pressure dependence
of the self-diffusivities of H2 is more significant at 723 K (Figure 2.4a) as the solution
is more compressible at these conditions. As shown in Figure 2.4b, the logarithm of
the self-diffusivities is also found to decay linearly with respect to variation in the NaCl
molalities. Laliberté [173] has shown that the viscosities of aqueous NaCl solutions increase
exponentially with respect to NaCl molalities. As the self-diffusivities of gases dissolved
in liquids are inversely proportional to the viscosities of the solution [55, 175], the self-
diffusivities of H2 are expected to decay exponentially with respect to the NaCl molalities.
The computed self-diffusivities of H2 follow an Arrhenius-type[33] relation with respect
to variations in temperature (𝐷 ∝ exp[ 𝑐𝑇 ]) as shown in Figure 2.4c. This behavior is also
observed in literature for gases (e.g., O2, H2) dissolved in aqueous solvents [98, 124, 176–
178].
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(a) (b)

(c)

Figure 2.4: Computed finite-size corrected self-diffusivities (𝐷) of H2 in aqueous NaCl solutions (a) with a molality
(𝑚) of 5 mol NaCl/kg H2O solution as a function of pressure 𝑃 for temperatures of (298 to 723) K, (b) at a pressure
of 400 bar as a function of 𝑚 of the solution for the similar temperatures, and (c) as a function of the reciprocal
temperature at a pressure of 100 bar. The results are obtained using the NaCl Madrid-Transport [115, 120]
force fields, TIP4P/2005 [107] H2O force field, and Vrabec [102] H2 force field. The statistical uncertainties are
comparable to or smaller than the symbols and can be found in Table S11 of the Supporting Information of
Ref. [47]. The solid lines are fits calculated using Eq. 2.14 for temperatures of (298 to 523) K. Data points at a
temperature of 723 K and a pressure of 400 bar are excluded from the fit because H2O is supercritical at these
conditions.
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2.3.4 Solubilities
In Figure 2.5, the solubilities of H2 computed using CFCMC are shown as a function of (a)
NaCl molality, (b) temperature, and (c) pressure. The computed solubilities are compared to
the experimental measurements of Chabab et al. [69], Torín-Ollarves and Trusler [70], and
their corresponding experimental correlations (also shown in Figure 2.5). The correlation
of Torín-Ollarves and Trusler [70] is based on the experimental measurements for NaCl
molalities of 0 and 2.5 mol NaCl/kg H2O, the experimental data by Wiebe and Gaddy
[179], Wiebe et al. [180], Kling and Maurer [181], and Choudhary et al. [182] for H2
solubility in pure H2O, and the experiments by Crozier and Yamamoto [75] and Gordon
et al. [76] for solubility of H2 in saline solutions. Chabab et al. [69] provide an extensive
experimental data set and a correlation for H2 solubilities at temperatures of (323 to 373) K,
and NaCl molalities in the range of (0 to 5) mol/kg H2O. Lopez-Lazaro et al. [112] obtained
the Henry constants of H2 in aqueous NaCl solutions for molalities up to 2 mol NaCl/kg
H2O using excess chemical potentials computed using the WTPI method [33, 134, 157, 158].
Using the Henry constants reported by Lopez-Lazaro et al. [112], the solubilities of H2 at a
partial pressure of 100 bar are computed and shown in Figures 2.5a and 2.5b. The simulations
of Lopez-Lazaro et al. [112] show large error bars (ca. 10-20%). This may be due to the use
of the WTPI method [33, 134, 157, 158], which requires a large number of MC cycles to
obtain low standard deviations for excess chemical potentials in the liquid phase [112, 116].
The solubilities computed in this work using CFCMC simulations [117, 118, 149, 150] have
uncertainties of less than 5 %.

Figure 2.5a shows the decrease of the solubilities of H2 at increasing molalities of
NaCl (i.e., salting-out effect). The salting-out of non-polar gases (e.g., H2, O2, and CO2) in
presence of salts such as NaCl, KCl, and KOH is a well observed phenomenon [95, 115, 172].
As shown in Figure 2.5a, the models by Torín-Ollarves and Trusler [70] and Chabab et
al. [69] agree for H2 solubilities in pure H2O and at NaCl molalities below 0.5 mol NaCl/kg
H2O. For NaCl concentrations higher than 0.5 mol NaCl/kg H2O the two models predict
different H2 solubilities. The salting-out effect of H2 observed in this work using the
Madrid-2019 [119] Na+ and Cl– , TIP4P/2005 [107] H2O, and the Marx [101] H2 force fields
show better agreement to the salting-out effect observed by Torín-Ollarves and Trusler
[70] as shown in Figure 2.5a. The correlation of Torín-Ollarves and Trusler [70] also shows
agreement with our simulations at H2 partial pressures ranging from (1 to 400) bar in the
temperature range (298 to 363) K, as shown in Figures 2.5b and 2.5c. Our simulation results
also agree with the MC simulations by Lopez-Lazaro et al. [112] both for different NaCl
molalities, and for different temperatures in the range of (298 to 523) K, even though the
choice of the force fields for Na+, Cl– , and H2 is different. Lopez-Lazaro et al. [112] have
used the OPLS force field [183] for Na+, and Cl– , combined with the model by Darkim et
al. [184] for H2.

In Table S13 of the Supporting Information of Ref. [47], we provide an extensive
database for solubilities of H2 at temperatures of (298 to 363) K, H2 partial pressures of
(1 to 1000) bar, and at NaCl molalities of (0 to 6) mol/kg H2O. The solubilities of H2 at
partial pressures up to 100 bar are computed for a wider temperature range i.e., (298 to 523)
K. These data can be further used to test and train existing machine-learning models [71]
or equations of state [185] for predicting H2 solubilities in saline solutions at conditions
relevant to geological H2 storage.
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(a)

(b) (c)

Figure 2.5: Computed solubilities of H2 in aqueous NaCl solutions using the NaCl Madrid-2019 force field [119],
TIP4P/2005 [107] H2O force field, and Marx [101] H2 force field as functions of (a) NaCl molality (𝑚) in units of
mol NaCl/kg H2O for a H2 partial pressure of 100 bar, at 323 K, (b) temperature for a H2 partial pressure of 100
bar, and (c) H2 partial pressure at 323 K. The dashed lines represent the experimental correlation provided by
Torín-Ollarves and Trusler [70], and the dotted lines represent the experimental correlation results of Chabab
et al. [69] The experimental data of Chabab et al. [69], and Torín-Ollarves and Trusler [70], and the simulation
results of Lopez-Lazaro et al. [112] (converted from Henry constants) are also shown. The error bars of the
simulations of this work are comparable (Figure 2.5a) or smaller than (Figure 2.5b and 2.5c) the symbol size.



2.4 Conclusions

2

27

2.4 Conclusions
Molecular simulations are used to compute (a) interfacial tensions of H2 and aqueous
NaCl solutions for temperatures, pressures, and molalities of (298 to 523) K, (1 to 600)
bar, and (0 to 6) mol NaCl/kg H2O, respectively, (b) self-diffusivities of H2 in aqueous
NaCl solutions for temperatures, pressures, and molalities of (298 to 723) K, (1 to 1000)
bar and (0 to 6) mol NaCl/kg H2O, respectively, and (c) solubilities of H2 in aqueous NaCl
solutions for temperatures, pressures, and molalities of (298 to 363) K, (1 to 1000) bar and
(0 to 6) mol NaCl/kg H2O, respectively. The simulations for computing H2 self-diffusivities
are also used to yield predictions for densities and viscosities of the NaCl solutions. The
interfacial tensions and self-diffusivities are computed using MD simulations, and the
solubilities are computed using CFCMC simulations. The H2O TIP4P/2005 [107] force
field, the NaCl Madrid-2019 [119] force fields, and H2 Vrabec [102] and Marx [101] force
fields are used. In addition, a modified version of the Madrid-2019 force field (i.e., the
Madrid-Transport [115, 120] force field) is used, which is optimized for transport properties
of aqueous solutions. Our results are validated against the available experimental data,
models, and simulations. Excellent agreement between the results and experimental data is
found with deviations smaller than 10% for the vast majority of the data points. The results
of the NaCl Madrid-Transport force field were in better agreement with experimental data
for transport properties, while the Madrid-2019 force field was sufficiently accurate for
interfacial tensions and solubilities. The new data are used to develop engineering equations
for interfacial tension and self-diffusion capturing the effect of pressure, temperature, and
solution molality.
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3
Microfluidic experiments: Dynamic

contact angle measurement

Underground Hydrogen Storage (UHS) is an attractive technology for large-scale (TWh)
renewable energy storage. To ensure the safety and efficiency of the UHS, it is crucial to
quantify the H2 interactions with the reservoir fluids and rocks across scales, including the
micro scale. This paper reports the experimental measurements of advancing and receding
contact angles for different channel widths for a H2/water system at P = 10 bar and T = 20 ◦C
using a microfluidic chip. To analyse the characteristics of the H2 flow in straight pore throats,
the network is designed such that it holds several straight channels. More specifically, the width
of the microchannels range between 50 µm and 130 µm. For the drainage experiments, H2 is
injected into a fully water saturated system, while for the imbibition tests, water is injected
into a fully H2-saturated system. For both scenarios, high-resolution images are captured
starting the introduction of the new phase into the system, allowing for fully-dynamic transport
analyses. For better insights, N2/water and CO2/water flows were also analysed and compared
with H2/water. Results indicate strong water-wet conditions with H2/water advancing and
receding contact angles of, respectively, 13◦ – 39◦, and 6◦ – 23◦. It was found that the contact
angles decrease with increasing channel widths. The receding contact angle measured in
the 50 µm channel agrees well with the results presented in the literature by conducting a
core-flood test for a sandstone rock. Furthermore, the N2/water and CO2/water systems showed
similar characteristics as the H2/water system. In addition to the important characterisation
of the dynamic wettability, the results are also crucially important for accurate construction
of pore-scale simulators.

This chapter was published in Advances in Water Resources Vol. 164, (2022) [186].
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3.1 Introduction
The contribution of renewable energy, especially wind and solar, in the future global
energy mix is expected to increase significantly [187]. The intermittent nature of these
energy resources makes the development of large-scale (TWh) energy storage facilities
an essential component of future green energy systems [11]. Hydrogen (H2) is considered
an attractive energy carrier because of its high energy content per mass, and its clean
combustion products. However, because of its low density, being the tiniest molecule,
surface-based storage facilities do not offer the volumes required for large-scale (TWh)
energy storage. Geological formations, such as depleted oil and gas reservoirs, aquifers and
salt caverns have proven to provide safe storage options for gasses such as methane and
carbon dioxide, and could also offer potential solutions for hydrogen storage [9, 11, 12, 188].

The feasibility of underground hydrogen storage in porous reservoirs highly depends on
the flow and transport behaviour of hydrogen during subsequent injection and withdrawal
cycles in the reservoir, which is governed by complex pore-scale processes [11, 48, 51, 189–
191]. A common approach to investigate the impact of pore-scale processes on continuum-
scale behaviour, as well as to derive meaningful continuum-scale transport parameters
such as relative permeability and capillary pressure, is pore-network modelling [192–197].
In pore-network modelling the relevant physics at the pore-scale (e.g., contact angles and
interfacial tension) is explicitly taken into account. However, for pore-network models to be
successful, representative models of the pore-structure of the porous medium are required,
as well as accurate descriptions of the wettability of the system [198–200]. The wettability
can be then characterized by the contact angle between the H2/brine/rock interfaces (Sec-
tion 3.2.1, Figure 3.1) [45, 189, 201]. The contact angle is a function of, among other factors,
pore size and pore geometry [202–204]. Furthermore, the contact angle can potentially be
different during drainage and imbibition cycles, even in tube-like channels, used in pore-
network systems. This phenomena is known as the contact angle hysteresis. Contact angle
hysteresis is the result of the pore-structure heterogeneity, chemical interactions between
the fluid and solid rock surface, as well as surface roughness [202, 205, 206]. Contact angle
hysteresis has a direct impact on the amount of residual and capillary-trapped non-wetting
phase [207], in this case H2, and the economic feasibility of UHS, as the trapped H2 cannot
be produced from the reservoir.

Contact angles can be directly measured experimentally using the Captive bubble
method [189, 208], Sessile drop method [209–211], Capillary tubes [212–215], Tilted plate
method [216], Wilhelmy plate method [217], Microfluidic chips [215, 218], and In-situ µCT
measurements [35, 36, 211, 219], of which µCT measurements of the contact angles are
most representative of local pore geometries.

Morrow [220] studied the dependence of the advancing and receding contact angles on
intrinsic contact angles. The intrinsic contact angles were measured on a smooth PTFE
surface, for different fluid pairs. However, importantly to note, the corresponding advanc-
ing and receding contact angles were measured in roughened PTFE tubes. Under these
conditions, Morrow [220] showed a systematic dependency of the advancing and receding
contact angles on the intrinsic contact angle. Note that on smooth surfaces no hysteresis
was expected to be observed. As such, the advancing and receding contact angles for
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smoothed surfaces were assumed to be equal to the intrinsic contact angle. It is, therefore,
expected that in the relatively new pore-scale simulation studies, Morrow’s curves have
been modified to obtain meaningful simulations [9]. In general, there are only limited
experimental data sets available for H2/water contact angles in porous reservoirs. Moreover,
no direct measurements to quantify the effect of pore size/channel width on this parameter
have been reported. Furthermore, no direct measurement of H2 dynamic contact angles in
tube-like micro channels have been done. The analyses of hydrogen transport properties in
tube-like channels sheds new lights on meaningful design of pore-scale network simulation
frameworks.

Relevant to UHS, in the literature, some experimental studies to characterize hydrogen
transport properties have been conducted. Yekta et al. [221] performed core-flooding tests,
in which hydrogen was injected into a water-saturated Vosges sandstone rock, to derive
drainage relative permeability and capillary pressure curves. The experiments were carried
out to represent shallow (50 bar – 20 ◦C) and deep (100 bar – 45 ◦C) aquifers. By combining
the capillary pressure results with mercury injection capillary pressure (MICP) measure-
ments and using the Young-Laplace scaling, they found the receding contact angles of 21.6◦
and 34.9◦ for the first and second conditions, respectively. Iglauer et al. [222] used the tilted
plate experimental technique to determine advancing and receding contact angles for the
H2/brine/quartz system. The experiments were performed for a pressure range of 50 – 250
bar, and a temperature range of 23 – 70 ◦C. A brine with a salinity of 100,000 ppm NaCl was
used. They found that increasing pressure, temperature, and organic surface concentration
increased the hydrogen wettability, with contact angles ranging between 0◦ to maximum
50◦. Hashemi et al. [189, 223] performed direct static contact angle measurements for
H2/brine/sandstone rock using a captive-bubble cell device. No correlations between the
static contact angle and the pressure (20 – 100 bar), temperature (20 – 50 ◦C) and salinity (0
– 50 000 ppm NaCl) of the brine were found. Intrinsic contact angles between 25◦ (min)
to 45◦(max) were found for a variety of tests. Most recently, Higgs et al. [35] determined
wettability of H2/brine/quartz systems, using captive bubble, pendant drop and in-situ 3D
micro-CT methods. They found contact angles of 29◦ – 39◦ at pressures of 69 – 210 bar
and salinities of 0 – 5000 ppm NaCl. Consistent with the earlier findings [189], in their
results, no conclusive impact of salinity or pressure was observed on the contact angle.
Although, water-wet conditions were commonly found in all the past experiments, a wide
variation in the currently reported H2/brine contact angle data exists. This could possibly
be explained by differences in the measurement techniques, where pore size/channel width
could play a defining factor.

In order to provide valuable and missing wettability information for pore-network
models, as well as to improve the scientific community’s understanding of currently re-
ported data on H2-brine contact angles, in this work, we present a systematic study to
measure H2-brine contact angles for different channel widths in microfluidic systems for
both drainage (receding) and imbibition (advancing) processes.

Experimental microfluidic investigations can provide insight in the dynamics of pore-
scale processes [34, 224], and provide a bridge between the pore and the core scale [225].
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Microfluidic experiments at early stages were based on simple micromodels, but later in-
volved more complex network geometries [34]. The main limitations of most micromodels
to represent actual subsurface systems, however, include their restriction to 2D networks,
with a uniform etch depth in the third dimension, uniform surface chemistry and minimum
channel width of 10 µm [226]. There are a few examples of micromodels which resemble
actual 3D rock systems more closely [227, 228]. Micromodels have widely been used for
experiments on the fundamentals of multiphase flow [229, 230], transport [231, 232] and
wettability [218, 225, 226, 233–235]. Micromodels can, for example, be used to simulate
drainage and imbibition processes and to study underlying processes like viscous or capil-
lary fingering and snap-off [236–239]. The complex pore-geometries in real rocks make
it difficult to systematically analyse the impact of factors such as pore size on the in-situ
contact angle measurements [35, 36]. The advantage of using microfluidic chips is that the
in-situ dynamic contact angles can be measured in simplified systems but with channel
widths that are representative of porous media in the subsurface formations. However, to
the best of the authors’ knowledge, no study has been reported, in which micromodels are
used to directly measure dynamic contact angles of H2/brine systems.

The objective of this work is to characterize dynamic contact angles for different
channel widths in a H2/water/glass microfluidic system. In addition, the experiments will
be carried out for CO2 and N2 to allow for the comparison with more commonly stored
gasses in subsurface reservoirs. The results reported in this study can directly be used to
take into account the impact of pore size/channel width on contact angle in pore-scale
modelling approaches such as the one performed by Hashemi et al. [9], in order to find
meaningful relative permeability and capillary pressure curves. Furthermore, this work
can be used to improve our understanding of the wide variation in the limited H2/brine
contact angle data that is currently reported. The remainder of the paper is structured as
follows. First, the experimental setup and procedure will be described, followed by the
method of image analysis. Then, the results and their relevance for UHS will be provided
and discussed. Finally, concluding remarks will be presented.

3.2 Materials and Methods
In this study, microfluidic chips are utilized to measure dynamic contact angles of gas-solid-
liquid interfaces for the H2/water, N2/water, and CO2/water systems. The experimental
test groups and conditions are summarized in Table 3.1.

Test

Group

Gas Liquid Rate [µl/min] Temperature [◦C] Pressure [bar]

A H2 Pure Water 0.1 20 10
B N2 Pure Water 0.1 20 10
C CO2 Saturated Water 0.1 20 10

Table 3.1: Summary of the test groups and experimental conditions.

3.2.1 Theory
The wettability is a measure of the ability of a fluid to interact with a solid surface in
combination with another fluid, and can be represented by the contact angle. The contact
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angle is defined as the angle that a two-fluid interface makes with the solid surface. A
contact angle bigger than 90◦ defines the non-wetting phase, while a contact angle smaller
than 90◦ defines the wetting phase [45, 201]. In cases where the interface is not moving,
the contact angle is static (SCA). Dynamic contact angles can be measured during drainage,
where the non-wetting phase is displacing the wetting phase, corresponding to the injection
of hydrogen in the reservoir. The contact angles measured during drainage are receding
contact angles (RCA). When the process is reversed and hydrogen is withdrawn from the
reservoir, the wetting phase is displacing the non-wetting phase, which is called imbibition.
The contact angles measured during imbibition are advancing contact angles (ACA). An
illustration is provided in Figure 3.1. Hysteresis is defined as the difference in contact
angle during the drainage and imbibition phase of the process [240]. When the surface is
smooth and the fluids are at rest and free of polar impurities, the static contact angle is a
fundamental property of the system and is called the intrinsic contact angle (ICA) [220].

Figure 3.1: Schematic showing interface between phases. Contact angles: advancing 𝜃𝐴, receding 𝜃𝑅 , static 𝜃𝑆 .
3.2.2 Materials
The microfluidic device used in the experiments consisted of a microchip (10 × 20 mm)
supplied by Micronit Company. The material of the chip is borosilicate glass, with a pattern
of a random square network. The channels have widths of 50, 70, 90, 110 and 130 µm
measured in the widest part of the channel (see Figure 3.2). The width of the smallest
channel is in the range of the most common pore sizes measured in Berea and Bentheimer
sandstones [189, 241]. The depth of the channels is 20 µm. The shape of the channels is
near-rectangular, with edged sides at the bottom. The permeability of the chip is 1.6 D,
which is comparable with the permeability found for Bentheimer sandstone [242]. An
overview of the chip can be found in Figure 3.2. H2, N2 and CO2 gas with respective purity
of 99.99%, 99.7% and 99.7% were used. Degassed deionized water was used during the
experiments. For the CO2 experiments the water was pre-saturated with CO2, because
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of the high solubility of CO2 in water. H2 and N2 solubility in water is very low, with no
expected impact on the contact angle [223]. Therefore, the water used in these experiments
was not pre-equilibrated.

Figure 3.2: Schematic drawing of the borosilicate glass chip (based on the drawing on the website of Micronit
Company). The chip is 10 mm × 20 mm. The channels have widths of 50, 70, 90, 110 and 130 µm and the depth of
the channels is 20 µm.

3.2.3 Experimental apparatus
Figure 3.3 provides a schematic overview of the microfluidic apparatus. The microscope is a
Leica DMi8 DFC7000 and was used in combination with a lens with a magnifying factor of
10. Videos of the experiments were taken with a Leica DFC7000T camera with LAS software.
The frame rate of the videos was approximately 5 frames per second. The resolution of
the videos was 1920 × 1440 pixels, with a pixel size of 0.75 × 0.75 µm. To prevent the
chip from being contaminated, multiple filters were incorporated in the apparatus. The
injected water (and ethanol) was filtered with a 0.2 µm VICI filter. In addition, there were
two extra 0.5 µm filters (VICI Jour PEEK-encased frits) installed in the liquid and the gas
lines. Two pumps were included in the setup, a quizix QX6000 pump and a PHD Ultra™
4400 Programmable Syringe Pump - Harvard Apparatus with a 250 µL syringe. The Quizix
pump was used to refill the highly accurate syringe pump, which can deliver flow rates as
small as a few nanolitres per minute. The syringe pump was used for the injection into,
and the withdrawal from, the microchip. The valves installed (Swagelok) were all 1/16" in
size. Also, the tubes with 0.25 mm inner diameter (ID) with FEP transparent material were
used to connect the pumps to the chip. The gas cylinder served to maintain the pressure.
The pressure was monitored by the Quizix Pump. The experimental setup was limited to a
pressure of 10 bar.
Safety aspects are crucially important when working with H2. Therefore, in this study, the
small volume of H2 needed for the experiments was obtained from the gas regulator so
that the gas cylinders could be closed during experiments. The volume of the regulator is
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approximately 99 mL, which is large enough to carry out several experiments, but small
enough to pose limited safety risks in a well-ventilated lab.
The setup was calibrated against the existing literature data of Jafari and Jung [218], in
which the same chip was used to measure dynamic contact angles for the CO2/water system.
An important difference between the experimental apparatus of Jafari and Jung [218] and
the one used in this study is the presence of several filters. The filters keep the system
clean and avoid any impact of impurities on the contact angle measurements. More details
about the validation tests and the impact of impurities on contact angle measurements can
be found in A.1 and A.2.

Figure 3.3: Schematic drawing of the experimental apparatus used to measure dynamic contact angles in microflu-
idic chips.

3.2.4 Experimental procedure
In this study, drainage and imbibition experiments are carried out as separate experiments.
The objective is to measure dynamic contact angles as a function of channel width for
these two different displacement processes. During the experiments, videos were taken to
capture the moving gas-water interfaces within the channels. The drainage and imbibition
tests were repeated until a sufficient amount of measurements for each channel width
could be derived from the videos. A flow rate of 0.1 µl/min has been used during all
experiments. This corresponds to an interstitial velocity (V) of ≈ 10−4 m/s. A capillary
number (𝐶𝑎 = 𝜇𝑉/𝜎) of ≈ 10−8 was calculated using an interfacial tension (𝜎) of 72.9 mN/m
[243] and a dynamic viscosity (𝜇) of 9 µPa⋅s [244], which indicates a capillary-dominated
flow regime.
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Cleaning procedure

Prior to each experiment, the microchips were thoroughly cleaned. The cleaning procedure
involved rinsing the chips with 5 mL of filtered ethanol, followed by flushing with filtered
N2 until no liquid was visible in the chip. The cleaning procedure was carried out at
ambient pressure. To remove the N2 from the clean chip, the system was flushed with the
gas used in the experiment, followed by thoroughly rinsing with deionized water.

Drainage experiments

Before the start of the drainage experiments, the chips were saturated with deionized water
at ambient pressure, after which the system was pressurized to the experimental pressure
of 10 bar. However, for the experiments where the deionized water was pre-equilibrated
with CO2 (see Table 3.1), the system was saturated at the experimental pressure of 10 bar
to avoid exolution of dissolved CO2 from the water. For these experiments, back-pressure
regulators were installed at the outlets of valve 2 and 5. The drainage experiments were
conducted by withdrawing water from the fully water-saturated chips with a flow rate of
0.1 µL/min.

Imbibition experiments

Before the start of an imbibition test, the chip was flushed with the gas of the experiment
until the water inlet was completely filled with gas. This forced the injected water during
the imbibition experiment to flow through channels filled with gas instead of pre-existing
wet flow paths, which was necessary to be able to make measurements in all channel
widths. The flushing was carried out at ambient pressure, after which the pressure was
increased to the experimental pressure of 10 bar, except for the experiments in which the
deionized water was equilibrated with CO2. For these experiments the flushing pressure
was kept at 10 bar. The imbibition experiments were conducted by injecting water with a
flow rate of 0.1 µL/min into the microchip.

3.2.5 Image analysis
To calculate the dynamic contact angles, snapshots from videos of the moving gas-water
interfaces in different channel widths were captured throughout the entire chip. Snapshots
were taken at locations where the interfaces met the following requirements: 1) the interface
is moving, 2) the interface is not too close to the corners of the channels, and 3) the meniscus
snapshot is sharp. Furthermore, only one snapshot per straight channel was taken to obtain
a good representation of the whole microchip.

Interfaces which met the three requirements were analysed using an in-house code. To
process an image, first it was converted to a grey-scale format and the desired interface
within a channel was cropped. Then, by using the scale factor of the microscope and
selecting two points on the channel walls, the channel width was identified. To detect the
boundary of the meniscus, the cropped section of the image was binarized and contact
points, in addition to the apex, were identified. The best polynomials on each half of
the curvature were fitted by both minimizing the error at the contact points (RMSE) and
choosing a polynomial that optimally fits the meniscus [245, 246]. All the steps of the
image analysis are shown in Figure 3.4.
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(a) Original image (b) Grey-scale image

(c) Binarized and cropped image (d) Detection of interface and channel
walls

(e) Curvature from image (f) Fitted 6th order polynomial on curva-
ture

Figure 3.4: Procedure of the image analysis to identify the contact angles.
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Contact angles are found first by fitting a polynomial of order 𝑛 on the image, i.e.,

𝑍 = 𝑐1𝑅𝑛 +𝑐2𝑅(𝑛−1) + 𝑐𝑖𝑅𝑛−(𝑖−1) + ... + 𝑐(𝑛+1). (3.1)

Here, 𝑐𝑖 coefficients are constants, allowing the Z curve to be found as a function of R.
Naturally, the derivative of Z with respect to R reads𝑑𝑍𝑑𝑅 = 𝑛𝑐1𝑅(𝑛−1) + (𝑛−1)𝑐2𝑅(𝑛−2) + ... + 𝑐(𝑛). (3.2)

As such, the contact angle 𝜃 is found at the gas/liquid/solid contact point according to

𝜃 = 𝜋2 − 𝑡𝑎𝑛−1(𝑑𝑍𝑑𝑅 ). (3.3)

As shown in Figure 3.4e, the origin of the coordinate system was placed at the apex
point. The Z-axis is parallel to the flow direction and the R-axis perpendicular to the flow
direction. Therefore, by solving Equation 3.1, 3.2 and 3.3, at the contact points the contact
angle (𝜃) can be found. A validation of the image analysis code is provided in A.3.

3.3 Results
Figure 3.5a shows an overview image of a drainage experiment for the H2/water system at
the point of breakthrough. The flow path is different during each experiment. The small
images on the right-hand-side of Figure 3.5 show drainage and imbibition examples used
for measurement of advancing and receding contact angles for channel width of 70 µm and
110 µm. From left to right, the columns show the results for H2, N2 and CO2, respectively.
No significant difference between the wettability behaviour of these three gasses can be
seen. However, in some cases a difference in interface properties (visibility of water films)
could be observed between advancing and receding contact angles.

The drainage and imbibition tests were repeated until a sufficient amount of contact
angle measurements for each channel width were obtained for each of the gasses, and
for both drainage and imbibition. The advancing and receding contact angles (ACA and
RCA) for the H2/water, N2/water and CO2/water systems at a pressure of 10 (±1) bar and
a temperature of 20 (±2) ◦C (Test A, B and C), measured in channel widths varying from
50 to 130 µm are presented in Figure 3.6. The error bars represent the standard deviation
of the measurements. Table 3.2 shows the number of measurements per measurement
category. Based on this data, Figure 3.7 was created in order to compare the results of
all channel widths, gasses, and for both drainage and imbibition. The bars represent the
mean values of of the measurements shown in Figure 3.6, and the error bars represent the
standard deviation, similar to the error bars in Figure 3.6. The intrinsic contact angle of
H2/water/sandstone, measured by Hashemi et al. [189] (P=20 bar and T=20 ◦C) is indicated
by the horizontal dashed line.

H2/water receding contact angles of 6 - 23 ◦ and advancing contact angles of 13 - 39 ◦
were determined based on the microfluidic experiments. The highest angles were measured
in the smallest channels and the lowest angles were measured in the widest channels. No
significant difference in the receding contact angles was observed for the three different
gases. The wider spread of measurements of the advancing contact angles compared to the
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(a) Overview (Drainage)

(b) H2 drainage, 70 µm (c) N2 drainage, 70 µm (d) CO2 drainage, 70 µm

(e) H2 drainage, 110 µm (f) N2 drainage, 110 µm (g) CO2 drainage, 110 µm

(h) H2 imbibition, 70 µm (i) N2 imbibition, 70 µm (j) CO2 imbibition, 70 µm

(k) H2 imbibition, 110 µm (l) N2 imbibition, 110 µm (m) CO2 imbibition, 110 µm

Figure 3.5: Examples of experimental images. (a) Overview image; (b–m) Drainage and imbibition for H2, N2, and
CO2 in 70 and 110 µm channels.

receding contact angles imply that the advancing contact angles are less reproducible. The
advancing contact angles measured for the H2/water system are larger (1 - 14◦) compared
to N2/water and CO2/water systems. However, the overlap in error bars shows that this
difference is not evident and is within the experimental accuracy. This is because the error
bars represent the standard deviation of the measurements, and the range in measurements
is much larger than the measured difference between the gases.

The overlap in the error bars between advancing and receding contact angles for all
cases studied indicates that there was no significant difference in the measured advancing
contact angles and receding contact angles.
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H2 N2 CO2
Channel Width RCA ACA RCA ACA RCA ACA

50 µm 28 18 20 14 10 12
70 µm 24 32 22 20 12 12
90 µm 22 30 22 18 14 22
110 µm 18 24 18 14 16 20
130 µm 18 12 20 8 18 22

Table 3.2: Number of measurements.

Figure 3.6: All measurement points of advancing and receding contact angles (ACA and RCA) for H2/water,
N2/water and CO2/water systems at P=10 bar and T=20 ◦C. Pure water was used for measurements with H2 and
N2 and for the experiment with CO2 the water was pre-equilibrated with CO2. The error bars represent the
standard deviation of the measurements.
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Figure 3.7: Advancing and receding contact angles (ACA and RCA) for H2/water, N2/water and CO2/water systems
at P=10 bar and T=20 ◦C. Pure water was used for measurements with H2 and N2 and for the experiment with
CO2 the water was pre-equilibrated with CO2. The dashed blue line represents the results found by Hashemi
et al. [189] at P=20 bar and T=20 ◦C using the captive bubble cell (CBC). The error bars represent the standard
deviation of the measurements.
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3.4 Discussion
The microfluidic system used in these experiments is not an accurate representation of a
subsurface system because of the uniform etch depth, uniform surface chemistry, simplified
pore network of the chip and relatively low temperature and pressure. However, the
objective of the experiments is to derive contact angles for different channel widths and the
random network of the microfluidic chip used in the experiments allowed for this. In order
to find representative average values for each channel width, measurements were taken
throughout the entire chip, taking into account a range of velocities and other effects like
flow patterns. This type of systematic analysis would have been difficult to carry out in real
rocks with complex pore-geometries. The experiments provide valuable information about
the impact of channel width on the contact angle, which is needed for a basic understanding
of tube flow, and can be used to improve the wettability characterization in pore-network
modelling approaches. Pore-network models can be applied to derive meaningful contin-
uum scale transport parameters such as relative permeability and capillary pressure by
correctly taking into account the pore-scale physics. These hysteretic transport parameters
are important input parameters for reservoir scale simulations methods which are needed
for the optimization of underground hydrogen storage as well as to ensure its safety.

Underground hydrogen storage is relatively new compared to the much more mature
technology of geological storage of CO2. Understanding the similarities and differences
between the H2/water, N2/water and CO2/water system will help in the advancement of
underground hydrogen storage, which is another objective of this study.

Because H2 is very prone to leakage, the setup was designed such that the least amount
of connections and pumps were involved. This resulted in a setup where during drainage,
instead of injecting hydrogen which is the most common approach during these type of
experiments, water was withdrawn. In both approaches, H2 will first enter the pores with
the lowest capillary entry pressure. When the non-wetting phase is injected, the capillary
pressure (𝑃𝑐 = 𝑃𝑛𝑤 −𝑃𝑤) is increased by increasing the pressure of the non-wetting phase.
When the wetting phase is withdrawn as in our case, the capillary pressure is increased by
lowering the pressure in the wetting phase.

3.4.1 Characteristics of the interface
During the drainage and imbibition experiments for H2/water, N2/water, and CO2/water,
different kind of interfaces were observed. The main difference was in the existence or
non-existence of visible water films. It is important to mention that the term water film is
used for all cases where water was observed on the channel walls of gas filled channels.
Water on the channel walls can be caused by both corner flow and actual water films, but
we will refer to it as water films, as we are not able to distinguish between the two. A
water film is expected to be present in all cases [247], however, in some of our cases the
water film was so thin that it was not visible with the camera. During drainage, when
the receding contact angles (RCA) were measured, water films were visible on both sides
of the channel (Figure 3.8d). For the measurements of advancing contact angles (ACA)
during imbibition, interfaces were observed both with and without visible water films
(Figure 3.8a, 3.8b and 3.8c). This was caused by the mainly dry channel walls at the start of
the imbibition experiments. During the experiment, in some cases the walls of the channels
were first covered with a water film before the interface arrived, while in other cases this
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effect was not visible. The differences in thickness of water films caused the spread of
measurements to be bigger for advancing contact angles compared to receding contact
angles. Due to the curved interface of the channel walls, as well as the limitations of the
microscope and camera used, the thickness of the water film could not be measured.

Figure 3.9 shows the type of interface (with or without visible water film) that was
encountered at each advancing contact angle measurement for all three gasses. It can
be seen that in bigger channel widths fewer measurements are without water film, since
a water film can more easily enter the bigger channels. Furthermore, higher values of
advancing contact angles are mainly measured without a visible water film present.

(a) ACA with water films
visible on both sides

(b) ACA with a visible
water film on one side

(c) ACA without visible
water films

(d) RCA with visible water
films on both sides

Figure 3.8: Types of interfaces encountered during imbibition when the advancing contact angle (ACA) is measured
(a–c) and during drainage when the receding contact angle (RCA) is measured (d). The visible water films are
marked with an arrow.

The interfaces are very sensitive to contamination within the gas/water/glass system.
The differences in contact angle measurements between clean and impure systems, as well
as example images of the polluting particles can be found in A.2.

3.4.2 Influence of channel width on contact angles
According to Behnoudfar et al. [202], the contact angle (𝜃) is, besides the pore size (r),
related to the radius of curvature of the interface (R) and the convergence angle of the
pores (𝜙), by:

𝜃 = 𝑐𝑜𝑠−1 𝑅𝑟 −𝜙. (3.4)

Because the microchip consisted of straight channels, the convergence angle in our study is
equal to zero. Using this equation it can be calculated that the average radius of curvature
ranges from 27 to 65 µm for the H2/water receding contact angles and 32 to 67 µm for the
H2/water advancing contact angles. This shows that the channel width not only affects
the contact angle but also the radius of curvature of the interface. In dynamic systems the
radius of curvature is impacted by the velocity. In our system, a wide range of velocities
were measured for each channel width. However, no systematic relationship between
velocity and contact angle was observed. Furthermore, similar velocities were measured
for each channel width, which suggests that the dependency of contact angle on channel
width was not due to differences in velocity. Further explanation can be found in A.4.
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Figure 3.9: Indication of the existence or nonexistence of a visible water film in advancing contact angle (ACA)
measurements for H2, N2 and CO2. Note that the smallest channel, i.e., 50 𝜇m, has only a few cases with visible
water films, while the visible water films almost always exist in the channel width of 130 𝜇m.

The results show a relationship where dynamic contact angles increase with decreasing
channel width. Similar trends have been observed in the literature for CO2/water system
[218]. To theoretically explain the observed behaviour, i.e., increasing contact angle with
decreasing channel width, two main situations were considered on the basis of (1) equal
capillary pressure in all channel widths and (2) equal average velocity in all channel widths.
Both approaches provide a trend between contact angles and channel width. The trend
resulting from the first approach, i.e., equal capillary pressure in rectangular pores, derived
by Joekar Niasar et al. [239] and explained in Eq. 4.28 A.4, does not fully match with our
experimental observations. However, the trends found based on the second approach, i.e.,
constant velocities, as explained in Eq. A.8 A.4, matched our experimental observations
pretty well. This shows that, for our specific setup and experimental condition (unsteady
state), it is highly unlikely that the capillary pressure is constant across channel widths.
The scientific basis for the observed trend of our study, therefore, can be found by the fact
that in average the velocities across the channel widths, in our experimental condition, are
comparable.

3.4.3 Comparison between advancing and receding contact angles
Besides the spread of measurements mentioned in the previous section, there was no
significant difference found between the advancing and receding contact angles. Contact
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angle hysteresis (the difference between advancing and receding contact angles) is the result
of pore structure heterogeneity, chemical interactions between the fluid and solid rock
surface, as well as surface roughness [202, 205, 206, 220]. The microchips used were made
of smooth, pure borosilicate glass, and although the chip consisted of different channel
widths there were no tapered structures that could lead to snap-off. Furthermore, the fluids
used in the experiments were very pure since they were filtered before injection into the
chip. No significant hysteresis is therefore expected. Surprisingly, the results of the work
of Jafari and Jung [218] did show contact angle hysteresis for the CO2/water system using
the same chip. We believe, however, that this is likely the result of impurities in the system.
This is discussed in detail in A.2, which shows that impurities can cause an increase in
hysteresis of contact angles due to chemical/structural imperfections.

The systematic dependency of the advancing and receding contact angles on the
intrinsic contact angle that Morrow [220] found on roughened tubes was not observed
in our measurements, because of the smooth channel walls of the microchip used in this
experiment.

3.4.4 Comparison of gases
H2/water, N2/water, and CO2/water systems behaved similarly during drainage when the
receding contact angles were measured. However, a larger spread of measurements was
observed in H2 advancing contact angles in comparison to N2 and CO2 advancing contact
angles. The minimum values of contact angles measured are similar for the three gases,
while the maximum of the range of measurements of H2 advancing contact angles is higher
than N2 and CO2. This can be explained by the fact that more contact angles without water
films were observed in the case of H2, resulting in higher contact angles. The reason for
this is currently unknown and will be part of our future work.

The similar wettability behaviour of CO2 and N2 has previously been observed using
core-flooding experiments [248, 249]. The data on hydrogen wettability compared to other
gases, however, is still limited. Note that the interfacial tension of H2/water, N2/water and
CO2/water at 10 bar and 25◦C are, respectively, 72.9, 71.4 and 65.7 mN/m [160, 243, 250].
These values are within 10% of each other. The close interfacial tension values could
provide insight on the comparable contact angles found in our experiments. Note also to
the point that in a gas/liquid interface, the neighbouring molecules of the liquid are all
in close proximity, while the neighbouring molecules of the gas are relatively far away.
Therefore, the energy of a molecule at the interface is expected to be mainly determined
by the fluid phase, while the gas phase is expected to have little impact.

3.4.5 H2/water contact angles compared with literature
The bar plot of Figure 3.10 compares the findings on H2/water dynamic contact angles,
both advancing and receding, with the currently available literature data on dynamic
contact angles measured for this system. The dynamic contact angles for the H2/water
system measured with the microfluidic device of this study (Test A) for channel widths
ranging from 50 to 130 µm are presented together with the H2/brine/quartz results of the
tilted plate experiment of Iglauer et al. [222] (P=50 bar, T=23 ◦C and salinity = 100 000
ppm), referred to as TPM, and the H2/water/sandstone core-flooding experiment of Yekta
et al. [221] (P=50 bar and T=20 ◦C), referred to as CF. In addition, the horizontal blue
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dashed line represents the intrinsic contact angle for the H2/water/sandstone found by the
captive-bubble experiments of Hashemi et al. [189] (P=20 bar and T=20 ◦C), referred to as
CBC.

Figure 3.10: H2/water advancing and receding contact angles (ACA and RCA) for channel widths of 50 to 130 µm
found by the microfluidic experiments of this study (MF). The results of the tilted plate method of Iglauer et al.
[222] (TPM), and the core flooding method of Yekta et al. [221] (CF), are represented by the bars on the right. The
dashed blue line represents the results found by Hashemi et al. [189] at P=20 bar and T=20 ◦C using the captive
bubble cell (CBC). The error bars represent the standard deviation of the measurements.

When comparing the results of Iglauer et al. [222] with the results of our microfluidic
experiment, it can be seen that the results of Iglauer et al. [222] are similar to the results
of the 130 µm channel. The receding contact angles are the same. The advancing contact
angles, however, differ by 5◦. In both experimental methods, the advancing contact angles
are found to be less reproducible, which could explain the difference. The receding contact
angle found by Yekta et al. [221] is very similar to the receding contact angle measured
in channels of 50 µm in width, with only 1◦ difference. Yekta et al. [221] used a Vosges
Sandstone for the core flooding experiment. It is possible that the common pore sizes in
this sandstone are in the range of 50 µm.

3.5 Conclusions
Prediction of rock wettability in contact with brine and hydrogen is crucial for modelling
the displacement processes in underground hydrogen storage (UHS). This paper reports
experimental measurements of the advancing and receding contact angles of H2/water,
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N2/water and CO2/water systems at P = 10 bar and T = 20 ◦C using a microfluidic device.
The channel widths of the microfluidic chip, ranged between 50 and 130 µm, and the size of
the smallest channel corresponds to the range of most common pore sizes found in typical
sandstones [9, 241]. Results of this study allow for more accurate design of pore-scale
pore-network systems, as they require dynamic contact angles as input data. Furthermore,
it can be used to understand the wide variation in the limited H2/brine contact angle data
which is currently reported. The results indicate water-wet conditions with H2/water
advancing contact angles ranging between 13 - 39 ◦, and receding contact angles between 6
- 23 ◦. The contact angles decreased with increasing channel widths. The receding contact
angle measured for the smallest channel width (50 µm) is in agreement with the receding
contact angle determined by Yekta et al. [221] on the Vosges Sandstone, suggesting that
this channel width could be representative of actual subsurface systems. The N2/water and
CO2/water systems showed similar behaviour to the H2/water system and no significant
differences were observed for the three different gases.
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4
Pore-scale simulations: Geometric
and operational conditions of H2

trapping

Residual trapping is a critical mechanism influencing the efficiency of Underground Hydrogen
Storage (UHS). This study investigates the underlying processes of residual trapping by by-
passing, through bifurcating geometries, focusing on how geometrical parameters and flow
characteristics affect the trapping process. We develop a dynamic simulation framework based
on the lattice Boltzmann method (LBM) to simulate full drainage/imbibition cycles. Various
geometries, based on the pore doublet model, were investigated and supported by theoretical
analysis. In addition, trapping behaviour of hydrogen was compared to that of CO2 and
CH4. It is found that the channel width ratio, specially across the local bifurcating geometries,
and the roundness of the grains, are among the key factors which control hydrogen trapping.
Results indicate that the suited reservoirs for underground hydrogen storage have narrower
channel-size ratios and smoother edges at micro-scale. Operational conditions also play a
significant role. Lower flow rates enhance bypassing, which increases trapping.

This chapter was published in the International Journal of Hydrogen Energy Vol. 177, (2025) [251].
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4.1 Introduction
For a successful transition towards net-zero goals, it is crucial to upscale green energy
systems, from production to transportation and specially storage [1–4]. Hydrogen, H2,
with its high gravimetric energy density and clean combustion products, can be a remedy
to the long-standing challenge of TWh-scale energy storage [6–8]. Indeed, hydrogen can be
stored in large quantities in geological formations, such as depleted hydrocarbon reservoirs,
aquifers, and salt caverns [9–13].

The efficiency of underground hydrogen storage (UHS) in porous reservoirs is highly
dependent on the flow and transport behaviour during alternating injection and withdrawal
cycles in the reservoir, which is governed by complex pore-scale processes [9, 31, 48].
Among the major mechanisms influencing UHS efficiency, residual trapping plays a critical
role and is considered a significant source of hydrogen loss [48, 252]. This is specially
due to the fact that for UHS, hydrogen has to be trapped only temporarily and become
mobile when extracted [253]. Residual trapping, however, is a mechanism that permanently
traps hydrogen molecules in the subsurface microchannels. As such, residual trapping
of hydrogen needs to be extensively investigated and properly managed in field-scale
operations. Note that experimental studies have reported residually-trapped hydrogen
saturation values as high as 44 %, underscoring the importance of investigating its value
upfront for proper site selection and effective operation [30, 254–259].

Residual trapping, or capillary trapping, is defined as the fraction of hydrogen fluid that
becomes immobile as disconnected volumes within the brine-saturated porous channels.
The trapping is influenced by the pore geometry and the fluid-fluid and solid-fluid interac-
tions [260], and can occur when capillary forces dominate over the other acting mobilizing
forces, such as buoyancy, inertia, and viscous forces [261]. The two main capillary trapping
mechanisms are bypassing trapping and snap-off [262, 263]. Bypass trapping can be stud-
ied using the pore doublet model, i.e., a bifurcating channel splitting geometry [264–266].
This bifurcating geometrical structure consists of two channels with different channel
widths splitting from a main flowing stream. It is specially used as a conceptualized model
of the pore structure for the interpretation of the bypassing trapping mechanism, when
non-wetting phase is displaced by the wetting phase [267, 268]. Although conceptualized,
the pore doublet model is used to gain deep understanding of the actual flow paths within
complex pore networks, specially when channel splitting with sharp corners occurs. It
can also serve as a building block for a larger network of channels, when scaled up into
forming a microfluidic-type structured channelized system [186]. Recently, significant
analytical and numerical advances have been made in understanding the pore doublet
model, including the development of an analytical solution describing immiscible displace-
ment dynamics [269]. In addition, Gu et al. [270] established a mathematical model and
conducted numerical simulations to characterize the imbibition preference within the pore
doublet. The pore doublet model has been extensively used in both experimental and
analytical studies to investigate oil entrapment [262, 264–266, 271, 272]. However, it has
not yet been applied to the H2/brine system, which exhibits significantly different fluid
properties.

Residual trapping can be studied experimentally using core flood experiments [30,
37, 268, 273, 274, 274] and micromodels [268, 275, 276]. However, these experiments can
be challenging, time-consuming, and expensive and can only be carried out at limited
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conditions and with a limited number of samples [45, 221, 277]. Alternatively, numerical
pore-scale simulations can be used to predict and understand trapping [37–43].

There are two main types of pore-scale simulations: Pore-Network Modelling (PNM)
and fully-resolved simulations computational fluid dynamics (CFD) approach. In PNM,
simulations are carried out using extensively simplified representations extracted from
rock samples [9]. Pore volumes are represented as interconnected pores connected through
throats. In fully-resolved CFD simulations, the pore structures are represented more
explicitly, from either experimental characterization or numerical reconstruction, using
what is referred to as digital rock technology [278]. Commonly employed CFD methods
include the lattice Boltzmann method (LBM) [44], Level-Set method [279], and the Volume
of Fluid (VoF) method [280].

LBM simulates the movement of an ensemble of particles on a lattice using the Boltz-
mann equation [45]. More traditional CFD methods are based on Navier-Stokes equations
and use methods such as the VoF or the Level-Set method for interface tracking. Due to its
good mass conservation properties and sharp interface representation, the VoF approach
has been used in the literature [45, 281]. However, LBM presents several notable advan-
tages. One of its key strengths is its suitability for simulating flow in porous media, as it
effectively handles complex geometries and boundary conditions with a relatively simple
approach. Furthermore, LBM is amenable for parallel processing, enhancing its domain
size relevance to what is expected to be a representative elementry volume in porous media
systems [282–285].

In the context of UHS, various experimental and numerical studies at the core- and/or
pore-scale have investigated residual trapping mechanisms and flow efficiency [9, 30, 253–
259, 286–290]. However, a limited number of studies have systematically focused on the
underlying processes of residual trapping, specifically examining the physical and geo-
metrical conditions that facilitate residual trapping in UHS scenarios. Similar as more
structured micro-channel geometries [186], Lysyy et al. [288] and Lysyy et al. [257] also
used microfluidics to study the displacement and trapping mechanisms of hydrogen in
an aquifer storage scenario. Trapping by bypassing was one of the observed trapping
mechanisms within their experiments. Wang et al. [278] conducted pore-scale simulations
through the VoF method, to analyze hydrogen transport within a pore network repre-
sentative under varying wetting conditions. They reported that, as expected, increasing
hydrogen wettability is unfavorable for the extraction process. Similarly, Bagheri et al.
[291] employed the VoF method in pore-scale simulations, to investigate the effect of
flow regime, compressibility, and hysteresis on flow pattern, trapping mechanisms, and
efficiency of hydrogen storage and found that lower flow rates favour capillary trapping
through snap-off. Lastly, Yu et al. [261] reported the only study systematically focussing
on the influence of pore geometry on trapping, a study that was also investigated in PNM
on more simplified geometries [9]. They conducted pore-scale simulations through the
VoF method to investigate the effects of pore geometry and injection rate on trapping via
dead-end bypassing. They reported that higher injection rates cause more trapping by this
mechanism. However, studies investigating other pore geometries than dead-end pores
and their effect on trapping relevant to UHS are currently missing in the literature.

The objective of this study is to systematically investigate how physical and geomet-
rical conditions influence the underlying trapping mechanisms in the context of UHS.



4

54 4 Pore-scale simulations: Geometric and operational conditions of H2 trapping
Specifically, for bifurcating geometries, we examine the impact of (a) channel width ratio,
(b) pore shape, (c) capillary number and flow velocity, and (d) fluid properties, through a
comparison of the trapping behaviour of H2 with that of CH4 and CO2, on residual trapping
by bypassing. To achieve this, we perform pore-scale simulations using our in-house
developed lattice Boltzmann method, exploring various geometries. These geometries
are chosen to conceptualize the splitting of streamlines, with and without sharp corners,
into separate channels with various width aspect ratios. This fundamental study allows
to identify what mechanism is driving hydrogen trapping in porous media with a wide
range of channel widths and sharp corners. Specially we aim to analyze if those trapped
hydrogen volumes can be mobilized by changing the flow rate, i.e., capillary number. What
comes next indeed reveals the strength of LBM in allowing us to identify the process that
leads to entrapment of hydrogen in bifurcating situations, and revealing in what way this
can also help for better site selection based on the rock channel width distribution.

The structure of this paper is as follows: Section 4.2 outlines the methodology, including
the governing equations and simulation methods. Section 4.3 describes the simulation
setup, fluid properties, and pore geometries. In Section 4.4 we present a theoretical analysis,
and in Section 4.5, we present the simulation results, and their application to underground
hydrogen storage. Finally, the key findings are summarized in Section 5.11.

4.2 Methodology
4.2.1 Lattice Boltzmann Method for Immiscible Two-Phase Flow
In this work, an immiscible two-phase color gradient LBM model [292–294] is developed.
Two immiscible fluids are described by two sets of distribution functions 𝑓 𝑅𝛼 and 𝑓 𝐵𝛼 , where
the two fluids are marked as red and blue phases. The total distribution function is defined
as 𝑓𝛼 = 𝑓 𝑅𝛼 +𝑓 𝐵𝛼 , which undergoes the collision step of

𝑓 ∗𝛼 (𝐱, 𝑡) = 𝑓𝛼(𝐱, 𝑡)+Ω𝛼(𝐱, 𝑡)+𝐹𝛼(𝐱, 𝑡), (4.1)

where 𝑓𝛼(𝐱, 𝑡) is the total distribution function along 𝛼-direction at time 𝑡 and position
vector 𝐱, 𝑓 ∗𝑖 is the post-collision distribution function, Ω𝛼 is the collision operator, and𝐹𝛼 is the forcing term. To enhance the numerical stability, the multiple–relaxation–time
(MRT) [295–298] scheme is used, and the collision operator reads

Ω𝛼(𝐱, 𝑡) = −(𝐌−1𝐒𝐌)𝛼𝛽 (𝑓𝛽(𝐱, 𝑡)− 𝑓 𝑒𝑞𝛽 (𝐱, 𝑡)) . (4.2)

The transformation matrix𝐌 maps the distribution functions and their equilibrium ones
onto the moment space, that is, 𝐦=𝐌𝐟 , 𝐦eq = 𝐌𝐟eq, where 𝐦 (and 𝐦eq) denote the vector
of macroscopic moments, specifically defined as:

𝐦 = (𝜌, 𝑒, 𝜀, 𝑗𝑥 , 𝑞𝑥 , 𝑗𝑦 , 𝑞𝑦 , 𝑝𝑥𝑥 , 𝑝𝑥𝑦)𝑇 , (4.3)

where 𝜌 is the density, 𝑒 is the internal energy, 𝜀 is the square of internal energy, 𝑗𝑥 and 𝑗𝑦
are the momentum components in the 𝑥 and 𝑦 directions, respectively, 𝑞𝑥 and 𝑞𝑦 are the
energy fluxes, and 𝑝𝑥𝑥 and 𝑝𝑥𝑦 represent the diagonal and off-diagonal components of the
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stress tensor. The transformation matrix𝐌 is explicitly given by

𝐌=
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 1 1 1 1 1 1 1 1−4 −1 −1 −1 −1 2 2 2 24 −2 −2 −2 −2 1 1 1 10 1 0 −1 0 1 −1 −1 10 −2 0 2 0 1 −1 −1 10 0 1 0 −1 1 1 −1 −10 0 −2 0 2 1 1 −1 −10 1 −1 1 −1 0 0 0 00 0 0 0 0 1 −1 1 −1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (4.4)

The MRT operator allows each moment to relax at its own rate, with the relaxation rates
stored in a diagonal matrix given by

𝑆 = diag(𝑠0, 𝑠1, 𝑠2, 𝑠3, 𝑠4, 𝑠5, 𝑠6, 𝑠7, 𝑠8), (4.5)

where the 𝑠𝛼 denote the relaxation time for the 𝛼th moment in Eq. 4.5, in which 𝑠0−6
are constants and the values are followed the work of Xu et al. [293], specifically, 𝑠0 = 1,𝑠1 = 1.64, 𝑠2 = 1.54, 𝑠3 = 1, 𝑠4 = 𝑠6 = 1.9, 𝑠5 = 1; the parameter 𝑠7 and 𝑠8 are equal to 1𝜏 ,
where 𝜏 is the relaxation time that related to the kinematic viscosity 𝜈 , i.e.,

𝜈 = (𝜏 −0.5)𝑐2𝑠 𝛿𝑡. (4.6)

Here, 𝑐𝑠 is the lattice sound speed in the D2Q9 model, defined as 𝑐𝑠 = 𝑐/√3with 𝑐 = 𝛿𝑥/𝛿𝑡.
In this study, both 𝛿𝑥 and 𝛿𝑡 are set to unity. To account for the viscosity difference of the
two phases, a harmonic mean is used to determine the viscosity of the fluid mixture [292],
i.e., 1𝜈 = 1+𝜌𝑁2𝜈𝑅 + 1−𝜌𝑁2𝜈𝐵 , (4.7)

where 𝜈𝑅 and 𝜈𝐵 are the kinematic viscosity of the fluids, and 𝜌𝑁 is the phase field and is
defined as 𝜌𝑁 (𝐱, 𝑡) = 𝜌𝑅(𝐱, 𝑡)−𝜌𝐵(𝐱, 𝑡)𝜌𝑅(𝐱, 𝑡)+𝜌𝐵(𝐱, 𝑡) . (4.8)

𝑓 𝑒𝑞𝛼 is the discrete equilibrium Maxwellian distribution function expressed by

𝑓 𝑒𝑞𝛼 = 𝜌𝜔𝛼 [1+ 𝐞𝛼 ⋅ 𝐮𝑐2𝑠 + (𝐞𝛼 ⋅ 𝐮)22𝑐4𝑠 − 𝐮22𝑐2𝑠 ] , (4.9)

where 𝜌 = 𝜌𝑅 +𝜌𝐵 is the total density, and 𝜌𝑅 and 𝜌𝐵 are the densities of red and blue fluids,
respectively, 𝐮 is the velocity of the fluid, 𝐞𝛼 is a vector of discrete velocities, 𝑐𝑠 is the speed
of sound, 𝜔𝛼 is the weighting factor. Here the two-dimensional nine-velocity (D2Q9) model
is used, with the discrete velocities given by 𝐞𝟎 = (0,0), 𝐞𝟏 = −𝐞𝟑 = (𝑐,0), 𝐞𝟐 = −𝐞𝟒 = (0,𝑐),𝐞𝟓 = −𝐞𝟕 = (𝑐,𝑐), and 𝐞𝟔 = −𝐞𝟖 = (−𝑐,𝑐), where 𝑐 = 𝛿𝑥/𝛿𝑡 = √3𝑐2𝑠 , 𝛿𝑥 and 𝛿𝑡 are lattice
spacing and time step, which are defined as unity; the weighting factor 𝜔𝛼 is given by𝜔0 = 4/9, 𝜔1−4 = 1/9, and 𝜔5−8 = 1/36.
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The forcing term 𝐹𝛼 generates the interfacial tension between phases. In MRT scheme

[299], the forcing term, first proposed by Guo et al. [300], is expressed as

𝐅̄ = 𝐌−1(𝐈− 12𝐒)𝐌𝐅̃, (4.10)

where 𝐈 is a 9×9 unit matrix, 𝐌 is the transformation matrix defined by Eq. 4.4 and 𝐅̃ is
given by 𝐹𝛼 = 𝜔𝛼[𝐞𝛼 −𝐮𝑐2𝑠 + (𝐞𝛼 ⋅ 𝐮)𝐞𝛼𝑐4𝑠 ] ⋅ 𝐅𝐬𝛿𝑡, (4.11)

where 𝐅𝐬 is the body force that produces the local stress jump across the interface. Based
on the continuum surface force (CSF) model of Brackbill et al. [301], the body force can be
expressed as [302] 𝐅𝐬 = −12𝜎𝜅∇𝜌𝑁 , (4.12)

where 𝜎 is the interfacial tension, and 𝜅 is the local interface curvature, which is calculated
by 𝜅 = −∇𝑠 ⋅ 𝐧 = −(𝐈−𝐧𝐧) ⋅ ∇ ⋅ 𝐧. (4.13)

Here, 𝐧 is the unit normal vector defined as 𝐧 = − ∇𝜌𝑁|∇𝜌𝑁 | . The local velocity takes the form

as in 𝜌𝐮(𝐱, 𝑡) =∑𝛼 𝑒𝛼𝑓𝛼(𝐱, 𝑡)+ 𝛿𝑡2 𝐅𝐬(𝐱, 𝑡), (4.14)

to incorporate the spatially varying body force [300]. In order to minimize the discretization
errors, the nine-point compact finite-difference stencil is used in calculating the partial
derivatives of the normal vector and the interface curvature.

To promote phase segregation and maintain a reasonable interface, the recoloring algo-
rithm proposed by Latva-Kokko and Rothman [303] is adapted, the recolored distribution
function of the fluids, 𝑓 𝑅∗∗𝛼 and 𝑓 𝐵∗∗𝛼 , are

𝑓 𝑅∗∗𝛼 = 𝜌𝑅𝜌 𝑓 ∗𝛼 (𝐱, 𝑡)+𝛽 𝜌𝑅𝜌𝐵𝜌 𝜔𝛼 cos(𝜑𝛼)|𝐞𝛼 |,
𝑓 𝐵∗∗𝛼 = 𝜌𝐵𝜌 𝑓 ∗𝛼 (𝐱, 𝑡)−𝛽 𝜌𝑅𝜌𝐵𝜌 𝜔𝛼 cos(𝜑𝛼)|𝐞𝛼 |, (4.15)

where 𝛽 is the segregation parameter and is free to adjust, in this work, it is set to be 0.7,𝜙𝛼 is the angle between the phase field gradient ∇𝜌𝑁 and the lattice vector 𝐞𝛼 , defined by

cos(𝜑𝛼) = 𝐞𝛼 ⋅ ∇𝜌𝑁|𝐞𝛼||∇𝜌𝑁 | . (4.16)

After the recoloring step, the distribution functions of red and blue phases propagate
to the neighboring lattice nodes, known as propagation or streaming step:

𝑓 𝑅𝛼 (𝐱+𝐞𝛼𝛿𝑡, 𝑡 +Δ𝑡) = 𝑓 𝑅∗∗𝛼 (𝐱, 𝑡),𝑓 𝐵𝛼 (𝐱+𝐞𝛼𝛿𝑡, 𝑡 +Δ𝑡) = 𝑓 𝐵∗∗𝛼 (𝐱, 𝑡). (4.17)
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The post-propagation distribution functions are then used to obtain the local density of
both fluids by 𝜌𝑅 =∑𝛼 𝑓 𝑅𝛼 and 𝜌𝐵 =∑𝛼 𝑓 𝐵𝛼 . Equations 4.1-4.17 together define the complete
evolution process, consisting of collision (Eqs. 4.1-4.2 and 4.10), recoloring (Eq. 4.15), and
propagation/streaming (Eq. 4.17).

4.2.2 Wetting Boundary Condition
In this work, the wetting boundary condition is imposed to achieve the prescribed contact
angle 𝜃 at the solid surface, following the approach of Xu et al. [293]. The main steps are
as follows: (1) estimate the 𝜌𝑁 at the boundary solid nodes, (2) evaluate the color gradientΔ𝜌𝑁∗ in boundary fluid nodes using the estimated 𝜌𝑁 , and (3) correct the color gradient so
that the local contact angle matches the desired value.

First, for each boundary solid node 𝑥 ∈ 𝐶𝑆𝐵 , the 𝜌𝑁 is estimated by a weighted average
of the neighboring fluid nodes, i.e.,

𝜌𝑁 (𝑥) = ∑𝛼,𝑥+𝐞𝛼𝛿𝑡∈𝐶𝐹𝐵 𝜔𝛼 𝜌𝑁 (𝑥 +𝐞𝛼)
∑𝛼,𝑥+𝐞𝛼∈𝐶𝐹𝐵 𝜔𝛼 , 𝑥 ∈ 𝐶𝑆𝐵 (4.18)

where𝐶𝐹𝐵 is the set of fluid nodes at the solid-fluid interface, 𝐶𝑆𝐵 is the set of boundary solid
nodes, 𝜔𝛼 are the weight coefficients, and 𝐞𝛼 are the discrete lattice velocities. The color
gradient Δ𝜌𝑁∗ at each fluid node near the boundary is then computed through nine-point
compact finite-difference stencil, which needs to be modified to achieve the desired contact
angle.

Next, the orientation of Δ𝜌𝑁∗ in 𝐶𝐹𝐵 is calculated as

𝐧∗ = Δ𝜌𝑁∗|Δ𝜌𝑁∗| . (4.19)

In two dimensions, there are two possible candidate interface normal vectors at the
contact line, 𝐧1 and 𝐧2 corresponding to the prescribed contact angle 𝜃, which can be
obtained by rotating the unit normal vector of the solid surface 𝐧𝑠 = (𝑛𝑠,𝑥 ,𝑛𝑠,𝑦) by 𝜃 in the
positive and negative senses, i.e.,𝐧1 = (𝑛𝑠,𝑥 cos𝜃−𝑛𝑠,𝑦 sin𝜃, 𝑛𝑠,𝑦 cos𝜃+𝑛𝑠,𝑥 sin𝜃),𝐧2 = (𝑛𝑠,𝑥 cos𝜃+𝑛𝑠,𝑦 sin𝜃, 𝑛𝑠,𝑦 cos𝜃−𝑛𝑠,𝑥 sin𝜃). (4.20)

The correct unit normal vectors for the color gradient in 𝐶𝐹𝐵 are selected by comparing
the Euclidean distances to 𝐧∗, i.e., 𝐷1 = |𝐧∗ −𝐧1|𝐷2 = |𝐧∗ −𝐧2|, (4.21)

The unit normal vector is then selected as

𝐧 = ⎧⎪⎪⎪⎨⎪⎪⎪⎩
𝐧1, 𝐷1 < 𝐷2𝐧2, 𝐷1 > 𝐷2𝐧𝑠, 𝐷1 = 𝐷2

(4.22)
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Figure 4.1: Schematic of capillary intrusion.

Finally, the color gradient vector at the boundary is modified as

Δ𝜌𝑁 = |Δ𝜌𝑁∗|𝐧, (4.23)

ensuring that the local interface orientation matches the desired contact angle. This
algorithm provides robust and accurate wetting boundary conditions for arbitrary contact
angles and complex geometries, and is effective for two-phase lattice Boltzmann simulations
in porous media.

The above color-gradient LBM was programmed in MATLAB, with the computational
efficiency enhanced through parallel computing on the graphics processing unit (GPU),
utilizing MATLAB’s built-in functions (i.e. 𝑐𝑜𝑛𝑣2 for calculating the partial derivatives and𝑝𝑎𝑔𝑒𝑓 𝑢𝑛 for three-dimensional matrix operations). The simulations in this work were
performed using the RTX 4090 GPU on workstations.

4.2.3 Capillary Intrusion Validation
To verify the developed model, the capillary intrusion test is performed. As sketched in
Figure 4.1, the simulation domain is a 2D capillary tube placed horizontally: The wetting
phase penetrates the tube that initially filled by the non-wetting phase. This imbibition
process is determined by the balance between capillary and viscous forces of the fluids,
which can be expressed as

𝜎cos(𝜃) = 6𝐻 [𝜇𝐿𝑥 +𝜇𝑉 (𝐿−𝑥)] 𝑑𝑥𝑑𝑡 , (4.24)

where 𝜃 is the contact angle, 𝐿 and 𝐻 are the length and width of the capillary tube,
respectively; 𝑥 is the location of the interface, 𝜇𝐿 and 𝜇𝑉 are dynamic viscosities of liquid
and vapor phases [292]. The domain is discretized into 600×15 lattice points with 𝐿 = 300
and 𝐻 = 5 for the capillary tube with periodic boundary conditions in the 𝑥 direction. Here
we take brine displacing H2 as example, and the parameters used in the simulation are
listed in Table 4.2. Periodic boundary conditions are imposed on the region occupied by
fluid.

We consider two cases with the contact angle given by 𝜃 = 35◦ and 𝜃 = 70◦. Figure 4.2
presents the comparisons between numerical simulations from LBM and the analytical
predictions of Eq. 4.24. Good agreement was observed with capillary width 𝐻 being 5,
which was smaller than the smallest pore width in the following cases, ensuring that grid
resolution is sufficient to capture the underlying dynamic processes.
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Figure 4.2: Capillary intrusion tests: comparison between LBM simulations and theoretical predictions.

4.3 Simulation setup and pore-scale characterization
4.3.1 Fluid properties
The physical properties of H2, CH4, and CO2 are listed in Table 4.1. These properties
represent the conditions of a temperature of 40 ◦C and a pressure of 11 MPa, corresponding
to a reservoir at a depth of 1100 meters, which is identified as the optimal depth for
hydrogen storage [304]. For the brine, a molality of 2.0 mol NaCl/L was selected, and the
corresponding properties were applied. The contact angles, which are similar for the three
gases, were derived from experimental measurements [189, 223, 305]. All measurements
were conducted in the same laboratory using the Captive Bubble method on sandstone
samples, providing a consistent basis for comparison. To convert the physical properties
into lattice units, fixed scaling parameters for length, mass, and time were applied, resulting
in the values presented in Table 4.2.

The densities of both the gas and the brine were set to one, assuming negligible inertial
forces in the system, consistent with low Reynolds numbers and laminar flow conditions
[306]. This simplification excludes gravitational (buoyancy-driven) effects, which may
become relevant in larger-scale systems, but were not the focus of this capillarity-driven
trapping study [306, 307]. Themass scaling factor was calculated based on the liquid density.
In these simulations, dynamic viscosity ratios were used. Using dynamic viscosities ensures
a realistic representation of the mobility of both the gas and the liquid phase.

4.3.2 Pore geometry
The primary pore geometry used in this study is the pore doublet model, shown in Figure 4.3
(left). Although highly idealized compared to real pore networks, this geometry captures key
aspects of preferential flow and multiphase displacement behaviour in porous media [269,
311]. Its simplicity allows for isolating the fundamental physical mechanisms governing



4

60 4 Pore-scale simulations: Geometric and operational conditions of H2 trapping
Property Unit H2 CH4 CO2
Density gas, 𝜌𝑔𝑎𝑠 kg/m3 8.00 77.6 683
Density liquid, 𝜌𝑏𝑟𝑖𝑛𝑒 kg/m3 1066 1066 1066
Dynamic Viscosity gas, 𝜇𝑔𝑎𝑠
(𝜈𝑔𝑎𝑠 ⋅ 𝜌𝑔𝑎𝑠) µPa⋅s 9.47 14.3 54.1

Dynamic Viscosity liquid, 𝜇𝑏𝑟𝑖𝑛𝑒
(𝜈𝑏𝑟𝑖𝑛𝑒 ⋅ 𝜌𝑏𝑟𝑖𝑛𝑒) µPa⋅s 790 790 790

Viscosity ratio gas/brine 𝑀 - 0.012 0.018 0.068
Surface tension, 𝜎 mN/m 66 58 39
Contact angle, 𝜃 ° 35 35 30

Table 4.1: Physical units of H2, CH4, CO2, and brine (2.0 mol NaCl/L) at 𝑇 = 40 ◦C and 𝑃 = 11 MPa. Values are
taken based on the literature [47, 173, 174, 189, 223, 305, 308–310].

Property Unit H2 CH4 CO2
Density gas, 𝜌𝑔𝑎𝑠 M/L3 1 1 1
Density liquid, 𝜌𝑏𝑟𝑖𝑛𝑒 M/L3 1 1 1
Dynamic Viscosity gas, 𝜇𝑔𝑎𝑠
(𝜈𝑔𝑎𝑠 ⋅ 𝜌𝑔𝑎𝑠) M/L⋅T 0.0060 0.0091 0.034

Dynamic Viscosity liquid, 𝜇𝑏𝑟𝑖𝑛𝑒
(𝜈𝑏𝑟𝑖𝑛𝑒 ⋅ 𝜌𝑏𝑟𝑖𝑛𝑒) M/L⋅T 0.50 0.50 0.50

Viscosity ratio gas/brine 𝑀 - 0.012 0.018 0.068
Surface tension, 𝜎 M/T2 0.19 0.16 0.11
Contact angle, 𝜃 ° 35 35 30

Table 4.2: Lattice units of H2, CH4, CO2, and brine, used in the numerical simulations, expressed in units of mass
(M), length (T) and time (T).

trapping due to bypassing, which are relevant to more complex geological systems. The
pore doublet model comprises an inlet channel that bifurcates into two parallel channels
with different widths, 𝑑1 and 𝑑2, before merging into a single outlet channel. To investigate
the effect of pore shape, a rounded version of the pore doublet model is also employed
(Figure 4.3 (right)). The rounded model has the same inlet width, 𝑑1, as the rectangular
pore doublet model, to maintain consistency. In all geometries 𝑑1 is set as 15, and the
corresponding 𝑑2 is set based on the channel width ratio.

4.3.3 Simulation setup
The Zou–He type boundary conditions are adopted in this study [312, 313], with a constant
pressure prescribed at the inlet and a zero-pressure condition at the outlet. To achieve
no-slip condition, the halfway bounce-back scheme [314, 315] is applied at the solid walls.
The inlet velocity caused by the set pressure gradient, is used to define the capillary number,
which is defined as

𝐶𝑎 ≡ 𝜇𝑔𝑎𝑠 ⋅ |𝑉𝑖𝑛𝑙𝑒𝑡 |𝜎 . (4.25)
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Figure 4.3: Pore geometries used in this study: (left) Rectangular pore doublet model, (right) Rounded pore doublet
model.

The investigated capillary numbers are in the range of 10−4, which is relevant for the
UHS systems [316]. At the start of the simulation, the system is fully saturated with brine,
and a volume fraction of 100% gas is set at the left boundary. As the pressure gradient is
applied, gas flows into the system from the left boundary, simulating the drainage process.
During the drainage phase, no gas trapping is expected. However, this phase is included to
establish a realistic initial phase distribution for the subsequent imbibition phase. Once
the gas reaches the right boundary of the simulation box, the imposed pressure gradient is
reversed and adjusted, resulting in the specific capillary number of the test (which are in
the range of 10−4). The volume fraction at the right boundary is then set to 100% brine,
simulating brine injection from this boundary (imbibition). The simulation ends when no
further changes in phase distribution occur.

4.3.4 Test cases
The goal of the simulations is to understand trapping due to bypassing in H2/brine systems.
More specifically, we aim to understand the impact of (a) channel width ratio, (b) pore shape,
(c) capillary number and flow velocities, and (d) fluid properties, through a comparison of
the trapping behaviour of H2 with that of CH4 and CO2.

A series of simulations have been carried out in which the channel width ratio (𝑑2/𝑑1)
was varied in the rectangular pore doublet from 2.5 to 5.0. To investigate the influence
of pore/grain shape, similar simulations were carried out using the rounded pore doublet
with a channel width ratio from 4.0 to 6.0. To assess the role of fluid properties in trapping
behaviour, simulations are carried out for H2 as well as for CH4 and CO2.
4.4 Theoretical Analysis of the pore doublet model
To understand the outcome of our numerical simulations, we conduct a theoretical analysis
of bypassing in the pore doublet model. The pore doublet model is a parallel arrangement
of a small and large-diameter channel, and is used as an idealized model of a pore structure
for the interpretation of trapping of the non-wetting phase by the displacing wetting fluid
during immiscible displacement in permeable porous media [267, 268]. A schematic pore
doublet model is presented in Figure 4.4.

The entrapment of oil, as a non-wetting fluid, has been studied extensively by various
researchers [264, 265, 272, 317]. Their analyses indicate that, under specific conditions,
the fluid interface in the small capillary at point A will progress towards point B, while
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Figure 4.4: Pore doublet model representation of imbibition (inspired by Chatzis and Dullien [268]).

the interface in the larger capillary remains stationary. This behaviour is attributed to
the higher capillary pressure in the narrow channel, which makes it the preferential flow
path. However, once the interface in the smaller capillary reaches point B, it may also
become stationary. This occurs because further advancement requires the expansion of
the interface area, which affects the capillary pressure.

In some cases, the interface expands until it contacts the opposite wall of the channel,
leading to a snap-off event. When this happens, the non-wetting fluid becomes trapped
in the larger capillary. Conversely, under different conditions, the interface in the larger
capillary may also advance towards point B, preventing fluid trapping in the system.

To further understand the simulation results, a complete set of dimensionless parameters
governing the behaviour of this system is derrived in Appendix B.1

4.4.1 Pressure Balance and trapping conditions
The pressure drop across each channel is the sum of the capillary pressure and the viscous
pressure drop [264]. Because the two channels are interconnected at both ends, the overall
pressure difference in the two channels is identical [266, 268]. During imbibition, as
the wetting fluid enters the system, capillary pressure enhances the flow velocity, while
the viscous forces act to resist the flow. Consequently, capillary forces and viscous forces
operate in opposing directions. When the pressure gradients in the inlet and outlet channels
are negligible, this equivalence approximates the overall pressure difference between the
inlet and outlet:

𝑃𝑖𝑛𝑙𝑒𝑡 −𝑃𝑜𝑢𝑡𝑙𝑒𝑡 ≈ 𝑃c1 −Δ𝑃1 = 𝑃c2 −Δ𝑃2, (4.26)

where 𝑃𝑖𝑛𝑙𝑒𝑡 and 𝑃𝑜𝑢𝑡𝑙𝑒𝑡 denote the set pressures at the inlet and outlet, respectively. The
terms 𝑃c1 and 𝑃c2 represent the capillary pressures in channels 1 and 2, and Δ𝑃1 and Δ𝑃2
correspond to the viscous pressure drops in channels 1 and 2, respectively.

The viscous pressure drop in each channel can be estimated by the Hagen-Poiseuille
equation [272, 317], i.e., Δ𝑃𝑗 = 128𝑞𝑗𝜇𝑙𝜋𝑑4𝑗 (𝑗 = 1,2), (4.27)

where 𝑑1 and 𝑑2 are the diameters of the large and small capillaries, respectively, 𝑙 is the
length of the flow path in the doublet, and 𝜇 is the dynamic viscosity. Equation 4.27 assumes
cylindrical capillaries and laminar flow.
The magnitude of capillary pressure 𝑃𝑐 can be estimated by the Young-Laplace equation:



4.4 Theoretical Analysis of the pore doublet model

4

63

𝑃c𝑗 ≡ (𝑃nw −𝑃w)𝑗 = 4𝜎 cos𝜃𝑑𝑗 (𝑗 = 1,2), (4.28)

where 𝜎 is the interfacial tension, 𝜃 is contact angle, and the subscripts nw and w indicate
the non-wetting and wetting phases, respectively.

Trapping of the non-wetting phase in the pore doublet model will occur during the
imbibition phasewhen capillary forces dominate over viscous forces [268]. Various attempts
have been made to predict the exact conditions at which snap-off occurs [267, 268]. The
entrapment of the non-wetting phase is despite the fluid properties, largely dependent on
the exact pore geometry [268], and therefore general trapping criteria are challenging to
find and there is no consensus reached in the literature. However, the impact of various
factors can be predicted by comparing the relative importance of capillary forces to viscous
forces. Although the simulations are conducted in 2D, Equations 4.27 and 4.28 are based
on 3D theory. These 3D expressions are more commonly used in the literature and provide
a better representation of realistic porous media behaviour. Since our analysis focuses on
relative trends rather than absolute magnitudes, applying the 3D form allows for more
general and transferable insights. In addition, it serves as a check on whether the 2D
simulations reproduce the qualitative behaviour expected from 3D systems.

4.4.2 Impact of flowvelocities, channelwidth ratio, channel geometry,
and fluid properties

Equations 4.27 and 4.28 indicate that the capillary pressure within each channel is inde-
pendent of the flow rate (𝑞). In contrast, the viscous pressure drop increases with flow
rate. Consequently, at higher flow rates, viscous forces become more dominant relative to
capillary forces. Since higher flow rates require a greater overall pressure gradient, this
corresponds to higher capillary numbers. Trapping is most likely to occur when capillary
forces dominate over viscous forces. This condition is met at low flow rates, which cor-
respond to lower pressure gradients and capillary numbers. Therefore, as the capillary
number decreases, the probability of trapping increases.

Equation 4.28 shows that capillary pressure increases as channel width decreases. As a
result, very narrow channels exhibit significantly higher capillary pressures. When the
width ratio between the larger and smaller channels is greater, the capillary pressure within
the narrow channel becomes more dominant within the system, promoting flow through
the narrow channel and causing bypassing of the larger channel. Consequently, a higher
channel width ratio increases the likelihood of trapping at certain capillary numbers.

As illustrated in Figure 4.4, trapping is highly influenced by local forces that determine
whether a snap-off event occurs. At the junction where the two channels reconnect, there
is always a localized resistance due to the expansion of the interfacial area. The exact
geometry of this junction plays a critical role in determining whether trapping occurs. In
wider and more rounded geometries, the interfacial area at the potential snap-off location is
larger, which reduces the likelihood of snap-off. Conversely, in sharper or more constricted
geometries, the interfacial area is smaller, increasing the probability of trapping.

Equations 4.27 and 4.28 show that fluid properties such as viscosity, interfacial tension,
and contact angle influence the balance between viscous and capillary forces. Higher
viscosity increases viscous forces, while higher interfacial tension and lower contact angle
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increase capillary forces. Based on the fluid properties in Table 4.1, CO2 shows the strongest
dominance of viscous forces over capillary forces due to its high viscosity and low interfacial
tension and contact angle, followed by CH4 and then H2. As a result, at the imposed same
pressure gradients or velocities, CO2 is most likely to bypass and become trapped, followed
by CH4 and finally H2. Increasing brine salinity affects both viscosity and interfacial tension.
It leads to higher viscosity [173] and also higher interfacial tension [47], which suggests
that both viscous and capillary forces may increase. Therefore, the impact is expected to
be minimal.

The fluid properties used in this study correspond to conditions at 11 MPa and 40◦C.
While fluid properties vary with pressure and temperature, particularly for gases, these
variations are less pronounced for the liquid-phase brine. At greater depths, the viscosity
and density of H2 would increase slightly, reducing the viscosity and density contrast with
brine. However, given the inherently low viscosity and density of H2 compared to brine,
these changes are expected to have a minimal impact on the trapping behaviour in this
study. The H2-brine surface tension is not significantly dependent on pressure, and is
expected to decrease with temperature [47], suggesting less pronounced capillary forces
in deeper reservoirs. The contact angle is expected to be independent of pressure and
temperature [189].

4.5 Results and Discussion
Our results reveal the conditions under which trapping due to bypassing occurs within
a pore doublet model. Specifically, we quantify the trapping percentage observed after a
drainage-imbibition cycle in cases where trapping occurs, which is summarized in Figure 4.6.
The following sections provide a detailed discussion of our simulation results, offering
a systematic understanding of the factors influencing trapping within the pore doublet
model.

In Section 4.5.1, we examine the impact of capillary numbers, which correlate with
flow velocities representing specific injection and production rates. Section 4.5.2 explores
the impact of the channel width ratios and pore size distributions in various geometries. In
addition, the influence of pore shape is also investigated and discussed in this section. In
Section 4.5.3, we discuss the influence of fluid properties on trapping by comparing the
behavior of H2, CH4, and CO2.
4.5.1 Impact of Capillary number
Theoretical analysis predicts that larger capillary numbers, corresponding to higher flow
velocities, result in a lower probability of trapping. Our results confirm this relationship.
Figure 4.5(a) illustrates the initial drainage phase for all tests, where the system is fully
saturated with brine, and H2 is injected from the left. As anticipated, H2 preferentially
flows through the larger channel due to both lower capillary and viscous resistance. During
this phase, trapping of H2 is not expected, so in the remainder of this section, the focus
will be on the imbibition phase.

Once H2 reaches the outlet, the flow is reversed to initiate the imbibition phase, during
which brine is injected from the right with varying capillary numbers. Figure 4.5(b) shows
the imbibition phase of a test with a capillary number of 4.0 × 10−4, showing brine flow
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through both channels initially. However, the smaller channel exhibits favorable conditions
for flow due to the relatively large capillary pressure pulling the brine inward, eventually
leading to snap-off in the third frame. Subsequently, brine flows exclusively through the
smaller channel, leaving H2 trapped in the larger channel (fourth frame).

Figure 4.5(c) shows results for a higher capillary number (5.0 × 10−4), where increased
viscous forces decrease the influence of capillary forces. In this case, snap-off is observed
in the second frame, but the detached bubble is mobilized again, and eventually, all H2 is
swept from the system.

Flow direction

I II III IV

(a) Drainage test with flow from left to right.

Flow direction

I II III IV

(b) Imbibition test with capillary number of 4.0 × 10−4 with flow from right to left.

Flow direction

I II III IV

(c) Imbibition test with capillary number of 5.0 × 10−4 with flow from right to left.

Figure 4.5: Frames from drainage (a) and imbibition (b and c) tests. Red represents brine and blue represents H2.
Trapping occurred during imbibition with capillary number 4.0 × 10−4 (b), while it did not occur for a higher
capillary number of 5.0 × 10−4 (c).

Figure 4.6 shows the trapping percentages for various tests using a range of capillary
numbers for the imbibition phase. As anticipated, there is a certain threshold in capillary
numbers for trapping to occur. This "threshold" or "critical capillary number" represents
a sharp decrease in trapping percentage with increasing capillary numbers, due to the
transition from dominating viscous forces to capillary forces. This sharp decrease in
trapping has also been observed on the larger scale in both experiments and numerical
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Figure 4.6: Comparison of H2 trapping percentages after imbibition for various channel width ratio’s across
capillary numbers in the rectangular pore doublet model.

simulations [271, 318–321]. The exact threshold depends on the geometry of the system,
which will be further discussed in the next section. In some of the cases we can also observe
a decrease in trapping percentage as capillary numbers decrease. This will also be further
discussed in the next section.

4.5.2 Impact of channel width ratio and pore size distributions in
various geometries

Figure 4.7 illustrates four frames from three different test cases with channel width ratios of
3, 4, and 5, shown in panels (a), (b), and (c), respectively. All test cases shown in this figure
were conducted at a similar capillary number of 4 × 10−4. It can be observed that trapping
did not occur in the test case where the channel width ratio was 3, whereas trapping was
observed in the test cases with larger channel width ratios of 4 and 5.

These results align with theoretical predictions, which suggest that a larger difference
in channel width enhances the dominance of capillary forces over viscous forces. This
increased influence of capillary forces leads to the trapping phenomenon observed in cases
with higher channel width ratios. Consistent with this observation, Figure 4.6 demonstrates
that larger channel width ratios correspond to a higher threshold for trapping.

Furthermore, larger width ratios result in higher trapping percentages. This can be
attributed to the increased dominance of capillary forces in systems with greater channel
width disparities. While trapping can still occur in cases with smaller channel width ratios,
the flow of brine through the upper channel is slower relative to the flow in the larger
channel compared to cases with larger ratios. In these instances with larger ratio, snap-off
occurs more quickly and as a result, the brine does not advance as far in the lower channel,
resulting in a higher trapping percentage.
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(a) Channel width ratio = 3

I II III IV

(b) Channel width ratio = 4

I II III IV

(c) Channel width ratio = 5

Figure 4.7: Frames from imbibition tests with channel width ratios of 3 (a), 4 (b), and 5 (c) with capillary number
of 4 × 10−4. Red represents brine and blue represents H2. The frames taken at the moment when (I) the wetting
phase enters the large channel (II) snap-off is about to happen (III) snap-off just happened (IV) steady-state is
reached.

Figure 4.6 indicates that for smaller channel width ratios, trapping percentages decrease
as capillary numbers drop below the trapping threshold. Interestingly, no trapping is
observed for the lowest capillary numbers, which appears counterintuitive. To understand
this behaviour, it is essential to examine the geometry and the moment when snap-off
nearly occurs, as illustrated in Figure 4.8, this point in the simulation corresponds to point
B in Figure 4.4.

At low capillary numbers, capillary forces dominate, resulting in preferential flow
through the upper channel. However, when the fluid interface reaches the junction where
the two channels merge into the outlet channel (point B in Figure 4.4), the interface
temporarily widens as though the channel abruptly expands. This widening reduces
the local capillary pressure, while the narrower channel still experiences relatively high
viscous forces. Consequently, despite the general advantage of the upper channel, this
temporary reduction in capillary pressure creates a local disadvantage, as also explained in
the theoretical analysis (Section 4.4). When flow velocities are higher, the increased kinetic
energy helps to overcome this local disadvantage, allowing snap-off to occur. Conversely, at
very low velocities (low capillary numbers), this disadvantage significantly delays snap-off.
In some cases, the delay is so pronounced that the flow through the lower, wider channel
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Figure 4.8: Frame of the moment where snap-off nearly occurs, leading to trapping

Flow direction

I II III IV V

Figure 4.9: Frames from imbibition test with the rounded pore doublet with a channel width ratio (𝑑2/𝑑1) of 5 and
capillary number of 3.5 × 10−4. Red represents brine and blue represents H2.

becomes dominant, and snap-off does not occur at all.

This analysis highlights the critical role of exact geometry in determining the trapping
threshold. To further investigate, similar simulations were conducted using a rounded
pore doublet model, as described in Figure 4.3 (left), with varying channel width ratios.
Trapping was also observed in this geometry under specific conditions, an example of
which is presented in Figure 4.9.

The results are summarized in Figure 4.10. In this geometry, trapping occurs only
for channel width ratios of 5 and higher, with trapping percentages ranging from 0 % to
35 %. When compared to the results obtained from the rectangular pore doublet model
(Figure 4.6), a similar trend can be observed. As the channel width ratio increases, both the
trapping percentages and the capillary number thresholds for trapping increase. However,
the absolute trapping percentages and thresholds are lower for the rounded pore doublet
model at specific channel width ratios.

These findings suggest that the rectangular structure enhances trapping compared to
the rounded structure, while maintaining the same general relationships between channel
width ratio, trapping percentage, and capillary number thresholds. This difference can also
be understood in terms of the pore throat aspect ratio, defined as the ratio between the
wider junction area (acting as a pore) and the narrower connecting channels (throats), as
illustrated in Figure 4.11. In the rounded geometry, the pore radius is larger than in the
rectangular geometry (𝑟′pore > 𝑟pore), effectively increasing the aspect ratio. Consequently,
the interface must extend further before reaching the opposite side of the channel (𝐿′ > 𝐿),
which lowers the local capillary pressure. As a result, snap-off and the resulting trapping
are delayed or less likely to occur. Overall, the smoother and more open junction in the
rounded geometry contributes to reduced trapping under comparable conditions.
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Figure 4.10: Comparison of H2 trapping percentages within the rounded pore doublet model for various channel
width ratio’s across capillary numbers.

Our observations are consistent with the recent analytical work of Shan et al. [269],
who derived an analytical solution for immiscible displacement in a pore doublet. They
demonstrated that the displacement process is governed by a critical capillary number,
which depends on both the viscosity ratio and the channel radius ratio. When the system
operates below this critical number, preferential imbibition occurs in the narrow channel,
leading to trapping in the wider channel. At higher capillary numbers, viscous forces
dominate and trapping is reduced. These theoretical predictions align well with our LBM
results, which show that increasing the channel width ratio promotes bypassing and
enhances trapping at low capillary numbers.

4.5.3 Impact of gas type
Figure 4.12 presents frames from an imbibition test conducted at a capillary number of4×10−4 and a channel width ratio of 4. The top row (a) shows frames from a test using H2
properties for the non-wetting phase, with corresponding tests for CH4 and CO2 properties
shown in panels (b) and (c), respectively. For this capillary number, trapping is observed
for both H2 and CH4, while for CO2 no trapping is observed. It can be observed that the
behaviour of H2 and CH4 is quite similar, and similar gas saturations remain trapped, which
is already expected due to their similar thermophysical properties.

Figure 4.13 shows the trapped saturations of H2, CH4, and CO2 as a function of the cap-
illary number. Among the three gases, H2 exhibits the lowest capillary trapping threshold
at 3.8 × 10−4, followed by CH4 at 4.1 × 10−4, and CO2 with a significantly higher threshold
of 1.1×10−3. The capillary number represents the ratio of viscous to capillary forces, which
governs trapping through bypassing. However, it does not include the viscosity ratio
between the gas and liquid phases. Our results show a clear influence of viscosity ratio
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Figure 4.11: Illustration of the influence of pore throat aspect ratio on capillary trapping. In the rectangular
geometry (left), sharp transitions between throat and pore result in lower aspect ratios (𝑟pore/𝑟throat) and less
reduced local capillary pressure, promoting trapping. In contrast, the rounded geometry (right) features smoother
transitions and a higher aspect ratio (𝑟′pore/𝑟throat), as well as a lower capillary pressure due to the longer interface𝐿′, reducing the likelihood of trapping under comparable conditions.
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on the trapping behaviour. H2 has the lowest gas-to-liquid viscosity ratio (0.012), CH4 is
slightly higher (0.018), and CO2 is much higher (0.067), which aligns with the observed
trapping thresholds. Since only the gas viscosity is used in our capillary number definition,
and not the liquid viscosity, the effect of gas viscosity is overestimated in systems that are
not fully gas-saturated. This results in lower apparent capillary thresholds for gases with
lower viscosities.

Based on our results, H2 and CH4 exhibit similar trapping behaviour. The capillary
number alone does not fully capture the dynamics of two-phase flow, particularly when it
includes only the viscosity of the gas phase. However, examining the inlet velocities 𝑉 𝑖𝑛𝑙𝑒𝑡
at which capillary trapping begins reveals that H2 and CH4 reach their trapping thresholds
at higher velocities than CO2. This suggests that, at comparable production rates, H2 and
CH4 are more likely to be trapped due to bypassing, while CO2 may remain more mobile
under the same conditions due to its higher viscosity and therefore stronger viscous forces.

Flow direction

I II III IV

(a) Imbibition test H2

I II III IV

(b) Imbibition test CH4

I II III IV

(c) Imbibition test CO2
Figure 4.12: Frames from imbibition tests with H2 (a), CH4 (b), and CO2 (c) with capillary number of 4 × 10−4. Red
represents brine and blue represents the gas phase. Frames are taken at the moment when (I) the wetting phase
enters the large channel (II) snap-off is about to happen (III) snap-off just happened (IV) steady-state is reached.

4.5.4 Application to UHS systems
The findings of this study are relevant to underground hydrogen storage (UHS), where
understanding and predicting trapping mechanisms is critical for optimizing storage effi-
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Figure 4.13: Comparison of trapping percentages for H2, CO2, and CH4 across capillary numbers. A channel
width ratio of 4, and the rectangular pore doublet were used in the numerical simulations.

ciency and minimizing losses. While the geometries used in this study do not replicate real
pore structures, simplified geometries were intentionally chosen to develop a fundamental
understanding of capillary trapping caused by bypassing and to identify trends applicable
to UHS.

Our results show that trapping efficiency is strongly influenced by the distribution of
pore sizes. A higher channel width ratio, representing a broader pore size distribution
in rock formations, significantly enhances trapping due to bypassing. This indicates that
reservoirs with wider pore size distributions are likely to immobilize greater amounts
of hydrogen through capillary trapping. This will reduce overall efficiency, particularly
during initial storage cycles, as some of the injected hydrogen may remain trapped and
unrecoverable.

Additionally, pore geometry was found to have a significant influence on the extent of
trapping. Trapping due to bypassing is less likely to occur in rounded pores compared to
rectangular shapes with sharp corners, and the trapping percentages are correspondingly
lower in geometries with rounded corners. This suggests that selecting a rock type with
well-rounded grains, rather than angular grains with sharp edges and corners, could reduce
trapping and improve storage efficiency.

The observed dependence of trapping on the capillary number highlights the critical
role of flow conditions during withdrawal phases. Lower capillary numbers, associated with
slower flow rates, were found to increase trapping within our pore geometry. Extrapolating
this to larger UHS systems suggests that producing H2 from the reservoir at higher flow
rates would enhance efficiency by reducing the amount of residually trapped H2.

Interestingly, the findings of Yu et al. [261] suggest that higher flow rates can promote
trapping due to dead-end bypassing. However, the broader consensus at the core scale
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indicates that the total amount of capillary-trapped non-wetting phase after imbibition
generally increases with decreasing capillary number [320]. This conclusion is supported
by both numerical and experimental studies [271, 318, 319, 321]. In the context of H2,
it is also observed in core flood experiments that injection of brine at higher flow rates
reduced capillary trapping and increased H2 recovery [290]. These results reinforce our
conclusion that higher production rates for H2 extraction are likely to reduce residual
trapping percentages.

The geometries used in our study were intentionally simplified to investigate the fun-
damental processes of capillary trapping due to bypassing. This phenomenon is inherently
complex and highly sensitive to specific pore geometries and flow regimes. While these
simplified geometries are essential for understanding the mechanisms driving certain
processes observed at larger scales, they are not directly representative of real-world UHS
scenarios.

To address these limitations, future research should focus on integrating these pore-
scale insights into larger-scale reservoir models or conducting more realistic pore-scale
simulations. Such efforts will facilitate more accurate predictions of trapping behaviour
and storage efficiency under conditions that better reflect practical applications. Moreover,
trapping due to bypassing represents only one of the two primary capillary trapping
mechanisms. To develop a more comprehensive understanding of the total amount of
capillary trapping, future studies should also investigate the dynamics of trapping caused
by snap-off. This dual focus will provide a more complete perspective on the factors
influencing trapping efficiency in subsurface systems.

In addition to UHS systems, the trapping behaviour analyzed in this studymay also have
implications for natural hydrogen extraction and in situ hydrogen generation [322, 323].
These promising technologies involve subsurface environments in which hydrogen may
occupy different pore structures and regions compared to UHS, potentially making recovery
more challenging. Understanding the mechanisms of bypassing and trapping can therefore
provide valuable insight into efficiency and recoverability in such settings.

4.6 Conclusions
This study aimed to provide a deeper understanding of how pore geometry and flow rate
influence the residual trapping of H2 by bypassing and to connect these mechanisms to the
pore size distributions of rocks. Pore-scale simulations were conducted using the lattice
Boltzmann method (LBM) across a variety of geometries, including the pore doublet model,
to investigate the impact of (a) channel width ratio, (b) pore shape, (c) capillary number and
flow velocities, and (d) fluid properties, through a comparison of the trapping behaviour of
H2 with that of CH4 and CO2, on residual trapping by bypassing, which is a key trapping
mechanism. Simulation results were supported by a theoretical analysis. The following
key conclusions were drawn:

• Residual trapping due to bypassing predominantly occurs at low capillary numbers,
emphasizing the role of capillary forces in controlling trapping mechanisms. These
results suggest that producing H2 at higher flow rates will result in less residual
trapping, which is in line with experimental findings [290].
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• Two types of geometries were studied: rectangular pore doublets and rounded pore
doublets. A clear relationship between channel width ratio and trapping percentage
was observed, with higher channel width ratios leading to increased trapping. This
finding indicates that rocks with a relatively narrow distribution of channel widths
are more favorable for UHS, as less H2 will get trapped due to bypassing. While
the use of simplified geometries enabled us to isolate and understand key physical
mechanisms, future studies involving more realistic pore structures are needed to
confirm and extend these findings.

• The likelihood of trapping is primarily governed by the balance between capillary and
viscous forces, making it a useful predictor of the relative extent of trapping in a given
system. However, local pore geometry plays a crucial role in determining whether
snap-off occurs. Rounded pore geometries reduce trapping, while angular geometries
enhance snap-off, leading to increased trapping due to bypassing. Consequently,
rocks composed of well-rounded grains are more effective for UHS, whereas angular-
grained rocks are less favorable for UHS when considering this trapping mechanism.

• In addition to the capillary number, the mobility ratio plays a key role in predicting
residual trapping. H2 and CH4 exhibit similar trapping thresholds in terms of capillary
number due to their comparable mobility ratios, while CO2 behaves differently. At
similar production rates, H2 and CH4 are more prone to trapping by bypassing,
whereas CO2, with its higher viscosity and stronger viscous forces, tends to remain
more mobile under the same conditions.

These findings provide valuable insights into the conditions and rock properties that en-
hance H2 trapping in subsurface reservoirs, with implications for optimizing underground
hydrogen storage strategies.
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5
A framework for efficient Field

Elimination and Ranking

Underground hydrogen storage in porous media is promising for large-scale energy storage.
However, its technical and financial effectiveness heavily depends on a reliable site selection
strategy. In this chapter, we critically assess the available literature across disciplines to
identify the most influential criteria for reliable site selection. Drawing from this evaluation,
we propose a systematic, multidisciplinary framework for early-stage reservoir screening,
integrating key criteria from reservoir performance, geomechanics and containment, location
and techno-economics, and bio-geochemistry. Our framework allows for rapid identification
and ranking of the most suitable reservoirs by proposing 11 elimination and 15 screening
criteria. The presented framework consists of practically applicable and scientifically grounded
criteria to support consistent, early-stage decision based on readily available data, while
allowing for detailed site-specific analysis in later project development phases. By unifying
diverse disciplinary insights into a structured methodology, this study contributes to more
informed, inclusive and effective site selection.

This chapter was published in Energy & Fuels Vol. 39(41), (2025) [324].
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5.1 Introduction
As the global energy transition accelerates, hydrogen is considered as an important energy
carrier, in particular for long-term energy storage, due to its high gravimetric energy
density and clean combustion products [4, 6–8]. Underground Hydrogen Storage (UHS) in
geological formations, such as salt caverns, depleted reservoirs, and aquifers, is promising
for large-scale, long-term energy storage to balance supply and demand fluctuations [9–
12]. Depleted gas reservoirs offer significant potential due to their high capacity [16–18].
However, selecting a suitable reservoir is a crucial step in enabling a safe and efficient
storage implementation project [46]. This selection process must account for a range of
factors, which are multidisciplinary by nature, including reservoir performance (e.g., injec-
tivity and deliverability), geomechanical stability, containment integrity, bio-geochemical
interactions, and techno-economic viability. A comprehensive site ranking and selec-
tion framework, which is developed based on a critical and inclusive assessment of these
dimensions, is essential to mitigate risks and maximize the operational efficiency.

While Underground Gas Storage (UGS) has been widely utilized for several decades, un-
derground hydrogen storage remains a relatively new technology. Despite the long history
of gas storage, publicly available research on the site selection criteria for underground
gas storage fields remains limited [325–327]. In contrast, site selection for CO2 storage
has been quite extensively investigated, with numerous studies providing comprehensive
screening criteria and assessment methodologies [327–336]. Site selection of Underground
Hydrogen Storage has been gaining more attention in the recent years. Numerous studies
describe workflows for selecting suitable UHS fields [46, 337–347].
Many of these studies employ Multi-Criteria Decision-Making (MCDM) techniques, such
as the Analytic Hierarchy Process, to evaluate a range of site selection criteria and their
relative importance. Expert judgment plays a crucial role in this context, especially given
the diverse and often non-comparable nature of the factors involved. However, to ensure
that site selection decisions are grounded in robust evidence, it is important to complement
expert-based methods with quantitative techniques such as sensitivity analysis through
reservoir modeling. Sensitivity analysis systematically evaluates how variations in key
geological and operational parameters impact storage performance, leading to more reliable
and evidence-based site selection. Despite its value, only a few studies have applied
this approach for site selection [338, 343, 348]. Okoroafor et al. [338] identified critical
parameters for hydrogen storage in depleted gas fields, while Sekar et al. [343] extended this
to saline aquifers, proposing elimination and ranking criteria. Chen et al. [348] developed
a machine learning–based reduced-order model trained on high-fidelity simulations to
perform sensitivity analysis and identify optimal saline aquifers in the U.S. Similarly, Malki
et al. [344] introduced OPERATE–H2, a tool that integrates reduced-order models and
sensitivity analyses to assess hydrogen storage performance and support site selection
based on geologic and operational factors. Although Wang et al. [18] and Mwakipunda et
al. [349] addressed site selection as part of a broader review, their treatment of this topic is
limited in detail due to the wider scope of their studies.

In addition to the studies explicitly addressing site selection, numerous other inves-
tigations offer valuable insights by focusing on specific aspects of UHS. These studies
often employ sensitivity analyses or explore individual parameters or aspects such as
geological heterogeneity [350], microbiological activity [27, 28] or residual trapping. By
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concentrating on isolated factors, they provide a more detailed understanding of the un-
derlying physical and operational processes, thereby contributing critical knowledge that
complements broader site selection frameworks. Such focused analyses enhance the overall
understanding of the UHS system behavior and can inform the development of more robust,
science-based selection criteria.

Indeed, as more pilot projects for UHS are initiated worldwide, a comprehensive and
scientifically grounded approach to site selection is becoming increasingly important.
However, no comprehensive review currently exists that specifically focuses on the UHS
site selection, the very first crucial step in making any project successful. And, to the best
of the authors’ knowledge, a scientifically grounded framework that integrates insights
from all relevant disciplines into quantifiable and practically applicable criteria for site
selection is also missing in the literature. This review and outlook study addresses such
a significant knowledge gap by presenting a systematic, multidisciplinary approach for
reliable site selection for UHS in porous media. Here, we focus on the most influential and
practically applicable criteria to enable rapid and effective field elimination and ranking
among many available options. The framework draws directly from established findings in
the literature, including results from sensitivity analyses and domain-specific studies, to
ensure both scientific rigor as well as practical applicability.

We begin by reviewing and evaluating existing studies on site selection for UHS, iden-
tifying current practices and their limitations (Section 5.2). To provide context, we then
compare site selection approaches across UHS, underground gas storage (UGS), and car-
bon capture and storage (CCS), highlighting differences in site selection methodologies
across these applications (Section 5.3). Building on these insights, we introduce a frame-
work setup specifically developed for UHS (Section 5.4). Its structure is organized around
four main categories: Reservoir Performance, Bio-Geochemistry, Geomechanical Risks
and Containment, and Location and Techno-Economics. Each category is analyzed to
identify the most critical factors influencing site suitability (Sections 5.5 - 5.8). These
elements are then integrated into a comprehensive framework (Section 5.9), followed by a
discussion of key challenges and perspectives (Section 5.10), and a conclusion (Section 5.11).

5.2 Site Selection Strategies: Overview and Assessment
Site selection for Underground Hydrogen Storage has received increasing attention in
recent literature [46, 337–343, 345–348, 351–355]. Numerous studies have applied site
selection methods to specific regions, including Japan, Germany, the UK, USA, and Poland
[46, 340, 342, 343, 345, 348, 354, 355].

Site selection is typically based on predefined criteria, which play a crucial role in
determining suitable locations. Some studies propose new, UHS application specific, site
selection criteria [338, 343, 351, 354], while others derive their criteria from the existing
literature [337, 340, 342, 347, 352, 354, 355], sensitivity analyses via reservoir model simu-
lations [338, 343, 348], or even expert judgments. However, in some cases, the rationale
behind the employed criteria is not explicitly stated, nor justified [341, 351, 353]. Notably,
very few studies provide a solid scientific basis for their proposed site selection criteria.

Table 5.1 provides an overview of the site selection criteria identified in UHS site
selection studies. We have grouped the criteria into four categories; however, it is important
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to note that some criteria influence multiple categories. Most existing studies place a strong
emphasis on reservoir performance, while bio-geochemistry and geomechanical aspects
receive comparatively less attention, and techno-economic factors, despite being very
important in realization of the projects, are the least frequently addressed topics. Striking
a balance between these areas remains a key challenge, as many studies consider only a
subset of the criteria, resulting in an incomplete perspective on site suitability. Table 5.1
shows a wide range of criteria, and while some of the criteria, such as depth, permeability,
and porosity, are relatively intuitive to evaluate, many others, e.g., cushion gas requirement,
initial capital investment, and local culture embedding, most likely require additional
analysis, which can become very time-consuming and challenging specially as they can be
beyond the technical aspects (including social sciences).

Table 5.1: Overview of all criteria used in literature site selection studies

Reservoir Performance Location and Techno-Economics

• Pore volume/Storage
capacity[46, 337–340, 346, 347, 351]

• Depth [46, 337–341, 343, 347, 351, 352, 354]
• Pressure [338, 339, 343, 347, 351, 352]
• Permeability [337–341, 343, 347, 351, 352, 354]
• Porosity [337–341, 343, 347, 351, 352, 354]
• Permeability anisotropy [338, 339]
• Permeability heterogeneity [338, 339]
• Closure/spill point [341, 351]
• Reservoir dip [338, 339, 343]
• Reservoir structure [337, 340, 343, 351, 352]
• Geothermal gradient [338, 343]
• Stage of exploration [46]
• Reservoir type (gas/oil/aquifer) [46, 338, 346, 351]
• Area [337, 341, 351]
• Thickness [337, 338, 341, 343, 347, 351, 352, 354]
• Vertical closure [352]
• Flow capacity [340, 346, 354]
• Pressure buildup [354]
• Column height [354]
• (Vertical) Net gross [340, 341]
• Max. H2 well deliverability rate [340]

• Labour [337]
• Proximity to suppliers and infrastructure
[337, 340, 346, 347]

• Infrastructure availability [337, 346]
• Storage cost [337, 347]
• Initial investment [337, 347]
• Regional risks [337, 347]
• Legal restrictions [337, 346, 351]
• Social acceptance [337, 346, 351]
• Job creation [337]
• Local culture [337]
• Cushion gas requirement [339, 340]
• Facilities, pipelines, ports [339]
• Sensitive areas, environment [339]
• Offshore/onshore [340, 346]
• Spatial planning [341]

Geomechanical Risks and Containment Bio-Geochemistry

• Overburden rock lithology [46, 339, 352]
• Faults in proximity, compartmentalisation
[338, 339, 341, 343, 346, 351]

• Earthquakes / Seismicity / tectonic activity
[46, 337–339, 341, 343, 346, 351]

• Caprock permeability [337, 346]
• Cap rock thickness [338, 339, 341, 343, 352]
• Secondary confining units [338, 343]
• Overlying aquifers [346, 351]
• Faults in overburden [341, 346]
• Seal lithology [341]
• Subsidence [351]
• Proven seal [346, 351]
• Well density [346]

• Rock types and mineralogy
[339, 343, 346, 351, 352, 354]

• Knowledge of depositional environment [351]
• Temperature [343, 346, 351, 354]
• Pressure [338, 339, 343, 351]
• Fluid characteristics, salinity, pH
[339, 343, 346, 351, 354]

• Presence of microorganisms [339]
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Moreover, the way these criteria are applied in the site selection process in the literature
varies significantly. In our view, both screening and ranking are essential steps in the site
selection process. However, screening, the elimination of fields that do not meet essential
criteria, is not always conducted in the literature, which may lead to the selection of fields
that lack essential characteristics. A structured and systematic approach that incorporates
both phases of screening and ranking is necessary for reliable site selection.

An effective way to prioritize and weigh the various criteria is by using Multi-Criteria
Decision-Making (MCDM) tools [46, 337, 340–342, 347, 353]. These tools help to reduce
subjectivity in site selection by ensuring a structured decision-making process and allowing
for the comparison of criteria of different natures. Commonly used MCDM methods
include the Analytic Hierarchy Process (AHP), the fuzzy Delphi method, and the Preference
Ranking Organization Method for Enrichment Evaluations (PROMETHEE). While MCDM
methods provide valuable insights, expert judgment remains integral to the process. This
is particularly important given the wide range of factors involved, which are often difficult
to directly compare. However, expert assessments can be inherently subjective, and the
complexity of some MCDM methods can make the process of selecting a field more time-
demanding.

Existing methods offer valuable insights, but a more systematic approach that integrates
all important aspects is necessary for optimal UHS site selection. Additionally, scientific
validation and quantification of site selection criteria are imperative. Lastly, we focus on
providing only the most influential site selection criteria, to keep the method fast, efficient,
and understandable for a wider public.

In our view, the following conditions are crucial for a robust site selection method: (a)
Quantified site selection criteria based on scientific research focusing only on the most
influential criteria, (b) A structured approach incorporating both screening and ranking
phases, (c) Consideration of all important aspects including: Reservoir performance, Bio-
geochemistry, Geomechanical risks and containment, and Location and techno-economics.

5.3 Site selection of UHS vs UGS and CCS
Although large-scale Underground Hydrogen Storage (UHS) is not yet widely implemented,
the established practices of Underground Gas Storage (UGS) and Carbon Capture and
Storage (CCS) offer relevant insights [4]. For example, decades of storing methane in the
subsurface have equipped us with a good understanding of risks associated with cyclic
loading. However, key differences in gas properties must be considered when selecting
suitable UHS sites.

Hydrogen differs significantly from methane (CH4) and carbon dioxide (CO2) in density
and viscosity. Under the conditions of 40 ◦C and 110 bar, as shown in Table 5.2, H2 is
approximately 10 times lighter than CH4 and 45 times lighter than CO2, with viscosity
also lower by factors of 1.5 and 6, respectively. These differences strongly affect the
dimensionless gravity number (Γ), which characterizes the balance between buoyancy and
viscous forces [356, 357], i.e., Γ = 2𝜋Δ𝜌𝑔𝑘𝐻2𝑄𝜇𝑏𝑟𝑖𝑛𝑒 . (5.1)

Here, Δ𝜌 is the density difference between the gas and the brine, 𝑔 is the gravitational



5

82 5 A framework for efficient Field Elimination and Ranking

acceleration, 𝑘 is the permeability, 𝐻 is the reservoir thickness, 𝑄 is the injection rate,
and 𝜇𝑏𝑟𝑖𝑛𝑒 is the dynamic viscosity of the injected brine. As indicated in Table 5.2, Γ is
about 7 % higher for UHS compared to UGS, and roughly 3 times higher than for CCS,
signifying stronger buoyancy-driven flow in UHS, especially in comparison to CCS[25].
This effect can be used to keep H2 segregated from other gases, but it also causes a risk
for gravity overriding which should be taken into account [358–360]. While hydrogen’s
low viscosity and therefore high mobility enhance injectivity, it also increases the risk
of unstable (fingering) displacement during injection, which can be assessed using the
mobility ratio (𝑀) [361], defined as

𝑀 = 𝑘𝑟gas/𝜇gas𝑘𝑟brine/𝜇brine , (5.2)

where 𝑘𝑟gas and 𝑘𝑟brine are the relative permeabilities of the gas and the brine, and 𝜇gas and𝜇brine are the dynamic viscosities of the gas and the brine. A higher mobility ratio implies
unfavorable displacement of brine by the mobile gas. As shown in Table 5.2, UHS exhibits
a higher mobility ratio compared to UGS and CCS (assuming equal relative permeability
values for the three gases), which indeed increases the likelihood of viscous fingering
[358–360].

Potential leakage through caprock is often raised due to hydrogen’s low density, which
creates upward buoyant force against the sealing layer. However, despite the lower density,
H2 exhibits higher interfacial tension with brine compared to CH4 and CO2, resulting in
a higher capillary entry pressure for H2, which improves the sealing effectiveness of the
caprock [360]. This can be assessed using the Bond number (𝑁𝐵), representing the ratio of
buoyancy to capillary forces [362–364], i.e.,

𝑁𝐵 = Δ𝜌𝑔𝑑2𝜎 , (5.3)

where Δ𝜌 is the density difference between brine and gas, 𝑔 is the gravitational acceleration,𝑑 is the representative length scale, and 𝜎 is the interfacial tension. The Bond number is
very similar for hydrogen and methane (UHS and UGS) [365], suggesting a similar risk
of leakage through the caprock. However, besides interfacial tension, the contact angle
also influences capillary entry pressure, with lower contact angles leading to higher entry
pressures. Unlike interfacial tension, it depends on fluid–fluid and fluid–solid interactions,
including rock type and composition. This makes general comparisons complex, as caprock
properties differ between systems and are therefore not included in this section. However,
contact angles on shale, a common sealing rock type, are generally lowest for H2/brine,
higher for CH4/brine, and highest for CO2/brine [366]. Lower contact angles increase
capillary entry pressure, indicating that the contact angle in UHS may slightly enhance
sealing potential compared to UGS and CCS.

As shown in Table 5.2, Bond numbers vary by less than 10% across UHS, UGS, and
CCS, indicating similar capillary sealing effectiveness. A similar conclusion was reached
by Hashemi et al. [365] for comparing H2 and CH4 contact angles.

In contrast to UGS and CCS, gas purity is a critical consideration in underground
hydrogen storage. As a result, mixing between hydrogen and in-situ or cushion gases
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Table 5.2: Comparison of fluid properties and dimensionless numbers for underground storage systems. Thermo-
physical properties are specific to the gas under reservoir conditions (40◦C, 110 bar). Dimensionless numbers are
system-scaled and are normalized relative to underground hydrogen storage. A brine density of 1066 kg/m3[174]
and viscosity of 788 𝜇Pa s [173] were assumed to calculate the dimensionless numbers.[47, 308–310]

Parameter H2/UHS CH4/UGS CO2/CCS
Thermophysical properties of the gas
Density [kg/m3] 8.0 78 6.8 ×102
Viscosity [µPa s] 9.3 14 54
Interfacial tension with brine [mN/m] 66 58 39
Dimensionless numbers (normalized to UHS)
Mobility ratio 1.0 0.67 0.18
Gravity number (Γ) 1.0 0.93 0.36
Bond number (𝑁𝐵) 1.0 0.95 0.90

becomes a major concern, as it can significantly compromise hydrogen quality. Site-
specific factors that influence gas mixing, such as reservoir heterogeneity and permeability
contrasts, should therefore be carefully evaluated during the site selection process.

Furthermore, unlike natural gas in UGS, hydrogen will change the chemical equilibrium
of the subsurface (reactive) environment. This reactivity can lead to geochemical interac-
tions with minerals and formation fluids, potentially impacting both purity and storage
efficiency [11]. In addition, hydrogen is a universal energy carrier and acts as an electron
donor for subsurface microbial communities, which may further affect gas composition
and system performance through microbial consumption or transformation of hydrogen,
as explained by Dopffel et al. [27].

5.4 Framework setup
In this study, a framework is developed for the rapid site selection of UndergroundHydrogen
Storage in porous reservoirs. Building upon the work of Callas et al. [328], the framework
consists of three stages. A summary of these stages is presented in Figure 5.1.

In Stage 1: Site Elimination, sites are removed from consideration based on essential site
selection criteria. These criteria consist of disqualifying thresholds, meaning any site that
fails to meet any of these thresholds is eliminated. This stage relies on readily available
data.

In Stage 2: Site Ranking, the remaining sites are evaluated further. Sites are ranked
according to a set of site selection criteria, some of which overlap with those from Stage 1.
However, in this stage, each site is assigned a score based on these criteria, and a weight is
applied to each factor.

Finally, in Stage 3: Site Selection, the top-ranked sites from Stage 2 are subjected to a
detailed assessment based on dynamic simulations to determine their performance effi-
ciency. However, in this study, we focus on Stages 1 and 2, as Stage 3 can vary significantly
depending on the country and specific storage demands.

As explained previously, site selection criteria are used in both Stage 1 and Stage 2.
Underground hydrogen storage is a multidisciplinary field, involving factors from various
areas of expertise. Inspired by Callas et al. [328], we adapted the categorization of site
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selection criteria into four main groups: Bio-Geochemistry, Geomechanics & containment,
Location & Techno-economics, and Reservoir Performance.

Figure 5.1: Overview of the multiscale framework for selecting optimal porous reservoirs for Underground
Hydrogen Storage, inspired by Callas et al. [328]. The framework consists of three sequential stages: Site
elimination, site ranking, and site selection. At each stage, site selection is guided by criteria which are subdivided
into four categories: Bio-geochemistry, reservoir performance, Geomechanics and containment, and location and
techno-economics. For illustration, the figure includes a map of the Netherlands showing its hydrocarbon fields
(data with permission from NLOG.nl [32]), representing a typical group of reservoirs used for site selection.

5.5 Reservoir performance
Reservoir performance is a central consideration in site selection for underground hydrogen
storage. In this study, we define reservoir performance as the combination of geological
characteristics, reservoir architecture, and operational conditions that influence the effi-
ciency and feasibility of hydrogen storage. First, we will introduce the key considerations
and risks, followed by an assessment of how specific site selection criteria influence these
factors.

5.5.1 Key considerations and risks
As in other subsurface gas storage applications, injectivity and storage capacity are primary
parameters. Injectivity, defined as the rate at which hydrogen can be injected per unit
pressure drop [333], must be sufficient to meet operational demands without exceeding
pressure constraints. Since UHS is a cyclic process, both injectivity and productivity
should be considered. However, as the two terms describe similar concepts, they are used
interchangeably in this paper.

Due to hydrogen’s unique thermophysical properties, specific risks such as gravity
override, viscous fingering, segregation, and upconing in saline aquifers must be considered.
These processes, along with gas mixing and residual trapping, can significantly affect
storage performance. Although solubility [11, 48, 367] and diffusion [48, 358, 368, 369]
effects are minor (typically below 1%) and thus excluded from this study, other transport-
related phenomena remain central to the operational performance.
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The objective of identifying optimal site selection parameters is to find reservoir charac-
teristics that maximize injectivity while minimizing negative impacts frommixing, trapping,
and flow instabilities, ultimately achieving the highest possible storage efficiency.

5.5.2 Reservoir shape
Storage capacity or total pore volume is often named as a site selection criterion in literature
[46, 337–340, 351], and even though it must align with project needs, large reservoirs might
not be more efficient than smaller ones. In some cases, multiple smaller reservoirs may offer
greater flexibility and efficiency than a single large one. Therefore, reservoir efficiency is
often more important than absolute volume, and therefore we do not classify this among the
most influential parameters. However, storage capacity might be of influence for economic
and infrastructure reasons, such as the working gas volume relative to the needed cushion
gas volume and the availability of the infrastructure in the vicinity of the fields. This will
be discussed further in section 5.8.

Several simulation studies that performed a sensitivity analysis showed that formation
thickness plays a significant but context-dependent role in underground hydrogen stor-
age. Thicker reservoirs generally provide greater pore volume, enabling higher hydrogen
injection capacity and increased water displacement [344]. However, thinner formations
can offer advantages in terms of withdrawal efficiency and hydrogen purity due to shorter
diffusion paths and steeper pressure gradients, particularly during early storage cycles.
While thickness positively influences injectivity, its impact on recovery efficiency is more
complex and depends on reservoir permeability, as shown in the sensitivity analysis of
several studies [338, 343, 348]. Therefore, there is often an optimal reservoir thickness,
rather than a general trend where increasing thickness consistently improves UHS. The
optimal thickness depends on the reservoir characteristics and can be defined after further
analysis, such as reservoir simulation. Therefore, thickness will not be taken into account
as a site selection criterion, since it requires further analysis, which is more suitable for
stage 3.

Steeply dipping structures are widely regarded as favorable for underground hydrogen
storage in both saline aquifers and depleted gas reservoirs, as demonstrated by various
reservoir simulation studies [338, 343, 350, 370, 371]. These structures consistently rank
among the top site selection criteria due to their ability to reduce gas mixing, limit lateral
hydrogen spreading, and enhance gravitational segregation. In saline aquifers, steep dips
also help to mitigate water upconing during withdrawal, thereby improving recovery
efficiency and containment [25, 370]. Overall, a positive correlation between dip angle and
storage performance has been observed. Even though a minimum dip angle is not included
in the screening stage of other studies [338, 343], we recommend avoiding flat reservoirs
with dips less than 5 degrees, as the very low density of H2 will cause the plume to spread
laterally over a large distance, making it hard to recover back. Structures with higher dip
angles provide greater benefits compared to those with lower dips, which is reflected in
the ranking phase.

5.5.3 Operational conditions
Depth, pressure, and temperature are widely recognized as key criteria for underground
hydrogen storage site selection (see Table 5.1). While these parameters are interrelated, pres-
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sure becomes a more reliable indicator in depleted gas reservoirs, where prior production
decouples it from depth.

Identifying optimal conditions is a complex task, as these properties affect the thermo-
physical properties, injectivity, recovery efficiency, microbiological activity, compression
costs, and the risk of caprock leakage. This section focuses specifically on their influence
on reservoir performance, defined here as injectivity and recovery efficiency. Among these,
sensitivity analyses show that pressure consistently emerges as the most critical factor,
while temperature plays a relatively minor role [338, 343, 372]. Therefore, temperature
is excluded from the most influential site selection criteria for Reservoir Performance
proposed in this study.

The thermophysical properties of hydrogen vary with depth due to increasing pressure
and temperature. Assuming a linear geothermal gradient of 33 °C/km and a hydrostatic
pressure gradient of 10 bar/100 m, the density of H2 nearly doubles between depths of
1000 and 2000 m, while viscosity increases by only about 10%. As a result, the volumetric
energy density increases significantly more than the viscosity, leading to a theoretical
improvement in productivity with increasing depth.

Therefore, some studies advocate for deeper reservoirs with higher pressures to achieve
improved volumetric energy density [351, 360]. For example, Chen et al. [348] found in
their sensitivity analysis, that greater depth and pressure positively influence hydrogen
recovery efficiency and injectivity, though their model does not account for the effect on
roundtrip efficiency due to an increase in compression energy needed. Similarly, Buscheck
et al.[373] suggested deeper reservoirs with greater pressure because it maximizes the
volumetric energy storage density. Besides that, they found that the effect viscous fingering
and gravity override will be decreased at higher pressures.

It is worth to be highlighted that in contrast to CO2, hydrogen density increases
smoothly with increasing depth. As such, the gain in the amount of energy storage at
deeper reservoirs is much less relevant for UHS than for CO2 storage. Indeed, CO2 turns to
supercritical at depths higher than ~800 m, as a result, its density jumps significantly to
higher values. This is not the case for hydrogen [374]. Indeed, Okoroafor et al. [338] and
Sekar et al. [343] show with a simulation study that productivity decreases with increasing
reservoir pressure (and higher depths) due to higher compression energy demands. Con-
sequently, lower pressures, typically found in shallower reservoirs, are considered more
favorable, and these studies recommend assigning higher scores to low-pressure sites.

Other studies focus on balancing depthwith caprock sealing effectiveness by performing
a more theoretical analytical modelling study to identify the optimal storage depth. They
propose optimal depths of 1100–1600 m to maximize hydrogen capacity while minimizing
leakage risk [304, 375].

Regarding depth limits, Okoroafor et al. [338] recommends excluding fields deeper
than 3000 m, citing declining productivity. This is consistent with other studies, which also
support depth limits in this range for decreased storage volume while avoiding exceeding
the capillary breakthrough [304, 375]. Finally, to ensure withdrawal without artificial lift,
it is proposed that reservoir pressure must exceed wellhead pressure by at least 1 bar per
100 m of depth, accounting for gravity and friction losses in the wellbore [338].

Effects of depth, pressure and temperature on other aspects of site selection such as
bio-geochemistry, economics and geomechanics will be discussed in the next sections.
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5.5.4 Rock properties
Although high porosity enhances storage capacity, it is not considered a key factor influ-
encing injectivity or hydrogen recovery efficiency based on sensitivity analysis of reservoir
simulation studies [338, 343, 348]. In contrast, permeability is consistently identified as one
of the most influential reservoir properties for UHS performance [338, 344, 348]. Gener-
ally, higher permeability improves hydrogen recovery and injectivity [338, 343]; however,
in saline aquifers, very high permeability can slightly reduce recovery efficiency due to
increased water production from upconing [348]. To ensure adequate performance, per-
meability and porosity are indeed required to be higher than some minimum values. The
literature suggests the minimum values of 50 mD and 10% for permeability and porosity,
respectively [338].

Reservoir heterogeneity is another key factor influencing UHS performance. Ho-
mogeneous systems enhance both productivity and storage efficiency by supporting
more uniform gas flow and reducing phase interference [338, 350, 376, 377]. In contrast,
high-permeability layers may lead to excessive lateral hydrogen migration, while low-
permeability barriers can hinder upward gas flow during withdrawal, promoting increased
water production [25, 338]. In scenarios involving cushion gases or residual hydrocarbons,
reservoir homogeneity becomes even more important: it helps to minimize mechanical
dispersion and gas mixing, improving hydrogen purity in the production stream [350, 376].
This can potentially mean the expected performance in fairly homogeneous sandstones is
higher than heterogeneous fractured carbonates.

In contrast to the oversimplified definitions of heterogeneity in the UHS literature
either by assuming layered-permeability distributions [338] or using hard-to-quantify
depositional environment [350], we propose to use the Dykstra-Parsons coefficient[378] to
describe the degree of heterogeneity, i.e.,

𝑉 = 𝐾50 −𝐾84.1𝐾50 . (5.4)

Here, 𝑉 is the Dykstra-Parsons coefficient, 𝐾50 is the median permeability, and 𝐾84.1 is the
permeability at the 84.1th percentile. The coefficient quantifies the degree of permeability
variation; values close to 0 indicate a homogeneous reservoir, while values approaching 1
signify high heterogeneity.

Finally, while a low anisotropy ratio (𝑘𝑣/𝑘ℎ) is generally preferred to support vertical
hydrogen migration, so far, it has not yet been found to be a highly sensitive parameter
[338].

5.6 Bio-Geochemistry
The injection of hydrogen into porous geological reservoirs can alter the chemical equi-
librium between formation water, dissolved gases, and the rock matrix. This disturbance
may initiate a variety of geochemical reactions [11]. Additionally, hydrogen serves as an
electron donor for a wide range of microbial processes in the subsurface [27, 28]. These
bio-geochemical processes can pose several risks, such as hydrogen consumption and
contamination, biofilm formation, clogging of flow pathways, mineral dissolution or pre-
cipitation impacting injectivity, the formation of leakage pathways, and the degradation of
caprock integrity [11, 27, 29].
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Bio-geochemical reactions are typically classified into biotic (microbial) and abiotic
(geochemical) processes. While recent studies suggest that geochemical processes alone
may not pose a significant risk to the feasibility of underground hydrogen storage in porous
reservoirs [316, 343, 367], a strong interaction between biotic and abiotic reactions has
been observed [379, 380].

The diversity of microbial species, combined with the wide variety of possible reaction
pathways and the varying environmental conditions that favor different microbial groups,
makes it extremely difficult to predict the extent and impact of subsurface hydrogen
reactions. Nonetheless, it is evident that bio-geochemical processes can substantially
affect the efficiency and safety of UHS operations [27, 29] and must therefore be carefully
evaluated during site selection and project design.

Multiple factors influence the likelihood and severity of bio-geochemical risks. Based on
the literature [11, 27–29, 343, 369, 381], the most critical parameters for microbial activity
are temperature, pH, and salinity. Microbial growth is likely within temperature ranges of
20–80 ◦C, pH values between 3 and 8, and salinities below 100 g/L, as explained by Dopffel
et al. [27]. Therefore, within this range, microbial risks should be assessed site-specifically.
However, microbial activity cannot be ruled out even outside these ranges. Additional
important parameters include brine composition and rock mineralogy, which will be further
discussed in the following subsections.

5.6.1 Temperature
Temperature plays a crucial role in determining microbial viability and activity [11, 27–
29]. According to the microbial risk classification proposed by Thaysen et al. [29], the
upper temperature limit for microbial life is approximately 122 ◦C [382, 383], beyond which
microbial processes are not expected. A low microbial risk is associated with temperatures
above 90 ◦C. A medium risk is identified for the range between 55–80 ◦C, depending on
reservoir salinity. Below 55 ◦C, microbial activity is considered high-risk due to optimal
growth conditions for many hydrogen-consuming microbial species, including species
with high salinity tolerance.

5.6.2 Brine Composition
Together with temperature, the pH and salinity of the formation water are key controls on
microbial activity. Microorganisms commonly found in subsurface environments, such as
methanogens, sulfate-reducers, homoacetogens, and iron(III) reducing bacteria—typically
exhibit optimal growth at pH values between 6.0 and 7.5 [11, 28]. However, active microbial
processes have also been reported in a broader pH range of 3 to 8 [27], with reduced activity
expected outside this range.

Higher salinities are generally beneficial for minimizing microbial risks. Above 100 g/L,
microbial diversity and activity are significantly reduced [27]. In reservoirs with salinities
above 100 g/L and temperatures exceeding 55 ◦C, no cultivated hydrogen-consuming mi-
crobes have been identified [29]. However, at lower temperatures, certain microbial species
may tolerate extreme salinity conditions.

For site-specific assessments, other key factors include the presence of electron ac-
ceptors (e.g., sulfate, nitrate, ferric iron), carbon sources (e.g., carbonate/CO2, organic
compounds), and the brine activity coefficient. Measurements of total or metabolically
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active microbial cell counts, as well as microbial community analyses, are valuable tools
for evaluating microbial risks [27–29].

5.6.3 Rock Composition
The composition andmineralogy of the reservoir rock significantly influence both biotic and
abiotic reactions. Sandstone reservoirs with high quartz content and low concentrations
of reactive minerals such as calcite, carbonates, sulfates (e.g., anhydrite), and clays are
generally preferred to minimize reaction potential [11, 27, 343, 355, 380, 381, 384]. In such
lithologies, hydrogen losses due to abiotic reactions have been reported to be negligible
[385]. In contrast, formations containing higher amounts of reactive minerals, particularly
carbonate rocks such as limestone and dolomite, have been associated with more significant
geochemical reactions, resulting into significant H2 loss of up to 9.5% and porosity reduction
of up to 47 % [381, 386, 387]. It is worthwhile to highlight that the extent of these reactions
varies widely depending on the experimental conditions and rock chemical compositions;
notably, some studies have reported only minor exposure effects for carbonate rocks
[388, 389].

5.7 Geomechanical Risks & Containment
The cyclic injection and withdrawal of hydrogen in underground reservoirs causes repeated
pressure fluctuations, directly impacting the subsurface stress regime. These variations
can induce rock deformation, alter porosity and permeability, reduce caprock sealing
efficiency, and lead to induced seismicity via fault reactivation, subsidence or uplift, and
wellbore instability [11, 19, 26]. As such, geomechanical integrity is critical to ensuring
both containment and operational safety in underground hydrogen storage.

Depleted gas reservoirs are advantageous over aquifers due to their proven containment
performance and better-characterized mechanical behavior. However, their suitability still
depends on local stress conditions, fault activity, and caprock integrity. For a comprehensive
review on geomechanical considerations and site selection guidance, see Kumar et al. [19].

Bio-geochemical processes can further influence geomechanical stability by altering
pore pressure, reducing mineral cohesion, and changing rock permeability, thereby con-
tributing to stress redistribution, fault weakening, and increased risk of deformation or
leakage [19]. Wellbore instability should be considered during the implementation of UHS,
e.g. by selecting the right materials and implementation of suitable monitoring methods to
detect leakage of H2 along the wellbore [19]. In addition to the operational wells, aban-
doned wells can also pose a risk for hydrogen leakage, so the presence, condition, and
age of pre-existing wells should be carefully evaluated as part of the site-specific selection
process (stage 3) [346].

One of the most effective ways to mitigate geomechanical hazards, such as seismicity,
subsidence and leakage through the caprock, is to select a site with a well-characterized
geomechanical profile, providing insight into rock properties, in-situ stress, and failure
mechanisms [19]. However, full geomechanical characterization is time-consuming and
may not be feasible during the early screening phases. Therefore, it is recommended that
detailed geomechanical analyses be reserved for the final selection stage, applied only to
the most promising sites.
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Geomechanical risks can be broadly categorized into two main groups: leakage through
the caprock and seismicity due to fault reactivation. These are discussed along with
potential site selection criteria in the following sections, with a focus on efficient site
screening using readily available data.

5.7.1 Caprock

Kumar et al. [19] emphasize the importance of thick, low-permeability caprocks, consistent
with other proposed site selection frameworks [338, 351, 352, 390]. In stage 1 of site
screening, depleted gas fields can be assumed to have adequate sealing capacity due to
their containment history (see section 5.3 for comparison between methane and hydrogen).
For aquifers, minimum caprock thicknesses of 10 - 50 m, and a minimum permeability of
0.01 mD are suggested in literature [338, 342, 351, 352, 390]. However, these numbers are
generally not based on numerical simulations or experimental measurements. In our study,
we propose a minimum caprock thickness of 30 meters, based on the pore network study of
Wang et al. [391]. They concluded that with lower thicknesses, leakage becomes significant.
Their study included multiple shale samples, of which the maximum permeability is 0.02
mD, which we base our minimum permeability value on. In stage 2, sites with thicker and
less permeable caprocks are preferred, with depleted fields scoring higher than aquifers.

As discussed in section 5.5, the column height of safely stored hydrogen depends on
pressure, temperature, and depth, which in turn affects the risk of capillary breakthrough
into the caprock. Optimal storage depths between 1100–1600m and a maximum around
3000m are recommended [304, 375].

Excessive injection pressure can fracture the caprock, creating potential leakage path-
ways. Sekar et al. [392] propose evaluating sites based on the ratio of injection pressure
to fracture pressure, the latter being calculable from in-situ stresses, Biot’s coefficient,
Poisson’s ratio, pore pressure, and tensile strength. While this is a valuable analysis, we
recommend it as part of the detailed site evaluation in stage 3.

Caprock type and composition are critical to seal integrity. As discussed earlier, wetta-
bility and pore size control capillary entry pressure, with small-pore, water-wet systems
being most favorable [393]. Shales, salt rocks, and anhydrites are commonly considered
caprocks due to their low permeability and small pore sizes. Salt typically has the lowest
permeability and pore size, resulting in very high capillary entry pressures [394]. Shale is
the most frequently mentioned caprock in the literature and provides effective sealing due
to its microporous structure and high tortuosity [394]. Anhydrites have slightly larger but
isolated pores, which still lead to sufficiently low permeability [394]. Caprocks containing
reactive minerals, such as carbonates or sulphates, are generally less ideal, as geochemical
reactions may compromise long-term integrity [11, 395] (see Section 5.6). Therefore, careful
evaluation of caprock composition is essential.

In conclusion, thickness and permeability are the most influential and easily screenable
parameters, which are therefore considered in stage 1 and 2. However, other parameters
such as caprock type, pore structure, wettability, composition, and its mechanical properties
should be taken into account in the third stage.
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5.7.2 Faults and Seismicity
Faults present a dual risk in UHS: they can act as potential leakage pathways and may also
be reactivated under cyclic pressure changes, potentially compromising caprock integrity
and triggering induced seismicity [19]. Therefore, sites with extensive faulting should
be avoided [328, 338]. However, in specific cases faults can also be beneficial if they are
sealing, as they may act as structural traps. If faults are present in shortlisted sites, a
detailed geomechanical analysis should be conducted during stage 3 to assess their stability
and sealing potential.

Sites near active faults or those that have experienced recent seismic events should
be naturally eliminated early in the screening process, as pressure build-up may trigger
fault reactivation [328, 338]. In addition, we recommend performing base-line monitoring
surveys to quantify sensitive weak zones as well as the current level of activities before
any operation starts.

5.8 Location & Techno-economics
Location and techno-economic considerations are not always directly considered in site
selection studies on UHS. However, in real-world project development, these factors often
become the primary drivers of site selection and overall feasibility. In the following sections,
we focus on the key factors that influence the techno-economic performance and location
of potential UHS sites.

5.8.1 Techno-economics
The techno-economics of Underground Hydrogen Storage are primarily governed by
capital expenditures (CAPEX), such as drilling and cushion gas injection, and operational
expenditures (OPEX), including monitoring and maintenance. The levelized cost of storage
(LCOS) integrates these costs over the project’s lifetime to evaluate the total costs per
stored unit of H2.

Depleted reservoirs are typically favored over aquifers due to the presence of existing
infrastructure and residual gas which lowers the demand for cushion gas, which lowers
both CAPEX and the need for extensive site characterization [396, 397]. The LCOS is also
found to be lower for depleted gas reservoirs [398].

Cushion gas is typically the largest contributor to LCOS, often exceeding 50% of total
costs [345, 397–399]. Selecting reservoirs with a high working gas to cushion gas (WG/CG)
ratio can therefore significantly reduce costs [340]. Other major cost drivers include
compression and gas cleaning, whereas wells and piping contribute relatively little (3 - 5%)
according to [399]. However, this study does not consider leakage from piping. Baghirov
et al. [400] found that the transportation of H2 contributes 84% to the CO2 equivalent
emissions of green UHS projects. This was the case due to leakage from the pipelines.
Therefore, we do consider the distance to any H2 network as a factor in our ranking phase.

A common assumption is that depleted gas reservoirs require approximately 50%
cushion gas (a WG/CG ratio of 1:1), while aquifers require up to 80% (a WG/CG ratio of
1:4) [401–403]. However, actual ratios vary widely depending on reservoir properties [404].
Site selection should therefore aim to minimize cushion gas requirements, but precise
estimation of absolute volumes requires more data and can be time consuming. Therefore,
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this is more appropriate for detailed feasibility studies. During the initial screening phase
(Stage 2), if the WG/CG ratio is not known, we propose to assume 1 for depleted gas fields
and 0.25 for aquifers, and to focus on more general geological criteria known to influence
cushion gas demand.

Heinemann et al. [404] identified reservoir permeability, depth, and trap geometry
as key controls on the WG/CG ratio. Zhao et al. [345] also found that reservoirs with
higher porosity and permeability are more cost-effective for hydrogen storage, primarily
due to lower cushion gas requirements. High permeability improves pressure dissipation,
enabling greater working gas injection with less cushion gas. Greater depth provides
a wider operational pressure window, which also reduces cushion gas needs. However,
deeper reservoirs also require more compression electricity, which is also a significant part
of the levelized costs [338]. Trap geometry may influence brine displacement and injection
performance; lower dip angles reduce pressure buildup during injection, improvingWG/CG
ratios. However, in depleted gas fields where brine saturation is lower, the effect of dip
angle is expected to be less significant. Conversely, steeper dips may improve hydrogen
recovery by enhancing buoyancy-driven upward migration, as discussed in Section 5.5.
The effect of the total reservoir capacity on the LCOS is expected to be minimal [398].

In conclusion, minimizing the WG/CG ratio is essential for reducing LCOS. This is best
achieved in deeper, highly permeable reservoirs, which also offer advantages for injectivity,
productivity, and geomechanical stability.

Figure 5.2: Map of the North Sea showing offshore hydrocarbon fields and key spatial constraints relevant to site
selection, with permission from the North Sea Energy Atlas (https://north-sea-energy.eu/atlas) [405].

5.8.2 Location
In addition to the economic considerations discussed in the previous section, several spatial
and regulatory factors must also be taken into account during site selection. Certain fields
must be excluded from consideration if they fall within zones reserved for other purposes,
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such as wind farms, shipping lanes, military operations, or environmentally protected areas.
These constraints significantly reduce the number of viable locations for Underground
Hydrogen Storage. Figure 5.2 presents a map of the hydrocarbon fields in the North Sea,
in combination with other uses of the North Sea, illustrating the extent to which spatial
constraints limit the availability of suitable sites.

Furthermore, public perception and the perceived risks associated with hydrogen
storage, particularly for onshore sites, can influence the feasibility of a given location. In
areas with high population density, these concerns are often more pronounced and may
impact regulatory approval and project acceptance. While these societal factors play a
crucial role in later project stages (as discussed in section 5.10), they are highly context
specific and difficult to generalize and quantify. We therefore choose not to include them
in the initial screening, and instead focus primarily on excluding fields located within
restricted or protected zones and their distance to a H2 network.
5.9 Framework
Based on the combined analysis of the previous sections, a multidisciplinary systematic
framework is developed which focuses on the most influential and practically applicable
criteria to enable effective field elimination and ranking. The criteria for both elimination
and ranking are summarized in Figure 5.3. As described in the subsequent sections, many
criteria might overlap between different categories. The criteria are displayed under the
category which is most suitable.

Figure 5.3: Most important site selection criteria for efficient ranking and elimination of potential fields for UHS.

The selection criteria are subdivided into elimination criteria and ranking criteria, which
are quantified in the following sections. These criteria are, as much as possible, evidence-
based—derived from experimental studies, numerical simulations, or well-established
reasoning. However, quantifying precise values remains challenging, as they often depend
on site-specific conditions and multiple interacting factors. As a result, we rely on general
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trends that indicate whether a parameter is likely to have a positive or negative impact on
the suitability of a site for Underground Hydrogen Storage. The methodology used to derive
these values is described in detail within each respective category. The sources informing
our criteria are listed in the subsequent tables though in some instances, we determined
the final numerical values ourselves, based on a synthesis of multiple referenced studies.

5.9.1 Stage 1: Elimination
Table 5.3 presents the elimination criteria proposed in this study. Any field exhibiting one
or more properties that fall within these thresholds should be excluded from consideration
for Underground Hydrogen Storage, based on our proposed framework.

Criterion Disqualifying condition

Reservoir Performance

Depth >3000 m [304, 338, 375]
Pressure <Wellhead pressure + (0.01 bar/m) × reservoir depth [338]
Permeability <50 mD [338]
Porosity <10% [338, 352]
Net reservoir thickness <10 m [338, 352]
Reservoir dip <5 deg

Geomechanical Risks & Containment

Distance to active faults <4 km [406]
Earthquake record <5 km, magnitude <5 (2015–present);

<10 km, magnitude >5 (1769–present) [338, 406]
Top seal thickness∗ >30 m [391]
Top seal permeability∗ >0.02 mD [391]

Location & Techno-Economics

Policies Protected areas; reserved areas (oil/gas); shipping routes; wind
farms; military activities

Table 5.3: Disqualifying thresholds used in Stage 1: site elimination. If a field meets any of the listed conditions, it
is excluded from further consideration. ∗Only applicable when top seal integrity is unproven, such as aquifers
without prior gas containment.

5.9.2 Stage 2: Ranking
Table 5.4 summarizes the most influential ranking criteria identified in this study. The ideal
field characteristics are listed in the rightmost column, while the least favorable properties
are shown in the second column from the left.

Depth and pressure are critical parameters influencing injectivity, recovery efficiency,
gas purity, and cost in UHS. Higher depths generally lead to increased pressure, which
improves volumetric energy density, reduces viscous fingering, and enhances hydrogen con-
tainment. However, deeper reservoirs require more compression energy, which increases
operational costs and may reduce round-trip efficiency. Additionally, deeper reservoirs are
harder to monitor, which is an important factor especially for pilot studies.

Pressure, more than depth, has been identified in several sensitivity analyses as the most
influential operational parameter. Higher pressures can improve injectivity and reduce
mixing but may lower net energy efficiency due to compression requirements. Additionally,
while the storage density increases at greater depths, the risk for capillary leakage also
increases at depth.
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Taking this all into account, we suggest that intermediate depths are optimal for UHS,
balancing the effect of various processes. Therefore, we suggest optimal depths between
1000 and 1500 m and corresponding pressures of 100 - 150 bar (assuming hydrostatic
pressures), which is in the same range as proposed in the literature [304, 375].

Criteria 1 (worst) 2 3 (best)

Reservoir Performance

Depth [m] [304, 338, 343, 348, 351, 360, 375] <500; >2000 500 - 1000; 1500 - 2000 1000 - 1500
Pressure [bar] [304, 338, 343, 348, 351, 360,
375]

<50; >200 50 - 100; 150 - 200 100 - 150

Permeability [mD] [338, 344, 348] <500 500 -1000 >1000
Permeability heterogeneity 𝑉 [-] [338, 350] 0.8 - 1 0.5 - 0.8 0 - 0.5
Dip [deg] [31, 338, 350, 371] 5 - 10 10 - 15 >15

Purity: Bio-Geochemistry

Salinity [g/L] [27, 28, 381] <50 50 - 100 >100
Temperature [°C] [11, 27, 28] 40 - 60 60 – 80 >80
pH [11, 27, 28] 6 – 7.5 3 - 7.5 or 7.5 - 8 <3 or >8
Lithology [27, 343, 355, 380, 381, 384, 385] Carbonate Sandstone (pure)

Geomechanical Risks & Containment

Type of reservoir Aquifer Depleted gas field
Faulting [328] Extensively faulted Moderately faulted Limited faulted
Seal permeability [mD] [338, 351, 352, 390] 0.005 - 0.01 0.001 - 0.005 <0.001
Seal thickness [m] [19, 390] 20 - 40 40 - 100 >100

Location & Techno-Economics

Distance to H2 network >60 km 30 - 60 km <30 km
Working gas/Cushion gas ratio∗ [340] <0.25 0.25 - 1 >1

Table 5.4: Evaluation criteria for Stage 2: site ranking. ∗ If the absolute value of this ratio is not known, a value of
0.25 can be assumed for aquifers and a value of 1 can be assumed for depleted gas fields.

5.10 Challenges and Perspectives
Recently, substantial knowledge on underground hydrogen storage (UHS) has been gained.
Significant advances have been made across the various disciplines involved, and when
combined with existing experience from the oil and gas industry, carbon capture and
storage (CCS), and underground gas storage (UGS), they provide a strong basis to derive
the most influential screening and elimination criteria for UHS, as presented in Section 5.9.

This framework is developed to be applicable to any group of reservoirs. For example,
in the Netherlands, there are over 500 depleted oil and gas fields [32]. These fields exhibit
diverse characteristics, including large variations in depth, pressure, geometry, fluid prop-
erties, and more [32]. Identifying suitable fields among these options requires carefully
balancing these different parameters. Applying the framework to such a dataset enables
systematic screening and ranking, helping to select the most promising fields for further
site-specific evaluation and final selection.

However, UHS in porous media still presents several unresolved challenges relevant
for site selection that require multidisciplinary research. A key issue is the uncertainty
regarding the relative importance of specific site selection criteria. For example, the
importance of the bio-geochemical category in comparison to other criteria. Due to the
limited number of operational projects, there is insufficient practical evidence on how
microbial activity and chemical reactions in the subsurface may impact hydrogen purity
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and storage performance in real fields. Pilot-scale projects are therefore essential to validate
current assumptions and refine selection frameworks. The results of pilot-scale projects
should be an important future research direction.

Recently, natural hydrogen extraction has gained increasing attention [322, 323, 407].
Numerous natural H2 sources have been documented globally [407]. In the current absence
of extensive practical experience with UHS, these natural hydrogen systems could serve as
valuable "living laboratories". They offer the opportunity to study hydrogen behavior in
the subsurface and may provide key insights currently lacking. For example, regarding the
variety of structural traps in which H2 can be safely stored [407].

In terms of economic feasibility, large uncertainties remain due to the early-stage
development of the hydrogen market. For example, the future price and availability of
hydrogen, as well as the demand for hydrogen, will play a large role in the economics of
UHS projects, and consequently in the site selection.

Societal embeddedness is another critical challenge. Experiences from onshore CO2
storage in Europe, e.g., the cancelled Barendrecht project in the Netherlands [408], have
shown that technically sound projects may fail without public support. Although societal
factors are not included in this framework because they are highly region-specific and
difficult to quantify in a generalized way, they should be addressed explicitly in the later
stages of site selection. As such, public perception and local regulatory responses must
be taken into account during Stage 3 and all subsequent stages of project development
[14, 15].

Some important technical aspects, such as reservoir thickness, caprock composition
and integrity, abandoned wells, and fault activation, are suggested to be taken into account
in the last stage of site selection (Stage 3), as they are highly case-dependent and essential
data is not always easily accessible. However, these factors do define the suitability of a
site. Therefore, future work should focus on describing in detail how such criteria can be
evaluated in Stage 3, and how a final decision for the most suitable field can be made.

5.11 Conclusions
This study critically assesses existing literature and domain-specific studies spanning the
multiple disciplines relevant to Underground Hydrogen Storage (UHS), to identify the
most influential and practically assessable criteria for site selection. Drawing from this
evaluation, we present a systematic framework for selecting UHS sites in porous media,
integrating considerations from reservoir performance, geomechanics and containment,
bio-geochemistry, and techno-economics. The resulting methodology enables efficient and
reliable elimination and ranking of a large number of candidate fields. It consists of 11
site elimination criteria and 15 site screening criteria for early-stage decision-making in
a scientifically grounded and efficient manner. While detailed site-specific assessments
remain essential in later phases, this framework provides a robust foundation for consistent
and transparent initial evaluations.

We recommend following the technical procedures presented in this article to screen
all potential sites for UHS in depleted reservoirs and identify the most suited. However, as
also identified in the IEA Technology Collaborative Program 42 on UHS reports [14, 15], it
is crucially important to highlight the societal embeddedness and the availability of the
infrastructure for final site selection strategies.
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Conclusions and Future Work

6.1 Conclusions
By linking processes across scales and integrating numerical, experimental, and theoreti-
cal approaches, this thesis advances the understanding of the governing mechanisms in
Underground Hydrogen Storage (UHS) within porous media. The findings provide critical
insights into thermophysical properties, wettability, trapping, and site selection, supporting
both the understanding of UHS systems and their safe and efficient development.

These outcomes were achieved through complementary investigations at the molecular,
pore, and reservoir scales: molecular simulations, microfluidic experiments, pore-scale
simulations, and the development of a systematic site selection framework. The studies
addressed thermodynamics (Part I) and hydrodynamics (Part II), both essential for under-
standing and modelling UHS systems at larger scales. Insights frommultiple disciplines and
scales were then integrated into a site selection framework (Part III), providing a practical
tool for identifying safe and efficient storage sites.

6.1.1 Part I: Thermodynamics
Part I focuses on the thermodynamics of Underground Hydrogen Storage, which describes
how hydrogen and other reservoir fluids behave under various conditions such as pressure
and temperature. Accurate thermodynamic data are essential for predicting hydrogen
behaviour in the subsurface and are therefore critical inputs for Equations of State (EoS)
and reservoir-scale simulations.

In Chapter 2, molecular simulations were used to generate comprehensive datasets for the
H2/brine system under reservoir-relevant conditions. Experimental data for key thermo-
physical properties are scarce, expensive to obtain, and often limited to narrow pressure,
temperature, and salinity ranges. To address this gap, molecular dynamics (MD) and con-
tinuous fractional component Monte Carlo (CFCMC) simulations were applied to compute
interfacial tensions, self-diffusivities, and solubilities of H2 in brine across a wide range
of conditions, while densities and viscosities of the NaCl solutions were derived from
the simulations. The results agree well with available experimental data, with deviations
smaller than 10% for most properties. New engineering correlations were developed for
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interfacial tension and self-diffusivity, capturing the combined effects of temperature, pres-
sure, and salinity, and providing fast and reliable inputs for reservoir-scale simulations of
Underground Hydrogen Storage.

6.1.2 Part II: Hydrodynamics
Part II investigates the hydrodynamic mechanisms controlling hydrogen and brine flow
in porous media, with a focus on wettability, multiphase displacement, and trapping phe-
nomena at the pore scale. These insights provide key inputs for upscaled fluid functions,
predicting reservoir-scale behaviour.

In Chapter 3, the dynamic wettability of H2/brine systems was investigated using mi-
crofluidic experiments. Accurate wettability data are essential for modelling multiphase
displacement in Underground Hydrogen Storage, yet H2/brine contact angles were scarce
at the time this research was conducted. Advancing and receding contact angles were
systematically measured for H2/water, N2/water, and CO2/water in microchannels cov-
ering typical sandstone pore sizes. All systems were strongly water-wet, with H2/water
advancing angles of 13◦–39◦ and receding angles of 6◦–23◦. Contact angles decreased with
increasing channel width, highlighting pore-size effects on wettability and flow functions.
Minimal hysteresis was observed due to smooth channel walls and chemical homogeneity.
Receding angles in the smallest channels (50 µm) closely matched sandstone core data,
validating the microfluidic approach. No significant differences between H2, N2, and CO2
were found, indicating gas-independent behaviour under these conditions. These results
provide key inputs for pore- and reservoir-scale models, improving predictions of relative
permeability, capillary pressure, and trapping in hydrogen systems.

In Chapter 4, it was systematically investigated how physical and geometrical condi-
tions influence H2 trapping due to bypassing. Pore-scale simulations using the lattice
Boltzmann method (LBM) were performed across various geometries, including rectan-
gular and rounded pore doublets, using fluid properties and contact angles obtained in
Chapters 2 and 3 as input. The impact of channel width ratio, pore shape, capillary number,
flow velocity, and fluid properties was assessed, with comparisons to CH4 and CO2, and
results supported by theoretical analysis. Residual trapping occurs predominantly at low
capillary numbers, highlighting the role of capillary forces, while higher flow rates reduce
trapping due to the increased viscous forces. Trapping increases with channel width ratio,
indicating that rocks with narrow distributions of channel widths are more favourable for
Underground Hydrogen Storage. Local pore geometry affects isolation of the H2 bubble:
rounded pores reduce trapping, whereas angular pores enhance it. In addition, the mobility
ratio strongly influences trapping, with H2 and CH4 behaving similarly, while CO2, with
higher viscosity, remains more mobile under the same conditions. These findings provide
key insights for optimizing Underground Hydrogen Storage.

6.1.3 Part III: Site Selection
Part III develops a structured approach for site selection, translating thermodynamic, hy-
drodynamic, and other insights from various fields into practical criteria for identifying
safe and efficient Underground Hydrogen Storage reservoirs.
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In Chapter 5, a wide variety of studies at different scales and disciplines were reviewed to
identify the most influential criteria for selecting suitable sites for Underground Hydrogen
Storage. Reservoir simulation studies formed an important basis, but findings from other
scales and disciplines were also incorporated to ensure robust, science-based criteria. Based
on this evaluation, a systematic, multidisciplinary framework for early-stage reservoir
screening was developed, integrating key factors from reservoir performance, geomechan-
ics, containment, bio-geochemistry, and techno-economics. The framework defines 11
elimination and 15 screening criteria, enabling consistent and transparent identification
of the most promising reservoirs using readily available data. While detailed site-specific
analyses remain essential in later phases, this methodology provides a robust foundation
for informed, efficient, and science-based decision-making in UHS site selection.

6.2 Recommendations for Future Work
Over the past years, research on Underground Hydrogen Storage has advanced significantly,
yet several important knowledge gaps remain. Based on the findings of this thesis, the
following recommendations for future research are proposed.

Regarding thermodynamics, as our understanding of pure hydrogen has increased sig-
nificantly, future work should focus on the behaviour of gas mixtures representative of real
reservoirs. In practice, injected hydrogen will interact with residual hydrocarbons, cushion
gases, and other components, leading to mixing zones where accurate thermodynamic data
are essential. Extending datasets and models to include binary and ternary mixtures will en-
able more realistic reservoir simulations and improve predictions of hydrogen distribution,
storage efficiency, and purity.

Regarding hydrodynamics, recent studies have also significantly enhanced our un-
derstanding of contact angles and upscaled flow functions such as relative permeability
and capillary pressure. However, reservoir-scale simulations remain highly sensitive to the
choice of these functions, which depend strongly on rock type, gas composition, and local
reservoir conditions. Future work should therefore focus on developing improved models
for reservoir simulators that incorporate variations in rock properties and gas composition,
enabling more accurate representation of spatial heterogeneities and mixed-gas effects on
multiphase flow and correctly upscaling them to reservoir scale.

Hydrogen trapping directly influences the efficiency of UHS, especially during the
initial storage and withdrawal cycles. Chapter 4 established a foundation for understanding
trapping due to bypassing, revealing how geometry and flow conditions control this
mechanism. However, bypassing represents only one of the two primary capillary trapping
processes. Future research should also investigate trapping due to snap-off, as well as
integrate pore-scale insights into reservoir-scale models or perform more realistic pore-
scale simulations that reflect natural rock properties. A more complete understanding of
both trapping mechanisms will improve predictions of storage efficiency and hydrogen
recovery.

Regarding site selection, several challenges remain that require a multidisciplinary
approach. Key uncertainties include the relative importance of specific selection crite-
ria, particularly bio-geochemical effects, as UHS is not widely implemented yet. These
aspects should be addressed through pilot-scale projects, which are essential to validate
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current assumptions, refine predictive models, and improve weighting within selection
frameworks. Additionally, the economic feasibility of UHS needs further investigation,
as future hydrogen prices, demand, and supply dynamics will strongly influence project
viability and prioritization. While societal acceptance and regulatory responses are not
explicitly covered by the framework presented in Chapter 5, they are critical for successful
implementation and should be explicitly considered in later stages of site selection. Finally,
site-specific technical factors such as caprock integrity, fault activity, and well abandon-
ment require dedicated research to develop detailed and standardized evaluation methods
for incorporation into the final stage of site selection.

Overall, significant progress has been made in understanding Underground Hydrogen
Storage, and the field has reached a much higher level of maturity compared to only a few
years ago. Thanks to recent advances across multiple disciplines, the scientific foundation
is now strong enough to support the design and implementation of pilot-scale projects,
provided that robust monitoring strategies are in place. Nevertheless, UHS remains a
highly multidisciplinary and multiscale challenge, and future research should focus on
integrating insights across scales and disciplines. By closing remaining knowledge gaps and
validating findings through well-designed pilot studies, the reliability, safety, and efficiency
of UHS operations can be further enhanced. With continued collaborative research efforts,
large-scale hydrogen storage can become a key enabler of the global energy transition.
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A.1 Validation of the setup
The setup was successfully calibrated against the existing literature data of Jafari and
Jung [218]. They performed microfluidic measurements of advancing and receding contact
angles of CO2/Water at P=10 bar and T=21◦C using a chip identical to the chip used in this
research. The cleaning method of Jafari and Jung was similar to our cleaning method. In
order to match the setup of Jafari and Jung [218], for the first validation test (V1) a setup
without filters and valves was used. However, because knowledge was gained about the
behaviour and sensitivities of the system (A.2), two additional CO2/water tests (V2 and V3)
were performed with the regular setup (presented in 3.2.3 Figure 3.3). One test was done
after saturating the water with CO2, by filling the pump cylinders with half CO2 and half
pure water and leaving it overnight at a pressure of 20 bar. The other test was done with
pure water. An overview of all validation tests and the test of Jafari and Jung can be found
in Table A.1.

The results of the validation tests are shown in Figure A.1. The orange bars represent
the measurements of Jafari and Jung [218] using a similar chip at P=10 bar and T=21◦C ,
the green, yellow and purple bars represent respectively validation experiments V1, V2
and V3, all carried out at P=10 (±1) bar and T=20 (±2) ◦C.

Figure A.1 shows that the results of experiment V1, using a similar setup, match the
results of Jafari and Jung. The deviation is within the experimental error.

Figure A.1 also indicates a clear effect of the filters in the setup on the advancing contact
angles. When the system is not properly filtered, presence of contaminants can alter the
glass wettability, resulting in an increase of advancing contact angles of up to 45◦. This
effect occurs especially when no valves are used, because the system has to be opened and
closed for flushing before every experiment, which allows dust to attach on the open wet
ends of the tubes. The effect on the receding contact angles is less evident. receding contact
angles in unfiltered systems can be up to 5◦ higher, but this is still within the experimental
error.

Lastly, when comparing the results of experiments V2 and V3, it can be seen that
saturating the water with CO2 had no significant influence on the results. This is in line
with the finding that even though the water in experiment V1 was not saturated with
CO2, the results are still in agreement with the experiment of Jafari and Jung. The finding
that saturating the water with a soluble gas like CO2 does not impact the contact angle,
confirms that pre-equilibrating the water during experiments with much less soluble gases,
like H2 and N2, is not necessary, which is in agreement with Hashemi et al. [223].

Test

Group

Gas Liquid Rate

[µl/min]

Temperature

[◦C] Pressure

[bar]

Comments

JJ CO2 Saturated
Water

0.1 21 10 Setup without filters

V1 CO2 Pure Water 0.1 20 10 Setup without filters
and valves

V2 CO2 Saturated
Water

0.1 20 10

V3 CO2 Pure Water 0.1 20 10

Table A.1: Summary of the validation test groups. Test group JJ represents the results of Jafari and Jung [218].
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Figure A.1: Advancing and receding contact angles (ACA and RCA) of CO2/water systems. The orange bars
represent the results of Jafari and Jung [218] using a similar chip at P=10 bar and T=21◦C. The green bars represent
results of V1 with a setup similar to Jafari and Jung without filters and valves and with pure water, the yellow
bars represent the results of V2 with water which was saturated with CO2 and the purple bars represent the
results of V3 with pure water. The error bars represent the standard deviation of the measurements.
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A.2 Sensitivity analysis: Impurities
It was found that surface contamination can alter the wettability of the system. This was
initially found when unfiltered ethanol was injected and the system became clearly less
water-wet. In order to investigate the effect that presence of contaminants can have on
the dynamic contact angles, three experiments were performed. For the first test, Chip
1, 2 and 3 were used, which were all injected with the unfiltered ethanol instead of the
filtered ethanol during the cleaning procedure. This resulted in severe contamination of
the system. Furthermore, the chips were heated up to 400 ◦C in an (unsuccessful) attempt
to clean the chip. The second test was done using chip 4. This chip was cleaned with the
filtered ethanol, but some tests were done without the inline filters in the gas and water
lines (Filters 2 and 3 in Figure 3.3), which caused minor contamination. The third test
was done with the unused chip, which was also cleaned with the filtered ethanol. Images
of these chips can be seen in Figure A.2. All chips were used for tests to investigate the
influence of this contamination. Contact angles were only measured if there were no visible
contamination particles in the vicinity of the interface.

Figure A.3 shows the results of using different chips. The red bars represent the results
of Chip 1-3, the green bars represent the results of chip 4 and the blue bars represent the
results of chip 5. All experiments were carried out at P=10 (±1) bar and T=20 (±2) ◦C.

Figure A.3 indicates a clear effect of contamination on contact angles. It is clear that in
Chip 1, 2 and 3, significantly higher advancing and receding contact angles were measured
compared to chip 4 and 5. The difference between the results of chip 4 and chip 5 is less
evident. The receding contact angles are very similar and the deviation are within the
range of experimental error. The difference in advancing contact angles is more significant,
but in most cases this is within experimental error as well. It is remarkable that the cleanest
chip, chip 5, shows a wider range of advancing contact angles than chip 4. This is mainly
because during imbibition experiments (measurement of advancing contact angle) in Chip
4, almost no water films were observed, while in Chip 5 the system was more water-wet
because the chip was clean. In this case some interfaces used for advancing contact angle
measurement had water films while others did not have a visible water film, like is shown
in the images in Figure 3.8.

Because a clear effect of contamination was found, even though contact angles were
not measured within the vicinity of visible pollution, all main experiments were carried
out with filters, and only filtered fluids were injected. Furthermore, the system was opened
inside the filters minimally in order to prevent dust from coming into the system. Installing
valves 2 and 5 (Figure 3.3) enabled this, since the lines did not have to be disconnected for
flushing when using valves. The findings of this appendix are in line with the findings of
the CO2 experiments in A.1.
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(a) Example of dirt in chip 1, 2 and 3.
The chips are severely contaminated
and the system is visibly less water-wet
and there are no water films present.

(b) Example of dirt in chip 4. A few dirt
particles are visible, but the system is
still very water wet and water films are
observed.

(c) Completely new chip, no dirt visible.

Figure A.2: Examples of contamination and its effect on the wettability.
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Figure A.3: Advancing and receding contact angles (ACA and RCA) of H2 and Pure water measured at P=10 bar
and T=20◦C. The red bars represent measurements using chip 1, 2 and 3 which were severely contaminated, The
green bars represent measurements using chip 4, which had minor contamination and the blue bars represent
measurements using chip 5 which was clean. The dashed blue line represents the results found by Hashemi et al.
[189] at P=20 bar and T=20 ◦C, using the captive bubble cell (CBC). The error bars are the standard deviation of
all measurements.
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A.3 Validation of image analysis
The image analysis code was validated against the generated specific curvature using
MATLAB with the known angles at the contact points. The accuracy of the developed
in-house code is ±4◦ which is shown in Figure A.4.

(a) Generated curvature of 30 ◦ (b) Fitted 6th order polynomial on curva-
ture

(c) Generated curvature of 60 ◦ (d) Fitted 6th order polynomial on curva-
ture

Figure A.4: Validation of the image analysis.
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A.4 Sensitivity analysis: Velocity and Channel width

For one of the H2/water drainage experiments, the velocity of each specific interface was
measured using ImageJ. Figure A.5 shows the velocity distribution corresponding to the
measured receding contact angles for different channel widths. No systematic relationship
can be observed between receding contact angles and the velocity. This could possibly be
explained by the fact that these measurements are influenced by many factors like local
flow velocity, flow patterns, image analysis, image quality etc., which results in a relatively
wide range of values.

Figure A.5: Velocity of receding contact angles (RCA) of H2/water systems. Different colors represent measure-
ments in different channel widths.

Figure A.6 shows the average velocity of the receding contact angles of this test, and
the error bars represent the standard deviation of the measurements. It can be observed
that similar velocities were measured for each channel width, which suggests that the
dependency of contact angles on channel width was not due to differences in velocity.
Instead, one can fairly conclude that the average velocities across channel widths are in
fact comparable.
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Figure A.6: Velocity range of receding contact angles (RCA) of H2/water systems per channel width. The bars
represent the average velocity of the receding contact angles (RCA) measurements of this test, and the error bars
represent the standard deviation of the velocity measurements.

The contact angles are expected to be influenced by the pore size [202–204]. Our results
show a relationship where dynamic contact angles increase with decreasing channel width,
in agreement with the trend observed in the literature for CO2 [218]. Multiple factors,
like the shape of the channels, the capillary pressure and the velocity can influence the
relationship between pore size and contact angles. Joekar Niasar et al. [239] found that the
capillary pressure in rectangular channels can be expressed as

𝑃𝑐 = 𝜎𝑛𝑤( −(ℎ+𝑤)cos𝜃+√(ℎ+𝑤)2 cos2 𝜃+4ℎ𝑤( 𝜋4 −𝜃−√2cos( 𝜋4 +𝜃)cos𝜃))4( 𝜋4 −𝜃−√2cos( 𝜋4 +𝜃)cos𝜃) )
−1, (A.1)

where 𝑃𝑐 is the capillary pressure, ℎ is the channel depth and 𝑤 is the channel width.
The capillary pressure was calculated for a reference channel width, in this case 110 µm,
using the measured contact angle 𝜃. If the capillary pressure is assumed to be constant
in the whole chip, because the regime is capillary dominated, the relationship between
contact angles and channel width can be obtained by using the capillary pressure of the
reference channel width and calculating the contact angles for other channel widths based
on that value. However, because we deal with a dynamic system, where the capillary entry
pressure needs be overcome in order for fluids to enter a channel, the assumption that
capillary pressure is equal in each channel width, may not be valid. From Figure A.6, one
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can conclude that the average velocities are comparable across channel widths. Berthier
et al. [409] proposed

𝑃𝑐 = 𝜇𝑝𝑊 𝑧𝜆̄𝑆c 𝑉 (A.2)

as the capillary pressure in rectangular channels, where

𝑆𝑐 = ℎ𝑤 (A.3)

𝑝𝑊 = 2(𝑤+ℎ) (A.4)

𝜆̄ = 𝜀𝑞(𝜀)(𝑤+ℎ)2 (A.5)

𝜀 = ℎ/𝑤 (A.6)

𝑞(𝜀) = 13 − 64𝜋5 𝜀 tanh( 𝜋2𝜀). (A.7)

Here, 𝜇 is the viscosity and 𝑧 is the distance from the inlet of the channel to the interface.
Using the fact that in our experiments velocities across the channel widths are comparable
(𝑉𝑖 = 𝑉𝑟𝑒𝑓 ), and assuming that 𝑧 is on average similar for each channel width, the equation
can be rewritten as

𝑃𝑐𝑟𝑒𝑓 ̄𝜆𝑟𝑒𝑓 𝑆𝑐𝑟𝑒𝑓𝑝𝑊𝑟𝑒𝑓 = 𝑃𝑐𝑖𝜆𝑟𝑖𝑆𝑐𝑖𝑝𝑊𝑖 . (A.8)

The left-hand-side term of this equations represents the velocity factor for the reference
channel width. The capillary pressure 𝑃𝑐𝑟𝑒𝑓 is calculated using equation 4.28. Equation A.8
was used to derive contact angle values for the other channel widths, using equation 4.28
to calculate 𝑃𝑐𝑖 . The calculated contact angles represent the relationship between contact
angle and channel width based on the assumption that velocity is equal in each channel
width.
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Figure A.7: Receding contact angles (RCA) of H2 and pure water measured at P=10 bar and T=20◦. The triangles
represent the expected relationship between contact angle and channel width assuming the velocity to be equal
in each channel width, and the circles represent the expected relationship between contact angle and channel
width assuming the capillary pressure to be equal in each channel width.

Figure A.7 shows the average receding contact angles (RCA) of H2 and pure water
measurements. The triangles represent the expected relationship between contact angle
and channel width assuming the velocity is equal for each channel width, and the circles
represent the values assuming the capillary pressure is equal for all channel widths. For both
relationships, the contact angle of the channel width of 110 µm was used as a reference
point. It can be observed that the relationship assuming equal velocity resembles the
measurements more closely.
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B.1 Motivation for dimensionless variables
In section 4.4, a theoretical analysis for the pore doublet model was presented to investigate
trapping behaviour, and better understand the simulation results. As trapping due to
bypassing is known to occur when capillary forces dominate over viscous foces, it was
examined how key parameters influence the balance between viscous and capillary forces
in the system by applying the Hagen–Poiseuille equation (Eq. 4.27) and the Young–Laplace
equation (Eq. 4.28). This analysis provided a basis for understanding our simulation results.

However, predicting the system behaviour solely from these two equations remains
challenging. The difficulty arises from several simplifying assumptions inherent to those
two equations that do not fully capture the complexity of the pore doublet geometry and
the dynamics of two-phase flow. In reality, additional factors such as the full pore doublet
geometry, local interface dynamics at the junction of the channels, and multiphase flow
properties significantly influence the viscous and capillary forces but are not accounted for
in this simplified model.

A dimensionless analysis provides a systematic way to identify the complete set of
dimensionless parameters governing the bahaviour of a system. By applying this approach
to our pore doublet model, we can express the trapped saturation as a function of a
minimal and independent set of dimensionless groups, which will help us understand
which processes are affecting the trapped saturion. Therefore, in this section we derive the
full set of dimensionless variables that describe the functional dependence of the trapped
saturation, as a complementary approach to the theoretical analysis, to better understand
and analyse the simulation results.

B.2 Simplifying Assumptions of the Theoretical

Analysis
While section 4.4 provided a valuable basis for understanding the simulation results, its
assumptions and simplifications must be considered when determining the complete set of
dimensionless variables. The assumptions and simplifications are summarized below.

Simplification of the pore doublet geometry

As discussed in section 4.5, the junction where the two channels merge plays a central
role in gas trapping within the pore doublet model (see figure 4.8). At this location,
the interface must suddenly expand, which locally reduces the capillary pressure and can
strongly influence the likelihood of snap-off, leading to trapping. This local pressure change
therefore directly affects whether trapping occurs. By considering the Hagen–Poiseuille
equation (Eq. 4.27) and the Young–Laplace equation (Eq. 4.28) using the methodology
presented in section 4.4, the pore doublet was idealized as two straight, parallel channels
without explicitly representing the junction geometry. The importance of this effect is also
reflected in the large differences in trapping behaviour observed between the angular and
rounded geometries (see section 4.5.2 and figure 4.11).

Viscosity ratio

The Hagen–Poiseuille equation used in the analysis describes the viscous pressure drop
for a single-phase fluid. In reality, the system contains two fluids with different viscosities.
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Determining a single effective viscosity for the two-phase flow is challenging because it
depends on the local phase distribution (saturation) along the channels. This variability
means that the viscous term in the simplified model does not fully capture the true, spatially
varying resistance to flow.

Neglection of intertia

As described in section 4.3, the densities of both gas and brine were set equal to unity in
the simulations, effectively neglecting inertial forces. This assumption is justified by the
low Reynolds numbers and laminar flow conditions typical of the studied regime [306].
The resulting simplification removes any explicit dependence on fluid density, which we
believe is a valid assumption. Therefore, the densities are not taken into account in the
dimensionless variables.

B.3 Dimensionless variables
As a complementary approach to the Theoretical Analysis in section 4.4, which provides
insights on how capillary pressure and viscous pressure drop are affected in the system,
but do not fully capture all dynamics in the system, Buckingham’s Pi theorem is applied to
our system to find a set of dimensionless variables [410] that should describe the functional
dependence of the trapped saturation.

First, the variables relevant to the problem and their fundamental units are listed,
expressed in terms of mass M, length L, and time T. Since inertia is neglected, the same
analysis could also be expressed in terms of force, length, and time, but here we use M, L,
and T.

𝑆trap Trapped saturation (−)𝑑1 Diameter of channel 1 (𝐿)𝑑2 Diameter of channel 2 (𝐿)𝑙 Length of the channels (𝐿)𝜎 Interfacial tension (𝑀 𝑇−2)𝜇1 Viscosity of fluid 1 (gas) (𝑀 𝐿−1 𝑇−1)𝜇2 Viscosity of fluid 2 (liquid) (𝑀 𝐿−1 𝑇−1)Θ Contact angle (−)Δ𝑃 Imposed pressure difference (inlet–outlet) (𝑀 𝐿−1 𝑇−2)𝑣inlet Average velocity at the inlet (𝐿𝑇−1)𝑣1 Average velocity in channel 1 (𝐿𝑇−1)𝑣2 Average velocity in channel 2 (𝐿𝑇−1)
It is important to note that the exact junction geometry also influences the trapping

behaviour. However, a geometric description is considerably more complex to quantify as
a variable, and is therefore is not considered further in the dimensionless variables, but its
effect is investigated in chapter 4.

B.3.1 Application of Buckingham’s Pi theorem
Using this list, Buckingham’s Pi theorem [410] can be applied to reduce the number of
variables and identify the relevant dimensionless groups that govern the problem. In our
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system we have 12 variables and three fundamental units (M, L and T). Besides that, 𝑣inlet,
and also 𝑣1, and 𝑣2 are directly dependent on Δ𝑃 . This dependency reduces the number of
dimensionless variables to be found to describe the whole system by 3. This leads therefore
to 12-3-3=6 dimensionless variables that are needed to describe the whole system. Two of
our variables, 𝑆trap and Θ are already dimensionless, which leaves us with 4 to be found
dimensionless variables.

We select the repeating variables

𝑑1 (𝐿), 𝜎 (𝑀 𝑇−2), 𝜇1 (𝑀 𝐿−1 𝑇−1), (B.1)

which together span the three fundamental units𝑀,𝐿,𝑇 . These variables are chosen solely
to satisfy the requirements of the repeating-variable method (i.e., they are dimensionally
independent and collectively span the base dimensions); the specific choice does not affect
the final set of 𝜋 groups, as any valid set of repeating variables would yield an equivalent
dimensionless formulation. For any non-repeating variable 𝑋 with dimensions

[𝑀]𝑚 [𝐿]𝓁 [𝑇 ]𝑡 (B.2)

we form a product 𝜋 = 𝑋 𝑑𝑎1 𝜎𝑏 𝜇𝑐1 (B.3)

and require 𝜋 to be dimensionless. The combined dimensions of 𝜋 are

𝑀𝑚+𝑏+𝑐 𝐿𝓁+𝑎−𝑐 𝑇 𝑡−2𝑏−𝑐. (B.4)

Setting each exponent to zero, so that the variable will become dimensionless, gives the
system ⎧⎪⎪⎪⎨⎪⎪⎪⎩

𝑚+𝑏 +𝑐 = 0,𝓁+𝑎−𝑐 = 0,𝑡 −2𝑏 −𝑐 = 0. (B.5)

We now apply this to each non-repeating variable.

𝒅𝟐 (𝒎= 𝟎,𝓁 = 𝟏,𝒕 = 𝟎)
From (B.5): ⎧⎪⎪⎪⎨⎪⎪⎪⎩

0+𝑏 +𝑐 = 0,1+𝑎−𝑐 = 0,0−2𝑏 −𝑐 = 0, (B.6)

giving 𝑎 = −1, 𝑏 = 0, 𝑐 = 0. Thus filling in equation B.3 gives

𝜋𝑑2 = 𝑑2 𝑑−11 𝜎0 𝜇01 = 𝑑2𝑑1 . (B.7)

𝒍 (𝒎= 𝟎,𝓁 = 𝟏,𝒕 = 𝟎)
Identical algebra to 𝑑2 yields 𝜋𝑙 = 𝑙𝑑1 . (B.8)
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𝝁𝟐 (𝒎= 𝟏,𝓁 = −𝟏,𝒕 = −𝟏)
From (B.5): ⎧⎪⎪⎪⎨⎪⎪⎪⎩

1+𝑏 +𝑐 = 0,−1+𝑎−𝑐 = 0,−1−2𝑏 −𝑐 = 0, (B.9)

giving 𝑎 = 0, 𝑏 = 0, 𝑐 = −1. Thus
𝜋𝜇2 = 𝜇2 𝑑01 𝜎0 𝜇−11 = 𝜇2𝜇1 . (B.10)

𝑽inlet (𝒎= 𝟎,𝓁 = 𝟏,𝒕 = −𝟏)
From (B.5): ⎧⎪⎪⎪⎨⎪⎪⎪⎩

0+𝑏 +𝑐 = 0,1+𝑎−𝑐 = 0,−1−2𝑏 −𝑐 = 0, (B.11)

giving 𝑎 = 0, 𝑏 = −1, 𝑐 = 1. Thus
𝜋𝑉inlet = 𝑉inlet 𝑑01 𝜎−1 𝜇11 = 𝑉inlet 𝜇1𝜎 . (B.12)

Variables already dimensionless

The trapped saturation 𝑆trap and the contact angleΘ are already dimensionless and therefore
each form a 𝜋 group directly.

Summary of independent groups

This leads to the following set of six 𝜋 groups

𝜋1 = 𝑑2𝑑1 (channel width ratio),
𝜋2 = 𝑙𝑑1 (length/channel width ratio),
𝜋3 = 𝜇2𝜇1 (viscosity ratio),
𝜋4 = 𝑉inlet 𝜇1𝜎 (capillary number),𝜋5 = Θ (contact angle),𝜋6 = 𝑆trap (trapped saturation).

(B.13)

The dimensionless functional relationship for the problem can then be written as

𝑆trap = 𝐹(𝑑2𝑑1 , 𝑙𝑑1 , 𝜇2𝜇1 , 𝑉inlet𝜇1𝜎 , Θ). (B.14)
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B.4 Evaluation of dimensionless variables
The aim of this study is to determine how the trapping percentage is influenced by various
factors, thereby revealing the underlying physical and geometrical mechanisms that govern
trapping in the pore doublet system. This understanding can then be used to interpret
behaviour in larger, more realistic pore networks. Specifically, our objective is to identify
how different dimensionless groups influence the trapped saturation, 𝜋6.

In chapter 4, the influence of most dimensionless variables was investigated. It was
found that the channel width ratio and the capillary number (𝜋1 and 𝜋4) have a large
effect on the trapped saturation 𝜋6 (see Figure 4.7). Higher channel width ratios were
associated with increased trapping, while trapping only occured at lower capillary numbers.
Interestingly, at very low capillary numbers the trapping percentage decreased again, which
can be attributed to the geometry of the junction. As noted below the list of variables, the
junction geometry is not included as a variable due to its complexity. Nevertheless, it is an
important factor, as it can significantly influence the trapping behavior. To investigate its
effect, two junction geometries are considered in chapter 4: one with a rounded junction and
one with an angular junction. The resulting impact is discussed in section 4.5, particularly
in Figure 4.11 and the text refering to it.

In addition, the viscosity ratio (𝜋3) was also found to significantly influence trap-
ping. Systems with different viscosity ratios, representative of H2/brine, CH4/brine, and
CO2/brine, were examined (see Figure 4.13). The results show that higher viscosity ra-
tios lead to trapping at lower capillary numbers, which is consistent with the theoretical
analysis.

The parameters 𝜋2 and 𝜋5 were not further investigated in this study, as this lies beyond
its current scope. The contact angle (𝜋5) is assumed to be relatively similar across different
UHS systems, as these systems are generally water-wet. In contrast to the channel width
ratio 𝜋1, which can be related to pore size distributions which are commonly measured for
various reservoir rocks, this is not the case for the length-to-width ratio (𝜋2). The latter is
not commonly reported and characterized in the literature for various storage rock types,
making it less relevant to investigate in the present study. Nevertheless, future work could
focus on quantifying 𝜋2 and 𝜋5, and investigating how it relates to various rock types,
relevant for UHS.
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