Physical aspects of hydrogen
storage in subsurface porous
media

Flow mechanisms, hysteresis and storage efficiency

Maksim Lysyy

Thesis for the degree of Philosophiae Doctor (PhD)
University of Bergen, Norway
2024

UNIVERSITY OF BERGEN




Physical aspects of hydrogen

storage in subsurface porous media
Flow mechanisms, hysteresis and storage efficiency

Maksim Lysyy

Thesis for the degree of Philosophiae Doctor (PhD)
at the University of Bergen

Date of defense: 28.06.2024



© Copyright Maksim Lysyy

The material in this publication is covered by the provisions of the Copyright Act.

Year: 2024

Title: Physical aspects of hydrogen storage in subsurface porous media

Name: Maksim Lysyy

Print: Skipnes Kommunikasjon / University of Bergen



Acknowledgements

I would like to acknowledge my supervisors Professor Geir Ersland and Professor
Martin Ferng for their guidance throughout this PhD journey. The Department of
Physics and Technology is acknowledged for facilitating my work as a PhD Research
Fellow. The Reservoir Physics group created a productive working environment with

memorable lunch times.

The following projects from the Research Council of Norway are acknowledged for
sponsoring various scientific events: “Hydrogen Storage in Subsurface Porous
Media—Enabling Transition to Net-Zero Society” and the “Centre for Sustainable
Subsurface Resources”. For my research stay in Trondheim, I would like to thank the
Petroleum Research School of Norway for the financial support and the SINTEF

Industry for providing the excess to laboratory facilities.

And of course, I would like to express my greatest gratitude to my family for their

support.



Abstract

Hydrogen (H>) is experiencing an unparalleled level of business and political support,
with numerous projects and policies being launched worldwide. A broader
implementation of H» in sectors like transport, heating and power generation will
require sufficient storage capacity and functionality to meet peak demand. Current
storage technologies are mostly suitable for small-scale applications, and underground
H> storage (UHS) in porous media has been therefore proposed as a suitable solution
for large-scale and long-term storage. The technical concept is based on the experience
gained from natural gas storage in aquifers and depleted hydrocarbon reservoirs. Gas

injection and withdrawal follow a seasonal cycle in response to changes in demand.

The injection of H» into porous media can result in undesired outcomes due to its low
viscosity and low density coupled with pronounced bio-geochemical activity. UHS has
received a great attention in the scientific community over the last couple of years,
focusing on bio-geochemical interactions, wettability and reservoir storage
performance. This dissertation aims at advancing the understanding of H> flow physics
across the length scales using microfluidics, core scale measurements and reservoir

simulations.

This dissertation presents the integrated nature of the work published in six journal
publications. Papers 1-3 examine the pore scale H2 flow mechanisms in an aquifer
storage setting using microfluidics. Paper 4 reports a full cycle of Ha-water relative
permeability measurements in a sandstone based on a steady state technique. Papers 5-
6 are based on reservoir simulations to study the effect of reservoir type, cushion gas

and hysteresis on the storage efficiency. A brief summary of papers is provided below.

Paper 1 studies the impact of gas type and injection rate on pore scale flow patterns,
gas saturation and its connectivity during drainage experiments. The dominant flow
regime is identified, shown to be independent of the gas type and injection rate.
Conversely, the injection rate controls the gas saturation and its connectivity. The
optimal injection rate is proposed to yield a maximum gas saturation with minimal

amount of disconnected gas.



Paper 2 identifies the dominant displacement and trapping mechanisms during one
cycle of drainage and imbibition experiments. The kinetics of H> dissolution in water
is controlled by a non-equilibrium regime, and the observed dynamic contact angles
show hysteresis. Paper 3 studies multiple cycles of drainage and imbibition, extending
the work from paper 2. The evolution of H» saturation over the injection cycles is
quantified, demonstrating reproducibility of residual H» saturations after imbibition.
Approximately half of the residual H> reconnects in the next drainage injection, where

reconnection is favoured in the vicinity of large pore-size clusters.

Paper 4 reports drainage and imbibition H>-water relative permeability measurements
in a sandstone, demonstrating strong hysteresis. The drainage experiment is repeated
with nitrogen (N2), questioning its applicability as a laboratory substitute for Ha. The
experimental results are extrapolated with numerical history matching to include the
entire mobile saturation range, making the resulting relative permeabilities suitable

input for reservoir simulations.

Paper 5 highlights reservoir simulations of H» storage in a depleted oil and gas field
using the Eclipse black-oil simulator. The storage efficiency is compared between three
scenarios: pure Hz injection into 1) gas, 2) oil or 3) water zones of a vertical injector.
The gas zone is a recommended target for Ha storage with a final recovery factor of
87%. The use of formation gas as cushion gas increases the Hz recovery factor, albeit
with reduced H» concentration in the withdrawn gas stream. In paper 6, the relative
permeabilities from paper 4 are implemented in an aquifer reservoir model to examine
the hysteresis effects. The results show that relative permeability hysteresis cannot be

neglected as it significantly affects the storage efficiency.



Sammendrag

Hydrogen (H2) som energibarer er i dag et prioritert satsningsomrdde med en rekke
prosjekter som lanseres over hele verden. En bred implementering av Hz 1 sektorer som
transport, oppvarming og kraftproduksjon vil kreve stor lagringskapasitet med
funksjonalitet og fleksibilitet til & mote ettersperselen. Navearende lagringsteknologier
er mest egnet for smaskalaapplikasjoner, og det trengs derfor ny teknologi for & mate
fremtidig etterspersel. Hydrogenlagring i undergrunnen (Underground Hydrogen
Storage, UHS) har derfor blitt foreslatt som en mulighet for storskala lagring. Det
tekniske konseptet er basert pad erfaringene fra lagring av naturgass i undergrunnen,
som f.k.s vannreservoar eller ferdigproduserte petroleumsreservoarer. Gassinjeksjon
for lagring og senere uttak folger typisk en sesongsyklus som folge av sterre
ettersparsel gjennom vinterhalvaret. Injeksjon av H> i porese medier kan imidlertid
resultere i ugnskede utfall pd grunn av dens lave viskositet, lave tetthet og haye bio-
geokjemisk aktivitet. UHS har fatt stor oppmerksombhet i vitenskapelige miljoer de siste
par &rene, med sekelys pad bio-geokjemiske interaksjoner, fuktpreferanse og
reservoareffektivitet. Denne avhandlingen tar sikte pd a4 fremme forstaelsen av
stremningsfysikk for H> i porese medier pa tvers av lengdeskalaene ved bruk av

mikrofluidikk, kjerneflomming og reservoarsimuleringer.

Det vitenskapelige arbeidet er publisert i seks tidsskriftpublikasjoner. Artikler 1-3
undersgker Ha-vann  stremningsmekanismer pa porenivd ved bruk av
poreskalaeksperimenter, relevant for lagring i et vannreservoar (akviferer). Artikkel 4
rapporterer en full syklus av Haz-vann relative permeabilitetsmalinger i en sandstein
basert pd en steady state-teknikk. Artikler 5-6 er basert pa resultater fra
reservoarsimuleringer for & studere effekten av reservoartype, basegass og hysterese pa

lagringseftektiviteten. Et kort sammendrag av artiklene er gitt nedenfor.

Artikkel 1 studerer effekten av gasstype og injeksjonshastighet pa stremningsmenstre,
gassmetning og gassens kontinuitet pa poreskala under dreneringseksperimenter. Det
dominerende stremningsregimet er identifisert, og er uavhengig av gasstype og

injeksjonshastighet. Injeksjonshastigheten er imidlertid styrende for gassmetningen og



dens kontinuitet. En gunstig injeksjonshastighet er foreslatt for & gi maksimal

gassmetning og minimal mengde diskontinuerlig gass.

Artikkel 2 identifiserer de dominerende fortrengnings- og fangemekanismene i lopet
av en syklus med drenerings- og imbibisjonseksperimenter. Kinetikken til Ha-
opplesning i vann kontrolleres av et ikke-likevektsregime, og de observerte dynamiske
kontaktvinklene viser hysterese. Artikkel 3 studerer flere sykluser med drenering og
imbibisjon, og utvider arbeidet fra artikkel 2. Utviklingen av Hz-metning over
injeksjonssyklusene er kvantifisert, noe som viser reproduserbarhet av restmetninger
av H»-gass etter imbibisjon. Omtrent halvparten av den resterende H» gass kobles
sammen igjen i neste dreneringsinjeksjon, hvor gjenkobling favoriseres i nerheten av

store porestarrelser.

Artikkel 4 rapporterer relativ permeabilitet for Hz-vann systemet under drenering og
imbibisjon i en sandstein, som viser sterk hysterese. Dreneringseksperimentet gjentas
med nitrogen (N2), og diskuterer nitrogengass som analog for H i1 slike
laboratorieeksperimenter. De eksperimentelle resultatene er ekstrapolert med numerisk
historietilpasning for & inkludere hele det mobile metningsomradet, noe som gjor de

resulterende relative permeabilitetsdataene til verdifull input for reservoarsimuleringer.

Artikkel 5 beskriver resultat fra reservoarsimuleringer av Ho-lagring i et trykkavlastet
olje- og gassfelt ved bruk av Eclipse simulator. Lagringseffektiviteten sammenlignes
mellom tre scenarier: ren Hz-injeksjon i en vertikal injektor med tre soner: 1) gass, 2)
olje eller 3) vann. Gassonen er et anbefalt mal for Ha-lagring med en utvinningsgrad
pa 87 %. Bruk av formasjonsgass som basegass gker Ho-utvinningsfaktoren, men med
redusert Hz-konsentrasjon i den produserte gasstrammen. Artikkel 6 bruker data fra
relativ permeabilitetsmalinger fra artikkel 4 i en reservoarmodell for & undersoke
hystereseeffektene pé feltskala. Resultatene viser at hysterese ikke kan neglisjeres da

den pavirker lagringseffektiviteten betydelig.
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Introduction

Future energy systems must rely on clean and affordable energy to achieve Sustainable
Development Goal 7 set by the United Nations. Hydrogen (H>) is an energy carrier
with no carbon dioxide emissions (CO2) upon combustion, and its demand is predicted
to increase by ~60% in 2030 [1]. The IEA Net Zero Emissions scenario highlights H
as one of the key elements in reducing CO> emissions, especially when electricity is
not a feasible replacement for fossil fuels. Ha is not abundantly present in the Earth,
requiring large-scale production. Current production technologies are not sustainable,
based on fossil fuels with associated CO2 emissions (grey H»), and are designed to meet
H> demand in petroleum refining and chemical industries. To become an integral part
of the global energy mix, it is imperative to upscale the use of green H: in transport,
power generation and heating [2]. A broader integration of H> in the global energy
markets may be facilitated in two ways. First, an oversupply of renewable electricity
can be converted into H» through water electrolysis, which can be temporarily stored
or transported directly to customers. Second, H> may partially or fully replace natural

gas in the existing energy sectors.

The widespread scale-up of H> will require numerous storage alternatives to balance
seasonal fluctuations in supply and demand. However, current storage technologies and
volumes are insufficient to meet the growing demand for H». The storage of an
equivalent amount of energy using H» scales up to four times the volume of natural
gas. Surface tanks have limited storage capacity and pose safety concerns, whereas
subsurface salt caverns are not widely accessible and come with high operation costs
[3]. Subsurface porous formations like depleted hydrocarbon fields and aquifers have
been identified as the most economically feasible media for large-scale H» storage.
Many potential storage sites are located on land, but offshore storage in the North Sea
is an appealing alternative due to the presence of existing petroleum infrastructure and
the growing offshore wind industry [4]. Green Hz can be produced onsite using excess

wind power and then injected into the subsurface for temporary storage.

Subsurface H storage leans on decades with experience in natural gas storage, which

involves multiple cycles of gas injection and withdrawal reflecting seasonal variation
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in demand. Despite operational similarities, direct knowledge transfer from natural gas
storage is hampered due to low H: density, low viscosity and high bio-geochemical
activity. H» storage in porous media can lead to undesired outcomes such as gravity
override, viscous fingering, chemical reactions with rock minerals, and consumption
by bacteria [5-7]. Moreover, hysteresis effects and various loss mechanisms can
significantly impact storage efficiency [8-10]. Cyclic injections may induce strong
relative permeability hysteresis [11, 12], caused by residual trapping [13] and contact
angle hysteresis [14]. Residual trapping results in disconnected H> ganglia, one of the
primary mechanisms for Hz loss [5, 15]. However, trapped ganglia may later reconnect
during subsequent H» injections, making it a complex process that requires scientific

investigations.

Despite an exponentially growing number of scientific publications, subsurface H»
storage in porous reservoirs is still in its infancy. The current research is mainly related
to the biogeochemical reactions, the induced physical effects, and storage efficiency
criteria at a particular length scale [16]. Further investigations are required to advance
the understanding of H» interactions with other fluids and porous rocks across different
length scales. This dissertation examines the physical aspects of Hz behavior in porous
media at multiple scales. Specifically, it investigates flow mechanisms, hysteresis and
storage efficiency through multiscale experimental work and reservoir modeling. The
findings will contribute to the development of effective H» storage systems, crucial for

the low-carbon energy transitions.

This dissertation includes, in addition to the six scientific papers listed, four chapters
structured as follows: Chapter 1 introduces the general concept of underground H»
storage and briefly describes physical phenomena of Hz flow in porous media. Chapter
2 summarizes the methodological approaches of this work. Chapter 3 highlights and
connect the main results of the papers. Chapter 4 concludes the key findings and

suggests future research directions in the field.
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1 Underground hydrogen storage

Underground H: storage (UHS) in porous media is proposed as a technically feasible
solution to meet seasonal variations in global energy systems [5]. Produced from
renewable electricity, H2 can be temporarily injected into aquifers and depleted
hydrocarbon fields for later consumption (Fig. 1). At peak demand, H> is withdrawn
back from a storage reservoir and distributed to end-customers in sectors like transport,
heating and power generation. This chapter describes a general concept of gas storage
in subsurface reservoirs and highlights the main factors influencing H> flow in porous

media.

Fig. 1. Conceptual drawing of underground H storage (UHS) in porous media. H, produced from
low-carbon energy sources, is temporarily stored in porous reservoirs to meet peak demand in different

industries. Modified from paper 2.

1.1 General concept

The concept of UHS is based on experience using natural gas storage sites as buffers
for seasonal variation in demand. A storage reservoir is initially filled with so-called
cushion gas, which serves as pressure support during cyclic gas loading. The type of

cushion gas can be the same in composition as the stored gas, so-called working gas,
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or be different from it, depending on gas availability, cost and storage needs. Around
50-80% of the overall injected gas must remain in a reservoir as cushion gas [17], which
can be partially recovered upon storage termination. Several cushion gases have been
suggested for UHS, including nitrogen (N2), methane (CHs), CO; or Ha itself [18-20].
The use of an inappropriate cushion gas may result in undesirable outcomes, such as

inadequate pressure support and extensive mixing between cushion and working gases.

Following cushion gas injection, storage facilities are typically operated on a single
annual cycle, involving one injection period during summer and one withdrawal period
during winter peak demand. The reservoir pressure must be sufficiently high to
maintain gas deliverability, but at the same time cannot exceed its fracturing pressure.
The injection and withdrawal rates are not strictly fixed and may vary depending on
several parameters such as reservoir pressure, reservoir gas volume, surface facility
requirements, market needs, etc. The storage efficiency can be reduced by various

physical, chemical and operational losses [5].

There are about 700 underground natural gas storage sites worldwide, both in porous
reservoirs and artificial nonporous salt caverns [3]. For comparison, only three storage
facilities are currently in operation for UHS, utilizing salt caverns in the UK and USA.
The industrial experience with UHS in porous formations is even more scarce, limited
to historical records of town gas storage in aquifers [21, 22] and two recent pilot tests
in depleted gas fields in Argentina [23] and Austria [24]. The pilot results demonstrated
feasibility of H» storage, with Hz recovery factor of up to 82% and no negative impact
on infrastructure. The operating companies prefer depleted hydrocarbon fields over
aquifers for UHS due to the established infrastructure and pre-existing knowledge

about their structure.

Despite promising pilot results and well-established technology of natural gas storage,
direct knowledge transfer to UHS is not straightforward. H> behavior in porous media
may differ from that of CH4 due to low density and low viscosity of Hz, coupled with
its high flammability and high bio-geochemical activity [6, 7]. Hz is nine times less

dense and four times less viscous than CHj at 100 bar and 50 °C [25]. Microbial activity
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is a significant contributor to Hz loss in subsurface porous media [26, 27], as these
environments usually accommodate a variety of microorganisms that can covert H» to
CHya, or to hydrogen sulfide (H2S). Another important difference between gases is that
H: has lower energy density per unit volume than CHa, requiring larger storage space.
Overall, the unique properties of H, emphasize the importance of understanding H»
interactions in porous media, essential for establishing feasible storage technologies.
This dissertation focuses on physical characteristics of Hz in the subsurface, whereas

its bio-geochemical activity is outside the scope of this work.

1.2 Physical factors influencing H flow in porous media

This chapter outlines the dominant physical phenomena, which are expected to affect
storage efficiency (Fig. 2). Storage reservoirs cannot use 100% of their pore space to
accommodate H> due to critical saturations of native fluids such as water, oil and/or
formation gas. Injection and withdrawal of Ha in porous reservoirs will induce a variety
of complex physical processes including trapping mechanisms, unstable displacement,
gravitational effects, gas mixing and hysteresis. Microscopic trapping will occur
through residual and dissolution trapping mechanisms, making H» physically
unrecoverable. Low viscosity and low density of H> can promote viscous fingering and
gravity override, which represents a risk of migration and leakage. The intermittent
nature of H> injection and withdrawal can cause hysteresis effects, leading to less
predictable storage cycles. Mixing between cushion and working gases can reduce the
purity of withdrawn gas stream. The aforementioned factors are described in detail

below.
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Fig. 2. Overview of scientific challenges related to physical aspects of UHS. Modified from paper 3.

1.2.1 Microscopic factors

Pore scale drainage mechanisms

Prior to H» injection, i.e. non-wetting phase drainage, a storage media is saturated with
native fluids such as water and formation gas, which must be displaced by H,. The
concept of drainage displacement at the pore level was described by Lenormand et al.,
based on the interplay between capillary and viscous forces in the absence of
gravitational forces [28]. When capillary forces dominate in the two-phase
displacement, pore-filling direction is controlled by capillary pressure, defined as the
difference between the non-wetting and wetting phase pressures. For the non-wetting
phase to invade a pore, the capillary pressure must exceed the threshold pressure of the
pore throats, which is inversely proportional to their radius. With a uniform pressure
distribution between two fluids, the non-wetting phase invades first the pore bodies
with the largest throats, following the direction of the lowest capillary resistance. The
non-uniform pressure distribution emerges with the increasing influence of viscous

forces, allowing the non-wetting fluid to enter smaller pore throats.
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Flow regimes

The interplay between capillary and viscous forces is quantified through two
dimensionless formulations: the viscosity ratio (M), i.e. ratio between viscosities of the
displacing and the displaced phases, and the microscopic capillary number (Nca),

defined as:

viscous forces U -p |
Nca = " = ( )
capillary forces o

where U is the injection velocity [m/s], u is the viscosity of the invading phase [Pa‘s]

and o is the interfacial tension between the invading and the invaded phase [N/m)].

A flow diagram, based on a logarithmic plot of Nc. vs M (Fig. 3), was proposed to
distinguish between different pore scale flow regimes with unique flow patterns:
capillary fingering, viscous fingering or stable displacement [29]. At low capillary
number, the capillary fingering prevails, characterized by flow patterns propagating in
all directions independent of the main flow. At high capillary number, the viscous
forces become dominant, creating the narrow fingers propagating in the direction of
the main flow. In a stable displacement, the flow pattern develops a flat front with some
minor irregularities. The crossover zone defines a transition from capillary to viscous
fingering where both forces are suppressed. The boundaries between flow regimes
depend on the specific system. The extended diagram boundaries were proposed based

on the displacement experiments in a homogenous hydrophilic micromodel [30].



20

Viscous fingering

Crossover: zone

Log(Nca)
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-10

Log(M)

Fig. 3. A flow diagram based on a logarithmic plot of capillary number (Nc,) vs viscosity ratio (M),
defining different flow regimes. The solid lines define the flow boundaries and patterns, proposed by
Lenormand et al. [29]. The dashed lines denote a renewed view on the flow diagram with the extended

boundaries from Zhang et al. [30].
Drainage snap-off

A non-wetting phase injection normally results in well-connected flow patterns across
the pore space. Under certain conditions, the displacing phase may, however, break
into several non-connected ganglia (Fig. 4), caused by Roof snap-off [31]. This
mechanism is triggered by destabilization of the front interface when the displacing
phase enters the adjacent pore clusters. The front destabilization results from the
thickening of the displaced phase in the pore throat, required to maintain capillary
equilibrium. As a result, the displacing phase disconnects, leading to the formation of
the trapped ganglia. In the seminal work of Roof, the conditions for snap-off during
drainage were related to availability and mobility of fluids: 1) The pore throat must be
surrounded by a sufficient amount of the displaced fluid, 2) the displacing fluid must
be able to propagate through the pore throat for a minimum distance of seven times the
throat radius. More recent studies indicated that drainage snap-off can be controlled by
global dynamic parameters: capillary number, viscosity ratio and compressibility [32,
33]. In the case of UHS, the formation of disconnected H» ganglia represents a potential

loss mechanism because these ganglia may dissolve in water during H> withdrawal.
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Fig. 4. Snap-off during drainage by Roof mechanism [31]. The image shows two timesteps of the Snap-
off, which occurred on a millisecond scale: 1) The connected non-wetting phase (white + grey) prior
to disconnection, 2) the resulting disconnected ganglia (grey) in the pore throats denoted by the red

arrows. From paper 2.
Capillary desaturation theory

A traditional capillary desaturation theory states that the residual phase saturation will
only be mobilized after reaching a critical capillary number. A relation between
residual saturation and capillary number (Fig. 5) is described by a capillary desaturation
curve (CDC), commonly used in studies of Enhanced Oil Recovery (EOR). Fig. 5
represents a theoretical CDC where constant saturation values are followed by a steeply
decreasing trend after reaching a critical capillary number. Scientific studies showed

that the CDC can exhibit both monotonic and non-monotonic trends [34].

The CDC concept can be adapted to UHS to estimate maximum H> saturation after
drainage, which will represent maximum microscopic storage capacity. This will
require plotting of H» drainage saturations (instead of apparent irreducible water
saturation) as a function of capillary number. In EOR, a common measure to mobilize
the residual oil is to increase capillary number by lowering the interfacial tension. This
dissertation will however focus on increasing the injection velocity to achieve
maximum H saturation. The range of capillary number will cover typical reservoir

conditions, which is expected to occur under the range of 10-%-10-2 [35]. Caution should
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be taken while using a microscopic definition of the capillary number to describe
phenomena at macro scale, where the reservoir parameters such as heterogeneity,
gravity and wettability become more important. Various capillary numbers have been
formulated to capture macroscopic effects at the reservoir scale [34].
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Fig. 5. Conceptual capillary desaturation curve (CDC) from Lake [36]. Image modified from Guo et
al. [34].

1.2.2 Macroscopic factors

Viscous fingering

H> injection at the reservoir scale is prone to unstable displacement, caused by
unfavourable viscosity ratio between H> and water. Unstable displacement, common
for high injection rates, will result in the development of macroscopic viscous fingers,
leading to large unswept areas. This undesired outcome can reduce storage capacity,
promote H> dissolution in water and cause H» leakage if the fingers reach the reservoir
outer boundaries [37]. It is suggested to mitigate viscous fingering by low injection
rates while storing H» in steeply dipping reservoirs with high porosity and high
permeability [5, 37].
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Gravity override and segregation

At low injection rate, the gravitational forces control the displacement process. A large
density contrast between H» and the displaced fluids can result in gravity override (Fig.
6), where less dense fluid accumulates preferentially at the reservoir top and denser
fluid occupies the bottom. Gravity override can also influence a gas-gas displacement
when using other cushion gases than H» due to its low density. The H> accumulation at
the reservoir top can make it more challenging to recover from the deeper wells. On
the other hand, gravity override can assist in gravitational segregation of H> and
cushion gas, which is positive for the purity of the withdrawn gas stream. Gravity
segregation is expected to emerge in the far-well area due to sufficient time for vertical
separation of gases. In the absence of a shut-in period between H» injection and
withdrawal, a dispersed gas zone can develop in the near-well area with nearly uniform

vertical distribution of H> and cushion gas.
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Fig. 6. Gravity override in a 2D reservoir model, occurring due to H» injection into a gas saturated

(left) and water saturated (right) reservoir [38]. The injector is placed on the left flank of the reservoir.
Gas mixing

Gas mixing will have a vital impact on UHS in depleted gas reservoirs and/or when H»
and cushion gas have different compositions. The mixing process will be controlled by
molecular diffusion, advection and mechanical dispersion [39]. The intensity of mixing
due to advection depends on the duration of injection-withdrawal cycles, where shorter
cycles facilitate mixing [17]. The process of diffusive mixing occurs independently of
advection and can become dominant during shut-in periods between injection and

withdrawal. In mechanical dispersion, a mixing between fluids takes place when they
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propagate with different velocities, caused by heterogeneities in the porous media.
Mechanical dispersion is anticipated to cause a significantly greater effect on gas

mixing when compared to molecular diffusion acting alone [38].

1.2.3 Pore scale loss mechanisms

Residual trapping

Various physical, bio-geochemical and operation losses can reduce storage efficiency
[5]. Bio-geochemical losses are induced by chemical reactions between Hz and rock
minerals and bacterial consumption, whereas operation losses include material losses
due to leakage and energy losses due to the friction in the well. This chapter highlights
physical losses only, namely pore scale trapping mechanisms which are expected to
occur during H> withdrawal, i.e. wetting phase imbibition. Residual and dissolution
trapping are two main microscopic mechanisms, responsible for pore scale Ha
entrapment. When water displaces H>, some fraction of continuous Hz phase is
disconnected, rendering H> immobile in the form of residually trapped ganglia.
Residual trapping occurs in a reservoir where water is available and mobile, i.e. the
transition zone between H> and water. Recent studies have quantified the residual

saturation of H» in sandstones [40-43].

There are four displacement mechanisms that classic pore scale displacement theory
identifies as dominant during imbibition [28]: piston-like, snap-off, I1 imbibition, and
12 imbibition (Fig. 7). Piston-like mechanism involves a stable displacement front
between the propagating fluids in a pore channel. Snap-off is a phenomenon in which
the non-wetting phase disconnects to form small droplets due to the pinching at the
pore walls. The I1 and 12 imbibition mechanisms occur due to the curvature
destabilization, caused by its detachment from the pore walls. Both mechanisms vary
in terms of the final location of the non-wetting phase, which can be displaced either
into one pore (I1) or several pores neighbouring pores (I2). The outcome of this
displacement largely depends on the structure of the pore network and can result in

residual trapping.
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Fig. 7. Displacement mechanisms during imbibition, which can result in residual trapping of the non-

wetting phase [44].
Dissolution trapping

The residually trapped H> ganglia can dissolve in water, governed by H» solubility and
diffusivity. When water is mobile, dissolution is controlled by the solubility and
advection, whereas diffusivity comes into play when water becomes immobile. Under
storage conditions, H> solubility increases with increasing pressure and decrease with
increasing salinity [45]. H» is approximately one order of magnitude more soluble in
pure hydrocarbons than in brines, suggesting a more pronounced H dissolution in
depleted oil reservoirs than in aquifers [46]. The importance of H» dissolution has been

reported by two previous UHS studies [41, 47].

At the pore level, the dissolution of the non-wetting phase can occur by three main
mechanisms [48, 49]: dissolution from one end of the bubble, dissolution from two
ends of the bubble, and dissolution while in displacement. In a one-end dissolution, the
bubble dissolves from one end in the direction of the water flow; the two-end
dissolution takes place at both sides of the bubble simultaneously. The displacement
dissolution mechanism involves the mobilization of small bubbles which enter narrow
pore throats. In porous systems, non-equilibrium dissolution can take place, that is

when dissolved concentration of the non-wetting phase is less than predicted from
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solubility measurements. This phenomenon was reported for CO; storage, attributed to
small CO;-water interface area and their non-uniform distribution [14, 50, 51]. At low
injection rates and in the absence of strong heterogeneity, the dissolution will

eventually approach equilibrium at the reservoir scale.

1.2.4 Hysteresis

Hysteresis can be defined as the dependence of a state of a system on its history. In
porous media flow, hysteresis reflects the differences between drainage and imbibition
in contact angles and flow functions, i.e. capillary pressure and relative permeability.
The contact angle hysteresis originates from the differences between water receding
(drainage) and water advancing (imbibition) contact angles, caused by surface
roughness or chemical heterogeneities [52]. The hysteresis in flow functions arises
from the differences in the flow paths due to the entrapment of the displaced phase.
During drainage, the displaced wetting phase remains connected along the grain
surfaces after its entrapment, facilitating the flow of the displacing non-wetting phase
through the pore centre. During imbibition, the entrapment of the non-wetting phase
takes place in the pore centre in the form of disconnected ganglia, acting as barrier for

the flow of both wetting and non-wetting phases.

Relative permeability hysteresis is expected to play a vital role in UHS due to cyclic
loading of Ha. The studies of different gas-water systems agreed that the hysteresis in
the non-wetting phase is pronounced due to residual gas trapping, leading to lower
imbibition relative permeability compared to drainage [13, 14, 53-55]. However, there
are inconsistencies regarding the hysteresis in the wetting phase. It was shown that the
relative permeability to the wetting phase was higher for imbibition, attributed to
contact angle hysteresis [14, 53, 54]. Other studies did not report any hysteresis in the
wetting phase relative permeability, likely because drainage and imbibition processes
are reproducible in strongly hydrophilic systems [13, 55]. In the case of UHS, both H»
and water relative permeabilities demonstrated hysteresis [11, 12], implying that this
effect should be accounted for in reservoir modelling for more reliable predictions of
the storage performance. Reservoir simulation studies pointed out that neglection of

hysteresis will overestimate the H> recovery factor [8-10].



27

The Killough hysteresis model is one of the available formulations to describe relative
permeability hysteresis [56]. This model introduces so-called scanning curves,
enclosed between the drainage and imbibition curves to model the transition between
them (Fig. 8). The scanning curves are reversible, meaning that they are identical for
both drainage and imbibition when the injection process is reversed at any point on the
curve. In addition to the actual relative permeability curves, the Land trapping model
[57] is needed to calculate the scanning curves of the non-wetting phase. For the
wetting phase, it is also necessary to include a free input parameter. When the actual
relative permeabilities are not available, the scanning curves can be computed based

on a parametric interpolation method.
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Fig. 8. Killough hysteresis model [56] of drainage and imbibition relative permeability curves. The
dashed, curved arrows denote representative scanning curves at arbitrary points. Modified from paper
6.
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2 Methodological summary

This dissertation represents a combined experimental and numerical approach across
multiple length scales (Fig. 9). Pore scale mechanisms were examined using
microfluidics (papers 1-3), which is a suitable tool to describe qualitative phenomena.
The micromodel was based on 36 repetitions of the pore patterns with realistic
geometry and topological features of an actual sandstone. Two experimental setups
were used to observe different micromodel areas. One of the setups used the full area
to gather quantitative results (paper 1), whereas the other covered about 1% of the total
area (papers 2-3), referred as a field of view (FoV). The extrapolation of quantitative
results to natural environments requires caution, and core scale measurements are

better suited for this purpose.

FIELD SCALE [km] RESERVOIR SIMULATIONS

Cyclic loading
Cushion gas
Storage efficiency

CORE SCALE [cm] CORE FLOODING
O ~ =
Q Drainage Tmbibition

PORE SCALE [mm] MICROFLUIDICS

Relative permeability

Flow mechanisms
Phase connectivity

Fig. 9. Methodological approaches used in this dissertation: 1) Pore scale studies using microfluidics,

2) core flooding for relative permeability measurements and 3) reservoir simulations.

Steady state relative permeability measurements were performed in a Berea sandstone
core, supported with X-ray monitoring and numerical history matching (paper 4). The
resulting drainage and imbibition relative permeabilities were implemented in a
reservoir model of an aquifer, using the commercial Eclipse E100 black oil simulator

(paper 6). The Solvent option of this simulator, allowing to introduce H> as the second
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gas component, was used to model the storage performance in a depleted hydrocarbon
field (paper 5). Reservoir simulation is a valuable tool for predicting storage efficiency
under different management strategies. The black oil models were preferred over the
compositional one because of the absence of major compositional changes in the

modelling process and their computational efficiency.
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3 Results and discussion

This chapter summarizes key findings from a multiscale research project, based on pore
scale experiments using microfluidics (papers 1-3), relative permeability
measurements (paper 4) and reservoir modelling (papers 5-6). One cycle of pore scale
H: injection and withdrawal are outlined in chapters 3.1 and 3.2, respectively, with
focus on Hj saturation, its connectivity and trapping mechanisms. To reproduce a more
realistic scenario of cyclic Hz storage, multiple cycles of H» injection and withdrawal
are covered in chapter 3.3. Core scale H2-H2O relative permeability data are described
in chapter 3.4, measured during drainage and imbibition and supported with numerical
history matching. Chapter 3.5 discusses the impact of cushion gas and hysteresis on Ha
recovery using reservoir scale cyclic injections. Chapter 3.6 connects the separate

papers by discussing their field scale implications.

3.1 Hydrogen injection

Gas injection is an initial stage of any underground gas storage project, affected by past
reservoir history and interactions with native rock and reservoir fluids. The involved
pore scale mechanisms are best described through visualization techniques like
microfluidics, providing a direct observation of the pore space. This chapter describes
microfluidic H> drainage experiments from paper 1, performed at 30 °C under the
pressure of 30 and 100 bar. The following phenomena are covered: microscopic storage
capacity (chapter 3.1.1), H> connectivity in the pore space (chapter 3.1.2), and
comparison with other gases (chapter 3.1.3). The experimental data were extracted

from the full micromodel area.

3.1.1 Microscopic storage capacity

The H injection resulted in an immediate filling of the pore space, dominated by
capillary fingering with forward and transverse Ha fingers bypassing large pore clusters
(Fig. 10). After H> break-through at the micromodel outlet, the H> flow propagated
through the preferential displacement paths without entering the bypassed pore

clusters. Capillary fingering was additionally confirmed by a fractal dimension
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analysis, explained in detail in paper 1. The H: saturation (Sg;) after drainage (Fig. 11)
followed a monotonically increasing trend in accordance with classic capillary
desaturation curve (CDC). Moreover, the S, seemed to be independent of pressure,
likely due to minor differences in viscosity (1% increase) and interfacial tension (2%
decrease) from 30 to 100 bar. After reaching a critical value of capillary number (Nc.)
> 7-107, the S flattened out with the values between 0.35 and 0.39, representing

maximum microscopic Ha storage capacity. The maximum S,; values were comparable

with the literature values of 0.36 — 0.48 derived from core flooding experiments under

the Nc, range of 10°— 108 [41, 43, 58].

7 A, Lss o
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Fig. 10. H; flow patterns (white) and corresponding saturation (Sg;) in the pore space after drainage
under five capillary numbers (N, ) at 30 bar. The capillary dominated H, flow propagated through the
preferential paths without entering the neighboring pore clusters after H, reached the outlet. Modified

from paper 1.
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Fig. 11. Initial H, saturation after drainage (S,;) at 30 and 100 bar. The S increased monotonically
until a critical N¢, of ~ 7-107, followed by a nearly flat trend. The maximum S,; ranged between 0.35
and 0.39, representing maximum microscopic storage capacity of the pore space. No clear pressure
impact on the S,; was observed. The H; distribution in the pore space at 30 bar is shown in Fig. 10.

Modified from paper 1.

3.1.2 Hydrogen connectivity across the pore space

The Hz connectivity across the pore space is important for assessment of the effective
storage capacity, which can be attenuated by the H» disconnection events. The H»
disconnection was evident at higher Nca (> 1077) due to Roof snap-off [31], resulting in
several disconnected H» ganglia (Fig. 12). The snap-off was attributed to water
availability and mobility as well as Nca. The percentage of disconnected H> in the total
saturation ranged between 12% and 25% (Fig. 14). The H> ganglia were larger than the
average pore size and ranged between ~ 10® and 10° um?, consistent with the literature
[41, 43, 58]. The H» disconnection represents a potential loss mechanism because the
resulting ganglia may remain disconnected and/or dissolve during imbibition. It is
therefore necessary to choose an optimal injection rate, yielding the maximum storage
capacity but with the lowest risk of H> disconnection. Based on the microfluidic
experiments, the optimal Nc, was in the order of 1077, equivalent to the experimental

injection velocity of ~ 70 m/day.
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Fig. 12. H, connectivity in the pore space after drainage at 30 bar: disconnected H, ganglia (red),
connected H; phase (blue), water (white) and the rock grains (black). Roof snap-off occurred at higher
Nca (> 107), forming several clusters of disconnected H, ganglia. The percentage of disconnected H,

ganglia ranged between 12% and 25% of the total H, saturation. Modified from paper 1.

3.1.3 Impact of gas type

Several decades of commercial experience with underground natural gas storage raises
a question whether the knowledge transfer to UHS is technically feasible. A
comparison with other gases is therefore essential for the knowledge transfer. The H»
drainage experiments were repeated with pure CHa, mixture of 50 mol% Hz — 50 mol%,
pure CH4 and pure Na. It was found that the maximum gas saturations were similar for
all gases, within the range of 0.39 - 0.46 (Fig. 13). However, the gas saturations differed
at lower N¢, (< 107), which increased with increasing gas viscosity as follows: pure H»
with the lowest saturation, followed by a 50% H - 50% CH4 mixture, then pure CHa,
and finally N». In addition, the gas connectivity was affected by the gas type, where N»
showed the highest amount of disconnected gas ganglia equal to 39 % - 76 % of the
total gas saturation (Fig. 14). Overall, the results imply that a substitute laboratory gas
for H, may be used at higher Nc, (> 107) only, where the gas saturations become
similar. Moreover, CH4 appears to be a more effective cushion gas due to its better
connectivity compared to N». This will minimize cushion gas loss due to dissolution,

ensuring better control of the reservoir pressure.
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Fig. 13. Impact of gas type on the initial saturation (Sg;) after drainage at 30 bar. At lower N¢, (< 107),
the S, increased with the increasing gas viscosity as follows: first H,, followed by a 50% H, - 50%
CH4 mixture, then CHs, and finally N,. At higher Ne, (> 107), the difference between gases minimized

yielding similar maximum S,; values in the range of 0.39-0.46. Modified from paper 1.
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Fig. 14. Impact of gas type on the gas connectivity in the pore space after drainage at 30 bar. The H,
connectivity was relatively high with less than 25% disconnected ganglia of the total H, saturation at
higher Nc, (> 107). In contrast, the percentage of disconnected N, ganglia ranged between 39% and
76%. From paper 1.
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3.2 Hydrogen withdrawal

The injected H> during drainage is withdrawn from a reservoir to meet high demand.
In microfluidics this is achieved through imbibition experiments, where water is
injected to displace H> from the pore space. During displacement some portion of H>
is lost in the pore space due to several trapping mechanisms. This chapter describes
microfluidic imbibition injections from paper 2, as part of one-cycle experiments at 5
bar and ambient temperature. The following phenomena are emphasized: the Ha
displacement and residual trapping mechanisms (chapter 3.2.1), dissolution trapping
(chapter 3.2.2), and contact angle measurements (chapter 3.2.3). Contrary to paper 1
(chapter 3.1), the experimental data were extracted from a limited micromodel area

equivalent to ~1% of the total area, referred as the field of view (FoV).

3.2.1 Displacement and residual trapping mechanisms

The imbibition experiments were performed under the N¢, range of 7.7-107 — 3.8:10*
and involved two main stages: H> displacement and trapping. The H» displacement was
predominantly controlled by I1 imbibition (Fig. 15a), where H> was displaced from
several neighbouring pores to one pore. The less common displacement mechanisms
included piston-like displacement and redistribution. The piston-like displacement
occurred at low Neg (= 7.7-107), characterized by a stable displacement front within an
individual pore channel. The H; redistribution was common at higher Neo (> 7.7-107)
where H» was first displaced by water, followed by a reconnection with H> which
redistributed from other pore clusters. After being displaced from the pore centre to the
pore wall, H> was disconnected and residually trapped by 12 imbibition mechanism
(Fig. 15b). In some cases (N¢, > 7.7-107%), the trapping by bypass mechanism was

observed where water was not able to displace H» from the large pore clusters with

narrow pore throats.
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(a) 11 displacement (b) Trapping by 12 displacement

Fig. 15. Two dominant displacement and trapping mechanisms of H, (white and grey): 11 imbibition
and 12 imbibition, respectively. Colors and outlines indicate the time intervals of displacement (1-4).
(a) I1 imbibition involved H» displacement from several neighboring pores (ti3; white) to one pore
(ts; grey, Ate.1= 1 s). (b) 12 imbibition occurred when H, was displaced to the pore wall (t3; dashed
outline) where H, was disconnected and residually trapped (ts4; grey, Ats.;= 1.3 s). Modified from paper
2.

3.2.2 Dissolution trapping

Following the entrapment of H», water was continuously injected to the micromodel,
promoting the dissolution of the residually trapped H» ganglia. Three dissolution
mechanisms were identified controlled by waterfront direction and rate: one-end
dissolution, two-end dissolution, and displacement dissolution (Fig. 16). The one-end
dissolution was common at higher N¢, (> 7.7-107), characterized by dissolution from
one end of the ganglia in the direction of waterfront. The two-end dissolution
mechanism was observed at lower Nc, (= 7.7-10°°), where the H> ganglia dissolved
from all sides. The displacement dissolution mechanism occurred at higher Nc, (>
7.7-107), where smaller H, ganglia mobilized and entered the narrow pore throats while

gradually dissolving.
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(a) One-end dissolution; (b) Two-end dissolution; (c) Displacement dissolution;
Ng, =3.8-107* Ng,=7.7-107°% Neg =7.7-107%

Fig. 16. H, (white and grey) dissolution mechanisms. Colors and outlines indicate the time intervals of
dissolution (1-5). (a) One-end dissolution where H, dissolved from one side of the ganglia (Ats.; = 22
s). (b) In two-end dissolution, H, dissolved across all sides of the ganglia (Ats.; = 134 s). (c)
Displacement dissolution involved dissolution of the ganglia while displacement through the pore

throats (Ats.; =5 s). Modified from paper 2.

The dissolved Hz concentration was quantified as the average dissolved H> amount per
the injected water mass. The dissolved H> amount was calculated based on the H»
saturation decrease during dissolution, assuming that the H» depletion was governed
by dissolution and water advection, while neglecting the diffusion. The average
dissolved Ha concentration ranged between 6.4 x 10 and 1.1 x 10~ mol/kg, equivalent
to 16% and 28% of the reported H» solubility data [45]. The fact that the dissolved Ha
concentration was lower the reported H» solubility (Fig. 17) indicated that dissolution
occurred under the non-equilibrium regime, consistent with the studies of CO>
dissolution [50, 51]. The non-equilibrium dissolution of H> was also reported for

pressures of 1 and 30 bars, gathered from the same experimental setup [59].
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Fig. 17. Dissolved H, concentration (C, mol/kg) relative to the literature H, solubility data (Cs, mol/kg
[45]). At 5 bars, the average dissolved H, concentration corresponded to 16% and 28% of the reported
literature solubility, indicating non-equilibrium dissolution. Similar dissolution trends were observed

for the data from the same experimental setup at 1 and 30 bars [59]. Dataset from paper 2.

3.2.3 Contact angle hysteresis

The receding and advancing contact angles were measured during H» injection and
withdrawal, respectively (Fig. 18). The receding angles ranged between 21° and 24°
which were lower than the advancing angles of 39°-47°, as expected from a classic
theory [60]. The measured contact angles were consistent with the literature values
reported for Hz, demonstrating strong hydrophilic preference [61-64]. The difference
between the receding and advancing contact angles indicated that the H> injection and
withdrawal are hysteretic processes. The contact angles are one of the input parameters
for pore scale modelling, aimed at estimating the capillary pressure and relative
permeability functions [65]. The contact angle hysteresis may result in hysteretic
capillary pressure and relative permeability functions, and this will be discussed in
chapter 3.4. On the other hand, the observed hysteresis from one cycle of Hz injection
and withdrawal raises the question whether the hysteretic effects will intensify with the

increasing number of injection-withdrawal cycles.
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Fig. 18. Average receding and advancing contact angles, measured during H> drainage and imbibition,
respectively. The contact angle hysteresis was evident, where the advancing contact angles (39°-47°)

were higher than the receding (21-24°). Modified from paper 2.

3.3 Hydrogen reconnection and trapping during cyclic
injections
The fundamental pore scale mechanisms were examined through one cycle of injection
and withdrawal in chapters 3.1 and 3.2. The commercial underground storage involves
numerous cycles of injection and withdrawal that may induce the hysteretic effects
influencing the H» distribution and residual trapping. This chapter summarizes the
microfluidic experiments from paper 3 examining the five cycles of Hz injection and
withdrawal at 40 bar and ambient temperature. Chapter 3.3.1 describes cyclic
variations in the pore space Hz distribution and reconnection of the residually trapped
Ha. Chapter 3.3.2 quantifies the initial and residual H» saturations over the injection

cycles. The experimental data were extracted from the micromodel field of view (FoV).

3.3.1 Reconnection mechanisms

The H; distribution within the pore space showed hysteresis across the injection cycles
(Fig. 19). The initial H> distribution after drainage was mainly spread over the large,
connected pore clusters (blue + purple). The residual H> ganglia predominantly resided

in the same pores as the initial distribution (purple), with minor observations of ganglia
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redistribution to the adjacent pore clusters (red). The residually trapped ganglia could
either connect with the newly injected H» in the subsequent drainage cycle or remain

disconnected, described below.

e TR

Fig. 19. Combined images of the initial, Sg; (blue + purple), and residual, Sg- (red + purple) Ha
saturations during five cycles of drainage and imbibition at 5 mL/h. The purple color highlights the
intersection area of the H-filed pore space after drainage and after imbibition. The residual H, ganglia
remained mainly in the same pore clusters as the initial H» distribution (purple), but redistribution to
neighbouring pores was also observed (red). The distribution of the residual H, ganglia showed
hysteresis over the injection cycles, characterized by changing H, distribution in the pore space despite

similar S, values in the range of ~ 0.30. From paper 3.

The reconnection of residual H> ganglia seemed to be governed by the pore cluster
geometry (Fig. 20). This process was favoured in the proximity to pore clusters with
wide pore throats, while being hindered by narrow pore throats. The saturations of
disconnected H> were compared between imbibition and the next drainage cycle (Fig.
21). The disconnected H> saturation after imbibition decreased in 9 out of 12
subsequent drainage cycles, and on average 56% of the disconnected H> is reconnected.
A high reconnection ability is beneficial for the underground storage, minimizing the

risk of H» loss due to residual trapping.
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(a) 2.5 mL/h: Disconnected S,,,.(dis) = 0.31 and S,;(dis) = 022 (b) 5 mL/h: Disconnected S,,,.(dis) = 0.27 and S, (dis) = 0.06

Fig. 20. Reconnection of residually trapped H; after imbibition, Sg- (dis) (yellow + purple) with the
newly injected H» in a subsequent drainage cycle (light blue): (a) From cycle 3 to 4 at 2.5 mL/h, and
(b) from cycle 4 to 5 at 5 mL/h. A fraction of the previously disconnected ganglia reconnected with
the newly injected H, (yellow), whereas the remaining fraction remained disconnected, Sy (dis)
(purple). H, reconnection prevailed near pore clusters with wide pore throats. Quantification of the

disconnected H; saturations is shown in Fig. 21. From paper 3.
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Fig. 21. Comparison between disconnected H» saturation after imbibition, S, (dis) (blue) and after
subsequent drainage cycle, Sg; (dis) (gray). For all cycles in the experiments at 2.5, 5 and 10 mL/h, two
disconnected saturations resulting from sequent imbibition-drainage injections are grouped on the
horizontal axis. The transition from imbibition in cycle 1 to drainage in cycle 2 is defined as D2. A
high reconnection ability of H, ganglia was observed, characterized by a decreased Sg; (dis) compared

to Sg (dis) in the previous imbibition cycle. From paper 3.
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3.3.2 Residual trapping

The initial (Sg;) and residual (Sg-) H2 saturations were quantified in the micromodel
field of view (FoV) for all cycles in the experiments performed at four injection rates
in the range of 1-10 mL/h (Fig. 22). The average Sgi from each experiment depended
on the injection rate. The lowest injection rate (1 mL/h) resulted in the lowest S, of
0.03-0.14, with an increase to 0.27-0.73 at higher injection rates (> 2.5 mL/h). The S
fluctuated between the cycles due to the H» redistribution from outside the FoV.
Conversely, the Sg- values were more reproducible between the cycles, equal to ~ 0.4
at 2.5 mL/h and ~ 0.3 at 5-10 mL/h. This phenomenon was attributed to hydrophilic
micromodel surfaces: water injection is facilitated through the wetting water films
around the grain surfaces, resulting in the well-defined water injection patterns. It
should be emphasized that maximum Sg;, observed in the micromodel FoV at high
injection rates, were higher than estimated from the full micromodel area (maximum
Sgi of 0.39 from chapter 3.1.3). This implies that the FoV saturations should not be

extrapolated to the full micromodel at high injection rates (Fig. S1).
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Fig. 22. Initial (Sg;) and residual (S,,) Ha saturation during cyclic injections at the experimental injection
rate of: (a) 1 mL/h, (b) 2.5 mL/h, (c) 5 mL/h, and (d) 10 mL/h. The average Sg;, calculated for all cycles

in each experiment, was the lowest (~0.10) at the injection rate of 1 mL/h. Fluctuations in the S, were
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observed between the cycles, caused by H: redistribution from outside the FoV. In contrast, the S,
demonstrated improved reproducibility, maintaining nearly constant values between the cycles.

Modified from paper 3.

3.4 Hydrogen relative permeability

Data collection across different length scales is essential for enhancing the multiscale
understanding of H> flow dynamics. Although the microfluidic experiments from
chapters 3.1-3.2 provided the insight into the pore scale behaviour, the quantitative
results are not directly applicable to reservoir scale models due to the influence of
gravity and pore space heterogeneity. Core scale experiments are more conventional
technique to acquire the quantitative data needed for input to reservoir models. In
particular, relative permeability is one of the crucial functions defining the H:
multiphase flow. This chapter reports the steady state Ho-H>O relative permeability
measurements from paper 4, performed during drainage and imbibition at 30 bar and
30 °C. Chapter 3.4.1 discusses the hysteresis between drainage and imbibition relative
permeability, whereas chapter 3.4.2 compares the drainage H» and N relative

permeability curves.

3.4.1 Impact of hysteresis

The drainage experiment resulted in a high endpoint water saturation of S,,= 0.59, with
a corresponding H> relative permeability of K.z = 0.04 (Fig. 23). An irreducible water
saturation (Swi») was not achieved, and porous plate capillary measurements were
therefore required to find Swi (= 0.15). The next step was to measure the imbibition
relative permeability, resulting in an endpoint H>O relative permeability of K, = 0.36
at S\ = 0.64. Both drainage and imbibition experiments were history matched based on
the LET correlation [66, 67] and experimental differential pressure, production and
saturation data, using commercial core-scale simulator Sendra [68]. A reasonable
match between the experimental and simulated data was achieved for the drainage
experiment, whereas the match quality was reduced in the imbibition experiment. The
experimental relative permeability assumes homogenous rock properties and zero

capillary pressure, contrary to the simulated data with more realistic capillary pressure
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gradients. Therefore, the simulated relative permeability better represents reservoir

flow and should be used as input in numerical reservoir models.

The resulting relative permeabilities showed strong hysteresis, with lower imbibition
K¢ and higher imbibition K., both compared to drainage. The relative permeability
hysteresis in the non-wetting phase (H») is attributed to residual trapping, whereas the
wetting (H2O) phase hysteresis arises from contact angle hysteresis [14, 54, 69]. It
should be noted that nonhysteretic H>O relative permeability can be found in literature,
explained by reproducibility of injection cycles in hydrophilic core samples [13, 55].
The observed differences between the drainage and imbibition H>-H>O relative
permeabilities imply that hysteresis should be included in reservoir modelling of
porous media H> storage. This will ensure more reliable predictions of the storage
efficiency and will be discussed in chapter 3.5.4. The H>-H20 system showed strong
hydrophilic preference, reflected by a high cross-point value of S\, = 0.71 with the
corresponding K, = K, = 0.025. The hysteretic and hydrophilic nature of the H>-H>O
relative permeability corroborate the microfluidic contact angles measurements
reported in chapter 3.2.3. A comparison with available H>-H»O relative permeability

data can be found elsewhere [12].
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permeability on semilogarithmic scale. The markers indicate experimental measurements, whereas the
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solid and dashed curves denote history matched simulated data for primary drainage and imbibition,
respectively. Strong hysteresis between drainage and imbibition was observed both for H, and H,O.

Modified from paper 4.

3.4.2 Impact of gas type

The drainage experiment was repeated with N yielding a similar shape of the curve,
albeit with higher K,; and K, values compared to H»-H>O system (Fig. 24). The
difference between H» and N relative permeability curves was attributed to the
increased gas-water viscosity ratio [70], where N> has two times higher viscosity than
Ha at experimental conditions. Note that the endpoint K,¢* at S, was not measured
for N». The sensitivity analysis was therefore performed in the Sendra simulator to find
the most suitable K,;* based on the uncertainty span from the Hz-experiment (K,¢* =
0.61 + 0.12). The simulation results showed that K,¢* of 0.73 yielded a better history
match of the N>-experiment. The uncertainty in K,.,* and other parameters in the N»-
experiment might have overestimated the actual difference between H» and N relative

permeability curves.
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Fig. 24. Comparison between H>- and N»-H,O primary drainage relative permeability on
semilogarithmic scale. The markers indicate experimental H, (squares) and N (crosses) measurements,
whereas the solid and dot-dash curves denote history matched simulated data for H, and N,
respectively. The N»-H,O relative permeability shifted upwards compared to a H, system, explained

by a difference in the gas-water viscosity ratio. The endpoint N, relative permeability (0.73) was
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assumed to be equal to the upper uncertainty limit of the endpoint H» relative permeability (0.61 +

0.12). Modified from paper 4.

3.5 Reservoir scale cyclic injections

The knowledge about pore scale mechanisms and core scale flow functions from
chapters 3.1-3.4 cannot alone serve for design of the field tests of H> storage in porous
media. The pre-screening phase is best achieved through reservoir simulation which is
a cost and time efficient tool to predict reservoir performance under various storage
scenarios. This chapter summarizes key findings from reservoir simulations of H»
storage in a depleted hydrocarbon field and in an aquifer, using a commercial black-oil
reservoir simulator Eclipse 100. Chapters 3.5.1-3.5.3 are based on paper 5 which
focused on the storage capacity, recovery factor and impact of cushion gas in a depleted
field. Chapter 3.5.4 discusses the impact of relative permeability hysteresis on the

storage performance in an aquifer reported in paper 6.

3.5.1 Macroscopic storage and working gas capacities

The middle-size oil and gas Norne field was selected to evaluate H» storage using one
vertical well for injection and withdrawal. Three different storage schemes were
implemented, examining H> storage in gas, oil and water storage zones separately. The
results showed (Table 1) that each storage zone can accommodate ~ 3 billion Sm* of
Ha, using the injection rate of 3 million Sm*/day and total injection time of ~ 1000 days
in the gas and oil zones and ~ 2000 days in the water zone. The injected Hz accumulated
at the uppermost regions of gas and oil zones (Fig. 25a, b) and occupied ~ 50% of the
near-well pore space. The H> accumulation was more widespread in the water zone,
eventually reaching the highest point of the oil zone due to upward movement in the

far-well region (Fig. 25c¢).
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Fig. 25. Vertical xy-slice of the Norne simulation model demonstrating the H, distribution at the end
of initial injection stage in three storage zones: (a) gas, (b) oil, and (c) water. The arrows indicate the
injector location (C-3H) and the white bars show the perforation intervals. The H, accumulation at the
reservoir top was observed in the gas and oil zones. Conversely, H, was more widely distributed in the
water zone, reaching the uppermost regions of the oil zone. Vertical distance is 5-times exaggerated.

Modified from paper 5.

After the initial injection stage, the storage cycles were repeated annually with one 5-
month withdrawal and one 7-month injection periods. The withdrawal rate was
constant and equal to 3 million Sm?/day in the gas and oil zones, contrary to the water
zone with the decreasing withdrawal rates (Fig. 26a). This was due to a steeper bottom-
hole (BHP) decline in the water zone which reached its BHP lower limit of 180 bar
(Fig. 26b). The volume of H» that was withdrawn from each zone after the first cycle,
known as the working gas capacity, ranged between 373 and 462 million Sm? (Table
1). The highest working gas capacity was found in the oil zone, whereas the water zone
showed the lowest capacity. It is important to note that the range of the working gas
capacities in three storage zones corresponded to 12-16% of the initially injected
volume. This implies that a significant amount of H» remained in the reservoir as
cushion gas. Low working gas capacity agreed with the literature values of ~15-30%

[9, 71, 72].
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Table 1. Summary results of H, storage in the gas, oil and water zones of the Norne oil and gas field.
Three cases were examined, differed in terms of gas injection during initial injection stage. Reference
case (Ref): Injection of pure H»; Case 1: Injection of pure formation gas, later replaced by pure H»; and

Case 2: Injection of a H>-formation gas mixture (30%-70%). Modified from paper 5.

Storage  Case Initial H Hssharein ~ H, withdrawn  Hj recovery Final H,
zone injected initially I* cycle factor recovery
[Billion Sm®]  injected gas  [Billion Sm?] I*t cycle factor
Gas Ref 3.26 100% 0.432 13% 87%
Case 1 0.75 20% 0.436 58% 93%
Case 2 1.08 30% 0.137 13% 91%
Oil Ref 291 100% 0.462 16% 77%
Case 1 0.84 26% 0.436 52% 95%
Case 2 0.97 30% 0.126 13% 82%
Water Ref 3.05 100% 0.373 12% 49%
Case 1 0.69 20% 0.356 52% 84%
Case 2 0.98 30% 0.085 9% 47%

3.5.2 Recovery factor

To efficiently extract the remaining cushion gas, a prolonged withdrawal period was
simulated until the withdrawal rate reached its economic limit of 1 million Sm?/day
(Fig. 26a). The prolonged withdrawal in the gas and oil zones was characterized by an
initial constant rate of 3 million Sm?/day, followed by a declining rate due to break-
through of native reservoir fluids. The withdrawal lasted for 1094 and 880 days in the
gas and oil zones, yielding a final recovery factor of 87% and 77%, respectively (Table
1). The water zone showed the lowest recovery factor (49%) due to shorter withdrawal
period (415 days) and pronounced water production. Overall, high recovery factor
makes the gas zone the most preferred target for Hz storage in a depleted field, whereas

the water zone demonstrated the lowest storage efficiency.
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Fig. 26. Three scenarios of H, storage in the gas (black), oil (gray) and water (blue) zones of the Norne
oil and gas field. Each storage scenario implemented four annual withdrawal-injection cycles, followed
by one prolonged withdrawal period. (a) H, withdrawal (positive values) and injection rates (negative
values). (b) Bottom-hole pressure in the injector. During the first four withdrawal cycles, constant rates
prevailed in the gas and oil zones. Conversely, the water zone underwent declining withdrawal rates
due to the bottom-hole pressure reaching its lower limit of 180 bar. The prolonged withdrawal period
continued until the economic rate of 1 million Sm?/day, which occurred first in the water zone, leading

to the lowest H, recovery factor. Modified from paper 5.

3.5.3 Impact of cushion gas

When using H> as cushion gas, only 12-16% of the initially injected H> was available
for cyclic withdrawal as discussed in chapter 3.5.1 (defined now as a reference case).
To decrease the volume of Hz cushion gas, two cases (Table 1) were examined focusing
on the effects of cushion gas type (case 1) and its composition (case 2). In case 1, the
initial injection stage started with the injection of formation gas (CH4) until reaching
the reservoir pressure of 220 bar, followed by the injection of H» until 250 bar. The
share of H» in the total gas volume, injected during the initial stage, ranged between
20% and 26%. Compared to the reference case, the Hz recovery factor after the 15 cycle
increased in all storage zones: gas — 58%, oil — 52% and water — 52%. The Ha purity
in the withdrawn gas mixture was however reduced, with gradually decreasing H»
fractions down to 81%, 82% and 70% in the gas, oil and water zones, respectively (Fig.
27a,c,e). The water zone (Fig. 27¢) underwent the steepest decline in the withdrawn H»
fraction, caused by H» losses due to upward migration. The final H» recovery factors
after the prolonged withdrawal period were higher in case 1: gas — 93%, oil — 95% and
water — 84%. Overall, the injection of formation gas during the initial stage increased

the Hz recovery factor (both 1% cycle and final), albeit with decreasing H» fractions in
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the withdrawn gas mixture. The risk of impurities in the withdrawn gas mixture can be
effectively reduced by injecting a minimum of 60-80% H> cushion gas, as shown in

paper 5.

In case 2, a H>-CH4 gas mixture (30%-70%) was injected during the initial injection
stage, yielding the H» recovery factors after the 1% cycle similar to the reference case:
gas — 13%, oil — 13% and water — 9%. The H» fractions in the withdrawn gas mixture
showed nonmonotonic behaviour (Fig. 27b,d,f). The initially declining H» fractions
reversed to an increasing trend after ~50 days in the gas and oil zones (Fig. 27b,d), and
ultimately stabilizing in the water zone (Fig. 27f). This behaviour was attributed to
gravity segregation, which established in the far-well area only. In contrast, the near-
well area represented a disperse zone with uniformly distributed H> and formation gas
because there was no shut-in period between injection and withdrawal. During gas
withdrawal, the segregated gas accumulation from the far-well area reached the well
with a delay of ~50 days. This resulted in the increased H; fraction in the gas and oil
zones due to higher H, mobility compared to formation gas. In the water zone, the H
fraction did not increase but stabilized at nearly constant values after 50 days, due to a

partial H> loss caused by upward migration.

Another feature of case 2 was that the H» fraction increased with the increasing number
of cycles in all storage zones, attributed to longer injection (7 months) relative to
withdrawal periods (5 months). Compared to the reference case, the final H> recovery
factors were higher in the gas and oil zones, but lower in the water zone: gas — 91%,
oil — 82% and water — 47%. To summarize, the injection of a H>-CH4 mixture (case 2)
increased the final Ha recovery factor, but most of the initially injected H2 (87-91%)
remained in the reservoir as cushion gas similar to the reference case. Therefore, the
injection of pure Hz and formation gas instead of their mixtures (case 1) is a preferred

measure to reduce the volume of Hz cushion gas.
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Fig. 27. H; fraction in the withdrawn gas mixture in the gas (black), oil (gray) and water (blue) zones
during the first four withdrawal-injection cycles. Case 1 (left: a, c, e): Cushion gas injection of
formation gas (CH4) followed by H,. The H; fraction reduced over time, with the most rapid decline
observed in the water zone. Case 2 (right: b, d, f): Cushion gas injection of H,-CH4 gas mixture (30%-
70%). The H» fraction exhibited a downward trend during the initial 50 days, followed by an upward
trend in the gas and oil zones, and flattening in the water zone. The H, fraction increased with the

number of cycles. Modified from paper 5.

3.5.4 Impact of hysteresis

The H»-H»O relative permeability measurements indicated a need to consider
hysteresis in reservoir modelling of H» storage. Although hysteresis was included in
the Norne model, its impact on the storage performance was not evaluated. In this

chapter, the relative permeability dataset from paper 4 was implemented together with
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the Killough hysteresis formulation [56] in a reservoir model of the Johansen formation

aquifer to study the hysteresis effects.

The storage scheme initiated with Hz injection at 3 million Sm®/day for 1098 days,
followed by annual cycles with equally long withdrawal and injection periods of six
months. The final withdrawal period lasted until the economic limit of 1 million
Sm3/day was reached. Two different cases were simulated: without and with relative
permeability hysteresis (Table 2; Fig. 28). The Hz recovery factor after the 1% and final
cycles reduced in the case with hysteresis from 16% to 14% and from 68% to 37%,
respectively. This reduction was caused by BHP lower limit of 160 bar which was
reached in the case with hysteresis, thus decreasing the withdrawal rate. The BHP
behaviour was governed by the inflow performance equation in the Eclipse simulator:
Q¢ = Tw Mgy (pgria — pBHP — Phead), Where Qg is the H» withdrawal rate, 7., is the grid
connection transmissibility factor, M, is the Hz mobility, pgr is the grid connection
pressure, pprp is the BHP, and preqa 1s the pressure head between the grid connection
and bottom hole. According to this equation, the reduced H> mobility in the case with
hysteresis required the reduction in the BHP to maintain constant withdrawal rate of 3
million Sm®/day. The decrease in Hz recovery factors due to hysteresis was consistent

with the literature [9, 10].

Table 2. Impact of relative permeability hysteresis on Ha storage in the Johansen aquifer. Modified

from paper 6.

Case H, withdrawn [Million Sm?] H: recovery factor
1 st 2nd 3rd 4th Sth 1st Final
cycle cycle cycle cycle cycle cycle
No hysteresis 540 540 540 540 1560 16 % 68 %

Hysteresis 451 390 388 393 391 14 % 37 %
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Fig. 28. Impact of relative permeability hysteresis on H, storage in the Johansen aquifer, examined by
two cases: without (solid curves) and with hysteresis (dashed curves). (a) H, withdrawal (positive
values) and injection rates (negative values). (b) Bottom-hole pressure in the injector. The withdrawal
rate reduced in the case with hysteresis due to the bottom-hole pressure reaching its lower limit of 160

bar. Modified from paper 6.

The Hz plume dynamics were similar for two cases, characterized by a cone-like shape
and vertical contraction and expansion during withdrawal and injection, respectively
(Fig. 29). No horizontal H» spreading was observed due to equal volumes of injected
and withdrawn in each annual cycle. The control of lateral H» extent is needed to
minimize the risk of leakage outside the reservoir boundaries. The main difference
between two cases was related to the final H» distribution after the prolonged
withdrawal period. The unextracted H2 accumulated in the top layer in the case without
hysteresis, contrary to a cone-like H> distribution in both top and lower layers in the

case with hysteresis.
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Fig. 29. Vertical slice of the Johansen aquifer simulation grid demonstrating H, distribution after the
final injection (top) and withdrawal (bottom) periods in the cases without (left) and with hysteresis
(right). Similar H, plume dynamics was observed, with a cone-like plume shape contracting and
expanding vertically during withdrawal and injection, respectively. However, at the end of the last
withdrawal period, the remaining H> concentrated in the uppermost layer in the nonhysteretic case,
contrary to a more vertically distributed H, in the hysteretic case. Vertical distance is 10-times

exaggerated. From paper 6.

3.6 Field scale implications

The results of this dissertation have several noteworthy implications for underground
H; storage in porous systems. New insights are provided in optimal injection rates,
trapping mechanisms, hysteresis, selection of proxy gas in laboratory tests and cushion
gas in field pilots. As highlighted in chapters 3.1.1 and 3.1.2, higher injection rates
resulted in the highest microscopic storage capacity, but at the same time with the
highest amount of disconnected H> ganglia. The latter effect is undesirable because it

may increase the risk of H> loss due to dissolution. To strike a balance between
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maximizing storage capacity and minimizing the formation of disconnected H», an
optimal Nc in the order of 10”7 was found. This number is equivalent to a field scale
injection rate of ~50000 m?/day, assuming an experimental injection velocity of ~ 70

m/day and an injector perforation length of 30 m.

The use of a proxy laboratory gas may be advantageous for safety reasons due to the
wide H» flammability range. In chapter 3.1.3, it was shown that the differences in 2D
drainage saturations between gases were mostly pronounced at low injection rates. This
suggests that CH4 and N2 cannot be used as proper substitutes for Hz in a low-rate
injection mode, further confirmed by relative permeability measurements, as outlined
in chapter 3.4.2. Conversely, a proxy gas may be used at high injection rates due to
minor differences in the 2D saturations, yet with caution. It should be noted that
microfluidic experiments are typically employed for qualitative analysis. The process
of upscaling 2D saturations to underground reservoirs, where gravitational forces play
a vital role, may present some limitations. However, the 2D gas saturation trends were
consistent with classic capillary desaturation theory and existing 3D H; literature, as
discussed in chapter 3.1.1. As such, the microfluidic 2D saturations may be used
temporarily to supplement missing 3D data, which are important when designing field

projects.

The H; withdrawal from a reservoir involves various trapping mechanisms,
representing a potential loss risk. In chapter 3.2.2, it appeared that if sufficient
imbibition times are allowed, residually trapped H> may be subjected to a slow non-
equilibrium dissolution. The findings of this dissertation, supported by relevant
literature [41, 47], suggest that dissolution seems to be a significant contributor to H>
losses. In natural reservoirs, water upconing may intensify the dissolution process.
However, the occurrence of non-equilibrium dissolution is uncertain, as dissolution
could eventually approach equilibrium over longer timescales, particularly relevant for
CO:z storage [50]. In the case of Ha storage, which involves multiple cycles of injection
and withdrawal at high rates, it is reasonable to speculate that there is a higher

possibility of dissolution occurring under a non-equilibrium regime. This outcome is
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more favorable because less H> will dissolve in water compared to equilibrium

dissolution.

Residually trapped Ha, if not completely dissolved in water during withdrawal, may
either remain disconnected or connect with newly introduced H> during cyclic
injections. In chapter 3.3.1, it was found that most of trapped H» ganglia were able to
reconnect with the injected H» in the next drainage cycle. Moreover, the residual H
saturation remained nearly constant over multiple injection cycles, as highlighted in
chapter 3.3.2. A high H: tendency to reconnect, coupled with nonincreasing residual

trapping, are beneficial for minimizing the H> loss at field scale.

It is essential to better understand the implications of hysteresis due to cyclicity of H»
storage. The evidence of hysteresis in contact angles (chapter 3.2.3) and relative
permeability (chapter 3.5.4) proved the importance of hysteresis for Hz storage, further
confirmed by reservoir simulations (chapter 3.5.4). The relative permeability hysteresis
was required in reservoir simulations to ensure more reliable predictions of storage
performance, as neglecting it resulted in overestimation of the H> recovery factor. At
the same time, the measurement uncertainties require additional sensitivity studies to

reflect the range of input parameters.

The selection of appropriate cushion gas is critical for pressure support and purity of
the withdrawn gas stream. In chapter 3.1.3, it appeared that N> and CH4 could be
preferred cushion gases compared to H> due to higher 2D saturations, albeit applicable
at low injection rate only. The higher gas saturations imply that more cushion gas can
be injected using the same injection rate. Furthermore, CH4 can be considered as a more
effective cushion gas than N> due to its higher connectivity in the pore space. The
benefit is that the higher injected volumes and connectivity of cushion gas ensure a

more controlled reservoir pressure support during withdrawal cycles.

The relative permeability measurements from chapter 3.4.2 further indicated that N
could be a better choice for cushion gas than Ha, especially during gas injection cycles.
When displacing H>O from a reservoir using N> or H», a higher H>O relative

permeability for a No-H2O system will enhance the efficiency of water displacement
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during N: injection compared to H>. However, this positive outcome may be
counteracted by a higher N> relative permeability during gas withdrawal. This will in
turn lead to a faster N» breakthrough in the producer compared to H, increasing the
impurities in the withdrawn gas mixture. In chapter 3.5.3, reservoir simulations showed
that the use of other than H> cushion gases decreased the purity of the withdrawn gas
stream, despite an increased H> recovery factor. To prevent gas impurities, it was
shown that the injected gas must contain a minimum H> fraction in the range of 60-
80%. Due to the absence of gravity segregation between H> and formation gas in the
near-well region, it is proposed to incorporate a shut-in period between injection and
withdrawal. Overall, the selection of cushion gas must be made on a case-by-case basis,

with attention given to the maximum Ha recovery and desired gas purity.

Most experimental measurements of this dissertation were performed under the
pressure range of 5-40 bar in a H»-H2O system, relevant for H» storage in shallow
geological formations, i.e. aquifers and a gas-water transition zone in depleted
reservoirs. However, the experimental results may be applicable for deeper reservoirs
too due to minor differences in H> properties at higher pressures, partially supported
by a microfluidic experiment at 100 bar from chapter 3.1.1 and existing literature [43,

61,73, 74].
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4 Conclusions and future work

4.1 Conclusions

This dissertation presented a multiscale experimental and numerical approach, with a
focus on Ha flow physics relevant for underground storage in porous media. Pore scale
mechanisms were examined using a microfluidic device with sandstone-like pore
network. The injection rate of H» played a vital role in determining its storage capacity
and connectivity in the pore space. The storage capacity increased with the increasing
injection rate, resulting in a maximum H» saturation of ~ 40%. However, an injection
rate that is too high can lead to the formation of disconnected H: after drainage. It was
therefore recommended to use an optimal injection rate equivalent to capillary number
in the order of 107 to ensure maximum storage capacity with minimal amount of
disconnected H>. The maximum storage capacity appeared to be independent of gas
type. Conversely, gas connectivity was significantly lower for N> compared to Ha, CH4

and a mixture of 50% H; - 50% CHa.

H> entrapment during withdrawal was governed by residual and dissolution trapping
mechanisms, where the later occurred under a slow non-equilibrium regime. Cyclic
injections demonstrated that most of residually trapped H> can reconnect in the
subsequent cycles, without increasing the residual H» saturation. The microfluidic-
based Ha contact angles showed that the advancing angles were on average ~ 19° higher

than the receding one, indicating hysteresis between injection and withdrawal.

The drainage and imbibition H>-water relative permeabilities were measured in a
sandstone and extrapolated with numerical history matching to cover the full range of
mobile water saturations. Strong hysteresis was evident, with higher H, and lower
water relative permeabilities during drainage compared to imbibition. The resulting
relative permeability curves were implemented in a reservoir model of the Johansen
aquifer using a black-oil Eclipse 100 simulator. The effect of relative permeability
hysteresis was pronounced, with significantly lower H> recovery factor (37%)

compared to a case where the hysteresis was neglected (68%).
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The effect of reservoir zone and cushion gas on the storage efficiency was examined
using the reservoir model of the Norne hydrocarbon field. The H» storage was
recommended in a thin gas zone, which showed the highest final H> recovery factor of
87%. In contrast, a water zone was the least preferred storage target with a much lower
final recovery factor of 49%. The use of CHs as cushion gas instead of H effectively
increased the final Hz recovery factor in all storage zones, albeit with the reduced H»
purity in the withdrawn gas mixture. An injection of cushion gas with at least 60-80%
H> fraction could reduce the impurities to a minimum. Conversely, the injection of a
30% H2-70% formation gas mixture turned out to be an ineffective measure to reduce
the amount of H> cushion gas. The cushion gas must be chosen with caution based on
the preferred outcome, balancing between the maximum Ha» recovery and purity of the

withdrawn gas mixture.

This dissertation contributes to an enhanced understanding of H> flow in porous media,
relevant for subsurface storage. To improve the efficiency and safety of operations, the
findings can be applied when deciding the optimal injection rate, laboratory proxy gas
or reservoir cushion gas. The microfluidic results improved the comprehension of the
pore scale behaviour during cyclic flow. Core scale measurements identified the
importance of relative permeability hysteresis, further demonstrated by reservoir

modelling.

4.2 Future work

Research in underground H» storage is a rapidly growing field, requiring
interdisciplinary understanding to confirm its feasibility. The author’s interest and
unanswered research questions that remain unaddressed in this dissertation provide the
basis for the following suggestions for future studies, given more time and funding.
First, the use of a more realistic micromodel with non-repeatable pore patterns and
heterogenous minerology would enhance the reliability of the observed pore scale Hz
flow mechanisms. Second, the microfluidic cyclic injections should be repeated with
core flooding experiments, which would make it possible to extrapolate the results to

natural environments. The advanced imaging techniques such as magnetic resonance
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imaging (MRI) can corroborate the observed pore scale mechanisms from microfluidic
experiments. Third, reservoir modelling should include H: dissolution and focus on the
comprehensive uncertainty analysis based on the range of input relative permeabilities.
Finally, H> is susceptible to bio-geochemical activity, and studying the microbial
effects on the H» flow physics would be essential for advancing the understanding of

coupled mechanisms.
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Appendix

Extrapolation of the field-of-view (FoV) saturations to the micromodel total area

The difference between microfluidic setups in paper 1 and papers 2-3 was related to
the size of the micromodel area, observed by a microscope. In paper 1, the total area of
the micromodel was studied. Conversely, a limited field of view (FoV), covering ~1%
of the total area, was observed in papers 2 and 3. A comparison between H» saturations
after drainage is plotted in Fig. S1. It shows that the FoV saturations can be extrapolated
to the total micromodel area at low capillary number only, where the FoV and total

saturations are similar.
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Fig. S1. Comparison of H; saturations after drainage, estimated from the total micromodel area (paper
1) and from the micromodel FoV (papers 2-3). The FoV saturations at high capillary number are not

representative of the total micromodel area.
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Highlights

e Gas drainage in a micromodel with realistic pore patterns.

e The gas type affects its drainage saturation, but at low injection rates only.
e Nitrogen is a poor proxy for hydrogen at low injection rates.

e Maximum gas saturation equal to 39-46%, independent of the gas type.

e Llarge number of disconnected gas ganglia at high injection rates.

Abstract

Underground hydrogen storage (UHS) in geological reservoirs is proposed as a technically feasible
solution to balance mismatch between supply and demand in emerging markets. However, unique
hydrogen properties and coupled flow mechanisms require new investigations to fully understand
transport and storage of hydrogen in porous media across scales. Here we use microfluidics to
investigate the effect of gas type and injection rate on flow patterns, saturation and connectivity of the
gas phase. We visually observe that gas flow is characterized by capillary fingering, further confirmed
by fractal dimension analysis. At lower injection rates, the gas saturation after drainage appears to
increase with gas viscosity, with lower hydrogen saturation compared to methane and nitrogen. The
maximum gas saturations (39-46%) were achieved at higher injection rates, showing no clear
correlation to gas type. However, the high-rate injections lead to undesired outcomes in terms of
formation of disconnected gas ganglia, mostly pronounced for nitrogen. We identify an optimal
injection rate to achieve maximum gas saturation with the least amount of disconnected gas. The
experimental results are supported with pore network modeling to derive relative permeability and
capillary pressure functions.

Keywords: underground hydrogen storage, microfluidics, storage capacity, gas ganglia, pore network
modeling, relative permeability

1 Introduction

Hydrogen (H,) is an energy carrier with no carbon dioxide (CO) emissions upon combustion and may
therefore play a significant role in climate change mitigation. The H, demand is predicted to increase
from 94 million tons (Mt) in 2021 to ~ 150 Mt in 2030 according to the IEA 2050 Net Zero Scenario,
with a further increase in 2050 resulting in ~ 10 % share in the total final energy consumption [1]. An
increasing H, demand will require storage solutions to balance seasonal fluctuations between demand
and supply. Underground H, storage (UHS) in salt caverns and porous formations like depleted
hydrocarbon fields and aquifers has been proposed as one of the solutions for large-scale storage [2,



3]. The concept of underground gas storage has been used in the petroleum industry for decades,
where gas is injected at peak supply and is withdrawn at peak demand. Prior to gas injection, the
storage reservoir must be filled with cushion gas to maintain constant reservoir pressure. Contrary to
UHS in salt caverns, the experience with commercial storage in porous rocks is scarce, limited to two
pilot tests of H,-CH4 gas mixture storage in depleted gas fields [4, 5] and town gas storage in aquifers
[6, 7]. Compared to other gases, H, gas characterized by low density and low viscosity coupled with
high microbial activity. We need to identify differences between H, and other gases from the
perspective of their behavior in porous media.

Porous reservoirs cannot use 100 % of their volume to store H due to the presence of reservoir fluids
such as water and formation gas. The interactions between H, and reservoir fluids and rocks are
controlled by complex pore scale mechanisms which will affect storage performance. Core flooding on
miniature rocks with microCT imaging and microfluidic experiments are suitable techniques for
investigation of pore- and core- scale mechanisms which control H, distribution, connectivity, and
interplay between viscous and capillary forces. The microCT core flooding experiments reported H»
storage capacities of 36 — 65 % [8-11]. The H, recovery factor was influenced by the brine type, where
the H;-equilibrated brine resulted in a 12% recovery reduction compared to the non-equilibrated brine
[8]. The injection rate and pressure were other parameters influencing the H, recovery, which increased
with increasing injection rate and decreased with increasing pressure [10]. Ostwald ripening is
observed in the rearrangement of the trapped H,, characterized by larger ganglia growing at the
expense of smaller ganglia [11]. Microfluidic experiments investigated flow mechanisms, dissolution
and cyclic injections [12-14]. A pore scale modeling study examined the impact of wettability on flow
mechanisms [15].

Available studies did not draw consistent conclusions on the impact of gas type and pressure on UHS.
A comparative study is key for the choice of cushion gas and also in laboratory applications, where a
suitable proxy gas is preferred over highly flammable H, gas. Some studies showed that N, is a poor
proxy for H,, reflected by the differences in initial saturations [11, 16], residual saturations [10], and
steady state relative permeability [17]. In contrast, unsteady state relative permeability measurements
reported similar H, and N, values which were lower than for CH, [18]. Contact angle measurements did
not report any meaningful difference between H,, CHs, H>-CH4 mixtures and N; [19, 20]. The impact of
pressure was mainly examined for contact angles, showing discrepancies. The tilted plate method
reported an increase in H, contact angles with increasing pressure [21, 22], whereas no pressure effect
was observed with the captive bubble method [19, 23]. Moreover, relative permeability measurements
were reported independent of pressure [24], so was the H, saturation after core scale drainage [10]
and microfluidic experiments [13].

In this study, gas drainage experiments were performed with a range of injection rates at 30 bar and
30 °C using a silicon microfluidic device with irregular sandstone-like pore patterns. Our pore scale
analysis aims at the impact of gas type and injection rate on gas flow patterns, saturation and
connectivity in the pore space using pure H, gas, a mixture of 50 mol% H; — 50 mol% CHa, pure CH4 gas
and pure N; gas. Furthermore, the effect of pressure on H, drainage was investigated at 100 bar. The
experimental results were supplemented with pore network modeling to derive relative permeability
and capillary pressure. To our knowledge this work is the first attempt to examine pore scale flow
mechanisms using other gases than H, and N, and quantify the disconnected gas saturation under a



range of injection rates. The implications of our results are applicable for the choice of cushion gas and
injection rate in field pilots and for the use of a substitute gas in the laboratory.

2 Methodology

2.1 Porous material

The gas drainage experiments were performed in a high-pressure micromodel with a silicon bottom
and borosilicate glass top. The porous media was represented by a unique pore pattern from a natural
sandstone which was etched on the micromodel bottom with 36 repetitions and an etching depth of
0.03 mm. The length and width of the porous media are 27 mm and 22 mm, respectively, with a total
porosity of 0.61 and pore volume of 11.1 uL [25]. The micromodel permeability (2970 mD) was higher
than in a representative rock sample due to the opening of the isolated pores to facilitate flow through
the pore network. The manufacturing procedure [26] resulted in strongly hydrophilic grain surfaces
(100% pure quartz) with a 100 nm roughness and a correct dimension of pore bodies and throats,
ensuring realistic magnitude of capillary forces. The ports were created in each corner of the pore
network for injection and production of fluids, and two separate open channels (100% porosity) were
built between ports 1 to 2 and ports 3 to 4 (Fig. 1).
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Figure 1. Top: experimental setup including the Quizix pump for H,O injection, the gas-H,O filled accumulator for gas
injection, the syringe for dyed (FL) H,O injection, the back pressure regulator (BPR), and the micromodel. The high-
resolution microscope with a moving stage is not shown. Bottom: the micromodel with the etched irregular pore network
based on a natural sandstone. The micromodel was designed with one port in each corner and two open channels (100%



porosity). The fluids were injected through port 1 and produced through port 4, keeping the remaining ports closed. The
experimental setup enabled image acquisition of the entire pore network area during experiments.

2.2  Experimental setup and procedures

A syringe pump (Quizix SP-5200) controlled the injection rate of filtered and deionized H,0 and gas via
an accumulator. The micromodel was mounted in a PEEK holder and placed on a moving stage (Fig. 1).
Internal copper tubes ensured a constant temperature of the PEEK holder by circulating heated water.
The system pressure was maintained by a back pressure regulator (EB1ZF1 Equilibar Zero Flow)
connected to a pressurized 300 mL N cylinder. Fluids were injected in port 1 and produced from port
4. The fluorescence-dyed (FL) H,O was injected through a syringe in port 1, creating a color contrast
between gas and H,O on the images. The FL H,O was prepared by mixing the distilled H,O with
fluorescein sodium salt (500 PPM CyoH10Na;0s, F6377 Sigma-Aldrich). The experimental setup was
equipped with a Zeiss microscope (Axio Zoom. V16, Zeiss), illuminated by a cold light source (CL 9000
LED). The moving stage enabled us to visualize the entire porous network area, yielding 121 unique
images of different parts of the pore space with a resolution of 4.38 um/pixel and acquisition time of
277 s. Four different gases were used in the experiments: pure H,, 50 mol% H, — 50 mol% CHa, pure
CHa4 and N2 with > 99 % purity. The gas properties are listed in Table 1.

Four different gases (Table 1) were used during gas drainage, with constant volumetric injection rates
between 0.1 and 50 mL/h to establish a range of capillary numbers (Table 2). The capillary numbers
(Nca) ranged between 7.1 x 10° and 4.9 x 10, calculated according to the equation: New = U x i / o,
where U is the injection velocity [m/s], i is the gas viscosity [Pa-s], and ¢ is the H,-H,0 interfacial tension
[N/m]. The injection velocity was calculated as follows: U=Q /(L x d x ¢), where Q is the injection rate
[m3/s], ¢ is the micromodel porosity [faction], and L and d are the micromodel length (= 0.027 m) and
depth (= 3 x 10° m), respectively. Pore pressures were kept at 30 bar and the system temperature was
constant at 30 £ 1 °C, representing gas storage in shallow reservoirs. For comparison, a pilot project in
Argentina tested H, storage in a depleted gas field at pressures down to 5-10 bar [4]. Our drainage
experiments with pure H, were repeated at 100 bar pore pressure. A summary of experimental
conditions is plotted in a Log (Nc.)-Log (M) flow chart (Fig. 2).

Prior to each gas drainage experiment, the porous network was cleaned with distilled H,0, ethanol,
and H,0, (ACS reagent, 30 wt% solution in water) to achieve identical initial conditions. The pore
network was then fully saturated with distilled H,O and pressurized using the syringe pump and BPR to
desired pore pressure. Next, 1 mL of the FL H,O was injected into the pore network through port 1
using a syringe pump. The system was now ready for gas drainage at a constant flow rate that lasted
until ~ 50 - 100 pore volumes (PVs) of gas had been injected after the gas breakthrough at the
micromodel outlet. The images of the pore space were continuously taken during drainage using a
high-resolution fluorescent microscope system with a movable stage. In the end, the microfluidic
system was cleaned with distilled H,0, preparing for the next experiment. Some of the experiments
were repeated at the same p-T conditions to confirm reproducibility of the results.



Table 1. Fluid properties at 30 and 100 bar and 30 °C. M is defined as the viscosity ratio between gas and H;0. The H,-H,0
mixture viscosity (u) was calculated assuming a 0.4% reduction of CH, viscosity per addition of 5 mol% H, [27]. The
interfacial tension (o) of H,-CH4 mixture was reported to be within the o range of pure H, and CH, [28]. In our work, the
OH2-cHa Was assumed to be the average of o42 and ocus due to lack of literature data relevant for our experimental conditions.

p [bar] Gas type Ugas [Pa-s] [29] M Ogas-H20 [N/m] [30]
30 H, 9.02x10° 1.13x 1072 0.071
50% H,-50% CH4 1.12 x 10° 1.41x 1072 0.069
CH4 1.17 x 10° 1.47 x 1072 0.068
N> 1.85x 10° 2.32x10? 0.070
100 H, 9.12 x 10° 1.14x10? 0.069

OH2 A50% H2 - 50% CH4 O CH4 ¢ N2
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Figure 2. Log (Ncq)-Log (M) stability diagram, where M is the viscosity ratio between gas and H,0. The solid lines show the
boundaries proposed by Zhang et al. [44], whereas the symbols locate our experiments.

2.3  Image analysis

Following the gas breakthrough in the outlet, a series of at least three images was consistently
acquired, portraying the network in both fluorescence and brightfield channels. Image segmentation
and subsequent analyses used an in-house coded Python algorithm [31]. The intricate pore network
was divided into 288 individual units, each exhibiting a porosity ranging between 0.59 and 0.66. Within
each unit, both fluorescence and brightfield channels were transformed into grayscale, thus facilitating
the calculation of their corresponding grayscale histograms. The pore space was computed from the
brightfield channel image using OpenCV's thresholding techniques, allowing for a precise segmentation
of pore space from silicon grains. The fluorescence channel image underwent a bifurcation into two
distinct classes using the Multi-Otsu algorithm from scikit-image library [32], the silicon-gas phase and
the water phase highlighted by the fluorescent tracer. The quantitative evaluation of the pore network's
porosity was executed by aggregating pore space pixels within each unit and subsequently dividing this
by the image's size. Subsequently, gas saturation (S,) was deduced by subtracting the quotient of water
pixel count from the total pore space from 1. The determination of disconnected gas saturation (S;isc)
relies on identifying gas bubbles that lack gas phase connectivity to all the four edges of the pore



network. A more detailed description of the image processing and analysis can be found elsewhere
[25, 33].

For comparison, the S, were re-calculated using a manual color thresholding method in Imagel. The
total Sy uncertainty was estimated as the squared root of the sum in quadrature of standard deviation
between sequential images with equal quasi-steady-state Sg, repeated experiments (where applicable),
and methodological uncertainty (code vs Imagel). We used the Image) plugin FracLac [34] to calculate
the fractal dimension which can be defined as the pore-filling ability of the gas.

2.4  Pore network modeling

We created a pore network model (PNM) based on the 2D image of the micromodel pore space using
an open-source python-based OpenPNM package [35]. The gas-water relative permeability and
capillary pressure curves were estimated by creating a 3D network, where geometric properties were
assigned by an inbuilt geometry model assuming that pores are spheres and throats are cylinders. The
invasion percolation algorithm was applied to generate the invasion sequence during gas drainage.
Invasion percolation is a volume-controlled injection where the injected phase percolates the pore
network based on the pore throat entry pressure, contrary to our rate-controlled experiments. The
Stokes flow algorithm with constant pressure boundary condition was implemented to calculate
relative permeability. To account for the two-phase flow, the multiphase conduit conductance model
was assigned to gas and water. The input viscosities and gas-water interfacial tension were taken from
Table 1. The contact angles were assumed to be identical for all gases and equal to 45 °, which is within
the reported range [19, 36].

3 Results and discussion

3.1 Flow patterns

Quasi steady state gas distribution after breakthrough at the micromodel outlet are shown in Fig. 3.
The resulting flow patterns can be classified into four groups, numbered according to an increasing
capillary number and separated by colored boundaries in Fig. 3: 1) A single large forward (top-to-
bottom) finger reaching the bottom micromodel channel, where a few minor fingers developed near
the production channel because their viscous pressure exceeded the capillary pressure of the invaded
pores; 2) Channelized flow with four large forward fingers distributed evenly in identical pore clusters
reflecting the micromodel design with repeatable pore patterns; 3) Connection of four forward fingers
through smaller transverse fingers, leaving a significant portion of pore clusters bypassed; 4)
Multidirectional filling of bypassed pore space. A common observation was that the flow occurred
through a preferential displacement path, developed after the gas escaped through the outlet without
entering the remaining pore space. The development of the preferential flow paths was consistent with
pore scale H, storage experiments using microfluidics [14]. Channelized flow, which was observed in
our work for N¢, between 9.7 x 10 and 9.1 x 10%, was also reported for microfluidic studies of CO,
storage [37, 38].
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Figure 3. Gas flow patterns (white) and corresponding gas saturations (S,) at quasi steady state after the gas breakthrough.
Each row corresponds to one gas type, and the values in parentheses on the vertical right side of each image were defined
as (Nca, Sg) where the N¢q increases from left to right. On each image, the gas was injected from top left corner and was
produced from bottom right corner, as shown in Fig. 1. The colored boundaries differentiated four different groups of flow
patterns: 1) A single, large forward finger with several small fingers at the micromodel bottom; 2) Channelized flow with
four large, forward fingers; 3) Connection of four forward fingers through smaller transverse fingers; 4) Multidirectional
filling of bypassed pore space. The flow patterns represented typical capillary-dominated flow.

A visual inspection of flow patterns revealed that the gas drainage was dominated by capillary fingering
at N, < 107, characterized by forward and transverse gas fingers which bypassed the large pore
clusters. The characteristics of the observed capillary fingers were consistent with relevant literature
[37, 39, 40]. Neither viscous fingering, with several narrow fingers and limited transverse propagation,
nor crossover zone, where both capillary and viscous fingering are suppressed, were confirmed visually.
Therefore, a quantitative analysis was required to determine the dominating flow regime at N¢; > 107.
A fractal dimension (Dy) is a common parameter used to describe fluid distribution in the pore space
and to identify the boundary between various flow regimes [39-42]. This parameter estimates the
space-filling ability of an object by quantifying the complexity of patterns as a ratio of the change in
detail to the change in scale. In this work, the Df was calculated for the gas-invaded area, based on the
box-counting method using an Imagel FracLac plugin [34].

The Dy values (Fig. 4, Table 2) ranged between 1.65 and 1.82 with weakly increasing trend as Nc,
increased until N¢g > 107, followed by nearly constant values of Dy = 1.80. The presence of the crossover
zone and viscous fingering would have been detected by the decreasing Dy. The estimated Dsrange was
consistent with literature [39-42], and for N, > 107 our values were close to the theoretical value (Ds=
1.82) for the capillary fingering [43]. This indicated that all our experiments were performed under the
capillary-dominated flow regime, although the crossover zone was expected for N¢, > 7 x 107 according
to the extended Log (N¢,) - Log (M) stability diagram in Fig. 2 [44]. Our results suggest that the boundary
between capillary fingering and the crossover zone might be moved upwards in our system, but the
exact boundary location could not be identified due to missing data. Note that the flow stability



diagram is sensitive to the system studied [44], and the proposed boundaries are therefore not
necessarily valid for our system.

Table 2. Experimental conditions and results including injection rate (Q), capillary number (Nc.), fractal dimension (Dy), gas
saturation (S,) after drainage (Fig. 5; Fig. 6), and the percentage of disconnected S; (% S;i“) in the total S, (Fig. 7). The
following experiments were repeated confirming the reproducibility of the results: CHs (5 mL/h), N2 (0.1, 5 and 10 mL/h),
H; at 100 bar (5 mL/h). The provided data represents the averages derived from these experiments.

p [bar] Gas type Q [mL/h] Neq Dy Sq % Sdisc

30 Ha 0.1 7.1x10° 1.70 0.08 0%
7.1x10% 1.65 0.20 0%

3.6x107 1.78 0.37 12%

10 7.1x107 1.77 0.35 24 %

50 3.6x10° 1.79 0.39 25%

50% H2-50 % CHq4 0.1 9.1x10° 1.71 0.08 0%
9.1x10% 1.73 0.32 2%

4.5x107 1.78 0.37 13 %

10 9.1x107 1.79 0.40 38%

50 4.5x10° 1.80 0.42 12 %

CHg 0.1 9.7x10° 1.73 0.31 0%

9.7x10% 1.76 0.36 2%

4.9x107 1.78 0.36 5%

10 9.7 x 107 1.79 0.39 46 %

50 49x10° 1.82 0.46 36 %

N2 0.1 1.5x10% 1.72 0.26 2%

1 1.5x 107 1.78 0.44 46 %

2.4 3.6x107 1.80 0.43 60 %

5 7.5x 107 1.80 0.43 66 %

10 1.5x10° 1.80 0.39 39%

100 Ha 0.1 7.4x107° 1.54 0.04 0%
7.4x10%® 1.72 0.30 0%

3.7 x 107 1.75 0.33 3%
10 7.4x107 1.78 0.37 14 %

50 3.7x10° 1.81 0.39 44 %
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Figure 4. Fractal dimension (Dy), defined as the pore-filling ability of a gas, plotted as a function of capillary number (Nc).
The Dy ranged between 1.65 and 1.82, with nearly constant values of ~ 1.80 at N¢; > 10”7 confirming the dominance of
capillary-dominated flow identified in Fig. 3.

3.2  Microscopic storage capacity

Following qualitative analysis of the flow patterns in section 3.1, the 2D gas saturations (S,) from Fig. 3
were quantified and plotted as a function of N¢ to compare the microscopic storage capacities of
different gases (Fig. 5, Table 2). The S, exhibited a monotonically increasing trend until a critical N¢, of
~ 7 x 107, followed by a plateau region with nearly flattening S, values. The monotonically increasing
Sg values confirmed the absence of the crossover zone as concluded in section 3.1, which would
otherwise have resulted in a nonmonotonic variation of Sy values [37, 41, 45]. The maximum S, for all
gases ranged between 0.39 and 0.46, representing the maximum microscopic storage capacity, i.e.
available pore space for gas storage. In particular, the maximum S, for H, was equal to 0.39, consistent
with the literature range of 0.36 — 0.48 from core scale H, drainage experiments [8, 10, 11, 17, 46].
Conversely, the microfluidic H, and CO, drainage experiments reported higher maximum gas
saturations: 0.50 — 0.95 [14] and 0.60 — 0.70 [37, 45], respectively.

The impact of the gas type on S, (Fig. 5) was evident at lower N¢, (< 107). The S, increased in a specific
order, with pure H, gas having the lowest Sg, followed by a mixture of 50% H»-50% CHa, pure CH, gas,
and finally pure N; gas. This increasing S, trend reflected the increasing gas viscosity. However, the
difference between the gases became less pronounced at higher N¢, (> 7 x 107), resulting similar Sg
values. We attribute this phenomenon to a decreasing influence of viscosity when the channelized flow
patterns were replaced by multidirectional filling of the bypassed, smaller pore clusters where the
dominance of capillary forces increases (Fig. 3).

The saturation differences between gases have implications for using a proxy laboratory gas for H, and
selecting a cushion gas for field pilots. Our results imply that N, and CH,4 are not suitable laboratory
substitutes for H; at low injection rates (N, < 107). This finding correlates with existing literature that
reported ~2-3 times higher N, drainage saturation compared to H, [11, 16] as well as differences in
their relative permeability [17, 18]. On the other hand, N, and CH, are preferred over H; as cushion gas



at low injection rates due to higher drainage saturations, resulting in a larger cushion gas volume in the
storage reservoir. This is beneficial for maintaining pressure support during withdrawal cycles. If a high-
rate injection is technically feasible, the cushion gas volume will be unaffected by the gas type due to
minimal differences in saturation between gases. Note that the micromodels are mostly suitable for
qualitative analysis, implying that the 2D saturations have a limited applicability to natural reservoirs
where the gravitational effects become more pronounced. Nevertheless, the monotonically increasing
Sg values (Fig. 5) followed classic capillary desaturation theory [47] and were within the literature range
of 3D H; saturations after drainage. The use of a micromodel with heterogenous pore patterns ensured
that the saturations were not unrealistically overestimated, as discussed by other microfluidic studies
[48, 49]. Our 2D saturations can therefore serve as a substitute for missing 3D data, covering porous
media flow with different gases under a range of capillary numbers.
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Figure 5. Gas saturations (Sg) as a function of capillary number (N¢q), where maximum S, values represent microscopic gas
storage capacity of the pore space. The S, increased with the increasing N¢, and followed the order of H, < 50% H,— 50%
CH4 < CH4 < Ny, until a critical value of 7 x 10”7 was reached. In the plateau region at N¢, > 7 x 107, the S, converged to similar
values for all gases with a maximum gas saturation between 39 % and 46 % of the pore space.

3.2.1 Effect of pressure

The impact of pressure on the H, drainage was examined at an elevated pressure of 100 bar, resulting
in similar Sy (Fig. 6) and flow patterns (supplementary Fig. S1). We did not observe any significant
pressure effect likely due to similar H, viscosity and H,-H,O interfacial tension at 30 and 100 bar. The
H, viscosity increases by 1% and the interfacial tension decreases by 2% from 30 to 100 bar [50].
Insignificant pressure effect on the initial Sq was also reported for pore scale H, drainage [10, 13].
However, this does not necessarily imply that imbibition experiments will be unaffected by pressure. It
was shown that H, recovery after imbibition decreased with pressure, despite similar initial Sy [10]. In
addition, the difference in S, after drainage at 30 and 100 bar can potentially be greater for N, and CHs
than for H, due to the increasing impact of pressure on gas properties. From 30 to 100 bar, the N»
viscosity increases by 9% and the interfacial tension decreases by 6%, whereas the corresponding
properties for CHs4 change as follows: increase by 18% and decrease by 10%, respectively.
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Figure 6. Effect of pressure on H; saturations (S,) after drainage at 30 and 100 bar as a function of capillary number (Nc,).
No clear pressure impact was observed on the S,. The H; flow patterns at 30 and 100 bar were similar, shown in the
supplementary materials (Fig. S1).

3.3 Gas connectivity

Gas connectivity, as an indicator, controls the effectiveness of gas propagation through the pore space
from the inlet to the outlet. The gas phase is considered disconnected when it is trapped in the pore
space by the surrounding water without having an excess to the inlet and outlet. In sections 3.1 and
3.2, the Sy values were calculated as the total amount of connected and disconnected gas (Fig. 3; 5; 6).
At lower N¢, < 107, the injection resulted mainly in the connected gas phase with only few small,
disconnected ganglia (Fig. 7, Table 2), corroborating previous studies [8, 10, 11]. However, image
analysis (Fig. 8) indicated that the gas phase underwent disconnection across the pore space at higher
Ncea > 107 due to Roof snap-off [51], as described in detail in our previous work [12]. The percentage of
disconnected gas in the total S, was quantified (Fig. 7) showing that connectivity was relatively high for
H,, with less than 25% of disconnected gas. In contrast, N, connectivity was significantly reduced, with
the percentage of disconnected ganglia ranging from 39% to 76%. Although the gas disconnection was
promoted by high N¢, no linear relationship between the quantity of disconnected gas and N¢, was
observed.
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Figure 7. Percentage of the connected (black) and disconnected (grey) gas in the total gas saturation (S,). Each column
corresponds to one gas type, and the capillary number (N¢,) values are printed on the horizontal axis. The gas disconnection
occurred due to Roof snap-off, predominantly at higher N¢, > 10-7. The gas connectivity for H, was relatively high, contrary
to N, with the percentage of disconnected gas ranging between 39% and 76%.

The disconnected gas ganglia varied in terms of size and distribution (Fig. 8). We identified small and
large ganglia, which could be randomly distributed (Fig.8, bottom row) or locally concentrated (Fig. 8,
top row) in the pore space. The small ganglia (Fig. 8, left column) were less than ~10% um?3, being one
order of magnitude smaller than the large ganglia (Fig. 8, right column). The ganglia distribution was
defined based on their relative proximity to each other. The local ganglia tended to concentrate locally
in well-defined, limited pore clusters and spanned over several neighboring pores (Fig. 8, top row). The
random ganglia were located in the non-neighboring pore clusters in different parts of the micromodel
(Fig. 8, bottom row). The ganglia size agreed with previous H; studies, showing that the disconnected
ganglia were larger than the average pore size [8, 10, 11].

A high degree of gas disconnection at higher N¢, implies that the injection rate is a crucial parameter
affecting not only gas saturation but also its connectivity. When designing an optimal storage scheme,
the injection rate must yield the highest possible gas saturation with the least amount of disconnected
gas. In section 3.2, it was shown that the maximum gas saturation could be achieved at N¢, > 7 x 107,
falling within the N, range where the gas disconnection is promoted. The presence of the disconnected
H, ganglia represents a risk of H loss because these ganglia may dissolve in water, mostly pronounced
for small, randomly distributed H, ganglia. We therefore propose the optimal N, of 1 x 107 for H,
injection, equivalent to the field scale injection rate of ~50 thousand m3/day assuming the experimental
injection velocity and well perforation length of 30 m. Another implication is that CH, is preferred over
N, as cushion gas due to better CH4 connectivity, leading to a more controlled pressure support during
H, withdrawal.
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Figure 8. Fluid distribution in the pore space: disconnected gas ganglia (red), connected gas phase (blue) and water (white).
The rock grains are shown in black. We classified the disconnected gas ganglia in terms of size and distribution: small (left
column) and large ganglia (right column), distributed locally (top row) or randomly (bottom row). The values in parentheses
were defined as (gas type, Nco, Sg, percentage of the disconnected gas ganglia in the S;).

3.4  Relative permeability and capillary pressure from pore network modeling

A pore network model (PNM) was created in OpenPNM using a 2D image of the pore network from our
experiments. The absolute permeability and porosity of a 3D network were estimated to 573 mD and
20 %, respectively. This was a reduction from the original micromodel properties of 2970 mD and 61
%, respectively, because the isolated pores were removed from a 3D network to maintain the
topological health of the network. The drainage H,-H.O relative permeability (K;) and capillary pressure
(Pc) curves (Fig. 9) were computed without trapping of the wetting phase (H.0), resulting in the
irreducible H,0 saturation (Swir) equal to zero. The inclusion of H,0 trapping assumes that H,O remains
connected through thin wetting films along the rock surfaces, that would have yielded the Sy values
higher than zero. The resulting K, and P. curves were fitted with a LET-correlation [52, 53], and the LET
parameters are provided in the supplementary materials. The K, shape was similar to a core flooding
H,-H,0 experiment [17], characterized by low K; values (< 0.2) in the mid-S, region of 0.2-0.8. However,
the K. from PNM resulted in a lower crosspoint value of Sy, = 0.4 (Ky = Kw = 0.02), indicating a less



hydrophilic system. The 2D H, distribution in the pore space at arbitrary saturation points is shown in
Fig. 10.

In addition to Hy, the K, and P. curves were also estimated for CHs, 50% H,-CHs mixture and Ny,
demonstrating identical results likely due to similar input viscosity, interfacial tension and contact
angles. In contrast, core flooding K. measurements showed differences between H,, N, and CH, [17,
18]. Our PNM was generated with one set of fixed input parameters, unlike another quasi-static PNM
study with focus on uncertainty quantification based on the range of fluid and rock properties [54]. |
this study the authors found that the K, and P. curves showed hysteresis between drainage and
imbibition. The magnitude of the hysteresis was shown to be affected by contact angles, rock structure
and clay content. The range of flow functions from PNM enables a fine starting point for sensitivity
studies to determine the most influencing parameters. However, this should be done with caution due
to challenges with upscaling of pore scale phenomena to reservoir scale. Pore scale models do not
properly account for reservoir scale aspects such as gravity and viscous forces. If available, the core
flooding K, must always be the first choice for input in reservoir models.
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Figure 9. Drainage H-H,O relative permeability (a) and capillary pressure (b) derived from pore network modeling (PNM).
The model did not include trapping of the wetting phase (H,0), implying that the irreducible H,0 saturation (Sy-) reached
zero. The data points from PNM (squares and triangles) were fitted with a LET-correlation (solid curves). The PNM relative



permeability was compared with the literature relative permeability (dashed curves) derived from a core flooding
experiment [17].

S,=0.37 54=0.60 S4=0.71

Figure 10. H; (blue) and H,O (grey) distribution in the 2D pore network model at arbitrary H; saturation points (S,) derived
from relative permeability calculations using pore network modeling. H, was injected from top to bottom.

4 Conclusions

We performed a series of gas drainage experiments in a micromodel at 30 bar and 30 °C, relevant for
hydrogen storage in shallow porous reservoirs. Visual and fractal dimension analysis revealed gas flow
through preferred flow paths in the capillary-dominated regime. At lower injection rates, the gas
saturations after drainage were higher for gases with higher viscosities. Specifically, pure H, gas
exhibited the lowest gas saturation, followed by the mixture of 50% H, — 50% CHa, then pure CH, gas,
and finally pure N3 gas ending at the highest saturation. As the injection rates increased, the difference
in saturations between gases minimized, resulting in similar maximum gas saturations ranging from
39% to 46%. Despite being beneficial for achieving the maximum gas saturations, high-rate injections
resulted in a significantly higher amount of disconnected gas ganglia. This unfavorable outcome was
more pronounced for N,, with a substantial fraction (up to 76%) of disconnected gas ganglia in the total
gas saturation. When tested at an elevated pressure of 100 bar, there was no apparent pressure effect
on H, flow patterns and saturation. The H,-H,O relative permeability and capillary pressure curves,
derived from pore network modeling, were similar to those reported from core scale measurements.
Our results imply that the use of a substitute gas for H, is not recommended at lower injection rates.
To minimize the amount of disconnected gas yet maintaining the maximum gas saturation, the optimal
field scale injection rate should correspond to the capillary number in the order of 107. Future studies
should aim at coupling our results with microbial effects and expanding the scope to include core
flooding experiments.
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This supporting information contains the images of H, flow patterns at 30 and 100 bar and relative
permeability and capillary pressure data, derived from pore network modeling (PNM). First, the
tabulated data from PNM is presented in Tables 1 and 2. This data was then fitted to a LET correlation
for relative permeability and capillary pressure [1, 2]. The LET fitting parameters for relative
permeability are presented in Table 3 and the resulting data points are tabulated in Table 4. For
capillary pressure, the LET fitting parameters are presented in Table 5 and the resulting data points are
tabulated in Table 6.
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Figure S1. Comparison of H; flow patterns (white) at 30 bar and 100 bar, with increasing capillary number (Nco) from left to
right. Each row corresponds to a particular pressure, and the gas saturation (S,) is indicated on each image.



Table 1. Tabulated relative permeability values from pore Table 2. Tabulated capillary pressure values (Pc) from

network modeling (PNM) for H2 (Krg) and H20 (Krw). pore network modeling (PNM).
Sw Krg Krw Sw Pc [bar]
1 0 1 1 0.06
0.886 1.26E-06 | 0.476 0.998 0.07
0.794 1.47E-06 | 0.090 0.991 0.09
0.687 2.80E-06 | 0.063 0.980 0.11
0.580 0.015 0.061 0.871 0.14
0.476 0.015 0.052 0.098 0.17
0.388 0.019 0.027 0.039 0.20
0.300 0.030 0.019 0.015 0.25
0.235 0.112 0.007 0.006 0.31
0.175 0.171 0.003 2.27E-03 | 0.38
0.133 0.320 3.74E-04 8.03E-04 | 0.46
0.109 0.412 9.35E-05 3.28E-04 | 0.57
0.087 0.514 3.75E-05 8.04E-05 | 0.70
0.069 0.606 2.00E-05 1.72E-05 | 0.86
0.033 0.828 5.86E-06 5.15E-06 1.05
0.014 0.941 2.51E-06 1.82E-06 1.29
0 1 1.00E-06 3.35E-07 1.58
5.90E-08 1.94
2.90E-08 | 2.37
0 291




Table 3. LET fitting parameters for PNM relative 0.327 0.047 0.011
permeability.
lw 25 0.347 0.038 0.013
Ew 7 0.367 0.030 0.016
Tw 0.7 0.388 0.024 0.019
lg 55 0.408 0.019 0.021
Eg 7 0.429 0.015 0.025
Tg 1 0.449 0.012 0.028
0.469 0.009 0.033
Table 4. Tabulated relative permeability values from LET 0.490 0.007 0.037
correlation for H, (Krg) and H20 (Krw).
0.510 0.005 0.042
Sw Krg Krw
0.531 0.004 0.047
0 1 0
0.551 0.003 0.053
0.020 0.862 8.62E-06
0.571 2.36E-03 0.060
0.041 0.736 4.95E-05
0.592 1.74E-03 0.067
0.061 0.622 1.38E-04
0.612 1.27E-03 0.075
0.082 0.523 2.89E-04
0.633 9.15E-04 0.084
0.102 0.436 5.12E-04
0.653 6.47E-04 | 0.094
0.122 0.363 8.21E-04
0.673 4.50E-04 0.104
0.143 0.300 1.23E-03
0.694 3.06E-04 0.116
0.163 0.247 1.74E-03
0.714 2.04E-04 0.129
0.184 0.203 0.002
0.735 1.32E-04 | 0.143
0.204 0.166 0.003
0.755 8.25E-05 0.159
0.224 0.136 0.004
0.776 498E-05 | 0.177
0.245 0.111 0.005
0.796 2.87E-05 0.197
0.265 0.090 0.006
0.816 1.57E-05 0.220
0.286 0.073 0.008
0.837 8.00E-06 | 0.245
0.306 0.059 0.009




0.857 3.75E-06 | 0.275
0.878 1.57E-06 | 0.310
0.898 5.62E-07 | 0.350
0.918 1.61E-07 | 0.400
0.939 3.24E-08 | 0.463
0.959 3.41E-09 | 0.547
0.980 7.38E-11 | 0.674
1 0 1

Table 5. LET fitting parameters for PNM capillary

pressure.

Lp 1

Ep 900

Tp 1

Lt 1

Et 10

Tt 1
Pc,max | 291 kPa
Pc,th 14 kPa

Table 6. Tabulated capillary pressure values from LET
correlation.

Sw Pc [kPa]
0 291

0.020 28.0253
0.041 21.0487
0.061 18.6402
0.082 17.4198

0.102 16.6822
0.122 16.1883
0.143 15.8344
0.163 15.5684
0.184 15.3612
0.204 15.1952
0.224 15.0592
0.245 14.9457
0.265 14.8497
0.286 14.7673
0.306 14.6959
0.327 14.6333
0.347 14.5781
0.367 14.529

0.388 14.4851
0.408 14.4456
0.429 14.4098
0.449 14.3772
0.469 14.3475
0.490 14.3202
0.510 14.2952
0.531 14.272

0.551 14.2506
0.571 14.2306
0.592 14.2121
0.612 14.1948




0.633 14.1786 0.837 14.06
0.653 14.1634 0.857 14.0513
0.673 14.1491 0.878 14.0429
0.694 14.1357 0.898 14.035
0.714 14.1231 0.918 14.0274
0.735 14.1111 0.939 14.0201
0.755 14.0998 0.959 14.0131
0.776 14.0891 0.980 14.0064
0.796 14.0789 1 14
0.816 14.0692
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Pore-scale dynamics for underground porous media hydrogen storage
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Underground hydrogen storage (UHS) has been launched as a catalyst to the low-carbon energy transitions. The
limited understanding of the subsurface processes is a major obstacle for rapid and widespread UHS imple-
mentation. We use microfluidics to experimentally describe pore-scale multiphase hydrogen flow in an aquifer
storage scenario. In a series of drainage-imbibition experiments we report the effect of capillary number on
hydrogen saturations, displacement/trapping mechanisms, dissolution kinetics and contact angle hysteresis. We
find that the hydrogen saturation after injection (drainage) increases with increasing capillary number. During
hydrogen withdrawal (imbibition) two distinct mechanisms control the displacement and residual trapping - I1
and I2 imbibition mechanisms, respectively. Local hydrogen dissolution kinetics show dependency on injection
rate and hydrogen cluster size. Dissolved global hydrogen concentration corresponds up to 28% of reported
hydrogen solubility, indicating pore-scale non-equilibrium dissolution. Contact angles show hysteresis and vary
between 17 and 56° Our results provide key UHS experimental data to improve understanding of hydrogen

multiphase flow behaviour.

1. Introduction

As a no-carbon energy carrier, hydrogen may play a significant role
in the energy transition needed to reach net-zero societies. Hydrogen
implementation in transport, heating and power generation will require
large-scale seasonal storage, and underground hydrogen storage (UHS)
in aquifers has been proposed as one option (Carden and Paterson 1979;
Lord et al., 2014). Technical aspects of UHS are similar to natural gas
storge (UGS), where gas is injected in the subsurface (cushion gas) and is
then withdrawn at peak demand (working gas). Although knowledge
transfer from UGS is possible, high hydrogen mobility and its potential
biogeochemical activity (Panfilov 2010) calls for caution and revision of
conventional storage practices. Experience with commercial under-
ground storage of pure hydrogen is limited to salt caverns (Ozarslan
2012). Underground aquifers have been used for town gas storage only,
with hydrogen content up to 50-60% (Smigan et al., 1990; Panfilov
2016).

Hydrogen injection and withdrawal in underground porous forma-
tions involve complex displacement and trapping mechanisms,
controlled by hydrogen flow properties and interactions with reservoir
fluids and rocks. The understanding of hydrogen flow physics and
trapping in porous media is therefore essential to establishing reliable
storage models for lab-scale tests, feasibility studies and piloting. Most

* Corresponding author.
E-mail address: maksim.lysyy@uib.no (M. Lysyy).
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porous media research on hydrogen is mainly focused on biogeochem-
ical interactions (Berta et al., 2018; Flesch et al., 2018; Bo et al., 2021),
but there are fewer fundamental studies reporting multiphase flow data
with the dominance of the numerical modelling approaches (Lubon and
Tarkowski 2021; Lysyy et al., 2021; Mahdi Kanaani 2022). Most nu-
merical studies use extrapolated flow functions not specifically
measured for hydrogen; thus experimental efforts are needed to improve
the hydrogen flow modelling. A single reported experimental core-scale
study found that hydrogen-water relative permeability is independent of
pressure and temperature conditions (Yekta et al., 2018). A major
concern is that the displacement is prone to front instabilities and
viscous fingering due to an unfavourable hydrogen-water mobility ratio.
Microscopic viscous fingers were confirmed with laboratory models
(Paterson 1983). In addition, hydrogen withdrawal will be associated
with loss caused by residual and dissolution trapping. Unlike COy
sequestration, residual and dissolution trapping are not desirable in UHS
as it leads to unrecoverable hydrogen, thus representing a permanent
loss (Carden and Paterson 1979). UHS involves many
injection-withdrawal cycles, and the residually trapped hydrogen may
reconnect during subsequent hydrogen injections, known as hysteresis.

Microfluidic experiments are perfectly suited for visualization of
porous media hydrogen flow, thereby providing direct evidence of the
proposed displacement and trapping mechanisms to corroborate core-
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scale measurements. Due to the 2D nature of the micromodels and their
limited volume, microfluidic experiments should mainly focus on the
qualitative rather than quantitative results. Extrapolation of quantita-
tive 2D data to 3D natural environment should be done with caution,
best achieved through pore-scale modelling. In particular hydrogen
contact angle measurements assist the pore-scale models in estimating
upscaled relative permeability and capillary pressure functions, which
can be used as input for numerical studies at field scale (Hashemi et al.,
2021).

Classical pore-scale displacement theory defines four displacement
mechanisms which may result in residual trapping — piston-like, snap-
off, I1 imbibition, and 12 imbibition (Lenormand et al., 1983). Dissolu-
tion trapping occurs when the residually trapped phase dissolves in
water, controlled by the trapped phase diffusivity and solubility.
Hydrogen solubility studies relevant for UHS demonstrated in-
consistencies due to missing experimental support and/or different
measurement approaches (De Lucia, Pilz et al. 2015; Li et al., 2018;
Lopez-Lazaro et al., 2019; Chabab et al., 2020).

Contact angle measurements are commonly used in multiphase
transport research to understand the effects of wettability and capillary
pressure and relative permeability hysteresis on fluid systems. The
hydrogen-water system is still not adequately investigated and lack
consistent and systematic approaches. However, hydrogen contact an-
gles have been derived for basalt (Al-Yaseri and Jha 2021) and measured
for quartz (Iglauer et al., 2021) and sandstone (Hashemi et al., 2021)
rocks, and the results showed discrepancies in terms of pressure, tem-
perature and salinity effects.

Overall, pore-scale displacement and trapping mechanisms are well
described for CO; sequestration (Buchgraber et al., 2012; Cao et al.,
2016; Chang et al., 2016; Hu et al., 2017; Chang et al., 2020) but re-
mains, to our knowledge, unaddressed for hydrogen. Our work examines
hydrogen flow behaviour in an initially water-filled micromodel rele-
vant for UHS in aquifers. We perform a series of injection (drainage) and
withdrawal (imbibition) experiments to qualitatively describe
pore-scale hydrogen displacement and trapping mechanisms. With
image analysis, we quantify hydrogen dissolution kinetics and measure
contact angles. This study is relevant for readers seeking to under-
standing of hydrogen flow physics in porous media and adds new data to
experimental dataset.

2. Materials and methods
2.1. Micromodel

All drainage and imbibition experiments were conducted in a silicon-
wafer micromodel based on natural sandstone pore patterns with a large
variation in grain and pore sizes and shapes. Extracted from the scanning
electron microscope image of a representative sandstone thin section
and slightly modified to enable flow, the 2D pore network was etched
into silicon wafer with deep reactive ion etching, DRIE (Hornbrook
et al., 1991; Buchgraber et al., 2012). The DRIE realistically reproduces
topological features such as high pore body to pore throat ratio, coor-
dination number (4-8), sharp pore walls and surface roughness
(100 nm). The exact reproduction of pore and pore throat sizes generate
capillary forces at the magnitude relevant for real porous rocks. The
heterogeneous mineralogy is, however, not reproduced, i.e. no clay
and/or calcite minerals present. The silicon dioxide layer on the
micromodel surfaces prevents hydrogen adsorption. Four ports, etched
through the micromodel bottom, facilitate external access to the porous
network, whereas two high-permeable fracture channels between the
ports allow to easily distribute the injected fluids. The micromodel
bottom (silicon wafer) and top (borosilicate glass) surfaces were con-
nected through anodic bonding, resulting in the hydrophilic pore
network. The micromodel hydrophilic nature allowed us to distinguish
between the injected fluids. Under microscopic view (Fig. 2), hydrogen
(light blue) develops a convex curvature towards water (blue) and the
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grains.

The etched porous network has the length x width x depth di-
mensions of 2.8 cm x 2.2 cm x 0.0030 cm respectively and porosity of
~60%, yielding the pore volume of ~11 pL. The average pore diameter
is in the order of 100 um, with the grain size and pore throat length
distributions of 100-7900 ym? and 10-200 um, respectively (Alcorn
et al., 2020). The pore network extraction tends to increase the total
micromodel porosity compared with the representative rock, and the
micromodel porosities up to 46-55% can be found in the literature
(Buchgraber et al., 2012; Chang et al., 2019; Wu et al., 2021). Our pore
network was based on the thin rock section, containing both small and
large pore clusters. The pore network was repeated 36 (4 x 9) times and
stitched together on the micromodel surface, resulting in relatively high
total porosity of ~60%. Note, however, that our microscope provided
the observations of the micromodel field of view (FoV) only, which is
approximately 1% of the whole micromodel area. The local FoV porosity
is in the order of ~30%, which is closer to the natural rocks.

2.2. Experimental set-up and procedure

The micromodel was mounted in the PEEK holder and connected to
two Quizix pumps through 1/16"” PEEK and stainless-steel tubing
(Fig. 1a). Quizix SP-5200 pump (cylinder C5000-10K-SS-AT) was filled
with pure hydrogen (>99.999%), whereas Quizix QX pump contained
distilled water. The micromodel was illuminated by a light source
(Photonic LED F1 Cold light 5500 K). A microscope (Nikon SMZ1500),
connected to a camera (Nikon D7100) and computer, provided direct
real-time observations of the FoV. Experimental data was acquired
through live-view video recordings, with the frame rate 29.97 fps and
the resolution of 0.5 pixels/um.

Prior to every run, consisting of hydrogen and water injections, the
pore-space was initially 100% saturated with distilled water. Every
experiment consisted of one hydrogen injection (drainage) and one
water injection (imbibition) from two opposite inlets, creating a diag-
onal flow through the pore network. All injections used a pore-pressure
of p=>5bar and room temperature. Constant pressure was maintained
with a hydrogen-filled pump, whereas a water-filled pump performed
water withdrawal/injection at constant flow rates. Hydrogen injections
(drainage) were initiated by water withdrawal and lasted until between
50 and 500 water pore volumes (PV) were withdrawn after hydrogen
invasion, enabling quasi steady-state. Subsequently, water injection
(imbibition) started with the same flow rate and the injection was
maintained until hydrogen was completely dissolved, thereby running a
single cycle of hydrogen injection-withdrawal only. The micromodel
was then cleaned with distilled water to remove any residual hydrogen
and to re-saturate the pore space with 100% distilled water, making the
system ready for the next experiment. Four different flow rates were
applied: 0.1, 1, 10, and 50 mL/h, with corresponding capillary numbers
(Ncg) calculated from the equation: Ngq = Ueu/c, where U is flow ve-
locity [m/s], u is the wetting-phase (water) viscosity [Pa-s], and o is the
interfacial tension [N/m]. Flow velocity, U, was calculated as U= Q/
(Led-gp), with Q =rate [m3/s], L =near-inlet length inside the micro-
model [m], d=porous network depth [m], ¢ =porosity [fraction].
Hydrogen interfacial tension, o, at experimental pressure was calculated
to 0.072N/m based on the empirical formulation (Massoudi and King
1974). The calculated capillary numbers allowed to locate our experi-
ments on the log(Nc,)-log(M) stability diagram (Fig. 1b), where M is
defined as the hydrogen-water viscosity ratio.

2.3. Relevance of experimental conditions

Our experiments were run under low pressure and with distilled
water. The reservoir brine salinity may affect the gas surface properties:
the gas-brine interfacial tension (Duchateau and Broseta 2012) and
contact angles (Jafari and Jung 2019) increase with increasing salinity.
These correlations are yet to be confirmed for hydrogen-brine systems
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Fig. 1. (@) Schematic of experimental set-up with the micro-
model, pumps for pressure control and fluid injection/with-
drawal, the microscope, and the camera for live-view video
recordings of the porous network. Hydrogen and water are
injected from two opposite inlets. (b) Log(Nca)-Log(M) stability
diagram, where the solid lines represent the originally pro-
posed boundaries (Lenormand et al., 1988), and the dashed
lines denote the extended boundaries (Zhang et al., 2011). The
circles locate experiments performed in this work. Reynold
number (Re) ranges between 0.006 and 3.1, where
Re=psUsDso/u  with p=water density [kg/m®] and
Dsp=median grain diameter [=1.1.10 *m].
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and should be addressed in future studies. Low pressure was selected in
our work due to the safety risks associated with hydrogen flammability
and equipment compatibility under high pressure. Hydrogen properties
affecting 2D porous media multiphase flow (viscosity and Ho—H20
interfacial tension) do not vary significantly with increasing storage
depths (increasing pressure and temperature), unlike many other gases
like CO3, N3 and CHy (Beckingham and Winningham 2020; al. 2022).
Pressure-dependant variations in hydrogen density play an important
role in gravity-dominated 3D problems and thus are assumed to be
insignificant in our 2D microfluidic study. Moreover, one of the
hydrogen storage projects was operated at pressures down to 5-10 bars
in the Argentinian depleted gas field (Pérez et al., 2016). Our
low-pressure study is therefore relevant for the real storage conditions.

2.4. Image analysis

Experimental data was quantified with image analysis in the open-
source ImageJ software. Hydrogen saturations were estimated based
on colour thresholding, permitting to calculate local FoV porosity and
distinguish hydrogen from water. Dissolution data was obtained by
measuring the areal decrease of the hydrogen phase with time. Contact
angles were measured using an angle tool. Static contact angles were
measured when the hydrogen-water interface did not move, whereas
paused videos allowed to measure dynamic contact angles when the
hydrogen-water interface moved during water withdrawal/injection.
Receding contact angles were measured when hydrogen displaced water
(drainage). Advancing contact angles were measured when water dis-
placed hydrogen (imbibition). Note that the image analysis is dependant
on the image resolution, segmentation, and user adjustments. The image
resolution was high enough to distinguish between hydrogen and water.

In some cases, the light source limitations resulting in the image gra-
dients required pre-processing of the images, with the manual segmen-
tation of fluids.

3. Results and discussion
3.1. Hydrogen saturation establishment during drainage

Hydrogen invaded the pores immediately after entering the FoV,
indicating that non-wetting phase invasion occurred on millisecond
scale independent of capillary number (N¢,). This is consistent with
previous micromodel studies in oil/air-water systems (Mohanty et al.,
1987; Moebius and Or 2012; Armstrong and Berg 2013). Rapid
hydrogen pore invasion serves as indirect evidence of hydrogen
non-wetting nature (Andrew et al., 2015), which was directly confirmed
by contact angle measurements (detailed in Section 3.4).

3.1.1. Initial hydrogen saturation

The FoV hydrogen saturation (Sg) after drainage increased with
increasing N¢, (Fig. 2), as expected from classical pore-scale displace-
ment theory (Lenormand et al., 1983). Hydrogen invasion into neigh-
bouring pore clusters was restricted by narrow pore throats with higher
capillary entry pressures. Pores invaded by hydrogen were predomi-
nantly saturated with hydrogen, with some visible water accumulations
(droplet forms) on the pore bottom due to surface roughness (white
arrows in Fig. 2). Number of water droplets were largest at upper me-
dium and high N¢,, whereas they were absent at low N¢, at the end of
drainage. At the hydrogen breakthrough, however, water droplets
formed even at low N¢, (Fig. 3). With continued hydrogen injection the
droplets were displaced, likely due to (1) the hydrophilic micromodel
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(b) Nga = 7.68 - 1075; S = 0.22

(c) Nea = 7.68 - 1075; S = 0.41

(d) Ng = 3.84- 1074 S; = 0.79

Fig. 2. FoV hydrogen (light blue) saturation (Sg) after drainage at various capillary numbers (N¢,); the remaining pores were saturated with water (blue). Hydrogen
was injected from the top right in every image. Sg increased with increasing Nc,: () Sg=0.18 at NCa=7.68+10"7, (b) Sg=0.22 at N¢,=7.68+10"°, (c) Sg=0.41 at Nc,
—=7.68:107°, (d) Sg=0.79 at N, =3.84+10*. The white arrows indicate water droplet accumulations in the surface roughness in the micromodel bottom. The
hydrogen phase remained connected from low (image a) to upper medium (image c) Nc,. At high N¢, (image d) parts of the hydrogen phase became disconnected
(indicated in grey). The drainage capillary desaturation curve was calculated based on Sg and N, values and found in supplementary materials (Fig. S1).

0.2 PV=1min

1.8 PV=12 min

— .
/'

3.6 PV =24 min 4.8 PV =32 min

Fig. 3. Water droplets (white arrows) displacement by hydrogen during drainage at N¢, =7.68+10 7. Water droplets residing below hydrogen in the surface
roughness of the micromodel were gradually displaced by hydrogen. Hydrogen percolation was restricted by small pore throats.

surfaces with high water phase connectivity through connected wetting
films, and/or (2) water evaporation in hydrogen. The water droplet
displacement/evaporation demonstrated the pore-scale efficiency of
low-N¢, drainage when multiple pore-occupancies establish in hydro-
philic systems. From this we could expect that hydrogen injection stra-
tegies that result in pore-occupancy by hydrogen phase only (no pore
water) will decrease water-cut upon hydrogen withdrawal in aquifer
storage, improving overall storage performance. Low-N¢, hydrogen in-
jection may therefore be preferred from the perspective of the
pore-occupancies.

3.1.2. Hydrogen connectivity

The non-wetting phase connectivity defines if the phase is connected
through the pore clusters. The hydrogen connectivity was high at low
and medium Nc,, with observations of several connected gas paths
(Fig. 2a-c). At high N¢,, both connected and disconnected hydrogen
phases established (Fig. 2d), with disconnected hydrogen phase ac-
counting for ~ 11% of the total FoV hydrogen saturation. The pre-
dominant mechanism for disconnected hydrogen was Roof snap-off
(Roof 1970) due to the front interface destabilization after entering the
neighbouring pore. To maintain capillary equilibrium, water thickens in
the pore throat, leading to the non-wetting phase (hydrogen in our case)
disconnection. For Roof snap-off to occur, high water availability is
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required near the pore throat and the non-wetting phase must pass the
pore throat for a distance of at least seven times the throat radius.
Snap-off controlled by capillary pressure is expected in smaller pore
throats. In our work, Roof snap-off occurred in small (15 um) and large
(25 um) pore throats, without occurring in neighbouring pore throats of
similar sizes (Fig. 4). This implies that Roof snap-off was a local phe-
nomenon, likely controlled by water mobility and availability, as sug-
gested for drainage snap-off in a COg-brine system (Andrew et al., 2015).
The pore throat water thickening, which was believed to cause hydrogen
snap-off, was not possible to confirm visually because of sub-second
snap-off and insufficient microscope resolution to detect thin wetting
films. Before snap-off occurred in small and large pores (Fig. 4), the
distance propagated by hydrogen corresponded to ~ 35 and 15 times of
the pore throat radius respectively, fulfilling the condition for Roof
snap-off.

Snap-off during drainage is less common than in imbibition and is
still not appropriately investigated. In the seminal work of Roof (1970),
the criteria for drainage snap-off were linked to local conditions — water
availability, pore throat and interface size, wettability. The drainage
snap-off dependency on global dynamic conditions - viscosity ratio,
compressibility, capillary number — were proposed (Deng et al., 2015;
Herring et al., 2018). Our results suggest that drainage snap-off was
triggered by both local and global factors. The snap-off independence on
pore throat sizes (Fig. 4) showed local features of snap-off events,
whereas the snap-off occurrence at high N¢, only suggests that snap-off
drainage was correlated to global dynamic parameter — N¢,.

Snap-off during and after drainage is undesired in seasonal hydrogen
storage as this may lead to permanent hydrogen entrapment. In our
work, most of disconnected hydrogen bubbles (Fig. 2d) did not recon-
nect during imbibition, resulting in a complete hydrogen dissolution.
Although the highest hydrogen saturation (Fig. 2) was achieved at high
Nca (3.84:107%), high injection rates will not necessarily yield the
maximum injection efficiency in aquifer storage projects considering the
possibility for snap-off.

3.1.3. Flow regime

According to the logNc,-logM phase diagram (Fig. 1b), unstable
viscous-dominated displacement was expected to prevail over capillary-
dominated flow. The logN¢,-logM phase diagram boundaries are, how-
ever, system-dependant (Zhang et al., 2011), and are not necessarily
applicable for our micromodel. Neither viscous nor capillary fingering
were possible to observe due to the limited FoV. Nevertheless, some
indirect evidence of viscous and capillary flow regimes was observed
locally. The establishment of the connected hydrogen phase, stopped by
narrow pore throats, may show the importance of capillary fingering at
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low/medium Nc,. Roof snap-off, caused by hydrogen penetration
through narrow pore throats, indicate the dominance of viscous forces at
high N¢, (Zhang et al., 2011). Micromodel studies enabling to observe
the entire micromodel at a wider N¢, range will be beneficial for a direct
determination of the dominating flow regime in hydrogen-water
systems.

3.2. Displacement and residual trapping during imbibition

Hydrogen displacement and disconnection (residual trapping) was
observed during imbibition, that started with water injection into the
same fluid system which established after drainage. Imbibition pro-
ceeded in three main steps, common for all Ng,: 1) displacement, 2)
disconnection, 3) dissolution. An additional step (between steps 1 and 2)
was observed at upper medium and high N¢, — hydrogen redistribution
caused by fluid displacement from outside the FoV. This section de-
scribes the first two steps, displacement and disconnection, in addition
to redistribution. Dissolution will be described in Section 3.3.

3.2.1. Displacement mechanisms

Hydrogen displacement was mainly governed by I1 imbibition
mechanism (Fig. 5a). Initially occupying three pores, hydrogen was
forced into a single pore because of the curvature instability, resulting
from the curvature detachment from the pore walls. Two other
displacement mechanisms were common at specific Ng,: piston-like
displacement and redistribution. Piston-like displacement was
observed at low N¢,, where a stable displacement front moved through a
single pore channel (Fig. 5b). The pore channel was surrounded by
narrow pore throats, forcing water to displace hydrogen from one di-
rection only. At upper medium and high N¢,, hydrogen redistribution
occurred (Fig. 5¢), where the original hydrogen phase was first displaced
and trapped, followed by a partial reconnection with surrounding
hydrogen. This mechanism occurred because of high hydrogen satura-
tion after upper medium/high-N¢, drainage, permitting hydrogen
movement through the entire micromodel during imbibition. Note that
most of the hydrogen bubbles, disconnected due to Roof snap-off during
drainage, remained disconnected during redistribution. Only a single
hydrogen bubble in the FoV reconnected with the continuous hydrogen
phase. The inability to reconnect resulted in a complete hydrogen
bubble dissolution, demonstrating the disadvantages of the drainage
snap-off.

3.2.2. Residual trapping
Hydrogen disconnection, leading to residual trapping, occurred
mainly by 12 imbibition mechanism (Fig. 6a). Displacement from the

Fig. 4. Roof snap-off during drainage was observed at high N¢,—3.84+10~* only. Hydrogen phase distribution after breakthrough (white) changed within less than
one second due to snap-off. The red arrows locate the pore throats where snap-off occurred, resulting in disconnected hydrogen bubbles (grey).
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(c) Redistribution; Nc, = 3.84- 107

pore centre towards the pore wall resulted in hydrogen disconnection
when the hydrogen-water interface reached the pore wall. The discon-
nected hydrogen occupied two pores. Trapping by bypass was observed
at upper medium and high N¢, (Fig. 6b). The water flow paths did not
manage to invade the large hydrogen-saturated pore clusters with nar-
row pore throats, resulting in a significant hydrogen fraction being
bypassed. The dominance of the I2 mechanism over bypass was likely
due to topological reasons (high coordination number), permitting the
transverse-to-hydrogen water flow paths. Bypass is expected in large
pore clusters with narrow pore throats (Chatzis et al., 1983), consistent
with our observations. However, at low and lower medium Nc,,
hydrogen did not occupy the large pore clusters (Fig. 2a,b), where
bypass was observed at upper medium and high N¢,. For a more general
conclusion on the relative importance of 12 and bypass mechanisms,
hydrogen must occupy the same pore clusters in all experiments, which
is challenging to control in the heterogeneous pore space with the
micromodels used in this study. Trapping by snap-off was not identified
despite high micromodel aspect ratio and roughness, likely due to
experimental conditions. Snap-off is expected to dominate at N¢, < 10~/
(Hu et al., 2017), whereas our experiments were conducted at N, >
7.68:1077. The FoV hydrogen saturation profiles were estimated for
imbibition to construct the imbibition CDC and gas trapping curves (Fig.
S2 and Fig. S1 in the supplementary materials, respectively).

3.3. Dissolution

3.3.1. Dissolution mechanisms
Dissolution of disconnected and trapped hydrogen was observed
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Fig. 5. Hydrogen displacement mechanisms
during imbibition, where colors and outlines
indicate the hydrogen phase after each time
step t;. (a) An example of the I1 type imbibition
where hydrogen residing in several pores (t;
white) was displaced (ty3; solid and dashed
outlines) into a single pore (tg; grey,
Aty =1s). (b)Piston-like displacement was
observed for low N¢,=7.68+10 7, where initial
hydrogen phase (t;; white) was displaced (t3;
solid and dashed outlines) with a stable front
through a single pore channel (t;; grey,

Aty 1 =9s). (c)Hydrogen redistribution was
observed at higher N¢,>7.68:107°. The orig-
inal hydrogen phase distribution (t;:
white + grey) was first displaced by water and
then reconnected with hydrogen phase (ta:
grey +red, Aty ;=20s) flowing from outside
the FoV. Only a single disconnected hydrogen
bubble reconnected with hydrogen phase dur-
ing redistribution (black square), and most of
the hydrogen bubbles remained disconnected.
The raw image sequence of Fig. 5 is shown in
the supplementary materials (Fig. S3) together
with live-time FOV videos.

during prolonged water injection. Three dissolution mechanisms were
identified (Fig. 7): one-end dissolution, two-end dissolution, and
displacement dissolution. The one-end dissolution (Fig. 7a) was
frequently observed at upper medium and high N¢,, where hydrogen
bubbles dissolved from one end only, reflecting the water flow direction.
The rapidly developed waterfront, propagating through the micromodel
in one main direction, was not able to enter narrow pore throats counter-
currently against the main flow direction. Hence, dissolution initiated
only from one end of the trapped hydrogen bubble, residing in the pore
corners surrounded by narrow pore throats. The one-end dissolution was
also observed in supercritical CO2 dissolution in micromodel (Chang
et al., 2016). The two-end dissolution mechanism (Fig. 7b) prevailed at
lower medium N¢, where the hydrogen bubbles were dissolved at both
sides simultaneously. This mechanism was attributed to a more stable
waterfront and greater water availability, originating from lower
hydrogen saturation developed after drainage. The displacement disso-
lution mechanism (Fig. 7c) was characterized by mobilization of smaller
hydrogen bubbles that were able to penetrate narrow pore throats. This
mechanism was observed at upper medium and high N¢, due to faster
and more directed water flow. Overall, observed dissolution mecha-
nisms suggest that hydrogen dissolution was governed by the waterfront
velocity and direction, which in turn was controlled by Nc,.

Two dissolution processes were detected independent of N¢, — ho-
mogeneous and heterogeneous dissolution. They differed in terms of the
microbubble final state at the end of dissolution. In homogenous
dissolution, microbubbles dissolved completely, whereas the residual
microbubbles accumulated at the surface roughness in heterogeneous
dissolution. Homogenous/heterogeneous dissolution as well as
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(a) Trapping by 12 displacement;
Nca=7.68-107°
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Fig. 6. Hydrogen trapping mechanisms
during imbibition. Colors and outlines
indicate the hydrogen phase after each time
step t;. (a)Trapping by 12 type imbibition
resulting in residual trapping, where
hydrogen originally residing in a single
pore (t;, white) was displaced towards the
pore wall (tz;3; solid and dashed outlines)
until hydrogen disconnection occurred. The
disconnected hydrogen occupied two pores
(ts; grey, Atq;=1.3s). (b)Trapping by
bypass was observed at N¢, > 7.68:107°. A
hydrogen cluster residing in large pores
surrounded by narrow pore throats (t;,
white) was bypassed by water (dark blue
arrows; show the general water flow di-
rection, but not the exact flow path through
the pores) resulting in trapped hydrogen
(ty; grey, Aty ;=1s). The raw image
sequence of Fig. 6 is shown in the supple-
mentary materials (Fig. S4) together with
live-time FOV videos.

(b) Trapping by bypass;
Nga = 7.68-107°

(a) One-end dissolution;
Nca=3.84-107*

(b) Two-end dissolution;
Nga=7.68-107°

(c) Displacement dissolution;
Nga=7.68-107°

Fig. 7. Hydrogen dissolution mechanisms. Colors and outlines indicate the hydrogen phase after each time step t;. (a) In one-end dissolution, the hydrogen bubbles
(t1, white) were dissolved from one end only (tz 3, 4; solid and dashed outlines) reflecting the water flow direction (left to right) until the hydrogen was partially (ts,
grey) or completely dissolved (Ats_; = 225s). (b) In two-end dissolution, the hydrogen bubble (t;, white) was dissolved from two ends (t,3; solid and dashed outlines)
until partial dissolution (t4, grey, Aty =134s). (c) In displacement dissolution, the hydrogen bubble (t;, white) was displaced when its size decreased (ts 3, 4; solid
and dashed outlines, Aty ; =55) to below the pore throat gaps. One-end dissolution (a) and displacement dissolution (c) occurred at N¢, > 7.68+10°, whereas two-
end dissolution (b) was common at N¢,=7.68+10°. The one-end and two-end dissolution kinetics is quantified in Fig. 8. The raw image sequence of Fig. 7 is shown in

the supplementary materials (Fig. S5) together with live-time FOV videos.

displacement dissolution (Fig. 7c) were also reported for CO2 dissolution
in micromodel (Buchgraber et al., 2012).

3.3.2. Dissolution kinetics

Local and global dissolution kinetics were estimated based on the
image analysis. Local dissolution kinetics was quantified by calculating
the temporal change in the individual hydrogen bubble size and the
depletion rate (Fig. 8). As expected, time required for compete disso-
lution decreased with increasing N¢, because of the faster water supply
(Fig. 8a). The total dissolution time in every experiment was nearly

equal and independent of the initial bubble area, implying simultaneous
dissolution in the entire FoV. The depletion rate (Fig. 8b) was calculated
as the depleted hydrogen mass per time interval between two sequential
images: Q¢ = (AA«depy2)/At, where AA =decrease in individual
hydrogen bubble area between two sequential images, d=porous
network depth, py2 = hydrogen density under experimental conditions
(4.12:10*g/mL), At=time interval between two sequential images.
The depletion rate changed with time, shifting from nearly constant
values to increasing or decreasing trends. Similar discrepancies in
depletion rate trends were also observed in pore-scale supercritical COy
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Fig. 8. Local dissolution kinetics. (@) Temporal change in bubble area for N¢,;
time required for complete dissolution decreased with increasing Ng,. For the
same Nc,, the total dissolution time was equal, independent of initial bubble
area size. (b) Depletion rate as a function of time was not constant. Average
depletion rate was the fastest at Ng,—7.68:10™° and the slowest at
Nca=7.68¢107°. The depletion rate at Nca=7.68¢10"* was slower than at
Nca=7.68+10° due to smaller initial bubble area. Black and grey circles show
the dissolution kinetics of the hydrogen bubbles presented in Fig. 7a (marked
with t;_s) and in Fig. 7b, respectively.

dissolution, explained by the number of water flow paths, their direction
(transverse or longitudinal), and the CO,-water interface area (Chang
et al, 2016). The average hydrogen depletion rate ranged from
2310712 to 22.107'%g/sec, with the lowest rate observed at
lower-medium N¢, (expected) and the highest rate observed at upper
medium N¢, (unexpected). High N¢, did not yield the highest depletion
rate due to the smaller initial bubble size compared with upper medi-
um-N¢, cases. When comparing bubbles of similar size, high-Nc,
depletion rate was higher than upper medium-N¢, (Table 2).

Global dissolution kinetics was analysed based on the FoV hydrogen
saturation profiles during dissolution (Fig. 9). The global depletion rate
(Fig. 9b) was calculated as follows: Qg (global) = (ASgeVyepr2)/At,
where AS;=decrease in the FoV hydrogen saturation between two
sequential images, V,, = micromodel pore volume, py> =hydrogen den-
sity under experimental conditions, At=time interval between two
sequential images. The global depletion rate calculations assume that
FoV hydrogen saturation profiles are representative for the entire
micromodel. The global depletion rates showed non-constant trends,
and on average varied between 3.6¢10~'° to 277.107 10 g/sec, two or-
ders of magnitude higher compared with local depletion rate of indi-
vidual bubbles, similar to observations of CO2 dissolution (Chang et al.,
2016). The global depletion rate was the lowest at lower medium N¢,
and highest at high N¢, (Table 2).

3.3.2.1. Dissolved hydrogen concentration and solubility. The averaged
dissolved hydrogen concentration (Table 2) was calculated as the dis-
solved hydrogen amount per injected water mass between two
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Table 1
Experimental conditions and micromodel properties.
Experimental Micromodel Flow Flow Capillary Capillary
conditions properties rate, velocity, number, number
Q U [m/s] Nca classification
[mL/
h]
p=>5bar L=28cm 0.1 55.10°° 7.68:107 Low Ng,
t=20°C d=30 ym 1 5.5.10*  7.68:10°° Lower
medium N¢,
Vp=11 4L 10 5.5.10°  7.68.10 °  Upper
medium Nc,
$=0.6 50 2.8.102 3.84.10°* High Ng,
Table 2

Hydrogen dissolution kinetics: average hydrogen depletion rate and dissolved
hydrogen concentration in injected water mass.

Capillary Initial Depletion Dissolved Concentration
number, bubble rate, Qq [g8/ concentration, C relative to Hy
Nca area, A; sec] [mol/kg] solubility, C/Cs
[um?] [%]
7.68:10°°  74.10° 3.3.10712 5.9.10°° 0.15
52.10% 2.3.10712 4.2.10°° 0.10
Global 3.6:1071° 6.4.107* 16.0
7.68:10° 120.10° 22.10712 3.9.10°° 0.10
99.10% 17.107'2 3.1.10°° 0.08
40.10° 6.2.10 12 1.1.10°° 0.03
Global 63.10°1° 11.10°* 28.3
3.84.10*  43.10° 16.10'2 0.6:10°° 0.01
36-10° 12.10712 0.4.10°° 0.01
Global 277.1071° 9.9.107* 247
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Fig. 9. Global dissolution kinetics. (a) Change in hydrogen saturation (Sg) as a
function of time at various Nc,. Sg was calculated in the FoV under the
assumption to approximate the entire micromodel. (b) Global depletion rate as
a function of time was not constant; being the fastest at Nca=3.84:10"* and the
slowest at Nc,=7.68:107°. The global depletion rate was two orders of
magnitude faster than the depletion rate of individual bubbles (Fig. 8).
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sequential images according to the formula: C = Qgq/(Mpu2+Q*pr20),
where Qg=hydrogen depletion rate, Mgz =hydrogen molar mass,
Q = water injection rate, pyao = water density. These calculations were
based on the mass balance principle, assuming that hydrogen depletion
is solely controlled by dissolution and water advection (Chang et al.,
2016; Chang et al., 2019). Hydrogen depletion will be controlled by
diffusion when the water phase is immobile, which is not the case in our
work where water is continuously injected during imbibition. In local
dissolution, the dissolved individual hydrogen bubble concentration
ranged between 0.4:107° and 5.9.107° mol/kg. In global dissolution,
the dissolved hydrogen concentration varied from 6.4+107* to
11.10"*mol/kg, corresponding to 16.0% and 28.3% of the hydrogen
solubility under the applied experimental conditions (Chabab et al.,
2020). Lower-than-solubility hydrogen concentrations indicate
non-equilibrium hydrogen dissolution in our work, conflicting with
classic equilibrium dissolution theories applied in numerical modelling
(Pruess and Spycher 2007).

Non-equilibrium (slow) dissolution has also been reported for CO,,
both in experimental core- scale (Akbarabadi and Piri 2013; Chang et al.,
2013) and pore-scale (Chang et al., 2016; Chang et al., 2019) studies, as
well as numerical studies (Chen et al., 2018). For instance, CO, disso-
lution measurements in micromodels showed that the average CO;
concentration varied between 0.25-13% of COg solubility (Chang et al.,
2016; Chang et al., 2019). They explained non-equilibrium dissolution
by insufficient CO,-water interface area and non-uniform COg-mobile
water distribution. They argued that at reservoir-scale, where dissolu-
tion occurs at slower timescales, COz dissolution after the injection stop
will approach equilibrium unless strong heterogeneity is present. In
hydrogen aquifer storage, hydrogen is cyclically injected and withdrawn
at high rates, and we therefore speculate that non-equilibrium dissolu-
tion may play an important role.

3.4. Contact angles

3.4.1. Static and dynamic contact angles

Static (0g) and dynamic (6p) contact angles were measured during
drainage and imbibition. Each measurement was performed five times at
the same measuring point and then averaged, with the uncertainty
represented as standard deviation. The measured contact angles
(Fig. 10) varied from 17 to 56°, similar to contact angles of 22-45° for
hydrogen-water-sandstone systems (Yekta et al., 2018; Hashemi et al.,
2021). Our results confirmed that the micromodel is hydrophilic when
exposed to hydrogen. No clear relationship between contact angles and
pore diameter emerged, although the contact angle range appeared to
narrow with increasing pore diameter (majority of measurements
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performed in pores with diameter between 50 and 125 pym).

Four contact angle types — receding (6r), advancing (6,), static in
drainage (6s,pr) and static in imbibition (65 v), were averaged for each
experiment (Table 3) and plotted as a function of N¢, (Fig. 11a). The 65
were significantly higher than the 6y, consistent with classic theories
(Johnson and Dettre 1964). As expected, 65 > 6g v, but 6z and 65 pr
were surprisingly similar, 6g ~ 65 pr. The similarity between 6 and 85 pr
could be linked to the experimental procedure. After hydrogen break-
through under drainage, hydrogen injection continued through the
connected hydrogen phase, and the 6spr were measured when the
interface movement terminated visually. In this state, despite being
motionless, the interfaces did not reach the equilibrium due to contin-
uous hydrogen injection. The measured 85 pr approached more dynamic
than static states, resulting in 8g ~ 65 pr, and were thus believed to be
underestimated and less reproducible. On the other hand, the water
breakthrough under imbibition resulted in hydrogen residual trapping,
with several hydrogen clusters being bypassed by water. In these re-
gions, the interface was believed to be surrounded by immobile water,
thus approaching equilibrium and yielding 65 > 6sm. The lower 6g
reproducibility was also reported for CO; contact angle measurements in
micromodels using similar experimental methods (Jafari and Jung
2017). Note that 6p are more important for hydrogen storge than less
reproducible 0g because Op represent dynamic hydrogen
injection/withdrawal.

3.4.1.1. Equilibrium contact angles. The equilibrium contact angles (0g)
were estimated based on the following equation (Tadmor 2004): 6 =

3

—1 ( Ra-cosOa+Rp-costg _ sin®0 —
cos™1( ), where Ry = (27&059A I and Ry =
Table 3

Average contact angles measured during drainage/imbibition and calculated
equilibrium angles.

Capillary Drainage Imbibition Calculated
number, Equilibrium
Nca angle, 0g
[deg]
Static Receding Static Advancing
angle, angle, angle, angle,
Os,prR 6rldeg] 65,1 6aldeg]
[deg] [deg]
7.68:1077 22+5 23+4 37+4 40+6 32
7.68:107° 21+6 21+6 24+5 39+9 30
7.68410° 2246 24+6 30+8 40+6 32
3.84.10* 25+ 4 22+4 35+4 47 £7 35
Advancing
Nca=3.84E-04
225

Fig. 10. Measured contact angles (left) and an example showing how static in imbibition angles were measured at Ng,=7.68:10~° (right).
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Fig. 11. (a) Average contact angles as a function of N, As expected, the
advancing contact angles were higher compared with receding contact angles.
(b) Dynamic (receding and advancing) contact angles as a function of calcu-
lated equilibrium angles. The solid and dashed curves represent the literature-
based relationship (Morrow 1975) for Class III and Class II behaviour, respec-
tively. Our results fit Class II behaviour.

1

(%) . The calculated 6 were plotted together with the

measured 04 and 6y (Fig. 11b), and compared with the original rela-
tionship based on the measurements through the capillary rise in poly-
tetrafluoroethylene (PTFE) tubes (Morrow 1975). In the seminal work of
Morrow, three different classes were defined, depending on the degree
of surface roughness where the contact angles were measured: Class I —
on smooth surfaces (Bp= 6g); Class II — on slightly roughened surfaces;
and Class III - on well roughened surfaces. Our results showed that
hydrogen-water fluid pair in a natural sandstone-based micromodel fit
Class II behaviour, although the 6z were slightly overestimated. This
overestimation could be attributed to the difference in the measurement
procedures. In our work, the O were calculated based on the equation
and the measured 64 and 6y in the heterogeneous micromodel with
realistic pore geometries, whereas in Morrow (1975) both 6g and 0,/6g
were experimentally measured in PTFE tubes which cannot account for
the effect of the pore geometries.

The relationship between 6g and 0,/6g is essential for pore-scaling
modelling, where Class III behaviour is widely implemented generally
(Valvatne and Blunt 2004) and for hydrogen in particular (Hashemi
et al., 2021). With known contact angles, relative permeability and
capillary pressure functions can be predicted using pore-scale modelling
and then upscaled for field-scale applications. Discrepancies between
the pore-scale modelling approaches, which use Class III behaviour (well
roughened surfaces), and our results showing Class I behaviour (slightly
roughened surfaces) has a direct impact on understanding hydrogen
pore-scale flow physics. Although the micromodel, used in this study,
was reproduced with 100 nm surface roughness (Buchgraber et al.,
2012), the micromodel may not be sufficiently rough to accurately
reproduce the experimental results with pore-scale modelling. Mismatch
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between the experimental and simulated data may be expected when
using Class III behaviour as the modelling input.

3.4.2. Contact angle hysteresis

Hysteresis was estimated for dynamic, AOp=64 — Oy, and static con-
tact angles, A6s=0g v — Os pr (Fig. 12a). As expected, static contact angle
hysteresis (A8s) was lower than the dynamic one (A6p). No clear rela-
tionship was noted between A6s and Nc,, likely due to lower 0g repro-
ducibility in the micromodels as discussed earlier. On the other hand,
ABp seemed to depend on N, with nearly constant value until a slight
increase at Ng, > 7.68+107°. The A6y, is expected to increase with
increasing Nc,, due to increasing 04 and decreasing 0g (Eral et al., 2013).
A theoretical model for liquid-gas systems (Hoffman 1983) showed that
the increase in 64 becomes more pronounced at Ng, > 10741073,
comparable with our threshold N¢, > 7.68+107°. The A®g is mainly
attributed to surface roughness/heterogeneity (Joanny and Degennes
1984) or disjoining/conjoining pressure isotherm in the three-phase
contact line (Kuchin and Starov 2016), whereas the A0p is due to local
surface blemishes which pin the three-phase contact line (Tadmor
2004). The A®p dependency on N¢, originates from competition be-
tween capillary and viscous forces (Friedman 1999).

Hysteresis may also be described by comparing the static and dy-
namic contact angles in each injection process, where drainage hyster-
esis describes the difference between 6spr and Or and imbibition
hysteresis refers to 65y and 64. Several models have been proposed to
characterize imbibition hysteresis through the following equation (Jiang

et al., 1979; Seebergh and Berg 1992; Li et al., 2013); 2% m—cosf _

cosls, m+1
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Fig. 12. Contact angle hysteresis. (a) Dynamic contact angle hysteresis, Afp,
defined as the difference between advancing and receding contact angles, and
static contact angle hysteresis, Afs, defined as the difference between static
angles in imbibition and drainage. Dynamic contact angle hysteresis increased
at Nga > 7.68+107°, whereas no clear trend was observed for static angle
hysteresis. (b) Drainage/imbibition contact angle hysteresis, which represent
the difference between static and dynamic angles in each injection process. The
data points were fitted with literature models (Jiang et al., 1979; Shi
et al., 2018).
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B; -Nf;f,. This model was recently adapted for drainage hysteresis in
= By-N2%. We
applied these models to estimate drainage and imbibition hysteresis
(Fig. 12b). Our contact angles were fitted with B;=18.8 and B,=1.0 for
drainage and B;=0.29 and B,=0.16 for imbibition, but the correlation
was poor with R?=0.38 and R?>=0.47, respectively. Note, however, that
for field-scale implications drainage/imbibition hysteresis is less
important than the dynamic one (A0p) as discussed above. The Afp can
be used to estimate drainage/imbibition hydrogen-water relative
permeability curves.

cosBr—cosbs_pr
cosds, pr+1

liquid bridges as follows (Shi et al., 2018):

3.4.3. Discussion on measurement techniques

Literature data on hydrogen contact angles is scare, despite being
highly relevant for wettability and relative permeability estimations.
Our contact angle measurements matched well with 6g reported for
hydrogen in Berea sandstone (Hashemi et al., 2021) and with 6g in
Vosges sandstone (Yekta et al., 2018), but were higher than 6 in basaltic
(Al-Yaseri and Jha 2021) and 6p in quartz (Iglauer et al., 2021) rocks.
Inconsistency between literature results may be related to different
experimental conditions, measurement techniques, and cleaning pro-
cedures (Iglauer et al., 2015). Contact angle dependency on pressure and
temperature was showed with tilted plate method (Al-Yaseri and Jha
2021; Iglauer et al., 2021) and core-scale steady-state drainage (Yekta
et al., 2018), whereas the captive-bubble method did not identify any
pressure, temperature and salinity effects (Hashemi et al., 2021).
Micromodel-based measurement technique used in this study is uncon-
ventional and relatively novel, previously applied by a few CO. studies
only (Hu et al., 2017; Jafari and Jung 2017; Chang et al., 2020). How-
ever, this measurement method is valuable as it provides direct static
and dynamic contact angle measurements in micromodel pores, thus
representing multiphase flow in porous media more accurately than
indirect measurements. Our results can enhance understanding of
wettability as well as relative permeability and capillary pressure hys-
teresis, which are well-recognized in natural gas storage (Colonna et al.,
1972) but not appropriately studied for hydrogen.

Despite being valuable for wettability and hysteresis determination
in real pore structures, our measurement technique possessed several
sources of uncertainties. The first source was related to the identification
of the hydrogen-grain contact line, caused by non-planar grain surfaces
and shadows due to non-vertical pore walls. To minimize this error,
sufficiently long contact lines were selected on nearly flat grains. The
second source of uncertainties was linked to the tangent line drawn
along the hydrogen-water curvature. The third source was caused by
random hydrogen distribution, which did not allow to measure all four
contact angle types in the same pore, enhancing local effect on the
measurements. To suppress the effect of uncertainties, the contact angles
measurements were repeated five times in each measurement and
average values were reported together with uncertainties, thus adding
reliability to our measurements.

3.5. Discussion on implications and methodologies

Our results have several field scale implications. Hydrogen satura-
tion after drainage increased with increasing injection rate, suggesting
the storage site development is the most efficient at high injection rates.
Nevertheless, the Roof snap-off was observed at the highest injection
rate (Ngy = 3.84+10~%). This resulted in hydrogen disconnection and
trapping, potentially leading to lower storage efficiencies. The obser-
vations of the drainage snap-off show that current pore-scale modelling
approaches, based on invasion percolation and static snap-off criteria,
should be revisited (Roman et al., 2017; Herring et al., 2018). Note that
UHS field scale projects will use intermittent hydrogen injections with
various frequencies and loads, potentially resulting in reconnection of
the residually trapped hydrogen.

If the drainage snap-off occurs at Ne,= 3.84+10~%, the corresponding
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field-scale injection rate would be approximately 1.7 million Sm®/
d (standard cubic metre per day), based on the perforation length of
30m and experimental injection velocity. Lower hydrogen injection
rates (< 1.7 million Sm®/d) may therefore be preferred to avoid the
hydrogen disconnection. Note, however, that the laboratory N¢, should
be applied for field-scale implications with caution because they do not
account for important reservoir parameters such as gravity, heteroge-
neity, and wettability.

Despite low solubility in water, direct pore-scale hydrogen dissolu-
tion was observed in our work. Hydrogen dissolution is undesired in
storage projects due to loss of recoverable hydrogen (Carden and
Paterson 1979). The observed dissolution emphasizes the importance of
the cushion gas composition, where other-than-hydrogen cushion gases
with low solubility in water are preferred. Moreover, hydrogen disso-
lution may be enhanced by water encroachment during withdrawal, as
well as the buoyancy-driven hydrogen injection from the reservoir
bottom. Non-equilibrium dissolution, if valid at the reservoir-scale, is in
turn more favourable compared with the equilibrium one, leading to
slower hydrogen dissolution. Under subsurface conditions, hydrogen
dissolution kinetics is expected to change according to the literature
solubility data: hydrogen solubility increases with increasing pressure
and decreases with increasing salinity (Chabab et al., 2020).

The numerical approach dominates the UHS literature, relying on the
parameter approximations without exact knowledge. Since the UHS is
an emerging field, the models need to be validated with hydrogen lab-
oratory data. Microfluidics offers systematic investigation of the
parameter space to collaborate model development. However, upscaling
of microfluidic experiments to field scale should be implemented with
caution, due to their 2D nature with lack of gravitational effects and
heterogeneity. Furthermore, the interactions between viscous/capillary
and gravitational forces become more pronounced at field scale. The
most suitable way to upscale the microfluidic experiments is through
pore-scale modelling. For future work, we recommend coupling micro-
fluidic experiments and pore-scale modelling to support the proposed
models of hydrogen behaviour in porous media.

4. Conclusions

Microfluidic drainage and imbibition experiments were performed to
examine the hydrogen-water flow in a natural sandstone geometry. In
situ live camera monitoring provided qualitative data describing
hydrogen displacement and trapping mechanisms. Hydrogen dissolution
kinetics and contact angles were quantified using image processing. We
summarize our main findings as follows:

e Hydrogen saturation after drainage increased with increasing capil-
lary number (N¢,). Hydrogen phase connectivity was generally high
except for high-Nc, (3.84:10™% drainage, where disconnected
hydrogen phase established due to Roof snap-off.

Hydrogen displacement during imbibition was mainly governed by
11 imbibition mechanism, whereas hydrogen disconnection with
subsequent residual trapping was generally triggered by 12 imbibi-
tion mechanism. Hydrogen dissolution occurred at one end of the
bubble mainly.

Hydrogen dissolution kinetics was quantified showing that average
depletion rate of individual hydrogen bubbles ranged between
2.3¢107!2 to 2210 12 g/sec and appeared to depend on N¢, and
initial bubble size. The average global hydrogen depletion rate var-
ied between 3.6:1071° to 277.107'% g/sec. The average dissolved
hydrogen concentration in injected water mass was within the range
of 6.4¢10* to 11.10* mol/kg, which was only 16.0-28.3% of the
literature solubility, demonstrating the non-equilibrium dissolution.
Static and dynamic contact angles ranged from 17 to 56°, confirming
the non-wetting hydrogen nature. The equilibrium angle calculations
fit Class II behaviour. Hysteresis was quantified showing that dy-
namic contact angle hysteresis was higher than the static.
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saturation is in the same range between cycles (30—40%), but its distribution in the pore
space visually appears to be hysteretic. In most cases, the residually trapped H, reconnects
in the subsequent injection cycle, predominantly in proximity to the large pore clusters.
Our results provide valuable experimental data to advance the understanding of multiple
H, injection cycles in UHS schemes.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

Hydrogen (H,) is an emission-free energy carrier and its wider
use can contribute to climate change mitigation by decreasing
the share of fossil fuels in the global energy mix. Full-scale
industrial implementation in a global H, economy will
require numerous storage sites and solutions [1]. Future H,
storage demand in Europe is predicted to range between 63
and 180 billion standard m> in 2050, assuming H, total de-
mand of 780—2251 TWh [2] and 24% storage capacity [3]. Un-
derground H, storage (UHS) in depleted hydrocarbon fields
and aquifers has been proposed as a reliable and safe storage
technology due to the presence of an impermeable seal and
large pore space [4,5]. The technicalities are similar to natural
gas storage (UGS), where cushion gas remains in reservoir to
maintain the target pressure and working gas is injected at
peak supply (summer) and withdrawn at peak demand
(winter). However, H, is a low density and low viscosity gas
with high diffusivity and biogeochemical reactivity and
therefore its behavior in porous media will differ from that of
other gases. The experience with UHS in porous media is
limited to: 1) two pilot tests in depleted gas fields [6,7] and 2)
town gas storage in aquifers [8,9].

Scientific challenges relevant for the UHS arise from H2
physical properties as well as reactions with rock minerals
and microorganisms, potentially reducing the storage effi-
ciency [5,10]. H, injections are prone to unstable displacement
and gravity override due to low viscosity and density. More-
over, a certain amount of H, may be permanently lost during
storage operation by various physical, chemical and operating
loss mechanisms [4]. Reservoir simulation and wettability
studies are currently dominating the research literature in the
field of UHS flow physics. Storage capacities and recovery
factors have been estimated using conceptual reservoir
models with extrapolated input parameters not specifically
measured for H, [11,12].

Contact angle measurements indicated that H, is a non-
wetting fluid on pure quartz surfaces and sandstones but
shifts to intermediate-wet state in the presence of organic
acids [13—16]. No clear difference in contact angles was re-
ported between H,, CH4, H,—CH4 mixtures and N, using a
captive-bubble method in sandstones and a borosilicate
micromodel at pressures between 10 and 100 bar [17,18]. On the
other hand, CO, was found to be more wetting, i.e. higher
contact angles, compared to H, [13,16]. Note that the contact
angle differences between various gases are expected to
become more pronounced at pressures above 100 bar due to
theincreasing gas density differences, shown for basalticrocks
[19]. Moreover, rock-gas interfacial tension calculations indi-
cated significant differences between H,, CH4 and CO, [20].
There are also discrepancies regarding the influence of pres-
sure, temperature and salinity on H, wettability. H, contact
angles increased with increasing pressure and temperature
when using the tilted plate method [13,16], whereas no
meaningful effect of pressure, temperature and salinity was
reported using the captive bubble technique under a range of
7—207 bar, 20—50 °C and 1000—50000 ppm NaCl brine [14,15,17].

Neither reservoir simulations nor wettability studies can
adequately describe pore scale influencing factors on UHS

such as interactions between H,, reservoir rock and its native
fluid as well as trapping mechanisms [21]. Residual trappingis
recognized as one of the major H, loss mechanisms [4,22],
which is expected to decrease with decreasing capillary forces
and increasing H, wetting [23]. The UHS involves multiple
cycles of H, injection (drainage) and withdrawal (imbibition),
and residual trapping occurs during imbibition where water is
available and mobile in the reservoir, e.g. in the H,—H,0
transition zones. The residually trapped H, ganglia may
reconnect during drainage due to hysteresis. Hysteresis was
evident from relative permeability measurements [24,25] and
microfluidic-based contact angle measurements [26], but it
remains unaddressed for several injection-withdrawal cycles.

A few laboratory investigations of H, residual trapping
used in-situ visualization of a single drainage-imbibition cycle
in different sandstones. The initial and residual H, saturations
in the pore space (values between 0 and 1) were measured to
be 0.65 and 0.41, respectively [27]. H, recovery decreased from
43.1% when flooded with non-H,-equilibrated brine to 31.6%
for H,-equilibrated brine [28]. The initial H, saturation was ~6
times lower compared to N, using the same injection rate [29].
No clear pressure impact on the initial H, saturation was
evident, contrary to H, residual trapping which increased with
increasing pressure and decreasing injection rate [30].

H, cyclic injections were only performed for two drainage-
imbibition cycles and resulted in similar initial and residual H,
saturations: 0.48 and 0.07, respectively [30]. In contrast, cyclic
injections have been extensively investigated for CO, storage,
where some studies indicated an increased residual trapping
over the injection cycles [31-33], contradicting a classic
trapping theory [34]. More systematic studies with the
increased number of injection cycles are required to find out
whether the multiple injection cycles can potentially result in
hysteresis and increase H, residual trapping.

Microfluidics is a valuable tool for direct observations of
pore space to corroborate core scale measurements. Small
pore volumes are beneficial for the sake of time and safety
when working with highly flammable H, gas at elevated
pressures. In this work, we qualitatively describe hysteretic H,
trapping and reconnection mechanisms during cyclic in-
jections in a silicon-wafer micromodel with pore patterns
resembling a natural sandstone. Up to 4-5 drainage-
imbibition cycles were run under a wide range of injection
rates at 40 bar and ambient temperature, representing the
storage conditions of a shallow aquifer or a gas-water transi-
tion zone in a depleted gas field. An in-house MATLAB code
was developed to quantify microscopic H, storage capacity,
residual trapping and recovery factors. Our results add new
experimental data, enhancing the understating of hysteretic
H, behavior during multiple injection cycles.

Materials and methods
Porous material

We used a silicon micromodel capable of withstanding pres-
sure up to 150 bar (Fig. 1). The irregular sandstone-based pore
patterns (pure quartz) were etched and repeated 36 (4 x 9)
times on the silicon wafer using deep reactive ioning etching
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Fig. 1 — Left: Micromodel with irregular pore patterns replicating natural sandstone. The micromodel was built with four
ports (1—4) and two open channels (from the ports 1 to 2 and from 3 to 4). The field of view (FoV) refers to the micromodel
area observed by the microscope (not to scale). Right: Experimental setup consisting of the micromodel, two pumps for H,
and H,0 injections and pressure control as well as the microscope equipped with the light source and the camera. H, and
H,0 were injected diagonally from the opposite ports, i.e. from ports 2 and 3, respectively.

(DRIE) with an etching depth of 30 um. The DRIE technique
ensured a correct reproduction of morphological and topo-
logical features, preserving the sharp grain walls with a sur-
face roughness of 100 nm and high aspect ratio and
coordination number, which ensured a correct magnitude of
the capillary forces. The micromodel top (transparent boro-
silicate glass) and bottom (silicon) surfaces were anodically
bonded and produced with strongly hydrophilic surfaces, with
measured H, contact angles ranging between 19° and 60°. The
micromodel surfaces were not aged in organic acids, making
them more hydrophilic than natural reservoirs [13,16]. The
micromodel has two open channels (100% void space), con-
nected from ports 1 to 2 and from 3 to 4. The pore network has
a length of 27 mm and a width of 21.4 mm, with a total
porosity of 61% (Table 1). The micromodel studied region is
defined as the field of view (FoV) and represents approxi-
mately 1% of the entire area micromodel. A more detailed
description of the micromodel construction procedure and its
properties can be found elsewhere [35,36].

Experimental setup and procedures

The micromodel was assembled in the PEEK holder with four
outlet ports connected to the 1/16” PEEK tubing, where two
tubes from the diagonally located ports (2 and 3) were con-
nected to two Quizix pumps through 1/16” stainless-steel
tubing (Fig. 1). Quizix QX pump was filled with filtered

Table 1 — Micromodel properties.

Micromodel Micromodel FoV
Length [mm] 27 35
Width [mm] 21.4 1.96
Depth [um] 30
Pore volume [uL] 11 0.09
Porosity [frac.] 0.61 0.44
Permeability [D] 297
Pore throat length [um] 10-300

deionized H,0, whereas H, was accommodated by Quizix SP-
5200 pump (cylinder C5000-10K-SS-AT). A microscope (Nikon
SMZ1500) connected to a camera (Nikon D7100) and computer
enabled us to directly observe the micromodel FoV, which was
illuminated by a light source with spot lighting (Photonic LED
F1 Cold light 5500K).

Two different groups of experiments were performed at
pore pressure of 40 bar and ambient temperature (20 + 1 °C): 1)
Single-cycle of H, injection and withdrawal, i.e. primary
drainage and imbibition only (experiments A1l-A4) and 2)
multiple cycles of H, injection and withdrawal (experiments
B1-B4). An overview of experiments and key results are
shown in Table 3. In the experiments A1l-A4, the H,O pump
was used for H,0 withdrawal (drainage) and injection (imbi-
bition), whereas the constant pressure in the micromodel was
maintained by the H, pump. In total, single-cycle injection-
withdrawal experiments were performed four times at
different injection rates in the range of 0.1-50 mL/h.

In experiments B1-B4, the pump operation modes were
different. During drainage, the H,O pump was set to constant
pressure and H, was injected from the H, pump at constant
flow rate. After drainage, the tubing connection from the H,0
pump to the micromodel was cleaned with H,O via the by-pass
tubing to remove the remaining H,, preventing the H,—H,0
slug flow in the micromodel. During imbibition, both pumps
were operated at constant flow rates where H,O was injected in
the micromodel while the piston in the H, pump retracted.
Imbibition was terminated after the establishment of the
residually trapped H, ganglia. Then the system was ready for a
new drainage-imbibition cycle, which was repeated three-four
times. Prior to a new cycle, H, was injected to the bypass line to
remove the remaining H,0. In total, four cyclic experiments
were run at various injection rates in the range of 1-10 mL/h.

Dimensionless numbers describe the interplay between
various forces acting on two-phase flow. In this work, the
capillary number (the ratio of viscous to capillary forces) is
defined as N¢, = Ueu/o, where U is the injection velocity [m/s],
u is the invading fluid viscosity [ug, = 8.8 x 107° Pa s and
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Table 2 — Flow conditions: Injection rate (Q) and injection velocity (U); and dimensionless numbers: Gapillary (Nc),

Reynolds (Re), Peclet (Pe), and Bond numbers (Bo).

Q [mL/h] U [m/day] Nca Re Pe Bo
Drainage Imbibition Drainage Imbibition

0.1 49 6.8 x 107° 7.7 x 1077 0.002 0.006 1.6 0.0017

1 48.6 6.8 x 1078 7.7 x 107© 0.02 0.06 15.9

2.5 121.4 17 x 1077 1.9 x 10> 0.06 0.16 39.7

5 242.9 3.4 x 1077 3.8 x 107 0.12 0.32 79.3

10 485.7 6.8 x 1077 7.7 x 107 0.23 0.63 158.6

50 2428.7 3.4 x 107 3.4 x107* 1.16 3.17 793.2

Table 3 — Initial (Sy;) and residual (S,,) H, saturations and
Sgr)/Sgi, during single-

recovery factors, defined as (S,; —
cycle (A1-A4) and multiple-cycles (B1—-B4) injections.

ExpID Q[mL/h] Cycle Sgi Sgr Recovery
number [fraction] [fraction] factor
[fraction]
Al 0.1 1 0.09 0.04 0.53
A2 1 1 0.18 0.05 0.71
A3 10 1 0.61 0.33 0.45
A4 50 1 0.47 0.30 0.38
B1 1 1 0.14 0.03 0.44
2 0.09 0.04 0.49
3 0.13 0.07 0.48
4 0.06 0.08 N/A
B2 25 1 0.36 0.35 0.02
2 0.45 0.40 0.10
5] 0.50 0.42 0.16
4 0.38 0.33 0.17
5 0.73 0.48 0.34
B3 5 1 0.42 0.32 0.23
2 0.60 0.31 0.48
] 0.67 0.28 0.59
4 0.53 0.32 0.40
5 0.60 0.34 0.42
B4 10 1 0.50 0.29 0.42
2 0.56 0.31 0.45
& 0.42 0.29 0.32
4 0.62 0.27 0.57
5 0.58 0.28 0.51

urzo = 1.0 x 1073 Pa s [37]], and ¢ is the H,—H,0 interfacial
tension [ = 0.073 N/m [38]]. The injection velocity was calcu-
lated as follows: U = Q/(L-d-¢), where Q is the injection rate
[m?%/s], ¢ is the micromodel porosity [faction], and L and d are
the micromodel length and depth [m)], respectively. The Rey-
nolds number (the ratio of inertial to viscous forces) is defined
as Re = p-UDso/u, where p is the invading fluid density
[pr2 = 3.2 kg/m® and p00 = 1000 kg/m®] and Dsp = median grain
diameter [ = 1.1 x 10~* m] — an approximation of the char-
acteristic length scale [39]. The Peclet number correlates
convection and diffusion transport and is defined as
Pe = U-Dso/D, where D is the H, diffusion coefficient through
water equal to 4 x 10~° m%s [40]. The Bond number (the ratio
of gravitational to surface tension forces) is defined as
Bo=4 p«g-(Dso)z/u, where 4p is the density difference between
H, and H,0, and g is the acceleration due to gravity. The range
of various dimensionless numbers (Table 2) was estimated at
experimental conditions and indicated that the H,—H,0 flow
occurred under the laminar flow regime, with the dominance

of convection and surface tension (i.e., capillary forces) over
diffusion and gravity. The interplay between viscous and
capillary forces was non-trivial where both forces could
compete because the experimental N¢,-range belongs to the
transition zone in the Log (N¢q)-flow diagram [26,41].

Image analysis

The raw images were processed and analyzed to calculate the
FoV porosity and H, saturation using a combination of an
open-source ImageJ software and in-house MATLAB code. The
color gradients due to a spotlight required the image pre-
processing with manual segmentation of the grains. The FoV
porosity was therefore calculated for each image using color
thresholding in Image] before further analysis in MATLAB.
The H, saturations were calculated based on the in-house
MATLAB code that used the background subtraction algo-
rithm, with a background image of 100% H,O-saturated FoV.
The average relative uncertainty of H, saturation was esti-
mated to be 9% and was related to the noise threshold, caused
by inclusion of the H,O droplets and small grains in the H,
saturation. By adjusting a threshold value of several sequen-
tial images with equal quasi-steady-state H, saturation, the
relative uncertainty was calculated as standard deviation.

Results and discussion
Displacement, trapping and re-connection mechanisms

Primary drainage injections at low rates (<1 mL/h) resulted in
the low H, saturation in the FoV (S, < 0.20) due to high capil-
lary entry pressures (Fig. 2, Table 3). At high injection rates
(>10 mL/h) the H, saturation increased by ~2—3 times and
both connected and disconnected H, established due to Roof
snap-off [42]. H, displacement and trapping during imbibition
was governed by I1 imbibition and 12 imbibition mechanisms,
respectively [43]. H, was displaced from several pores to a
single pore (I1 imbibition), where H, was disconnected at the
pore wall and residually trapped (12 imbibition). Distribution
of the residually trapped H, after imbibition (red + purple in
Fig. 2) depended on the initial H, distribution after drainage
(blue + purple in Fig. 2). In most cases, the residually trapped
H, remained in the same pores (purple in Fig. 2c and d), but
displacement to the neighboring pores was also observed (red
in Fig. 2c and d). The observed displacement and trapping
mechanisms corroborated our previous study in the same
micromodel at 5 bar [26], suggesting that displacement
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(c) 20 mL/h: Sg; = 0.61 and S = 0.33 (d) 50 mL/h: Sg; = 0.47 and Sy, = 0.30

Fig. 2 — Combined images of H, saturation after primary drainage, S;; (blue + purple), and after imbibition, Sy, (red + purple).
Purple color highlights the intersection area of the H,-filed pore space after drainage and after imbibition. The S; depended
on the injection rate, with higher rates (>10 mL/h) yielding higher Sy;. In most cases, the Sy, resided in the same pores as the
Sgi (purple) but could also redistribute to the neighboring pores indicated with red color. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

(d) Cycle 4: Sg; = 0.53 and Sg; = 0.32 (e) Cycle 5: Sg; = 0.60 and Sy, = 0.34

Fig. 3 — Cyclic H, injection and withdrawal at 5 mL/h (Exp B3), with the combined images of Sy; (blue + purple) and S,
(red + purple). In general, the H, distribution varied between the cycles but was similar between cycles 2 and 3. The S
tended to distribute in the large, connected pore clusters (middle right area of the images), whereas the S, distribution
changed over the cycles showing hysteresis despite having similar Sy, values of ~0.30. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

mechanisms were independent of pressure in the 5-40 bar from outside the FoV (Fig. 3, Exp B3). H, preferentially occu-
range. pied the large, connected pore clusters (middle, right region of

Cyclic injections resulted in fluctuating H, saturation be- the images in Fig. 3). The residual H, saturation after imbibi-
tween 0.42 and 0.67 after drainage, due to the H, movement tion exhibited little variation over several cycles (average
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(a) 2.5 mL/h: Disconnected S,,,.(dis) = 0.31 and S,;(dis) = 0.22

(b) 5 mL/h: Disconnected S,,.(dis) = 0.27 and S,;(dis) = 0.06

Fig. 4 — H, reconnection with the injected H, in the subsequent drainage cycle: (a) From cycle 3 to 4 at 2.5 mL/h (3 — 4), and
(b) from cycle 4 to 5 at 5 mL/h (4 — 5). H, reconnection seemed somewhat stochastic locally but was favored in the large pore
clusters with wide pore throats. A portion of the disconnected H, after imbibition, S, (dis) (yellow + purple) connected with
the injected H, during the subsequent drainage (yellow) and the rest remained as disconnected, S; (dis) (purple). The
injected H, is not manually segmented and appears in the image in its original light blue color. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Sgr = 0.31 + 0.03), however, its pore space distribution varied
between cycles due to hysteresis. Variations in the residual H,
distribution have also been reported during core flooding and
uCT imaging, despite equal residual H, saturations [30]. In our
case, the residually trapped H, was not necessarily immobile
in the subsequent cycle and could reconnect with the injected
H,, described next.

The ability of H, ganglia to reconnect seemed stochastic
locally between pores but the global distribution appeared to
depend on the pore cluster morphology (Fig. 4). The H, ganglia
in proximity to pore clusters with wide pore throats tended to
reconnect during drainage (yellow in Fig. 4), whereas H,
ganglia remained disconnected in the pores with narrow pore
throats (purple in Fig. 4). In contrast, the core flooding exper-
iments with uCT imaging showed that the residual CO,
ganglia size gradually changed with increasing number of
cycles, penetrating smaller pore throats [32,33]. Reconnection
of H, ganglia during drainage was in general high, character-
ized by the amount reduction of H, ganglia in 9 out of 12
drainage injections relative to previous imbibition injections
(Fig. 5). High H, ability to reconnect is favorable for real storage
projects, reducing H, loss during cyclic injections.

Microscopic storage capacity

Microscopic H, storage capacity was evaluated based on
capillary number correlation (CNC) and pore pressures (Fig. 6,
Table 3). The initial H, saturation after drainage changed both
monotonically (at 5 bar) and nonmonotonically (at 1, 30 and
40 bar) with increased capillary number. A monotonic in-
crease after a plateau region was consistent with classic CNC
at core scale [44] and some microfluidic studies [41,45]. Non-
monotonic trends were also reported from micromodels
[46—48], likely due to the crossover from capillary to viscous
flow regimes and/or micromodel properties [44].

When averaged for a specific capillary number, the initial
H, saturation exhibited a monotonic trend (Fig. 6). The critical
drainage capillary number ranged between 3.4—6.8 x 1077,
corresponding to maximum H, storage capacity of ~60% of the

03

0.2
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D2 D3 D4 DS D2 D3 D4 DS D2 D3 D4 DS
2.5mL/h S5mL/h 10mL/h

Disconnected H2 saturation
=

W Sgr(dis) m Sgi(dis)

Fig. 5 — Quantification of the H, ganglia reconnection, by
comparing the disconnected H, saturation after imbibition,
Sgr (dis) (blue) and the subsequent drainage cycle, Sg; (dis)
(gray) at the injection rates of 2.5, 5 and 10 mL/h. The
horizontal axis compares the two subsequent cycles: The
transition from the imbibition cycle 1 to the drainage cycle
2 is denoted as D2. In most cases, the disconnected H,
saturation decreased in the subsequent drainage cycle,
indicating high reconnection ability. (For interpretation of
the references to color in this figure legend, the reader is
referred to the Web version of this article.)

pore space. The optimal reservoir scale injection rate yielding
the highest storage capacity would therefore be in the range of
~170—340 thousand standard m?/day, assuming the injector
perforation length of 30 m and the experimental injection
velocity. Our storage capacity and injection rates were com-
parable with the reservoir simulations of aquifer storage
assuming maximum H, saturations of 70% and injection rates
of ~200—-300 thousand standard m®/day [11,12,49].

No clear pressure effect was observed on the initial H,
saturation, contradicting classic threshold pressure phe-
nomena [50]. The saturation independence from pressure was
likely due to insignificant wettability and interfacial tension
alterations in the H,—H,0 systems under the studied pressure
range of 1-40 bar. The H, contact angles (i.e. wettability)
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Fig. 6 — Microscopic H, storage capacity from the capillary
number correlation (CNC) compared with the results from
the same micromodel at 1, 5, and 30 bar [26,52]. The S,; was
independent of pressure. The maximum H, storage
capacity was on average equal to ~60% of the pore space
(gray curve). The error bars represent the image analysis
relative uncertainty (9%).

showed no pressure dependence under the range of
20—100 bar in Berea and Bentheimer sandstones [14]. Insig-
nificant contact angle changes of ~5° were reported for H, on
the pure quartz surface for pore pressures ranging between 1
and 50 bar and room temperature [16]. The H,—H,0 interfacial
tension increases by less than 1% from 1 to 40 bar [38]. No
correlation between initial gas saturation and pressure has
been reported for CO,, N, and H, at core scale [30,51],
corroborating our results.
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Residual trapping and microscopic recovery during cyclic
injections

The initial and residual H, saturations were quantified for
cyclic injections and the corresponding microscopic recovery
factor was calculated for every cycle (Fig. 7, Table 3). The H,
saturation range between the cycles depended on the injec-
tion rate, in accordance with the critical capillary number
from the CNC (Fig. 6). The low injection rate (1 mL/h) resulted
in a low saturation range between 0.03 and 0.14 (Fig. 7a), with
an increase up to 0.27—0.73 at higher injection rates
(>2.5 mL/h) (Fig. 7b—d). The initial H, saturation varied be-
tween the cycles at higher injection rates, whereas the re-
sidual H, remained nearly constant and equal to ~0.43 at
2.5 mL/h, ~0.31 at 5 mL/h, and ~0.29 at 10 mL/h, explained
next.

The reason for the fluctuations in the initial H, saturation
could be twofold: 1) H, redistribution from outside the FoV,
caused by random H, injection patterns, and/or 2) the pres-
ence of the disconnected H, ganglia. A further analysis (Fig. 8)
revealed that both connected and disconnected H, saturation
were stochastic without any clear trend, meaning that H,
redistribution (reason 1) was the main cause for the fluctu-
ating initial saturations. The opposite was observed for n-
hexane (C¢Hy4, used as a proxy for CO,) cyclic injections in a
micromodel, where the amount of the disconnected CgHi4
increased over the cycles due to the converged injection pat-
terns through the most accessed pore channels [53]. The dis-
crepancies with our study were likely caused by the
differences in the micromodel design. In our case, two open
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Fig. 7 — Initial (Sy) and residual (S,,) H, saturation and the resulting microscopic recovery factors during cyclic injections at
the flow rate of: (a) 1 mL/h, (b) 2.5 mL/h, (c) 5 mL/h, (d) 10 mL/h. The S ; fluctuated between the cycles due to H, redistribution
from outside the FoV. In contrast, the S,, showed better reproducibility, with nearly constant values throughout the cycles.
The microscopic recovery factors reflected the fluctuations in the Sy;. The error bars represent the image analysis relative

uncertainty (9%).
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Fig. 8 — Share of the connected and disconnected initial H,
saturation (S,;) during cyclic injections (cycles 1-5) at the
injection rate of 2.5, 5 and 10 mL/h. No clear trend was
observed, meaning that the presence of the disconnected
H, did not cause the fluctuations in the S; in Fig. 7.

channels along the micromodel length (Fig. 1) resulted in
crossflow, facilitating more random injection patterns in
multiple directions. In the case of C¢Hy4 injections, the open
channels were built in the opposite direction, that is along the
micromodel widths, creating one-directional injection
pattern.

Contrary to the initial H, saturation, the residual H,
saturation was more reproducible because the H,0 injection
was eased in a strongly hydrophilic system, with well-
established injection patterns through the wetting H,O
films coating the grain surfaces. Note that natural reservoirs
contain organic-rich material, making their rock surfaces
more hydrophobic than our micromodel [13,16]. Greater
reproducibility of the residual H, saturation throughout the
cycles is beneficial from the storage perspective, permitting a
better control of the H, loss due to residual trapping. The
distribution of the residual H,, however, visually changed
over the cycles as mentioned in section 3.1 (Fig. 3). Such
hysteretic behavior due to residual trapping can affect the
imbibition relative permeability, and hysteresis in H,—H,0
relative permeability has already been demonstrated at core
scale [24,25].

The microscopic recovery factors, defined as (S — S,/)/Sy;,
fluctuated between the cycles, in alignment with the initial H,
saturation (Fig. 7). The recovery factors ranged between 2%
and 77% with an average of ~40%, comparable with the re-
covery factors from reservoir simulations of H, storage in the
H,0 zone of a depleted hydrocarbon field: 49% [54] and aquifer
storage: 36—59% [11,55]. Note that recovery factors from
reservoir simulations are macroscopic and valid for the entire
reservoir, contrary to microfluidics which deal with the
microscopic phenomena. The highest H, saturation is ex-
pected in the near-well area, with gradually decreasing H,
saturation when approaching the H,—H,O transition zone in
the far-well area [11,12,49]. During cyclic injections, the H,—
H,0 transition boundary is constantly moving, resulting in
increasing H,0 saturation during H, withdrawal with associ-
ated residual H, trapping. Hence, the reported microscopic
recovery factors are mostly relevant for the H,—H,0 transition
zone.

0.6 O1bar (Ref. [S2])  ©5 bar (Ref. [26])
A30bar (Ref. [52]) 040 bar (This work) 1
0.5 ' xRef [29] Ref. [24] \and &2
X Ref. [28] Ref.27] __ee=""T
0.4 - XRef.[25] Ref. [30] Xee"

o
N~

Residual H2 saturation, Sgr
o =)
- w

0 0.2 0.4 0.6 0.8 1
Initial H2 saturation, Sgi

Fig. 9 — Trapping model based on H, saturations after
primary drainage (S,;) and imbibition (S,,), combined with
the results from the same micromodel at 1, 5 and 30 bar
[26,52] and the literature H, data at core scale denoted by
colored crosses [24,25,27—-30]. Most of the measurements
followed the Land trapping model with the trapping
coefficients C = 1 and C = 5. The upper limit data points
were comparable to CO, with the trapping coefficients
between 0.2 and 2.1 in sandstones [56,57].

Trapping model

We combine H, saturations after primary drainage and imbi-
bition together with the results from the same micromodel at
1-30 bar and available H, data at core scale (Fig. 9), to
construct H, trapping relationship based on an empirical Land
model [34]. This model was derived from the measurements of
the initial and residual gas saturations in sandstone core
samples, defined as follows: S, = S;i/(1 4 C-Sy;), where C is the
trapping coefficient. The data points were greatly scattered
and mostly fell within the trapping coefficient (C) range be-
tween 1 and 5. The upper boundary points matched the CO,
trapping models in different sandstones, with the trapping
coefficient range of 0.2—-2.1 [56,57]. In contrast, the lower
boundary points were outside the reported CO, data, indi-
cating that less H, trapping may be expected compared to CO,.
The lower boundary points disagreed with the contact angle
measurements which reported less H, wetting (more hydro-
philic) compared to CO, [13,16], that in turn implies more H,
trapping [23]. Greater scatter and disagreement of lower
boundary H, data points with CO, data could be due to the
differences in the porous materials and methodologies. The
CO, measurements were obtained from conventional core
flooding with the core length of 6-12 c¢cm, whereas micro-
fluidics and shorter core plugs of 1.5-5.7 cm were used for
most H, saturation measurements.

The initial and residual H, saturations from cyclic in-
jections (Fig. 10) showed no significant increase in residual
trapping over the cycles for similar initial H, saturations,
consistent with the Land model and corroborated by H, [30]
and some CO, cyclic injection studies [58,59]. In contrast,
some CO, measurements deviated from the Land model, with
a sharp increase in residual saturations over the injection
cycles [31-33]. The exact mechanism for this deviation is still
poorly understood but could be attributed to pore throat
blockage due to fines migration, CO, adhesion to the grain
surfaces, and/or wettability alteration to a “patchy” mixed-
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Fig. 10 — Initial (S4;) and residual (S,,) H, saturations during
cyclic injections at the injection rates of 1, 2.5, 5 and 10 mL/
h. The S, were nearly stable over the injection cycles for
similar Sy, consistent with the Land trapping model. Our
results were compared with CO, studies (denoted by
crosses), where there is currently a contradiction, with
some studies following the Land model [58] and other
studies deviating from it [33].

wet with discontinuous CO,-wet areas [33,60]. Even though
our results and one core scale H, study [30] did not indicate a
significant increase in residual trapping, lack of H, studies and
the disagreement in the CO, literature emphasizes the
importance for further investigations of H, cyclic injections. A
potential increase in residual H, trapping over the injection
cycles is undesired as it will reduce H, storage efficiency.

Trapping models based on the 2D microfluidic experiments
have a limited applicability for 3D reservoirs due to the small
volume and the absence of gravity and heterogeneity. The
same applies for the storage capacities and recovery factors
quantified in sections 3.2 and 3.3. The 2D micromodels are
suitable for qualitative description of the pore scale flow
mechanisms, which can support core scale measurements.
Extrapolation of the quantitative results to natural reservoirs
requires caution and should be preferably done by pore scale
modelling. However, our results followed classic CNC trends
(Fig. 6) and the H, saturations were within the literature range
at core scale (Fig. 9). Therefore, it is reasonable to claim that
the quantified H, storage capacities and trapping model from
microfluidics can temporarily substitute for missing mea-
surements until a comprehensive core scale dataset is
available.

Conclusions

We report a series of cyclic H,— H,O injections in a micro-
model mimicking sandstone pore patterns and relevant for
shallow H, storage in aquifers and depleted gas fields with an
underlying water zone. We found that H, saturation after
primary drainage increased with increasing capillary number,
with maximum storage capacities up to ~60% of the pore
scape. When combined with previous results from the same
micromodel, the initial H, saturation was independent of
pressure in the range of 1—40 bar. The distribution of initial
and residual H, in the pore space were hysteretic over the
injection cycles, with fluctuating initial but similar residual H,

saturations. The residually trapped H, showed good recon-
nection ability, which was favored in proximity to the large
pore clusters with wide pore throats. The H, trapping followed
the Land model, with trapping coefficient between 1 and 5
where the upper limit values matched the CO, trapping
models in sandstones. The microscopic H, recovery factors
varied due to the fluctuating initial H, saturation and on
average were equal to ~40%, relevant for the H,—H,0 transi-
tion zone in the far-well area. Higher reconnection ability and
reproducibility of residual H, saturation are beneficial for
underground H, storage but this positive impact may be
suppressed by its hysteretic distribution over the injection
cycles. Future work should be focused on core scale cyclic
injections and on pore scale modelling for upscaling to natural
reservoirs.
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Abstract Implementation of the hydrogen economy for emission reduction will require storage facilities,
and underground hydrogen storage (UHS) in porous media offers a readily available large-scale option. Lack of
studies on multiphase hydrogen flow in porous media is one of the several barriers for accurate predictions of
UHS. This paper reports, for the first time, measurements of hysteresis in hydrogen-water relative permeability
in a sandstone core under shallow storage conditions. We use the steady state technique to measure primary
drainage, imbibition and secondary drainage relative permeabilities, and extend laboratory measurements with
numerical history matching and capillary pressure measurements to cover the whole mobile saturation range.
We observe that gas and water relative permeabilities show strong hysteresis, and nitrogen as substitute for
hydrogen in laboratory assessments should be used with care. Our results serve as calibrated input to field scale
numerical modeling of hydrogen injection and withdrawal processes during porous media UHS.

Plain Language Summary Hydrogen storage facilities will need a ramp-up when the hydrogen
share in the future energy mix increase. Large-scale hydrogen storage can be implemented in empty
hydrocarbon fields or ground water reservoirs. Hydrogen storage in such media involve complex interactions
with native rocks and fluids, and injection and withdrawal are typically described by flow functions. Relative
permeability is one of the key flow functions that describe how easily hydrogen can flow through porous media
in the presence of other fluids. In underground storage, hydrogen is cyclically injected and withdrawn multiple
times, and its relative permeability may differ between these two processes, described as hysteresis. In this
paper, we investigate hydrogen relative permeability in the laboratory and match with results from numerical
simulations. We find that hydrogen relative permeability is different for injection and withdrawal and is also
different from that of nitrogen. Our results are directly applicable in computer simulators that predict hydrogen
storage efficiency.

1. Introduction

Hydrogen (H,) will play a key role in low-carbon energy transitions, and it is vital to implement hydrogen storage
technologies to enable its safe and economic use at industrial scale. Underground hydrogen storage (UHS) in
porous media such as aquifers, depleted hydrocarbon fields, and coal seams has been proposed as widely availa-
ble long-term and large-scale storage options (Iglauer et al., 2021; Muhammed et al., 2022). As for underground
natural gas storage (UGS), UHS involves cyclic gas injection at peak supply (known as cushion gas) and with-
drawal at peak demand (working gas). Despite the increasing attention to the topic worldwide, the fundamentals
of multiphase hydrogen flow in porous media are still not well described. In particular, relative permeability
hysteresis has not been addressed, although its impact has been previously assessed for UGS and CO, storage
(Colonna et al., 1972; Juanes et al., 2006). The cyclic nature of the UHS suggests that distinct relative permeabil-
ity functions must be implemented for hydrogen injection (drainage) and withdrawal (imbibition).

Relative permeability is a crucial input parameter for the UHS numerical modeling at field scale (Kanaani
et al., 2022; Lysyy et al., 2021; Wang et al., 2022). Laboratory gas-water relative permeability curves often
have low endpoint gas saturations (<65%) and relative permeabilities (<40%) due to the rock heterogeneity,
capillary end effects, gravity segregation, and/or maximum experimental capillary pressure (Krevor et al., 2012;
Muller, 2011). Numerical and/or analytical methods are therefore required to validate and extrapolate relative
permeabilities in a wider saturation range.

Hydrogen-water relative permeability measurements are scarce in the open literature. Steady state drainage
experiments resulted in low endpoint gas saturation (~60%) and relative permeability (~4%) (Yekta et al., 2018).
The authors used experimental capillary pressure to analytically expand the relative permeability curves to higher
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hydrogen saturations. However, their data set lacked numerical history matching. Unsteady state drainage meas-
urements examined the effect of pressure, brine salinity, and rock type on hydrogen relative permeabilities (Rezaei
et al., 2022). Their measurements were history matched but without extrapolation to higher gas saturations. None
of the studies investigated relative permeability hysteresis. When used as input for field scale modeling studies,
lack of numerical history matching and hysteresis may significantly impact the accuracy of modeling results.

‘We investigate hysteretic behavior in steady state hydrogen-water relative permeability during drainage, imbibi-
tion, and secondary drainage injections, aided by primary drainage capillary pressure measurements. The exper-
imental measurements are numerically validated and history matched to derive relative permeabilities over the
entire range of mobile gas saturations. Hydrogen primary drainage relative permeability is compared with nitro-
gen. Our results provide vital input with a direct impact on the USH modeling at field scale.

2. Materials and Methods

Steady state gas and water relative permeability (K,) and porous plate capillary pressure (P,) measurements were
performed chronologically:

. Primary drainage K| with nitrogen (N,),

. Primary drainage K, with hydrogen (H,),

. Primary drainage P, and irreducible water saturation (S,
. Imbibition K, with H,,

. Secondary drainage K, with H,.

) establishment with N,,

wirr-

S N S

We used the same core sample for all experiments.

2.1. Materials

A Berea sandstone core sample was supplied by Kocurek Industries and analyzed for its key properties (Table
S1 in Supporting Information S1). The porosity was measured by mass balance (brine) and NaNO, flooding,
whereas the brine absolute permeability was determined based on the Darcy's law with four injection rates in the
range of 0.15-0.60 ml/min. Brine was doped with cesium chloride CsCl (2.5 wt% NaCl/2.5 wt% CsCl) to enhance
the brine x-ray adsorption, thereby improving the signal-to-noise ratio during in situ saturation monitoring.

A hydrophilic ceramic porous plate with 15 bar (gas-water) threshold pressure was provided by Soil Moisture
and its properties were measured (Table S1 in Supporting Information S1). The porosity was determined by mass
balance, whereas the absolute permeability was calculated based on induced water flux of 0.002 ml/min resulting
from 1 bar differential pressure reported by the manufacturer.

2.2. Experimental Procedures
2.2.1. Relative Permeability Measurements

The K, was measured by steady state method using eight injection steps with the total flow rate of 1 ml/min
followed by a bump flood at 4 ml/min. The corresponding capillary numbers (N.,) were in the order of 10~%
(drainage) and 107° (imbibition), based on equations Equations S1, S2, and Table S4 in Supporting Informa-
tion S1. Each injection step was terminated after differential pressure stabilization and injection of at least 15
pore volumes of total flow rate (Table S5 in Supporting Information S1). The experiments were run at 30 bar and
30°C, representing shallow storage conditions.

The experimental setup is a closed loop system where the fluids are fully recirculated (Figure S1 in Supporting
Information S1). The core sample was wrapped in a 0.025 mm thick nickel foil to reduce hydrogen diffusion
through the rubber sleeve in a vertically oriented biaxial core holder. Two Quizix pumps injected the gas and
aqueous (brine) phases from the core holder top (drainage) or bottom (imbibition). A compensation pump main-
tained constant outlet pressure in the acoustic two-phase separator, where the effluent fluids were produced,
measured, and circulated back to the injection pumps. The water saturation (S,) profile was measured in situ
using x-ray monitoring and calculated from the Beer-Lambert law (Equation S3 in Supporting Information S1),
with the uncertainty +0.02 S units.
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The closed loop setup enabled us to continuously monitor and detect potential hydrogen leaks. The volume
changes of the compensation pump would indicate any impactful leakages in the system. The nickel foil
proved to be a safe barrier between the core plug and the rubber sleeve. Hydrogen diffusion through the
sleeve would easily be detected by the reduction in the confinement pressure that was continuously moni-
tored. Small leakages are often inevitable when working with gases, but we accounted for any gas losses
when interpreting the data from the two-phase separator. Overall, hydrogen can be safely used with conven-
tional core flooding setup.

After primary drainage K, experiments, the core sample was reestablished to S, = 1, followed by P, measure-
ments toward S, —an initial state prior to the imbibition K, measurements. The secondary drainage K, measure-

ments started at the same core state established after the imbibition K measurements.
2.2.2. Capillary Pressure Measurements

Primary drainage P, was measured with N, by porous plate method in a vertically oriented core holder and the
core sample coupled in series with the porous plate. N, was injected from the top to the 100% brine-saturated
core sample (S, = 1), using four constant P, steps in the range of 1.45-14 bar. The produced brine volume was
recorded from a measuring cylinder, allowing to calculate the equilibrium S (i.e., termination of brine produc-
tion) after each P, step. The S, after the final P, step corresponded to S,
imbibition K measurements.

wire State, preparing the core sample for the

2.3. Numerical History Matching

The commercial Sendra software was used to numerically verify the experimental performance and derive K,
and P, (Prores, 2016). Sendra is a two-phase, one dimensional, black oil simulation tool for analysis of core
scale experiments based on the Darcy's law and the continuity equation. The simulation model has 100 grid
blocks in x-direction and hydrogen and water are immiscible. Hydrogen compressibility was neglected in the
simulations because the compressibility factor is close to unity (<1.02) at experimental p-T conditions (Zhou &
Zhou, 2001). Hydrogen thermodynamic properties (density and viscosity) were extracted from an open-source
database (Linstrom & Mallard, 2001), which in turn used the equation of state and viscosity model derived
specifically for hydrogen (Leachman et al., 2009; Muzny et al., 2013).

The initial solution was obtained through an automatic history matching of experimental measurements: Produc-
tion data from two-phase separator, differential pressure, and S, profiles from x-ray monitoring. The match quality
was improved through a manual tuning of the LET model parameters for K, and P, (Lomeland et al., 2005, 2008):

Gas relative permeability:

1—Syn)te
K = K- Lol )
(1= Swn)™e + Eg - (Swn)'®
Water relative permeability:
Syn)"
Ko = Ko, (o) @

(Sun)™ + Ey - (1 = Sun)™

where K, and K7, are end points K, at irreducible water saturation (S,,;,) and residual gas saturation (S,,), respec-
tively. L, E,, T,, L, E, and T, are empirical fitting parameters. The normalized water saturation S, is defined
as Sy, = (S, = S/ (1 = Syiry — Sg)-

Primary drainage capillary pressure—simplified version for nonzero capillary threshold pressure:

pi _ (Pemax = Pean) - (1 = Sw)™
S (U= S+ Ey - (Sw)™

+ Pen 3)

where P and P, are maximum and threshold P, respectively, whereas L, E, and T, are empirical fitting

cmax
parameters. The normalized water saturation S, is defined as S, = (S,, — S,,;,)/(1 = S,;.)-
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Figure 1. Experimental (Exp) and simulated (Sim) hydrogen-water relative
permeabilities (K,) on semilogarithmic scale for (a) primary drainage (PD),
(b) imbibition (IMB), and (c) secondary drainage (SD). PD and SD K, yield
low endpoint values, and the endpoint K, * at irreducible water saturation
from IMB experiment is used to extrapolate K, to low S, region. The S,
values are calculated from x-ray scan for PD, whereas for IMB and SD

the S, are calculated as the average between x-ray scan and the two-phase
separator production data. The K, error bars represent the differential pressure
uncertainty of ~2%, whereas the S, error bars represent either the x-ray

scan uncertainty of 0.02 S, units (PD) or the uncertainty of the average

S, calculated from x-ray scan and two-phase separator (IMB and SD).
Tabulated values are presented in Tables S6-S8, S10, and S11 in Supporting
Information S1, respectively. A comparison between K is shown in Figure 2.

Imbibition and secondary drainage capillary pressure equations are presented
in Equations S4 and S6 in Supporting Information S1.

3. Results and Discussion
3.1. Hydrogen-Water Relative Permeability

The hydrogen-water relative permeability was measured for primary drain-
age, imbibition, and secondary drainage injection processes (Figure 1).
The endpoints were K, = 0.04 at S = 0.59 and K,, = 0.08 at §, = 0.37
after primary and secondary drainage, respectively. The low endpoints after
primary and secondary drainage agreed with published K, measurements in
CO,- and H,-H,O systems (Akbarabadi & Piri, 2013; Krevor et al., 2012;
Yekta et al., 2018). The imbibition endpoints were K, = 0.36 at S, = 0.64 (or
S, = 0.36), within the expected range for Berea sandstones according to the
Land trapping model with the trapping coefficients (C) between 1 and 1.407
and corresponding Sgr range of 0.35-0.42 (Krevor et al., 2012; Land, 1968;
Ni et al., 2019).

The relative permeabilities curves were found directly from the stabilized
differential pressure and saturation. Capillary end effects were evident
(Figures S2c¢ and S4c in Supporting Information S1), and the experimental
measurements (Figures S2—-S4 in Supporting Information S1) were history
matched based on the LET model for relative permeability and capillary
pressure (Tables 1 and 2). The primary and secondary drainage K, were
extrapolated for expected reservoir flows (lower S, region), based on the
Syir = 0.15 and history matched P, from porous plate experiment and
the endpoint K;,* = 0.61 from imbibition experiment. A minor deviation
between measured (points) and simulated (solid lines) K, curves (Figure 1)
arise from the underlying assumptions on P, gradients: Measured K,
assumed homogenous rock properties and zero capillary pressure, whereas
the simulation incorporates a more realistic nonzero capillary pressure.
The quality of the history matching was lower in the imbibition experiment
(Figure 1b). Most of the hydrogen was produced from the core after the
first injection step, with very little production in subsequent injection steps
until bump flood (Figure S3b in Supporting Information S1). This behavior
resembled a typical unsteady state experiment, which affected the simulator
performance in a steady state mode. In general, the simulated K, will better
represent reservoir flow and should therefore be used as input for field scale
simulations.

3.2. Hysteresis in Hydrogen-Water Relative Permeability

The relative permeability curves K, and K, , showed strong hysteresis and
hydrophilic preference, with the following primary drainage cross point
values: K, = K, = 0.025 at S, = 0.71 (Figure 2). Berea sandstones are
originally strongly hydrophilic (Iglauer et al., 2015), but hydrogen systems
become less hydrophilic with increasing pressure and organic acid concen-
tration and decreasing temperature (Ali et al., 2021). The K,, was higher
for primary drainage than imbibition, whereas the secondary drainage K,,
was positioned between these two K. Hysteretic K, behavior was consist-
ent with previous gas-water K, measurements and arise from residual gas
trapping during imbibition (Akbarabadi & Piri, 2013; Ge et al., 2022; Oak

et al., 1990; Peng, 2020; Ruprecht et al., 2014). The K., was lower for primary drainage than imbibition, in
agreement with most studies and explained by contact angle hysteresis (Akbarabadi & Piri, 2013; Ge et al., 2022;
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Table 1
Relative Permeability LET Model Parameters
Seier Ser K" K. L, E, T, L, E, n,
Primary drainage H, 0.15 0 0.61 1 7.5 2.95 0.52 1.6 6.0 09
Primary drainage N, 0.15 0 0.73 1 6.5 39 0.8 27 1.5 07
Imbibition H, 0.15 0.36 0.61 0.36 7.5 2.0 0.6 42 29 0.6
Secondary drainage H, 0.15 0.36 0.61 0.36 52 2.0 0.7 1.88 2.1 0.7

Peng, 2020). Nonhysteretic K,,, behavior has also been reported in literature and attributed to reproducibility
of drainage and imbibition injections in strongly hydrophilic systems (Oak et al., 1990; Ruprecht et al., 2014).
Discrepancies in reported K|, hysteresis can have a significant impact on the UHS modeling at field scale and
must therefore be targeted in future studies.

3.3. Effect of Gas Type on Primary Drainage Relative Permeability

The primary drainage K, gas-water measurements were repeated with nitrogen (N,) and resulted in endpoint
K, =0.06 at S, = 0.59, similar to H,-H,0 system (Figure 3). The K, and K, curves shifted upward in the
N,-H,O system, reflecting the impact of increased gas-water viscosity ratio (Jeong et al., 2017): N, is two times
more viscous than H, at experimental conditions (Table S4 in Supporting Information S1). Note that difference
in K, and K, is asymmetric, with a significantly greater increase in K,, (~100% higher than in H, experiment)
compared to K, (~50% higher than in H, experiment). We attribute this phenomenon to the combined effect of
increased viscosity ratio and uncertainties in N, experiment.

Uncertainties in K, (N,) curves were mainly related to (a) nonconstant S, distribution prior to first injection
step (Figure S5c in Supporting Information S1), (b) too low water injection rate (1/10 of planed rate) during the
second injection step (Table S5 in Supporting Information S1), and (c) missing measurement of endpoint K,
(N,). The endpoint Ky, (N,) was set to 0.73 equal to the upper uncertainty limit of K, (H,) because a higher K,
was necessary to history match the N,-experimental data. Note that history matching can yield several nonunique
solutions, depending on the input parameters and matching strategy. Hence, the observed increased K, for the
N,-H,0 system reflects the uncertainty span of gas-water K, in a Berea sandstone and may not represent an actual
difference between K| curves using N, and H,. Although the use of analog fluids has previously been justified for
Berea sandstones (Krevor et al., 2012), caution should be taken when using N, as a substitute for H, experimental
measurements.

3.4. Field Scale Implications

Low experimental endpoint S and K,, demonstrated the importance of numerical history matching. Strong
hysteresis was observed both for K, and K,,,,
must be implemented in future modeling studies for more accurate prediction of H, injection and withdrawal in
the UHS.

and a full cycle of drainage and imbibition relative permeabilities

Table 2
Capillary Pressure LET Model Parameters
P o kP2) P (kPa) P, (kPa) S L I I, L E; T,

Primary drainage H, 1,400 5.0 1 130.0 1 1 0.002 1
Primary drainage N, 1,400 12.35 1 129.6 1 1 0.007 1
Imbibition H, 1,400 —1,400 -0.1 0.45 1 1 1 120.0 1
Secondary drainage H, 1,400 —0.001 -0.05 0.19 1 1 1 156.3 1
Porous plate N, 1,400 1 1 450.0 1 1 35 1
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Figure 2. Hydrogen-water relative permeabilities show strong hysteresis both for hydrogen (K,,) and water (K_.,).

Our K, measurements are directly applicable for shallow sandstone aquifers with permeability in the order
of ~100 mD but can be used for deeper aquifers too. It was previously shown that K, measurements for H,
were independent of pressure-temperature conditions (Yekta et al., 2018). If omitting hysteresis for the sake of
computational efficiency, imbibition K| is most suitable for the UHS in depleted gas fields with an underlying
aquifer. Drainage K, models would better represent H, storage in aquifers.

Differences between primary drainage K, for H, and N, has major implication over the choice of cushion gas.
Higher K, for N,-H,O system will result in a more efficient water removal during N, injection relative to H,,
making N, a suitable cushion gas. Our conclusion correlates with contact angle measurements that indicate
stronger N, wetting and, hence, better injectivity relative to H, (Al-Yaseri & Jha, 2021). During gas withdrawal,
on the other hand, higher K,, for N, will result in a more rapid N, flow relative to H,, leading to an earlier N,
breakthrough in the producing well. From the economic perspective, earlier N, breakthrough is undesired due to
reduced H, purity in the withdrawn gas mixture. Note that the actual K, difference between H, and N, may be
less than observed in our work due to methodological uncertainties. Both H, and N, K| can be used in the UHS
simulation studies as a part of sensitivity analysis.

4. Conclusions

‘We measured steady state hydrogen-water relative permeabilities in a Berea sandstone under shallow reservoir
storage conditions. Three different relative permeability measurements were performed: Primary drainage,
imbibition, and secondary drainage and were supported with porous plate capillary pressure measurements. We
observed low endpoints for drainage curves, with hydrogen relative permeabilities and saturations less than 0.08
and 0.63, respectively. Numerical history matching was performed to extrapolate relative permeabilities to lower
water saturations. Relative permeability curves showed strong hysteresis, both for hydrogen and water. Primary
drainage relative permeability measurements were repeated with nitrogen, and relative permeabilities were higher
than that of hydrogen due to the combined effect of increased viscosity ratio and methodological uncertainties.
Our results have a direct and immediate implication for the impact of hysteresis on field scale numerical modeling
in underground hydrogen storage.
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Figure 3. Hydrogen versus nitrogen primary drainage relative permeabilities, plotted in (a) linear and (b) semilogarithmic
scales. Endpoint K, and S, are similar for H, and N, measurements. K,, and K, are higher for N,,, reflecting the combined
effect of increased gas viscosity and methodological uncertainty. The endpoint K, at irreducible water saturation from H,
imbibition experiment is used to extrapolate experimental K, (H,) to low S, region. The endpoint K, (N,) at irreducible
water saturation was not measured and is set to the upper uncertainty limit of the endpoint K;,* (H,). Note that the K,,* from
H, experiment represents a significant uncertainty (20%) due to small differential pressure (~4-8 mbar) caused by low
hydrogen viscosity. Tabulated experimental and simulated values for N, experiment are presented in Tables S6 and S10 in
Supporting Information S1, respectively.
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Introduction

Hydrogen storage in depleted oil and gas reservoirs is pro-
posed as a strategy to increase flexibility for future supply and
seasonal outtake. Large-scale hydrogen storage may become
relevant for hydrogen value-chains in two ways: 1) integra-
tion of hydrogen storage into renewable energy systems and
2) accommodation of seasonal variations in hydrogen de-
mand for power generation and supply in buildings.
Hydrogen can aid renewable energy sources to equilibrate the
imbalances between supply and demand. Using Power-to-
Gas technology, excess electricity from the renewables is
transformed into hydrogen through water electrolysis, and
hydrogen is then temporarily stored for later withdrawal at
peak demand [9]. Despite lower cost, duration of excess
electricity is generally short, and the need for large-scale
storage sites may not be decisive. The second application, if
scaled-up, would require large-scale and long-term storage
solutions.

Hydrogen technologies are of growing interest in Nor-
way. With emerging offshore wind industry and existing
petroleum infrastructure, the Norwegian Continental Shelf
(NCS) can potentially become an attractive site for hydrogen
value chains. Wind-based offshore hydrogen production
offers a possible solution to the need for a power grid
connection in the wind electricity systems [6]. On the other
hand, many of hydrocarbon fields on the NCS are mature
and are expected to be phased out in the middle-term
future. Offshore hydrogen production can be an alterna-
tive to decommissioning of petroleum infrastructure by
reusing existing platforms and pipeline networks [27]. The
Netherlands and the UK are already evaluating possible
opportunities for offshore hydrogen production from elec-
trolysis (green hydrogen) and steam cracking of methane
(blue hydrogen) using existing petroleum infrastructure
[27,32]. Meier [18] performed a techno-economic evaluation
of offshore hydrogen production from wind power on the
NCS. They concluded that such projects would be techni-
cally feasible, but not profitable yet. The cost in operating
and maintaining the offshore platform was pointed as the
main uncertainty. However, their study did neither consider
using existing infrastructure nor the underground storage
sites into the value-chains. We speculate that the cost-
effectiveness may be potentially improved by using exist-
ing offshore infrastructure. Dinh et al. [6] conducted a
similar study by assessing hydrogen production from wind
in the Irish Sea. They included underground hydrogen
storage and estimated the profitable hydrogen price at €5/kg
in 2030.

Natural gas can be stored in underground formations such
as salt caverns, aquifers, and depleted hydrocarbon fields [14].
Storage site initialization involves injection of gases which
will serve as cushion gas or working gas. Cushion gas will
typically remain in the storage site to maintain the pressure
required for stable withdrawal while the working gas may be
produced at peak demand. Cushion and working gases may be

identical or have different gas composition. In aquifers and
depleted hydrocarbon fields, the fraction of cushion gas
ranges from 50% to 80% of totally injected gas [2]. A typical
storage site operates annually with one injection and one
withdrawal period at peak demand (winter months). Injection
period typically lasts from 200 to 250 days, and withdrawal
period continues from 100 to 150 days. A similar strategy may
be used for hydrogen storage [11]. Despite high potential for
technical and operational knowledge transfer, there are
important differences: hydrogen is much more mobile and
prone to biogeochemical interactions in porous media [24].
Viscous fingering can occur during porous media hydrogen
storage [26] due to large contrasts in viscosity and density
between hydrogen and formation fluids. There are to date
some experience with commercial storage of pure hydrogen
in salt caverns [23], but not in aquifers or depleted hydrocar-
bon fields. Only town gas with hydrogen content up to 50-60%
was stored in aquifers and salt caverns in Europe in the past
centuries [25,31]. For future large-scale and long-term storage,
depleted hydrocarbon fields appear to be a more cost-effective
option, partially due to known characteristics and well-
developed infrastructure [16].

Despite growing interest in hydrogen behavior in porous
systems, the fundamentals of hydrogen flow properties are
still not adequately investigated. Most research on under-
ground hydrogen storage focuses on biogeochemical in-
teractions. Rapid hydrogen consumption via sulphate
reduction and acetate production was experimentally
observed in aquifer hydrogen storage [3]. Permian and Triassic
sandstones underwent major petrographic changes when
saturated with pure hydrogen in static batch experiments, due
to interactions with pore-filling anhydrite and carbonate ce-
ments [8]. Geochemical modelling showed that hydrogen
storage in deep calcite-free formations minimized chemically
induced hydrogen losses [4]. Measurements of hydrogen sol-
ubility showed significant deviations from theoretical values
[5], whereas an analytically developed model for hydrogen
solubility appeared to be consistent and accurate [15]. Multi-
phase hydrogen flow in porous media is only covered by one
experimental [33] and several numerical studies [7,17,28,30].
Relative permeability and capillary pressure functions were
measured for hydrogen-water system in sandstone [33].
Hydrogen contact angles, highly relevant for rock wettability
determination, were derived for basaltic [1] and measured for
quartz [13] rocks. Most of previous numerical studies were
aimed at hydrogen storage in aquifers (Table 1). Only a single
reported study examined hydrogen storage in depleted hy-
drocarbon (gas) field [7].

Seasonal hydrogen storage was examined in a depleted gas
field using a small prismatic fragment of one of the largest
onshore gas fields in Europe [7]. Viscous fingering and gravity
override did not represent a major issue as opposed to
hydrogen storage in aquifers. Hydrogen injection resulted in a
highly saturated and homogenous hydrogen plume in the near-
well area. Hydrogen purity in the extracted gas mixture
increased with increasing number of withdrawal cycles. A
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Scientific paper

Part of one of the largest onshore gas fields in Europe

Depleted gas field

DuMu*

Feldmann et al.

7]

Lubon et al.

Geological structure in Poland

Aquifer

PetraSim-TOUGH2

[17]
Pfeiffer et al.

Existing anticlinal structure in Germany

Aquifer

ECLIPSE E300

[28]
Sainz-Garcia et al.

Actual dome-shape structure in Spain

Aquifer

COMSOL

[30]

saline aquifer was evaluated for the seasonal storage of
hydrogen generated from wind in Northern Spain [30]. The
maximum hydrogen saturation emerged in the near-well area
and in the top part of the reservoir. No viscous fingering was
observed explained by the structure's deep slopes. Recovery
rates up to 78% were achieved for single cycles. Upconing was
the main issue affecting the storage efficiency. Implementation
of different well placement strategies improved storage per-
formance. Seasonal hydrogen storage in a deep aquifer was
assessed using an existing anticlinal structure in NW Poland
[17]. They focused on estimating the optimal conditions for
hydrogen storage governed by water-coning and the capillary
entry and fracturing pressure limits. When injected, hydrogen
tended to rise upwards, leading to hydrogen accumulation
along the top part of the reservoir. Hydrogen injection was
favored in the highly permeable zones. Maximum hydrogen
concentration occurred in the near-well area and in the top part
of the reservoir. No viscous fingering was observed explained
by steep reservoir boundary. Hydrogen recovery increased with
increasing number of cycles, with maximum recovery rate of
over 50%. Water-coning was pointed as the main limitation.

Short-term hydrogen storage was examined in aquifer in
the North German Basin [28]. Nitrogen served as cushion gas,
followed by initial filling with hydrogen. Hydrogen accumu-
lated mainly in the near-well area whereas nitrogen migration
was far-reaching. Gravitational effects were observed that
resulted in hydrogen accumulation in the upper parts of the
reservoir, with nitrogen being distributed in the lower part.
Hydrogen recovery increased with increasing storage cycles.
They concluded that changing the injection pattern of cushion
gases could potentially improve the storage efficiency. An
alternative storage strategy was suggested [10] to minimize
hydrogen loss in aquifers due to viscous fingering. Using
analytical methods and 2D numerical modelling, they pro-
posed the “selective technology”. This technology suggests
placing the injector at the bottom of aquifer where horizontal
overlying barriers exist. The injected gas will migrate upwards
and decelerate at horizontal barriers. The injected gas is then
withdrawn at the top of the structure before it spreads hori-
zontally. The authors pointed out the complexity of this
strategy. The “selective technology” has not been numerically
investigated in 3D reservoir models.

With scarce literature on depleted hydrocarbon fields, there
is a need for further studies in this topic. Previous numerical
studies build their own models based on existing geological
structures, with lack of site-specific data like relative perme-
ability, residual saturations, capillary pressure etc. This work
takes advantage of a real history-matched simulation model
with site-specific parameters based on the Norne field offshore
Norway. The field is a middle-size hydrocarbon field (oil with a
thin gas cap) operated by Equinor Energy AS [21]. The field was
put on stream in 1997 and was originally expected to be phased-
out by 2014, but the lifetime was recently extended until 2026.
The production strategy relies on water injection for pressure
support. Gas injection terminated in 2005 and production from
the gas cap started in 2019. The field is divided into four seg-
ments (C, D, E and G-segments) covering an area of 9km x 3km.
The Jurassic sandstone-reservoir contained 25 m of gas and
110 m of oil initially. The reservoir porosity and permeability
range between 25 and 30% and 20—2500 mD, respectively.
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Fig. 1 — (a) Norne simulation grid with well locations denoted by vertical grey and red bars. The white downward arrows
locate the wells G—3H and F—3H for hydrogen injection and withdrawal in this work. (b) Vertical xy-slice showing the
perforation intervals (white bars) in C—3H which indicate three different storage zones (top to bottom): gas, oil, and water.
Vertical distance is 5-times exaggerated. The ternary diagrams at the bottom of each figure represent a reservoir fluid

system as follows: gas (red), oil (green), and water (blue).

Norne simulation model

The publicly available Norne simulation model (ECLIPSE E100
black-oil) enabled investigation on hydrogen storage under
realistic reservoir geometry and properties [22]. The simula-
tion model with faults, sloping pillars and 36 wells was history
matched until December 2006 (Fig. 1a), with the following key
features: end-point scaling for relative permeability and
capillary pressure, multiple saturation regions, inter-region
and fault transmissibility multipliers. The simulation model
has 113,344 grid cells with the lateral individual grid resolu-
tion of 80—100 m and vertical resolution of 2—10 m.

The E100 Norne simulation model cannot directly be used to
simulate hydrogen storage because a fourth fluid phase
component must be included. Previous porous media hydrogen
studies [28] use the compositional E300 version to accommodate
the hydrogen phase, but E300 show poor performance in history

matching hydrogen storage in a depleted gas reservoir [29].
Hence, we used the Solvent option in E100 to extend the Norne
E100 model by introducing a new dry gas phase (hydrogen)
distinguishable from the formation gas. The Solvent model, in
contrast to full conversion to compositional models, may
encourage the industrial actors to use existing black-oil models
to easily adapt for planning hydrogen storage projects. The
Solvent option in E100 offers two different modes — miscible and
immiscible. Due to lack of appropriate miscibility data between
hydrogen and oil, we use the immiscible mode with literature
hydrogen properties [19]. We used original Norne relative
permeability functions for gas, oil and water. The gas/hydrogen
relative permeability was introduced, where the total relative
permeability of the gas phase (formation gas + hydrogen) is a
function of the total gas saturation, that is Krg = Krg (Sg + Sp)-
Default values for gas/hydrogen relative permeability were used,
representing typical “straight-line” functions.
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Model preparations

Hydrogen storage was studied using the history-matched
Norne simulation model. To prepare the model for hydrogen
studies, we continued oil and gas production until reaching a
field oil production rate of 1500 Sm?d. The field was water-
flooded with historical injection rates, with no gas injection.
Formation gas was produced from the gas cap, consistent with
the production strategy [21]. Hydrogen injection tests were run
after reaching the 1500 Sm%d rate limit. Among the 36 wells,
the well C—3H was chosen for hydrogen storage in all simu-
lation runs, and one case study used well F-3H (Case study 3).
The well C—3H was located on the edge of Norne C-segment,
with the well F-3H drilled on the opposite side of the filed
(Fig. 1a). Both wells were drilled vertically through gas, oil, and
water zones.

The gas zone (Garn formation) in C—3H, mainly gas saturated
(average Sg = 0.55) with irreducible water and some isolated oil
pockets, was physically separated from underlying oil and
water zones without vertical communication. Three perfora-
tions intervals with 27 m total depth (Fig. 1b) were used, where
the lowest interval connected to an oil pocket (So =0.70, Sg=0),
whereas the two upper perforations intervals connected to gas-
saturated grid cells (Sg range between 0.84 and 0.90, So = 0). The
oil zone (Ile formation) had four perforations over 24 m, where
all perforations connected to grid cells with water (Sw range
between 0.23 and 0.47). The two upper perforations connected
to grid cells with liberated gas (Sg range between 0.48 and 0.62),
whereas the lower two connected to oil-saturated grid cells (So
range between 0.47 and 0.52). The oil zone communicated with
underlying water saturated Tofte formation. The water zone (Tilje
4/3 formation) was predominantly water-filled, with a small
fraction of liberated gas (Sg < 0.1) in the near-injector area. Two
perforations with total depth of 50 m were used. The water
zone had poor vertical communication with the overlying Tofte
and underlying Tilje 2/1 formations (transmissibility multi-
pliers 0.001 and 0.00001, respectively).

All simulations were grouped into two packages. The first
was defined as the reference case which examined the storage
of 100% hydrogen into the well C—3H. The second, referred to
as case studies, investigated the effect of various parameters —
cushion gas, injected gas composition, and structural geom-
etries. Both simulation packages studied the hydrogen storage
in three different zones separately — gas, oil, and water zones.
The perforation intervals in each storage zone are shown in
Fig. 1b. Each simulation included three different stages —
storage site initialization, cyclic operation and prolonged with-
drawal period — described next.

Initialization

The average reservoir pressure was around 130 bar prior to
hydrogen injection. We applied a bottom-hole-pressure
(BHP) constrain of 270 bar, corresponding to initial reser-
voir pressure; when reached the mode of injection was
switched to constant pressure. Hydrogen injection was
terminated when the average reservoir pressure in the
studied zone reached 250 bar; 20 bar below the initial
reservoir pressure to avoid potential fracturing and leak-
ages during storage operation.

The initialization stage used a constant volumetric injec-
tion rate of 3 million Sm?%d, within the range of historically
observed gas injection rates (2—4 million Sm?*d) in the well
C—3H. The initial injection rate was a compromise to achieve
consistency of simulation conditions and a reasonable dura-
tion of initialization. For comparison, published simulation
studies of underground hydrogen storage use injection rates
between 0.2 and 0.8 million Sm?d [7,17,30].

Cyclic operation

Seasonal hydrogen storage operation consisted of four annual
cycles with one 5-month withdrawal and one 7-month injec-
tion period in each cycle. The cyclic operation stage started
immediately after initialization was completed, with a with-
drawal/injection rate limit of 3 million Sm*/d and BHP limits of
270 bar (upper) and 180 bar (lower). Prior to operation the
average reservoir pressure in each zone was 250 bar. The
choice of lower BHP limit ensured constant hydrogen deliv-
erability during operation, and the withdrawal rate of 3
million Sm*/d is within literature values [7,17,30].

Prolonged withdrawal

After the 4th withdrawal/injection cycle, a prolonged with-
drawal period was simulated to estimate final hydrogen re-
covery factors. The withdrawal was controlled by a rate of 3
million Sm®/d and a lower limit of 130 bar BHP to meet the
average reservoir pressure prior to the initialization stage.
Prolonged withdrawal period had an economic limit set to 1
million Sm?/d of hydrogen. This critical rate was found based
on the following data: 1) the total operating cost on the Nor-
wegian Continental Shelf of NOK 60 billion/year for 87 fields
[20]; 2) hydrogen production cost with CCUS in Europe of 2.32
USD/kgH, [12].

Results and discussion

This section presents and evaluates the simulation results and
discuss their implications. The results are grouped into two
main parts: 1) Reference case examining hydrogen storage into
the well C—3H in gas, oil and water zones separately; 2) Case
studies investigating the effect of three parameters on hydrogen
storage: cushion gas and injected gas composition in the well
C—3H, and structural geometries using the well F—3H.

Reference case

Initialization

Storage capacity. Prior to injection of hydrogen, the gas zone
was predominantly saturated with formation gas (compress-
ible fluid), whereas oil and water zones contained mixes of oil
and water (incompressible fluids) with some liberated gas in
top layers. The pressure-controlled injection of hydrogen
determined the rate and total amount of hydrogen injected in
each zone (Fig. 2; case Refin Table 2). The gas zone did not reach
the BHP limit and maintained constant injection during the
entire period (1085 days). In contrast, the water zone BHP limit
was reached upon initialization due to poor vertical
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Fig. 2 — Results of the storage site initialization stage in the gas, oil and water zones for the reference case. (a) Hydrogen (H,)
injection rate (negative values reflect hydrogen from surface to reservoir, left y-axis) and the bottom-hole pressure (BHP,
right y-axis) in C—3H: the injection in the gas zone was characterized by constant rate and gradual pressure development,
whereas the water zone experienced variable injection rate due to an immediate achievement of the BHP upper limit. (b)
Hydrogen volume injected: high storage capacity achieved in all storage zones, with water zone duration around two times
longer than in the gas and oil zones.

Table 2 — Summary results of hydrogen storage in the reference case (Ref) and three case studies (Case 1A,B,C; Case 2; Case

3) in all storage zones — gas, oil and water. The results cover all three stages of hydrogen storage — initialization, cyclic

operation and prolonged withdrawal.

Case Initialization Cyclic operation Prolonged withdrawal
St Duration Total H, H, ratio H, withdrawn H, recovery Lowest H, Total H, Final H,
zone [days] injected in totally 1st cycle factor 1st fraction withdrawn recovery
[Billion Sm®] injected gas [Billion Sm?] cycle withdrawn [Billion Sm®  factor
1st cycle
Gas Ref 1085 3.26 100% 0.432 13% 100% 4.78 87%
Case 1A 1219 0.75 20% 0.436 58% 81% 2.76 93%
1B 1196 1.28 36% 0.456 36% 96% 3.28 94%
1C 1124 232 60% 0.460 20% 99% 4.18 92%
Case 2 1203 1.08 30% 0.137 13% 25% 1.58 91%
Case 3 1193 3.37 100% 0.497 15% 100% 4.06 77%
Qil Ref 999 291 100% 0.462 16% 100% 3.91 77%
Case 1A 1079 0.84 26% 0.436 52% 82% 2.93 95%
1B 1047 1.41 45% 0.452 32% 96% 3.39 92%
1C 1007 2.38 80% 0.461 19% 99% 3.88 84%
Case 2 1133 0.97 30% 0.126 13% 25% 11272 82%
Case 3 1347 3.09 100% 0.429 14% 100% 2.76 61%
Water Ref 1928 3.05 100% 0.373 12% 100% 2.07 49%
Case 1A 2309 0.69 20% 0.356 52% 72% 1.63 84%
1B 2153 1.49 45% 0.384 26% 95% 1.90 70%
1C 1967 2.58 82% 0.374 15% 99% 2.04 55%
Case 2 2228 0.98 30% 0.085 9% 22% 0.62 47%
Case 3 1047 3.14 100% 0.473 15% 100% 1.73 38%

communication and high water saturation. The lower
hydrogen-water displacement efficiency, combined with water
accumulations above and below the near-injector area,
reduced the injection rate in the water zone. Hence, the dura-
tion of hydrogen injection was almost two times longer (1928
days) compared with the gas zone. The oil zone BHP develop-
ment fell between the two other zones, with an initial sharp
increase followed by a gradual increase until the injector
reached the BHP limit 150 days before the initialization stage
end (999 days).

The total hydrogen volumes injected varied with 13% for
the three zones — oil zone: 2.91 billion Sm?; water zone 3.05
billion Sm?; gas zone: 3.26 billion Sm?* (Fig. 2b; case Ref in Table

2). The lower storage capacities for oil and water zones relative
to the gas zone were linked to the presence of immiscible fluids
and reduced displacement efficiencies. For the water zone there
was a clear disadvantage with injector perforations in regions
with poor vertical communication, combined with high water
saturations in the near-well area and in the neighboring
overlyinglayers. For the gas zone the injected hydrogen volume
was 5—35 times greater than reported seasonal hydrogen
storage cases [7,17,30], demonstrating the high potential of
hydrogen storage in middle-sized depleted hydrocarbon fields.
Similar to results shown in [7]; the injected hydrogen effi-
ciently displaced formation gas in the gas zone. The resulting
residual gas saturation was equal to zero in cells entered by
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HYDROGEN SATURATION

HYDROGEN SATURATION
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HYDROGEN SATURATION

Fig. 3 — Vertical xy-slice of the simulation grid showing hydrogen saturation at the end of the storage site initialization (left)
and of the prolonged withdrawal period (right) for the reference case. From top to bottom: hydrogen storage in gas (a, b), oil
(c, d), and water zones (e, f) respectively. The white solid arrows show the location of the well C—3H and indicate injection or
withdrawal, whereas the vertical bars denote the perforation intervals. Hydrogen propagation during injection is indicted
by the dashed arrows (a,c,e). Downward hydrogen propagation was observed in the gas and oil zones (a,c). In the water zone,
upward hydrogen propagation was hindered in the near-well area and occurred in the far-well area only (e). The fault blocks
resulted in hydrogen bypassing along the discontinuous layers in the oil zone (c) but favored upward hydrogen propagation
in the water zone (e). The hydrogen saturation upon completion of the initialization phase was the highest in the far-well
area (a,c,e). The prolonged withdrawal period (b,d,f) resulted mainly in the vertical hydrogen plume shrinkage in the gas and
oil zones (b,d) and some lateral shrinkage in the gas zone (b). In the water zone, hydrogen distribution was characterized as
spotty and widely distributed (f). Upconing of liquids occurred in the oil zone (d) and in the water zone in the additionally

opened perforation in the top of the reservoir (f).

hydrogen because the connate gas saturation was set zero in
the simulation model.

Hydrogen propagation and final distribution. Hydrogen flow
patterns (Fig. 3a,c,e) were largely determined by local perme-
ability and presence of partially sealing fault blocks, where
higher permeability regions favored hydrogen flow, corrobo-
rating previous work [17]. Minor viscous fingers developed in
the water zone, consistent with the literature [17,30], whereas
viscous fingers were completely absent in the oil zone. The
previous studies explained the lack of fingers due to the
structural geometries, stating that the steeply dipping struc-
tures limit the development of fingers. In our work, hydrogen
was injected in the planar structure, without development of
pronounced viscous fingers. We suggest that the absence of
viscous fingers was caused by the modelling approach rather
than the structural geometry. To adequately model field scale
viscous fingers reservoir simulators require a very fine grid
resolution or local grid refinement, and detailed studies aimed
at improving the modelling of viscous fingers are required.
Vertical hydrogen flows were observed (Fig. 3a,c,e) despite
lower permeability layers that hindered downwards (gas zone —

Fig. 3a) and upwards (water zone — Fig. 3e) hydrogen displace-
ment from the onset of injection. Gravitational effects were
less pronounced in the thin gas zone, corroborating earlier work
[7]. Fault blocks resulted both in bypassing discontinuous,
lower-permeable layers (oil zone — Fig. 3c) and enabling vertical
hydrogen migration along the boundary between fault blocks
(water zone). In the oil zone, simultaneous vertical and hori-
zontal hydrogen migration in the near-well area occurred from
a combination of two factors. First, the thicker oil zone provided
access to the underlying high-permeable grid layers. Second,
the hydrogen saturations were lower due to the presence of oil
and water. Hence, the maximum hydrogen saturation and
downward migration was achieved faster in oil zone compared
to the gas zone. In the water zone, upwards hydrogen migration
was delayed due to high water saturation (>0.80) in the over-
lying low-permeable layer and occurred in the far-well area
where water saturation was significantly reduced (<0.60).
While moving upwards, hydrogen accumulated below the low-
permeable barriers and at the top of the reservoir where it
spread laterally.

The final hydrogen distribution after storage site initiali-
zation was closely linked to the distribution of the initial water
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saturation (gas and water zones) predefined in the simulation
model or the total liquid saturation (oil zone). The highest
hydrogen saturations were observed away from the near-well
area, with a more heterogeneous distribution compared with
previous hydrogen studies in depleted gas reservoirs [7]. This
is explained by the variations in the initial water saturation.
The high hydrogen saturation at the top of the reservoir was
consistent with previous studies [17,30]. The high saturation
of formation gas at the top of the reservoir favored hydrogen
accumulation because displacement of formation gas by
hydrogen was more efficient than displacement of oil and
water. For the same reason, hydrogen did not penetrate the
isolated oil-saturated grid cells surrounded by formation gas
in the gas zone. Unlike the gas zone, hydrogen saturation in the
oil zone was always higher in the uppermost grid layer than in
underlying grid layers.

Cyclic operation

Hydrogen withdrawal (Fig. 4a,c) was maintained at maximum
allowed rate (3 million Sm?d) for the gas and oil zones for all
cycles, without reaching the lower BHP limit. In contrast,
water zone withdrawal rates decreased for each cycle when
reaching the lower BHP limit. Annual hydrogen delivery
ranged between 292 and 480 million Sm® compared with
67—108 million Sm? reported in the literature [7,30]. Every
withdrawal period was characterized by an initial sharp
decline in BHP pressure, followed by a linear decrease for all
zones, as previously observed for aquifer storage [28]. The
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pressure declined most rapidly for the water zone, in part
caused by higher saturation of incompressible water (relative
to the gas and oil zones), exacerbated by poor vertical
communication with over- and underlying formations. No
formation gas was produced in the 5-month withdrawal pe-
riods for the three zones, but the water zone experienced water
breakthrough (Fig. 4d). The hydrogen recovery factor for the
first withdrawal period was low for all three zones — water:
12%; gas: 13%; oil: 16% (Case Ref in Table 2). Most of the
injected hydrogen (>84%) during storage site initialization was
trapped underground and served as pressure support for
subsequently hydrogen withdrawal/injection cycles (Fig. 4b).

Hydrogen injection periods were characterized by reaching
the upper BHP pressure limit for all zones with a corresponding
injection rate reduction (Fig. 4a,c). The amount of hydrogen
injected decreased for all zones over time because each injection
period initiated at a higher BHP compared with the previous.
Nevertheless, the total hydrogen amount increased over time
for the gas and oil zones (Fig. 4b) because the hydrogen volume
injected for each period was higher than hydrogen volume
withdrawn (the injection periods were 7-months, whereas
withdrawal periods were 5 months). This demonstrates the
importance of planning the duration of the withdrawal/injec-
tion period when designing hydrogen storage projects. The total
hydrogen amount in the water zone (Fig. 4b) decreased for each
cycle because this zone experienced a deeper fall in injection
rate, resulting in less amount of hydrogen injected after every
cycle compared with gas and oil zones.
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Fig. 4 — Results of the cyclic operation stage in the gas, oil and water zones for the reference case. (a) Hydrogen withdrawal
(positive values reflect hydrogen from reservoir to surface) and injection rates (negative values reflect hydrogen from
surface to reservoir): withdrawal was characterized by constant rate in the gas and oil zones, and declining rate in the water
zone. Hydrogen injection rate declined for each cycle. (b) Hydrogen volume stored: most of the injected hydrogen during
storage site initialization remained underground. (c) Bottom-hole pressure in C—3H. (d) Liquid (oil + water)-to-gas
(hydrogen -+ formation gas) ratio: a water breakthrough occurred in the water zone.
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Fig. 5 — Results of the prolonged withdrawal period in the gas, oil and water zones for the reference case. (a) Withdrawal rate.
The solid lines represent the hydrogen withdrawal rate, whereas the dashed lines denote the total withdrawal rate of
hydrogen and formation gas: the initially constant withdrawal rate (H, + CH,) was replaced by declining trend due to
achievement of the BHP lower limit. The gas zone experienced the formation gas breakthrough. (b) Remaining hydrogen
volume in the reservoir: the remaining hydrogen volume was low in the gas and oil zones, whereas the water zone showed
poor hydrogen recovery. (c) Bottom-hole pressure in C—3H. (d) Liquid (oil + water)-to-gas (hydrogen + formation gas) ratio: a
water breakthrough occurred in the oil zone, with both formation gas and water production in the water zone.

Prolonged withdrawal

The prolonged withdrawal period (Fig. 5) after the fourth cycle
was characterized by a constant hydrogen withdrawal at
maximum allowed rate (3 million Sm®/d) for the gas zone (310
days) and oil zone (300 days). Subsequently, formation fluid
breakthrough (formation gas in gas zone — Fig. 5a; mostly oil
and water in oil zone — Fig. 5d) was observed, with decreasing
ratios of withdrawn hydrogen. The prolonged withdrawal
period ceased when the hydrogen withdrawal rate reached its
lower economic limit (gas zone: 1094 days; oil zone: 880 days).
This resulted in a final hydrogen recovery factor of 87% for the
gas zone, 77% for the oil zone and 49% for the water zone (case Ref
in Table 2). Gas zone recovery factor was comparable to the
reported 82% recovery in an Austrian field pilot in depleted
onshore gas field [29], suggesting that an isolated thin gas zone
is a suitable target for hydrogen storage. The low hydrogen
recovery in the water zone was influenced by the short duration
(415 days) and pronounced water production (Fig. 5d), despite
an additionally open well perforation in the uppermost layer
(Fig. 3f) to test the “selective technology” [10]. Hydrogen accu-
mulation in the uppermost perforation occurred due to hori-
zontal hydrogen propagation and not vertical migration along
the well. Hence, the upper well perforation did not have access
to all hydrogen concentrated in the top part of the reservoir,
resulting in lower hydrogen recovery, demonstrating the
complexity of the “selective technology”. Water zone hydrogen
storage was therefore the least preferred option.

The final hydrogen distribution (Fig. 3b,d,f) demon-
strated predominantly vertical with some horizontal
hydrogen plume shrinkage for the gas zone, whereas the oil
zone hydrogen plume contracted only in vertical direction.
Generally, hydrogen saturations in the near-well area were
lower (nominally 0.5) than on the flanks (nominally 0.8),
partially influenced by the fault blocks. In the oil zone,
upconing of liquids (oil and water) occurred in the near-well
area, consistent with the reported observations [17,30]. This
demonstrates the complexity of hydrogen withdrawal in
the presence of multiple fluids (hydrogen, liberated gas, oil,
and water) with varying mobility and displacement effi-
ciencies. For both gas and oil zones, the unrecovered
hydrogen predominantly accumulated at the top layers,
and correlated with the maximum hydrogen saturations
after storage site initialization. The remaining hydrogen in
the water zone was characterized as spotty and widely
distributed. The lowest hydrogen saturation was observed
in the uppermost perforation (nominally 0.1), with the
highest hydrogen saturation aligned with the site initiali-
zation. Water upconing did not occur in the lowermost
perforations due to poor communication with underlying
water-saturated formation. The water breakthrough
occurred in lateral direction only. This illustrates that the
well placement above the low-permeable layer is advanta-
geous in water-saturated formations.
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Case studies

Effect of cushion gas — case study 1

In real hydrogen storage projects, hydrogen migration far from
the injection point may potentially lead to loss of hydrogen.
From the perspective of maximum recoverable hydrogen vol-
umes, we therefore evaluate the use of formation gas instead
of hydrogen to increase initial reservoir pressure. We study
three scenarios (A, B and C), where the storage site initializa-
tion in each scenario was performed in two steps: 1) 100%
formation gas injection until a preset pressure value (A:
220 bar; B: 200 bar; C: 160 bar), followed by 2) 100% hydrogen
injection until 250 bar. The injected hydrogen volumes (Case 1
in Table 2) were lower compared with reference case. The ratio
between injected formation gas and hydrogen was similar for
all zones in scenario A (nominally 20% hydrogen), whereas the
gas zone received less hydrogen for the other scenarios (B: 36%
and C: 60%) compared with the oil zone (B: 45% and C: 80%) and
water zone (B: 45% and C: 82%). Hence, the gas zone required
more formation gas to achieve the desired pressurization for
each scenario, reducing the amount of injected hydrogen. This
suggests that gas zone hydrogen storage was more favorable
than in oil and water zones when using formation gas as
cushion gas.

The hydrogen recovery factor for the first withdrawal
period (Case 1 in Table 2) was i) higher for all zones compared
with the reference case using pure hydrogen injection, and ii)
increasing with increasing amount of formation gas injected.
The highest hydrogen recovery factors for the first withdrawal
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period were observed in scenario A for all zones — gas: 58%; oil:
52% and water: 52%. However, scenario A showed the lowest
hydrogen fraction in the withdrawn gas mixture (Case 1A in
Table 2). Both hydrogen and formation gas were produced,
starting with pure hydrogen with gradually increasing shares
of formation gas (Fig. 6). The hydrogen fraction decreased more
rapidly in the water zone (Fig. 6d), due to hydrogen losses
caused by upward migration. In scenarios B and C, the
hydrogen purity remained high and nearly constant for all
withdrawal periods in all three storage zones. Hence, impu-
rities in the withdrawn gas mixture can be avoided by injecting
at least 60—80% of hydrogen in totally injected gas. The final
hydrogen recovery factor decreased with increasing amount of
hydrogen injected, being the lowest in scenario C — gas: 92%;
oil: 84% and water: 55% (Case 1C in Table 2). Overall, the highest
recovery factors were achieved at the cost of the hydrogen
purity. When using cushion gases other than hydrogen, a
detailed screening is needed to weigh between the hydrogen
purity and recovery factors.

Effect of the injected gas composition — case study 2
Intermittent injection and withdrawal of pure hydrogen may
perform differently compared with gas mixtures with lower
hydrogen content. We investigate the effect of injecting a gas
mixture with 70% formation gas and 30% hydrogen, highly
relevant because current legal regulations limit the maximum
allowed hydrogen fraction in gas mixtures [12]. We preset a
lower economic withdrawal rate limit to 1 million Sm?d of the
formation gas-hydrogen mixture.
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Fig. 6 — Case study 1 (scenario A) — the results of the initialization, cyclic operation and prolonged withdrawal stages.
Withdrawal (positive values) and injection (negative values) rates in gas (a), oil (b), and water (c) zones, respectively. The
solid lines represent the hydrogen rate (H,), whereas the dashed lines denote the total rate of hydrogen and formation gas
(H2 + CHy). The initialization stage started with 100% formation gas injection, followed by 100% hydrogen injection.
Hydrogen withdrawal was characterized by declining hydrogen rate due to the formation gas break-through. (d) Hydrogen
fraction in the withdrawn gas mixture during the 1st withdrawal period. Withdrawal periods started with pure hydrogen,
with gradually decreasing hydrogen fraction in the withdrawn gas mixture.
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Fig. 7 — Case study 2 — the results of the initialization, cyclic operation and prolonged withdrawal stages. Withdrawal/
injection (positive/negative values, respectively) rates (left) and hydrogen fraction in the withdrawn gas mixture (right).
From top to bottom: hydrogen storage in gas (a, b), oil (c, d), and water zones (e, f), respectively. In (a, c, €) the solid lines
represent the hydrogen rate (H,), whereas the dashed lines denote the total rate of hydrogen and formation gas (H, + CHa).
The injected formation gas-hydrogen mixture consisted of 30% hydrogen during the storage site initialization and cyclic
operation (a,c,e). The initial hydrogen fraction in withdrawn gas mixture varied for each zone (b,d,f), being the highest in the
oil zone (d) and the lowest in the water zone (f). The hydrogen faction decreased for the first 50 days, before increasing in the
gas and oil zones (b,d) and stabilizing in the water zone (f). The hydrogen fraction at the end increased with increasing

number of cycles (b,d,f).

The average hydrogen recovery factor for the first with-
drawal period (Case 2 in Table 2) was equal to or lower than
hydrogen injection cases with and without formation cushion
gas (Ref and Case 1) for all three zones. The initial hydrogen
fraction in withdrawn gas mixture varied for each zone. For the
gas zone (Fig. 7b) it was equal to injected hydrogen fraction (30%)
due to the small thickness and isolation from the other zones.
The injected gas mixture did not migrate vertically, resulting in
a homogenous hydrogen-formation gas concentration in the
near-well area that flowed back into the well upon withdrawal.
The initial hydrogen fraction in the withdrawn gas from the oil
zone (Fig. 7d) was higher (34%) than the injected gas mixture
because vertical communication allowed the injected gas
mixture to gravitationally separate due to differences in den-
sity (hydrogen gas is around 9 times less dense than formation

gas at storage conditions). Hence, close to the well perforations
(located towards the top of the oil zone) the hydrogen fraction
was higher than the injected gas mixture. The initial hydrogen
fraction in the withdrawn gas from the water zone (Fig. 7f) was
lower (28%) than the injected fraction because the water zone
was isolated from the neighboring underlying formations, with
poor vertical communication with overlying formations.
Hence, the injected gas mixture migrated upwards, away from
the well and reduced withdrawn hydrogen fractions.

The hydrogen fraction was not constant during each
withdrawal period, and decreased during the first 50 days,
before increasing (gas and oil zones — Fig. 7a,b,c,d) or stabi-
lizing (water zone — Fig. 7e and f) for the rest of withdrawal
period. This behavior is related to gravity segregation. There
was no shut-in period between injection and withdrawal, so
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the gravity segregation occurred in the far-well area only. The
injected gas mixture was therefore divided into two areas — a
disperse accumulation with uniform hydrogen concentration
in the near-well area, and a segregated accumulation with
vertical gas separation in the far-well area. During withdrawal
periods, the near-well dispersed gas accumulation flowed into
the well first. When the segregated gas accumulation reached
the well, the hydrogen fraction increased in the gas and oil
zones due to higher permeability in hydrogen-saturated
layers. In the water zone, the hydrogen fraction remained
nearly constant after the first 50 days of withdrawal (Fig. 7e
and f), because some of hydrogen escaped the storage zone
due to vertical upward migration. For all storage zones, the
hydrogen fraction in withdrawn gas mixtures increased with
each withdrawal cycle (Fig. 7b,d,f), consistent with previous
studies [7,28]. The observation of gravity segregation between
hydrogen and formation gas suggests that it may be advan-
tageous to include a shut-in period between injection and
withdrawal, and/or to inject the gas mixture from the lower
layers and to withdraw from the upper layers.

Effect of structural geometries — case study 3

The results reported so far are linked to the hydrogen storage
in a nearly planar geometry using well C—3H. Scientific liter-
ature recommends storing hydrogen in steeply dipping
structures to minimize the losses [17,26,28,30]. This section
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provides results from hydrogen storage in a steeply dipping
geometry on the opposite side of the Norne field. Hydrogen
storage was performed in gas, oil and water zones separately,
using the well F-3H (Fig. 1a; Fig. 9), a vertical well previously
served for water injection. The storage scenario and set of
controlling parameters were unchanged from the reference
case using well C—3H.

Initialization. Hydrogen injection in gas zone was similar to
reference case and characterized by stable pressure develop-
ment and injection rate (Fig. 8a). In contrast, injection in the oil
zone resulted in an immediate achievement of BHP upper limit
and variable injection rate (Fig. 8b). This behavior was linked to
a horizontal low-permeable barrier below the lowermost
perforation that limited hydrogen downward migration,
resulting in high pressures in the near-well area. In the water
zone (Fig. 8c), the injection was in turn more favorable
compared with the reference case, with less pronounced near-
well area pressure increase due to lower initial water saturation
in the overlying grid layer. This allowed the injected hydrogen
to escape the near-well area vertically more readily, leading to
more stable pressure and injection rate development. As a
result, the development time was reduced by around two times
(from 1928 to 1047 days).

Lateral hydrogen flows were greatly controlled by buoy-
ancy, forcing hydrogen to move more in upslip direction
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Fig. 8 — Case study 3 — the results of the initialization, cyclic operation and prolonged withdrawal stages. Withdrawal/
injection rates (positive/negative values, respectively) and the bottom-hole pressure in F-3H in gas (a), oil (b), and water (c)
zones, respectively. The solid lines represent the hydrogen rate (H,), whereas the dashed lines denote the total rate of
hydrogen and formation gas (H, + CH,). The initialization stage was characterized by constant injection rate for most of
time in the gas (a) and water (c) zones, whereas the varying injection rate was observed in the oil zone (b). During cyclic
operation, the constant hydrogen withdrawal rates were observed in the gas zone (a), whereas the oil and water zones
experienced decreasing hydrogen withdrawal rates (b,c). The prolonged withdrawal period in the gas zone was
characterized by early formation gas breakthrough (a). (d) Liquid (oil + water)-to-gas (hydrogen + formation gas) ratio. The
water zone withdrawal rate (c) reduction was caused by extensive water production (d).
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Fig. 9 — Case study 3 — vertical xy-slice of the simulation grid showing hydrogen saturation at the end of the storage site
initialization (left) and of the prolonged withdrawal period (right) in F-3H. From top to bottom: hydrogen storage in gas (a, b),
oil (c, d), and water zones (e, f) respectively. The white solid arrows show the location of the well F-3H, whereas the vertical
bars denote the perforation intervals. Vertical distance is 5-times exaggerated. Lateral hydrogen propagation occurred more
in upslip direction during the initialization stage (a,c,e). In the water zone, vertical hydrogen migration initiated in the near-
well area (e). The remaining hydrogen at the end of the prolonged withdrawal accumulated mostly in upslip direction (b,d,f).
In the water zone, two additional perforations were opened at the top of the reservoir during prolonged withdrawal (f).

(Fig. 9a,c,e). Vertical hydrogen flows were generally similar to
reference case, except for the water zone where hydrogen up-
ward migration occurred above the injector due to lower
initial water saturation in the overlying grid cells. The final
hydrogen distribution was similar to the reference case,
characterized by heterogeneous hydrogen saturation with the
maximum values in the far-well area.

Cyclic operation. Cyclic operation in gas zone performed simi-
larly to the reference case, with constant withdrawal and
declining injection rates (Fig. 8a), unlike oil and water zones. The
oil zone exhibited declining withdrawal/injection rates due to a
horizontal low-permeable barrier below the well perforations,
leading to large pressure changes in the near-well area. The
duration of constant withdrawal rates within each cycle
decreased with increasing number of cycles, caused by
increasing hydrogen concentration in the near-well area. In
water zone, the first cycle was characterized by plateau with-
drawal for the most of time due to better communication with
overlying formation resulting in a slower pressure decline in
the near-well area. However, constant withdrawal/injection
rates were not maintained in the next cycles due to strong
water production (Fig. 8d). Stronger and earlier water break-
through occurred because hydrogen-water boundary

established closer to the well, caused by less hydrogen accu-
mulation in downslip direction (Fig. 9e). Hydrogen recovery
factor for the first withdrawal period was comparable with the
reference case (Table 2).

Prolonged withdrawal. The prolonged withdrawal period
initiated with constant hydrogen rate (Fig. 8a,b,c), similar to
the reference case. Compared to the 4th withdrawal period,
the increased duration of constant withdrawal was observed
in the oil and water zones, as a result of lower BHP limit (oil
zone) and two additionally opened perforations at the top of
the reservoir (water zone). However, earlier and more pro-
nounced breakthrough of formation fluids (in gas and water
zones — Fig. 8a,d), coupled with a rapid decline in BHP (in oil
zone), reduced the duration of constant hydrogen withdrawal.
The final hydrogen recovery factors were lower compared
with the reference case — 77% for the gas zone, 61% for the oil
zone and 38% for the water zone (Case 3 in Table 2). The un-
covered hydrogen resided mostly in upslip direction
(Fig. 9b,d,f). Overall, our results suggest that dipping struc-
tures may be less preferred for hydrogen storage when
placing the operating well down the structure because this
leads to uneven hydrogen distribution in up- and downslip
directions due to buoyancy.
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Conclusions

e Reservoir simulations suggest high hydrogen storage ca-
pacity in a middle-sized offshore hydrocarbon field: ~3
billion Sm* during storage site initialization.

o Hydrogen delivery of ~400 million Sm?* was achieved for
each 5-month withdrawal period.
Most of the injected hydrogen (>84%) remained under-
ground as cushion gas, when injecting pure hydrogen only.
The thin gas zone was the most preferred target for pure
hydrogen storage with final recovery factor of 87%.
Hydrogen storage was not recommended in the water zone,
due to lower final recovery factor of 49%.
Formation fluids were not produced in the gas and oil zones
during cyclic operation, but their break-through decreased
the efficiency of the prolonged withdrawal period.
The underground hydrogen distribution was determined
by structural effects (vertical communication and fault
blocks), modelling approaches (initial water and connate
gas saturations) and type of displacement process. Minor
development of viscous fingers was observed in the water
zone, in contrast to the oil zone. Unrecovered hydrogen
accumulated in topmost layers.
Injection of formation gas as cushion gas resulted in
higher hydrogen recovery factor (both 1st withdrawal
period and final), but at the cost of hydrogen purity in the
withdrawn gas mixture. Impurities could be avoided by
injecting at least 60—80% of hydrogen of the totally
injected gas mixture.

When injecting a 30% hydrogen-70% formation gas

mixture, the hydrogen fraction in the withdrawn gas

mixture varied during cyclic operation and was controlled
by gravity segregation.

Well placement down the dipping structure showed
poor performance (recovery factor range between 77%
and 38%), due to earlier and stronger break-through of
formation fluids.

Future work

Subsurface hydrogen storage is an emerging field in scientific
communities and improved understanding of processes
across scientific disciplines needs to be addressed to confirm
its feasibility. For improved modelling of hydrogen storage,
the following aspects should be addressed:

o Detailed research on injection of gas mixtures with lower
hydrogen content.

o Studies aimed at improving the modelling of viscous fin-
gers, using simulation grid with very fine grid resolution,
local grid refinement, and different structural geometries.

o Experimental studies of key hydrogen porous media pa-
rameters and functions as input for modelling — miscibility
with oil, diffusivity and dispersion, residual saturations,
capillary pressure, and relative permeability.
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Underground hydrogen storage (UHS) in porous media is proposed to balance seasonal fluctuations between
demand and supply in an emerging hydrogen economy. Despite increasing focus on the topic worldwide, the
understanding of hydrogen flow in porous media is still not adequate. In particular, relative permeability hys-
teresis and its impact on the storage performance require detailed investigations due to the cyclic nature of Hy
injection and withdrawal. We focus our analysis on reservoir simulation of an offshore aquifer setting, where we
use history matched relative permeability to study the effect of hysteresis and gas type on the storage efficiency.
We find that omission of relative permeability hysteresis overestimates the annual working gas capacity by 34 %
and the recovered hydrogen volume by 85 %. The UHS performance is similar to natural gas storage when using
hysteretic hydrogen relative permeability. Nitrogen relative permeability can be used to model the UHS when
hysteresis is ignored, but at the cost of the accuracy of the bottom-hole pressure predictions. Our results advance
the understanding of the UHS reservoir modeling approaches.

1. Introduction

Hydrogen (Hy) will play a vital role in the future net-zero energy mix
and its industrial scale-up will require a range of storage solutions in all
dimensions and time scales. Underground Hj storage (UHS) has been
proposed as one storage option which can account for seasonal and
regional variations in demand and supply [1]. The H; storage demand in
Europe in 2050 is expected to be in the range of 63-180 billion Sm®
(standard cubic meter) under the assumption of 780-2251 TWh total
demand [2] and 24 % storage capacity [3]. Relevant underground
storage formations include salt caverns, depleted hydrocarbon fields and
aquifers [4] as well as more unconventional storage sites such as coal
seams and basaltic rocks [5,6]. Salt caverns can accommodate smaller
Hj volumes to meet short-term storage needs, whereas porous reservoirs
(i.e. depleted fields and aquifers) can be suitable for larger Hy volumes in
the long-term. Most potential storage sites are considered onshore, but
offshore Hj storage in the North Sea is attractive with regards to existing
infrastructure and a growing offshore wind industry [7]. Water elec-
trolysis can use wind-based excess electricity to produce Hj that can be
stored underground for later use.

Technically, the UHS is similar to natural gas storage (UGS) with gas
injection at peak supply, followed by gas withdrawal at peak demand in
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repeatable annual cycles. To maintain a stable pressure support during
withdrawal, cushion gas is required to remain in the reservoir while
working gas is cyclically injected and withdrawn [1]. The cushion and
working gases can be the same or differ in its type. Pure Hy has never
been stored in porous reservoirs at commercial scale, with town gas
storage in aquifers in the 1970s [8,9] and two recent pilot tests of Hy
blends in depleted gas fields [10,11].

Despite technical similarities, low Ha density and viscosity coupled
with high biogeochemical activity hampers direct knowledge transfer
[4,12]. Hy wettability, biogeochemical interactions and reservoir sim-
ulations are currently dominating the research literature. It was found
out that Hy is a non-wetting phase in sandstones with pure quartz sur-
faces and is less wetting than CO5 [13-16]. An empirical equation of Hy-
brine interfacial tension was derived from experimental measurements
under a range of pressure, temperature and brine salinity conditions
[17]. Evaluation of caprock interfacial tension and wettability for Hy
storage showed that caprock integrity decreased with increasing pres-
sure, temperature, organic acid concentration and total organic content
[18,19]. Hy geochemical reactivity was suppressed in calcite- and
anhydrite-free sandstones [20-22]. Reservoir simulations showed that
the UHS performed differently than CH4 and CO2 storage when
comparing gas containment and working capacity [23].

Received 30 January 2023; Received in revised form 20 March 2023; Accepted 22 March 2023
2352-152X/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



M. Lysyy et al.

Journal of Energy Storage 64 (2023) 107229

PERMEABILITY (mD)

L mmee s —

0 150

300 450 600

Fig. 1. A sector model of the Johansen formation with the well location and horizontal permeability distribution. The lateral extent of the sector model is around 50
km x 50 km, with the average grid size of 500 m x 500 m x 20 m. Shale layers above the Johansen formation are not shown. The vertical distance is 10 times

exaggerated.

Reservoir simulation is a valuable and time efficient tool for decision
making and predicting future storage performance under different
reservoir management strategies. The UHS reservoir simulation studies
mostly focused on feasible strategies to estimate the ultimate Hy re-
covery and the impact of cushion gas. The maximum recovery factor of
78 % was achieved for single cycles in a saline aquifer, with the highest
H saturation in the near-well area and the reservoir top [24]. H, storage
in a depleted oil and gas field showed that the gas zone was the most
suitable target with a final recovery factor of 87 %, that was reduced to
49 % in the water zone [25]. The cushion-to-working gas ratio varied
between 0.15 and 1.5 in a saline aquifer, being the lowest in deeper
reservoirs with higher permeability [26]. Among different types of
cushion gases: CHy, N2 and COg, the highest H; recovery factor (90 %)
was achieved with CHy in a depleted oil reservoir [27], whereas Ny was
the most effective cushion gas in a partially depleted gas condensate
reservoir with the Hy recovery factor of 98 % [28]. Screening criteria for
site selection were proposed based on the reservoir pressure, dipping
angle, storage depth, geothermal gradient and permeability and porosity
range [29].

Most UHS studies implemented nonhysteretic relative permeability
in reservoir models, not specifically measured for Ha. Despite being
more reliable than analytical methods, the reservoir models require real
field and/or experimental data for more accurate predictions. It is still
debated whether a proxy gas can be used to accurately model Hy
behavior. The gas-water injection experiments in sandstone core sam-
ples showed that Ny is a poor proxy gas for Hy [30,31], or it should be
used with care [32]. In contrast, the opposite conclusion was drawn
from another study stating that Ny can be used as a proxy gas [33]. On
the other hand, cyclic Hy injection and withdrawal will result in
reversable drainage and imbibition processes in the reservoir, indicating
that relative permeability hysteresis must be considered in reservoir
simulations. Measurements of Hy-H,0 drainage and imbibition relative
permeability confirmed strong hysteresis both for Hy and HyO [32,34].

Reservoir simulation studies on the impact of Hy-HoO relative
permeability hysteresis are scarce. Hysteresis was considered in an
aquifer Hy storage study [35] where relative permeability and capillary
pressure were derived from an analytical van Genuchten-Mualem model
aimed to represent a typical gas-H,O system in a sandstone. The relative

permeability model resulted in a pronounced gas hysteresis, whereas
H,0 showed a minor difference between drainage and imbibition. The
impact of hysteresis on Hy storage efficiency was not evaluated as the
model did not include a nonhysteretic case for comparison. One of the
first attempts to study the impact of hysteresis on Hy storage was per-
formed in a synthetic aquifer reservoir [36]. The authors used the
experimentally measured drainage Hy-H,O relative permeability [37]
and the Killough model [38] to construct imbibition Hy relative
permeability, but hysteresis in HoO relative permeability and capillary
pressure was neglected. Another study of aquifer storage implemented
both Hyz and H»O relative permeability hysteresis [39], derived from
pore scale modeling without experimental support [40]. A more recent
study [41] implemented the measured hysteretic Hy-HyO relative
permeability [34], and performed an analytical extrapolation beyond
experimental endpoints. No history matching of experimental pressure
and production data was performed to confirm the analytical extrapo-
lation and capillary pressure hysteresis was neglected. For imbibition
H20 relative permeability, they could not find a reliable analytical
model and used tabulated experimental data instead.

The abovementioned studies agreed that the absence of relative
permeability hysteresis overestimated the Hy recovery factor but dis-
agreed in terms of HoO production. The performance of Hy and CO2
storage were significantly different [39], and CO;, relative permeability
cannot be used as a proxy to model the UHS [41]. Note that impact of
hysteresis has been extensively investigated for CO storage, indicating
that hysteresis is necessary for more accurate modeling approaches
[42-45]. Experiences from CO; hysteresis studies are not directly
applicable for Hy storage due to the absence of CO, withdrawal stage.

In this paper, we use reservoir simulation to study the UHS in an
offshore aquifer. We implement the measured hysteretic Hp-Hz0 relative
permeability and capillary pressure with numerical extrapolation from
history matching of experimental production and pressure data [32],
thus being a more accurate input for reservoir simulations. The Johan-
sen sandstone formation was selected as a storage site with a real
geological model built for CO storage studies on the Norwegian conti-
nental shelf [46]. We examine the impact of hysteresis and a proxy gas
relative permeability on the UHS and compare the results with CHy4
storage. Our findings emphasize the importance of relative permeability
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hysteresis for accurate modeling of underground H; storage in
Teservoirs.

2. Numerical methods
2.1. The Johansen simulation model

The Johansen formation on the Norwegian continental shelf was
selected as a storage site in our study. We used an open-license
geological sector model with heterogenous porosity and horizontal
permeability distribution of 0.1-0.29 (average 0.15) and 0.01-875
(average 97) mD, respectively [46]. The vertical permeability was set to
10 % of the horizontal one. The sector model was discretized into 100 x
100 x 11 grid cells with an average grid size of 500 m x 500 m x 20 m
(Fig. 1). The sandstone reservoir was represented by five grid layers,
vertically connected to five shale layers above and one shale layer below
the reservoir. The model was constructed with a non-zero dipping angle
and five faults with the transmissibility multipliers of 0.1. A more
detailed description of the Johansen formation and its geological model
can be found elsewhere [47].

We used a commercial black-oil ECLIPSE reservoir simulator to
construct a dynamic model of the Johansen formation. The model was

governed by Darcy's law and mass conservation and contained two
components: gas and water. Diffusion, dissolution and biogeochemical
reactions were not included to focus on the UHS hydrodynamics. The
model was initiated with no-flow boundary conditions and pressure of
313.1 bar at 3100 m true vertical depth. The gas and water densities and
viscosities were extracted from an open-source database for a pressure
range of 50-500 bar and reservoir temperature of 94 °C [48]. Relative
permeability and capillary pressure were directly taken from the liter-
ature Hj dataset, derived from history matched experimental measure-
ments in a sandstone with permeability of 107 mD [32]. The rock type
and its permeability are comparable to the Johansen sandstone reservoir
with the average model permeability of 97 mD, making the literature
dataset reliable for our Hj storage study. Both nonhysteretic and hys-
teretic relative permeabilities and capillary pressures were considered,
described next.

2.2. Relative permeability hysteresis model

Drainage relative permeability and capillary pressure functions were
implemented in a nonhysteretic case, where two different sets of relative
permeabilities were tested: Hp-H20 and No-H,0 (Fig. 2a). In a hysteretic
case, drainage and imbibition relative permeability and capillary
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Summary results of Hy and CH, storage schemes with different relative permeability (K;) input.

Gas type Input K, Gas withdrawn [Million Sm®] Gas recovery factor
1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle 1st Final
cycle
H, Drainage Hy-H,0 540 540 540 540 1560 16 % 68 %
Hy Drainage Ny-H,0 540 540 540 540 1550 16 % 68 %
H, Hysteretic Hy-H,0 451 390 388 393 391 14 % 37 %
CHy4 Hysteretic Hy-H,0 436 378 376 380 380 13 % 37 %
(a) (b)
— RATE: H2 REL. PERMEABILITY - BHP: H2 REL. PERMEABILITY — HIP: H2 REL. PERMEABILITY — WGR: H2 REL. PERMEABILITY
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Fig. 3. Nonhysteretic case of H, storage with two different simulation inputs: H, and N relative permeabilities. (a) H, injection (negative values) and withdrawal
(positive values, solid curves on the primary x-axis) rates and the bottom-hole pressure (BHP, dashed curves on the secondary x-axis). The first injection period lasted
for 1095 days, and the prolonged fifth withdrawal period began after 2538 days. The constant injection/withdrawal rates of 3 million Sm®/d were maintained until
the prolonged fifth withdrawal period, characterized by a rate reduction due to a BHP limit of 180 bar. (b) Hy volume in place (HIP, black and red curves on the
primary x-axis) and water-gas ratio (WGR, blue curves on the secondary x-axis). The HIP remained in the same range during the cyclic injection and withdrawal,
whereas the WGR increased with the increasing number of cycles. The H, and N, relative permeabilities showed similar results, except for the BHP development. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

pressure were applied for both gas and water using the Killough hys-
teresis model [38]. The hysteresis model implies that relative perme-
ability functions follow a scanning curve when drainage or imbibition
processes are reversed (Fig. 2b). The same scanning curve is applied for
both drainage and imbibition when the injection process is reversed at
any point on the scanning curve. Non-wetting phase (Hz) scanning
curves are calculated based on an interpolative method that requires
Land trapping model [49] and bounding drainage and imbibition curves
as input. In the absence of experimental bounding data, the scanning
curves can be estimated using a parametric interpolation method, which
requires an input free parameter. In our case, the ECLIPSE simulator
generated scanning curves from experimental drainage and imbibition
data [32]. Wetting phase (H20) scanning curves additionally require a
free parameter (set to 1 in our model), even if experimental bounding

curves are given. The H,O scanning curve may deviate beyond a region
enclosed by the drainage and imbibition curves if the imbibition curve
initial gradient is small. To keep H20 scanning curve inside the region of
drainage and imbibition curves, the ECLIPSE simulator runs a correction
scheme based on the reduced portion of the imbibition curve.

2.3. Storage scenarios

We evaluated four storage scenarios with both nonhysteretic and
hysteretic relative permeability curves (Table 1). In the nonhysteretic
cases, we examined the effect of relative permeability on the Hy storage
performance by comparing two different inputs: drainage Hy-H,0 and
N-HO relative permeabilities. In the hysteretic cases, the same set of

drainage and imbibition Hy-H2O relative permeabilities was
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Fig. 5. H, saturation in the well perforations, numbered from top (1st) to bottom (5th). The H, saturation increased with increasing number of cycles in the 1st
perforation but decreased in the 2nd and 3rd perforations due to water upconing.
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Fig. 6. Effect of relative permeability hysteresis on the storage performance. (a) Hy injection (negative values) and withdrawal (positive values, black curves on the
primary x-axis) rates and water-gas ratio (WGR, blue curves on the secondary x-axis). (b) Bottom-hole pressure (BHP). The hysteresis resulted in lower withdrawal
and injection rates caused by the lower and upper BHP limits, respectively. The WGR increased and remained nearly constant in the hysteretic case. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

implemented to compare the Hy and CH4 storage.

All storage scenarios followed the same operation scheme: Five
injection-withdrawal cycles at the rate of 3 million sm®/d, with Hy
acting as both cushion and working gas. The first cycle started with a 36-
month long initial filling with gas, followed by a six-month withdrawal
period. The three subsequent cycles were repeated annually, with
equally long injection and withdrawal periods of six months. The fifth
cycle consisted of a six-month injection period, followed by a prolonged
withdrawal period until the economic limit of 1 million Sm3/d was
reached [25]. A single vertical well for injection and withdrawal was
placed in the center of the reservoir model through the five grid blocks
where the permeability and porosity ranged between 74 and 278 mD
and 0.17-0.21, respectively. The well operation was controlled by the
bottom-hole pressure (BHP), constrained to 480 and 160 bar during
injection and withdrawal, respectively. The BHP constrains were equal
to +50 % of the initial reservoir pressure where the upper BHP limit was
below the typical fracture pressure on the Norwegian continental shelf
[50]. When the BHP limits were reached, the injection/withdrawal rates
were reduced to maintain constant BHP.

3. Results and discussion
3.1. Maximum working gas capacity and recovery factor

The first injection period maintained a pre-defined H injection rate
of 3 million Sms/d, but with a nonmonotonic BHP (Fig. 3a). An initial

sharp increase in BHP by 110 bar from the initial reservoir pressure
reversed to a gradually declining trend as the H; plume expanded away
from the injector. The withdrawal periods were characterized by an
initial sharp decrease in BHP, followed by a more gradual trend. The
endpoint BHP decreased with an increasing number of cycles, due to
increasing water production with a resulting increase in the bottom-hole
saturation of incompressible water (Fig. 3b).

The maximum working gas capacity was 540 million Sm® (~1.6
TWh) in all six-month withdrawal periods, achieved with nonhysteretic
Ha-H20 relative permeability (Table 1). The working gas capacity was
equivalent to 16 % of the total Hy volume injected during the first in-
jection period and corresponded to 0.9 % of the predicted lower-end Hy
storage demand in Europe in 2050 [3]. The working-to-total gas volume
ratio was consistent with the reported literature range of ~15-30 %
when using Hj cushion gas in aquifer storage [23-25,36]. Note that the
working gas capacity increases if Hy is replaced by other cushion gases,
albeit with a decrease in Hy fraction in the withdrawn gas mixture
[25,27,36].

The maximum final H; recovery factor was 68 % by the end of the
prolonged fifth withdrawal period which lasted for 795 days until an
economic limit of 1 million Sm3/d was reached (Table 1, Fig. 3a).
Constant withdrawal rate of 3 million Sm3/d was maintained for 207
days, followed by a declining rate due to the lower BHP limit. Compa-
rable recovery factors (69-75 %) were reported for aquifer storage
where the BHP upper limit was set to >50 % of the initial reservoir
pressure [36,51]. In contrast, a significantly lower recovery factor (49



M. Lysyy et al.

No hysteresis

End of injection

End of withdrawal

Journal of Energy Storage 64 (2023) 107229

With hysteresis

0.22
H2 SATURATION

Fig. 7. Effect of relative permeability hysteresis on the H; distribution by the end of injection (top) and by the end of withdrawal (bottom) after the 5th cycle in the
nonhysteretic (left) and hysteretic cases (right). After injection, the H, saturation was more concentrated in the near-well area in the nonhysteretic case due to
decreased residual trapping. After withdrawal, the H, saturation accumulated in all perforated layers in the hysteretic case due to less Hy volume withdrawn.

%) was estimated for the isolated water zone in a depleted hydrocarbon
field because the upper BHP limit was set to the initial reservoir pressure
[25]. Discrepancies in the recovery factors show that the BHP con-
straints are among the crucial parameters affecting the Hy storage
efficiency.

3.1.1. Effect of proxy gas relative permeability

N relative permeability was evaluated as the simulation input and
showed no significant impact on working gas capacity and recovery
(Table 1, Fig. 3). An initial 10 % decrease in BHP during the first in-
jection period diminished with an increasing number of cycles to a 5 %
difference by the end of the fifth injection period. The results suggest
that N relative permeability can be used as proxy in reservoir simula-
tions in the absence of Hj relative permeability data. However, a
mismatch between the measured and simulated BHP may be expected
during real storage projects. For comparison, CO; relative permeability
failed to accurately model the UHS [41].

3.1.2. Hydrogen plume dynamics

The Hy plume developed a cone-like shape in vertical direction,
governed by gravitational effects (Fig. 4). The maximum Hj saturation
was established in the top perforation (S; = 0.42), with a gradually
decreasing Hj saturation toward the plume boundaries (minimum S, =
0.06). The withdrawal periods were characterized by an upward
shrinking of the Hy plume, leading to water upconing in the well. No
lateral movement of the Hy plume was observed because the injected
and withdrawn Hy volumes were equal for all six-month periods. A
stable lateral distribution is beneficial for H storage because it mini-
mizes the risk of leakage at the reservoir boundaries. The observed Hy

plume dynamics was consistent with the literature [24,35,36,51].

The Hj saturation in the top perforation increased with an increasing
number of cycles, from 0.42 to 0.45 by the end of the first and fifth in-
jection periods, respectively (Fig. 5). In contrast, the Hy saturation
decreased in the second and third perforations, whereas this effect was
suppressed in the lower perforations. This demonstrates that water
upconing is more pronounced in the middle part of the well. The final Hy
distribution by the end of the prolonged fifth withdrawal period accu-
mulated at the reservoir top.

3.2. Effect of relative permeability hysteresis

Implementation of relative permeability hysteresis reduced the
working gas capacity and final recovery factor, compared with the
nonhysteretic case (Table 1). The working gas capacity after the first
cycle decreased from 540 to 451 million Sm®, with a further reduction to
393 million Sm® after the fifth cycle. The duration of the prolonged fifth
withdrawal period was shortened by 627 days, yielding a significant
reduction in the final Hy recovery factor from 68 % to 37 % (Table 1).
The reduction in the working gas capacity and recovery factor was
attributed to reaching the lower BHP during withdrawal, leading to a
reduction in the withdrawal rates to maintain constant pressure (Fig. 6).
The BHP decrease was governed by the inflow performance relationship
in Eclipse reservoir simulator: Qg = T,y#Mg®(Pgrid — PBHP — Phead), Where Qg
is the Hy withdrawal rate, T,, is the grid connection transmissibility
factor, My is the Hz mobility, pgriq is the grid connection pressure, pppp is
the BHP, and ppeqq is the pressure head between the grid connection and
bottom hole. The BHP must reduce to maintain a constant Hy with-
drawal rate at the reduced Hy mobility caused by lower Hj relative



M. Lysyy et al.

Journal of Energy Storage 64 (2023) 107229

(@)
........ Ho RATE < H2 WGR
CH4 RATE —— CH4 WGR
= 37]
< i
z ] ol
= B i £
R i i
B i t k
£ =l £ i t ©
2 i i ]
g '= b 2
E P "
B i e
1 i @
E 17 =
- | w0
e e
=] L 2]
3 @
=
= 3
g 0 1o gy
] B =
B Z
= T =)
= i | =
a
z ] P
< - o
T I 3
- 7
4 - =
s | =
I
O 2 :S
= =
[
z J
»n i
< \
© L |
3
e T T A S
0 1000 2000
TIME DAYS

H2 BHP
- CH4 BHP

500 |

BOTTOM-HOLE PRESSURE (BHP) BAR

0 1000

TIME DAYS

2000

Fig. 8. Effect of gas type on the storage performance using the hysteretic relative permeability. (a) Gas injection (negative values) and withdrawal rates (positive
values, black curves on the primary x-axis) and water-gas ratio (WGR, blue curves on the secondary x-axis). (b) Bottom-hole pressure (BHP). The injection and
withdrawal rates were similar, whereas CH, storage resulted in lower WGR and higher injection BHP. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

permeability.

A higher BHP during injection (Fig. 6b) was due to the reduced Hy
mobility, requiring higher pressure to maintain the same injection rate
as in the nonhysteretic case. The upper BHP limit was reached in the
third-fifth injection periods, reducing the Hy injection rates to 2.8
million Sm®/day before gradually returning to 3 million Sm®/day after
the first 25 days. The water-gas ratio (Fig. 6a) was nearly constant by the
end of withdrawal periods, but about six times higher than in the non-
hysteretic case in the first cycle, diminishing to a 1.5 times difference in
the fourth cycle.

Reduction in the working gas capacity and recovery factor due to
hysteresis agreed with other reservoir simulation studies of H storage in
aquifers [36,39]. The authors reported a 15 % reduction in the working
gas capacity after the first cycle, but the difference with the non-
hysteretic case decreased with increasing number of cycles. The final
recovery factor was reduced by 5 percentage points after the fifth cycle,
from 69.1 % to 64.1 % [36] and from 31 % to 26 % [39]. The reduction
in storage efficiency in the hysteretic case was explained by the
increased residual trapping, making the disconnected Hy phase more
difficult to mobilize. A higher reduction in the Hy recovery factor was
reported after the 10th cycle, from 98 % to 82-84 % depending on the
hysteresis model [41]. Low recovery factors between 7 % and 36 % and
their dependency on the injection rate were reported for a one-cycle
storage scheme with a caprock present [35]. This was likely caused by
a short duration of the withdrawal stage (one year) compared to the
injection stage (three years) and hysteresis, but a direct comparison with
the nonhysteretic case was missing.

The increased water-gas ratio due to hysteresis was consistent with
one study [41]. In contrast, two other studies reported a decreased
water-gas ratio [36,39], likely caused by lower water relative

permeability and/or inclusion of a shut-in period. Lower imbibition
water relative permeability at the endpoint (<0.20) than in our study
(0.36) led to lower water mobility, whereas a shut-in period contributed
to a higher Hy concentration in the near-well area prior to withdrawal.
Discrepancies between different studies imply that there is no universal
rule regarding the water production handling, which seems to depend
on input parameters and operational conditions. Detailed pre-screening
with reservoir simulations is therefore required when planning real
storage projects.

The Hy plume dynamics was comparable to the nonhysteretic case,
with a vertical contraction during withdrawal and a stable lateral extent
(Fig. 7). However, in the nonhysteretic case the vertical H; distribution
was more concentrated in the well perforations, with 0.03 higher Hy
saturation in the top perforation after the fifth injection period,
compared to the hysteretic case. This was because of the decreased re-
sidual trapping, enabling more Hy to mobilize and accumulate in the
near-well area. In the hysteretic case, the unrecovered Hj after the
prolonged fifth withdrawal period accumulated not only in the top layer,
but also in the lower layers in a cone-like shape.

3.3. Effect of gas type: Hy vs CHy storage

We used the hysteretic Hy relative permeability to compare Hy and
CHj, storage schemes. The working gas capacity and final recovery fac-
tors were comparable (Table 1), but with differences in the BHP and
water-gas ratio (Fig. 8). The CHy4 injection resulted in higher BHP and
longer injection duration at the BHP upper limit (Fig. 8b), leading to
smaller injected CH4 volumes (Fig. 8a). Higher BHP raises the operating
costs, and is therefore disadvantageous from an economic perspective
[44]. The water-gas ratio by the end of every cycle was on average 28 %
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Fig. 9. Effect of gas type on its top-view distribution by the end of injection (top) and by the end of withdrawal (bottom) after the 5th cycle for H, (left) and CH,4
(right). The CH4 plume contours are drawn in white on the left images to compare with the H; plume. The CH4 plume shape appeared to be more uniform, with a less

lateral spreading on the right boundary.

lower for CHy storage, due to a reduced water-gas mobility ratio. The
CH4 plume lateral spreading was ~500 m shorter than the Hy plume on
the right boundary due to the minor reservoir dipping (Fig. 9). CHy is
less buoyant, thus less subjected to upslip migration.

Our results indicated that Hp and CH4 exhibited a similar perfor-
mance under the examined conditions, contrary to a single available
comparison study [23]. The authors reported a 39 % reduction in the
maximum working gas capacity for Hy storage, caused by a higher
wellhead pressure and explained by the difference in the gas physical
properties. The discrepancies with our results could be due to the
presence of reservoir oil in their study. CH4 developed a partial misci-
bility with the reservoir oil, resulting in a higher oil production during
CH4 withdrawal compared with Hy. Moreover, the authors observed a
significantly larger lateral extent of the Hy plume compared to CHy, due
to reservoir heterogeneity and an increasing amount of unrecovered Hy
with the increasing number of cycles.

4. Conclusions

We investigated the impact of the measured and history matched
relative permeability hysteresis on H; storage in an actual aquifer using
a black-oil reservoir simulator. Nonhysteretic relative permeability
overestimated the working gas capacity and final recovery factor.
Implementation of hysteresis reduced the working gas capacity from
540 million Sm® (~1.6 TWh) to 388-451 million Sm® and final recovery
factor from 68 % to 37 %. The Hy and CH4 storage showed comparable
working gas capacities and recovery factors when using hysteresis, but
CHj4 storage yielded lower water production and higher bottom-hole

pressure. Drainage N relative permeability can substitute for missing
Hy data, albeit at the decreased reliability of the bottom-hole pressure
predictions. Our results imply that relative permeability hysteresis must
be considered to avoid an overestimation of the storage performance
and that knowledge transfer from CH4 to Hy storage is feasible from a
hydrodynamic perspective.
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