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HIGHLIGHTS GRAPHICAL ABSTRACT

e Buoyancy plays a significant role Bond Number
on UHS performance.

e A dimensionless number analysis
to study the influence of injection/
withdrawal schemes on UHS

Hydrogen Saturation Profile

Capillary Number

performance.

e Capillary pressure scanning curves
did not significantly affect the
hydrogen saturation distribution.

e Water upconing limits the UHS
performance at high flow rates.

e Interplay between Bond and
capillary numbers should be
considered for UHS.
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Received in revised form renewable electricity, as the subsurface formations provide secure and large storage space.
11 July 2023 Various phenomena can lead to hydrogen loss in subsurface systems with the key cause
Accepted 12 September 2023 being the trapping especially during the withdrawal cycle. Capillary trapping, in particular,
Available online 04 October 2023 is strongly related to the hysteresis phenomena observed in the capillary pressure/satu-
ration and relative-permeability/saturation curves. This paper address two key points: (1)
Keywords: the sole impact of hysteresis in capillary pressure on hydrogen trapping during withdrawal
Capillary Pressure Hysteresis cycles and (2) the dependency of optimal operational parameters (injection/withdrawal

Underground hydrogen Storage

* Corresponding author.
E-mail address: vahid.niasar@manchester.ac.uk (V.J. Niasar).
https://doi.org/10.1016/j.ijhydene.2023.09.136
0360-3199/© 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/).


mailto:vahid.niasar@manchester.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2023.09.136&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2023.09.136
https://doi.org/10.1016/j.ijhydene.2023.09.136
https://doi.org/10.1016/j.ijhydene.2023.09.136
http://creativecommons.org/licenses/by/4.0/

1264

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 50 (2024) 1263—1280

Scanning Curves
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flow rate) and the reservoir characteristics, such as permeability, thickness and wettability
of the porous medium, on the remaining hydrogen saturation.

Model: To study the capillary hysteresis during underground hydrogen storage, Killough [1]
model was implemented in the MRST toolbox [2]. A comparative study was performed to
quantify the impact of changes in capillary pressure behaviour by including and excluding
the hysteresis and scanning curves. Additionally, this study investigates the impact of
injection/withdrawal rates and the aquifer permeability for various capillary and Bond
numbers in a homogeneous system.

Findings: It was found that although the hydrogen storage efficiency is not considerably
impacted by the inclusion of the capillary-pressure scanning curves, the impact of capillary
pressure on the well properties (withdrawal rate and pressure) can become significant.
Higher injection and withdrawal rates does not necessarily lead to a better performance in
terms of productivity. The productivity enhancement depends on the competition between
gravitational, capillary and viscous forces. The observed water upconing at relatively high
capillary numbers resulted in low hydrogen productivity. highlighting the importance of
well design and placement.

© 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/).

1. Introduction
1.1. Underground hydrogen storage

The low-carbon energy industry requires a long-term solution
to overcome the intermittent nature of the renewable energy
sources and to provide year-round electricity. The cyclic
intermittent nature of these resources leads to energy surplus
during high energy production season and vice versa [3].
Moreover, heavy industries, such as steel mining, require
high-temperature heat that cannot be easily supplied by
electricity. The energy produced during a productive season
can be stored for use during the shortage times. Additionally,
this excess produced energy needs a durable and efficient
storage medium able to hold it for different durations of time
(days, months, or even years). Due to its desirable character-
istics, H, is a favorable medium to/from which the excess low-
carbon electricity can be converted [4,5] through electrolysers
and fuel cells a [6,7], for instance Refs. [8—11], while it can
accommodate the high-temperature requirements that heavy
industries deal with. The successful implementation of
hydrogen economy [5,7] requires proper storage spaces to
hold the hydrogen itself. The produced H, can be stored in
surface or subsurface structures. Hydrogen storage in high-
pressure gas cylinders, and cryogenic tanks [12—14] can be
some example cases of surface hydrogen storage. However,
surface energy storage may not be a long-term solution as
surface structures only provide limited storage capacities.
Underground Hydrogen Storage (UHS), on the other hand, can
become a viable solution enabling industries to have access to
continuous energy supply as they provide safe storage spaces
compared to the limited spaces that the surface structures
provide. These subsurface structures may include aquifers
[15—17], depleted oil and gas reservoirs [18], and salt caverns
[19,20]. Subsurface hydrogen storage, although an intriguing
option, comes with complexities that need to be assessed

prior to the storage process. H, storage in salt caverns, for
instance, is restricted by the limited volume that these
structures offer. Depleted oil and gas reservoirs also contain
significant amounts of trapped/residual hydrocarbons that
can react with H, and also reveal relatively high levels of mi-
crobial activity that can lead to H, loss [21]. Aquifers, on the
other hand, maybe a suitable alternative as they can provide
vast storage spaces, and demonstrate less chance of micro-
bial/chemical reactions [16,22].

1.2 Hysteresis and trapping

There are various hydromechanical processes that may cause
hydrogen loss in UHS. Examples include loss of purity of
hydrogen due to mixing with the cushion gas [23,24] or other
in-situ gases [25], lateral spreading of hydrogen due to strong
buoyancy [26,27], and ultimately trapping of hydrogen due to
structural trapping, dissolution trapping, mineral trapping,
and residual trapping, similar to CO, storage in aquifers [28]. It
should also be noted that in CO, storage, the main objective is
maximising the trapping efficiency, whereas in UHS, the aim
is to minimise the trapping to decrease hydrogen loss, and
therefore, a formation suitable for CO, storage might be unfit
for UHS.

The residual trapping, in particular, is initiated by the
wettability preference of the subsurface rocks. It is closely
linked with the hysteresis phenomena, which shows the
dependence of flow on its history. This path dependence can
be studied in terms of contact angle, capillary pressure-
saturation (P.-S,,) and relative permeability-saturation (k,-Sy)
functions. Due to capillary trapping and hysteresis, the P.-S,,
and k,-S,, functions will not be unique and will differ for
drainage and imbibition processes [29—31]. This behaviour
can be enhanced during the UHS because of its cyclic nature
and also the strong water wetting conditions [32].

A complete hysteresis analysis can be done through
scanning curves to consider the full hysteresis cycles of P.-S,,
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and k,-S,,. Depending on the initial condition and two-phase
flow process, P.-S,, and k,-S,, will follow one of the primary
drainage, main drainage, primary imbibition, or imbibition
curves (these are called bounding curves) until they reach a
turning point due to the reversal in flow path. From that point,
a new scanning curve would be formed, which is bounded by
the main drainage-imbibition curves. The formation of the
scanning curves from a previous one continues as long as the
reversals occur. Different models have been suggested to
generate the scanning curves from the bounding drainage/
imbibition curves and characterize trapping. Avid reader is
referred to literature for a detailed study of such models
[1,32—41].

The CO, capillary trapping has proven to happen signifi-
cantly in underground storage sites, which is a favorable
process in CCS as opposed to hydrogen capillary trapping in
UHS [42,43]. Akbarabadi and Piri [42] observed high capillary-
trapping efficiency, particularly for gaseous CO, [42] in their
experiments. Juanes et al. [31] employed the Killough [1] and
Land [35] models to investigate the impact of relative-
permeability hysteresis and the non-wetting phase trapping
in the context of CO, sequestration. However, they ignored the
effect of capillary-pressure hysteresis on the flow properties
[31,44]. Ide et al. [45] investigated the effect of dimensionless
gravity number, aquifer inclination, and capillarity on the
amount of trapped CO,, and concluded that as the gravity
number increases, the amount of the trapped gas decreases,
although the aquifer inclination showed the opposite trend
[45]. Gershenzon et al. [46] used Killough [1] k,-S,, model to
study the CO, trapping in terms of snap-off and capillary
pinning using ECLIPSE-300 [46—49], however, they ignored the
capillary-pressure hysteresis.

To investigate the impact of aquifer heterogeneity on the
capillary trapping of CO,, Yang et al. [50] employed an inva-
sion percolation model combined with Land [35] and Spiteri
et al. [37] trapping models. Wang et al. [30] investigated the
solubility and residual trapping of CO, during full-cycle in-
jections, employing the Killough [1] P.-S,, and k,-S,, model to
generate the first scanning curves; however, they did not
consider all possible cycles and scanning curves due to hys-
teresis in the system. To examine the importance of the gas/
liquid relative-permeability hysteresis on the UHS, Bo et al.
[17] employed the experimentally-measured data of Boon and
Hajibeygi [51] along with the GEM simulator [52]. Their results
indicate that hysteresis effect in gas and liquid flows gain
importance at differing injection/withdrawal rates. Moreover,
they emphasized the importance of considering the measured
k.-Sy, hysteresis data for the H,-water fluids, as it highly in-
fluences the H, productivity estimation. In another study, Pan
et al. [16] examined the impact of relative-permeability hys-
teresis, wettability, and injection/withdrawal scenarios dur-
ing UHS, and compared the performance of CO,-brine systems
with H,-brine systems. They showed that the inclusion of
hysteresis in H,-brine relative permeability lowers the H,
productivity in terms of withdrawal efficiency [16]. Lysyy et al.
[53] used the experimentally-measured H,-brine k, values [54]
to investigate the impact of hysteresis in k, data on H, storage.
The findings demonstrated that the ultimate recovery factor
was overestimated by nonhysteretic k, values.

1.3.  The present study

There is limited information in the literature regarding the
sole influence of capillary-pressure hysteresis on UHS per-
formance as most studies only include the relative-
permeability hysteresis. Clearly, in Darcy's law, relative
permeability and its hysteresis directly control the two-phase
flow dynamics and trapped saturation. As hysteresis calcula-
tions are computationally expensive and time consuming,
here, we seek to explore the hysteresis in capillary pressure to
determine if it presents a substantial impact on the flow
characteristics and efficiency and to see whether we can
exclude its effect to increase the calculation speed. Therefore,
we will investigate the impact of hysteresis in P.-S,, curves
and trapping during cyclic H, injection and withdrawal by
taking into account the full scanning behaviour in each indi-
vidual grid block of the model during drainage and imbibition
processes, while ignoring the hysteresis in relative perme-
ability. Moreover, we investigate the impact of flow rates, on
the UHS efficiency. In summary, this study provides the
following key contributions by applying the Killough [1] model
for hysteresis in capillary pressure and MRST toolbox [2,55].

e Investigating the impact of P.-S,, curves on H, loss due to
trapping and saturation distribution in aquifers.

e Performing a comparative study to quantify the impact of
including and ignoring P.-S,, curves and their hysteresis on
the amount of trapped H, and saturation distribution after
injection/withdrawal cycles,

Probing the impact of dimensionless numbers, namely
capillary, Bond, and buoyancy numbers (as the ratios of
viscous, capillary and gravitational forces) on H, injection/
withdrawal cycles.

Discussing the relevance of water upconing on H, pro-
duction efficiency.

The remainder of this paper first presents a summary of
the methodology and tools used for generating the bounding/
scanning P.-S,, curves and modeling the H, injection/with-
drawal cycles. Next, we will present the results regarding the
impact of intermediate P.-S,, scanning curves as well as the
influence of the viscous/buoyancy forces on the H, storage
efficiency. Finally, a discussion on the numerical instability
for hysteresis modeling and the complexities will be provided.

2. Methodology
2.1.  The Main Capillary Pressure - Saturation Curves

It has been shown in the literature that H, and N, exhibit
similar (flow) characteristics in porous media, for example in
terms of three-phase contact angle [56], because the three-
phase systems containing these gases (gas-brine-rock) pre-
sent similar van der Waals and electrostatic interactions.
Therefore, the N,-water P.-S,, data from Plug and Bruining [57]
is used as the initial input for calculating H,-water P.-S,, curve.
The data is scaled wusing the Leverett J-function

J(Sw) = FeSu)vK/o [58] to account for the impact of permeability.

acos 0
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Afterwards, the Brooks-Corey [59] formulation (equation (1)) is
used to fit the scaled P.-S,, curves:

P(Sw) =P, x S," (1)

where P, is the entry capillary pressure, S, is the scaled wet-
— %), Srw and S, are the re-
sidual saturations of the wetting (water) and non-wetting
(hydrogen) phases, respectively. The relative-permeability

values are also calculated using the Brooks-Corey equations

ting phase saturation (S,

[59], where k™ denotes the endpoint relative permeability for
each phase:

M

Rre(Sa) = k¥ x S, @
2.2. The Scanning Capillary Pressure - Saturation Curves

The P, along the scanning curve is computed using Equation
(1), considering a secondary imbibition process starting from
the main drainage curve (Equation (3)). In this equation, P>
and P show the main drainage and imbibition curves, S is
the turning point wetting-phase saturation, SM®™ denotes the
maximum attainable wetting-phase saturation, and ¢ is a
curvature parameter [1] (See Fig. 1b for an example of scan-
ning curves generated by this model).

P (Sw) = PC"(Sw) — F x [P{"(Sw) — P{"(Suw)]

11
p_Su—SpT+e e (3)
-1 1

Sy —St e e

The secondary scanning P.-S, curves starting from a prior
scanning curve (other than the main curves) can also be
calculated using the methodology outlined in Killough [1] and
Guo [60]. The generation of the n-th scanning curves requires
the turning point history of the grid blocks as well as their P -
Sy functions. For instance, to generate the n-th drainage
scanning curve (initiated from an imbibition scanning curve),
one can follow Equations (4)—(6) as outlined by Guo [60]. In
these equations, S,; and S,,, are imbibition-to-drainage and
previous drainage-to-imbibition turn-around saturations,
respectively, and P° is the capillary pressure on the scanning
curve. Similar formulations are also applied for the scanning
imbibition-to-drainage processes and can be found in Guo [60]
and Killough [1].

1 1
P = PIM(Sy) + | 22| [PY(Sw) — P(Sw)] + (8P1 —Py)  (4)
ASy+e €
where:
ASHyst
6P1 = [P*(Sw1) — P"(Suw1)] A éﬂ
w
ASHyst (5)
0P, = [PY"(Swz) — P¥(Sw2)] n ;“
and:

ASt =5, -8, , ASIY'=S,-S, and AS, =Sy —Sw

(6)
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Fig. 1 — (a) Schematic of the capillary-pressure hysteresis
and the scanning curves. The red, blue, and green curves
illustrate the primary drainage, the main hysteresis loop,
and a scanning loop generated at a different turning point
saturation (reproduced from Joekar-Niasar et al. [29]). SE*'
denotes the turning-point saturation of the non-wetting
phase and SI** is the maximum attainable wetting phase
saturation. (b) An example of the scanning P.-S,, curves
generated using the Killough [1] model based on the main
Brooks-Corey capillary-pressure model. (For interpretation
of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Note that the application of any generated scanning curve
from another scanning curve is only valid in the saturation
range of the two consecutive turning points (Sw2 < Sw < Sw1)-
For saturations outside of this range, the scanning curve
continues on the capillary-pressure curve generated at time-
step t72, where i is an index indicating the current timestep
number. A diagram of the P, scanning behaviour is shown in
Fig. 1a, where depending on the saturation at the turning
point, various scanning curves can be produced [29]. Fig. 1b
also represents a real scanning curve analysis generated
based on the Killough [1] model. It can be seen that depending
on the saturation of the turning point, the scanning curves
may/may not reach the main P-S,, curves.
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In a multi-phase system, capillary forces are only one
factor influencing flow efficiency; other density/viscosity-
driven forces also impose major impacts on flow behaviour
and productivity. Viscous and buoyancy forces, in particular,
gain tremendous importance as the H,-brine system present
large viscosity and density differences. Thus, it is vital to
quantify impact of these forces, which will be done through a
dimensionless number analysis by considering three
numbers, namely capillary number (Ca) [58], Bond Number
(Bo), and Buoyancy Number (Bu) [61,62]. Ca is defined as the
ratio of viscous to capillary forces, Bo signifies the ratio of
gravitational to capillary forces. Based on these two numbers,
Bu number is proposed as the ratio of gravitational to viscous
forces, which is less commonly used. The following defini-
tions are used to calculate these numbers, respectively, where
kg, g, 0, and ¢ represent the gas viscosity, injection/with-
drawal Darcy velocity, interfacial tension, and aquifer
porosity, respectively. K, and r also represent the aquifer
permeability (in the vertical direction) and characteristic pore
radius, in turn.

Ca:'ug—qg , BO:AL}]KU and BM:M
apCos 6 ar [T Pl
)
2.3.  Model implementation

As previously demonstrated, a complete P.-S,, hysteresis
study was performed by considering all the predictable
scanning curves that the simulation grid blocks can follow.
The main steps for conducting the P.-S,, hysteretic behaviour
are presented in Fig. 2. To this end, the saturations at three

Start

I

consecutive time steps are used to determine whether a grid
block will continue to drain, imbibe, or will have a turning
point. Note that the local grid imbibition/drainage cycles are
independent of the main injection/withdrawal schemes,
meaning some grid blocks can go through an imbibition pro-
cess while the main operation is controlled by the injection of
the non-wetting phase (drainage). If a grid block demonstrates
areversalin its saturation trend, the Killough [1] model will be
used to generate a new P.-S,, function based on the turning
point saturation value, otherwise, the P. functions would stay
the same as the previous timestep. This procedure will be
repeated at every time step for all the grid blocks to determine
the local grid processes and their corresponding P.-S,,
functions.

We have implemented the mentioned P.-S,, hysteresis
model in the MATLAB Reservoir Simulation Toolbox (MRST)
[2,55], which is used for simulating the H, injection/with-
drawal. In particular, we used the object-oriented, automatic-
differentiation (AD-OO) framework in MRST employing a
fully-implicit scheme to calculate pressure and saturation
simultaneously.

3. Results and discussion
3.1. Input parameters

The parameters outlined in Table 1 are used as the input to the
aforementioned P.-S,, hysteresis model. It should be noted
that the impact of fluid and rock compressibilities has been
neglected in this study. To elaborate on the potential impor-
tance of hydrogen compressibility, we conducted two simu-

lations wusing a single injection scenario assuming

Compare S, at 3 timesteps: ti, t-1 and ti-2

l

The grid blocks will be flagged based on
their saturation trend.

e

‘ S22 < skt < sk ‘ Si2> 81> 8)

Ty
iz <Si1> st

o
Si2>si-l < st

| |

| |

The block continues The block continues
to drain. to imbibe.

Drainage-to-
Imbibition reversal.

Imbibition-to-
Drainage reversal.

I

Update the P, functions for the flagged grid
blocks based on the Killough Model.

I

Perform the simulation at the current
timestep and repeat the flagging procedure

s the flagging compatible with the
previous one (before simulation)?

Keep the updated P, and proceed to
the next timestep.

Fig. 2 — A diagram outlining the steps taken to simulate the injection and withdrawal of H, using scanning analysis.
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Table 1 — A summary of basic parameters used in the
model.

Parameter Value
Permeability, mD 250 [2]
Porosity, (—) 0.25 [2]
Aquifer Depth, m 1500
Aquifer Thickness, m 100
Aquifer Lateral Size, m 1000
Brine Density, kg/m? 1000 [63]
Brine Viscosity, cp 0.80 [63]

H, Density, kg/m> 15%

H, Viscosity, cp 0.01 [64]
Interfacial Tension, mN/m 72 [65,66]
Reference Pressure, MPa 15 [2]

& Calculated based on the ideal gas law (Compressibility factor = 1).

Table 2 — Petrophysical properties used in the model. The
P. data are derived by consecutive scaling [58] and

Brooks-Corey [59,67] fitting of Nitrogen data presented in
Plug and Bruining [57].

Parameter Value
Corey Exponent for Water k, function 4

End point k, value for Water 0.40
Corey Exponent for H, k, function 2

End point for H, k, value 0.80
Corey Exponent for Drainage P. function 0.31
Entry P. value for Drainage, kPa 31
Corey Exponent for Imbibition P, function 0.77
Entry P, value for Imbibition, kPa 11
Irreducible Water Saturation 0.12 [2]
Residual Gas Saturation 0.21 [2]

—
»

Krepunog MO[F-ON

compressible and incompressible gases. Note that the
compressible simulation has been done using the constant
gas compressibility assumption. For comparison, the
hydrogen saturation fronts were plotted as a function of
aquifer depth and length as shown in Figure Appendix C.1. It
can be seen that the two cases present small differences,
especially near the well. However at very long injections when
full segregation takes place, there is a considerable difference
in fronts. Given the cyclic injection - withdrawal of hydrogen
at much smaller PVs and to reduce further complexities in the
model, we have neglected the impact of fluid compressibility
in the simulations. Table 2 shows the petrophysical properties
used in conjunction with the Brooks-Corey k,-S,, and P.-S,,
formulations. As mentioned, we used N,-water P.-S,, data [57]
and scaled it for the H,-water system. The entry capillary
pressure and exponents demonstrate the Brooks-Corey [59]
fitted values after scaling. The data presented by Plug and
Bruining [57] is shown in Fig. 4 as well. The aquifer is also
considered to be fully water wet (cos§ = 1). Fig. 3 shows the
simulation domain, initial conditions, and boundary condi-
tions. We have considered a 1000 x 1000 x 100 m® homoge-
neous aquifer with its bottom border regarded as an open flow
boundary, while the vertical boundaries are designated as no-
flow boundaries. The injection/withdrawal well is perforated
down to half of the aquifer thickness and is placed in the
middle of X—Y plane. A sensitivity analysis was performed to
check the impact of the grid resolution on the results, which is
presented in Appendix A.

The H, injection/withdrawal schemes considered in this
study include two consecutive cycles of injection-withdrawal
in a fully water-saturated aquifer. Note that the injection/

/Withdrawal Well

_ON

Arepunog morg

en Bounda®

Oop

1.48 1.49 1.5 1.51

1.52

1.53 1.54 1.55 1.56
107

Fig. 3 — The simulation domain and initial pressure conditions of the aquifer in Pa. Hydrostatic initial pressure condition
has been assumed, all boundary faces are closed (no flow), except the bottom boundary, which is open flow. The injection/
withdrawal well is considered at the centre of the aquifer and has penetrated the aquifer to its half depth.


https://doi.org/10.1016/j.ijhydene.2023.09.136
https://doi.org/10.1016/j.ijhydene.2023.09.136

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 50 (2024) 1263—1280

1269

O
o

o
3
)

o
o

Relative Permeability
o
S

Brine Saturation

60
\ —— Fitted Imbibition Pc
N\ * Exp. Scaled Imbibition Pc
50 - N N — — Fitted Drainage Pc
AN e O Exp. Scaled Drainage Pc

©
o
X 40
g
=
@
230
o
o
K
% 20
(&)

101

*
(b) 0 T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Brine Saturation

Fig. 4 — (a) The H;, (k,-Sw) and water (k,,,-S,,) relative
permeability curves used in this study. The k,-S,, values
are calculated according to Brooks-Corey Equation [59]. The
Corey exponents for H, and water are 2 and 4, respectively.
The endpoint relative permeability values for water and H,
are set equal 0.4 and 0.8, respectively. (b) The imbibition
and drainage P.-S,, data used in this study, fitted by the
Brooks-Corey equation [59]. The Corey exponents for
imbibition and drainage are equal 0.77 and 0.31,
respectively. The entry capillary pressure values are also
set equal 11 and 31 kPa. To derive this data first the N, data
of Plug and Bruining [57] were scaled using the Leverett J-
Function [58], then the capillary pressure values was fitted
to the Brooks-Corey equation.

withdrawal rates are kept constant for each simulation case.
The first injection phase continues for 6 months, followed by
3-month withdrawal-injection-withdrawal phases.

The remaining of this paper is devoted to how the hyster-
esis in P.-S,, curves affects the UHS. The impact of the flow
rate and aquifer characteristics will be examined by running
the simulations for various Ca and Bo numbers. The last

section will also include a discussion on the numerical com-
plexities that may be encountered using the scanning curves.

3.2. Capillary pressure - saturation hysteresis

This first modeling case probes the effect of P.-S,, hysteresis
on the efficiency of the H, injection/withdrawal cycles when
considering a low capillary number (Ca = 2 x 1077 equivalent
to 0.01 PV/year (684 m>/day) and Bo = 0.44. H, injection/with-
drawal is regarded to happen in two cycles, with the first in-
jection lasting six months, and the subsequent withdrawal,
injection, withdrawal each for three months.

For comparison of the impact of P.-S,, hysteresis, the cy-
clic simulations were repeated for four cases: 1) P.-S,, hys-
teresis with full scanning behaviour, 2) P.-S,, hysteresis only
with main loops (no scanning), 3) drainage P.-S,, curve with
no hysteresis, and 4) zero capillary pressure. Fig. 5 shows the
H, saturation profile at the end of the second injection and
withdrawal when the P.-S,, scanning curves were included.
Table 3 details the difference between the four scenario cases
in terms of produced H, volume and remained H, saturation
in the aquifer. It can be concluded that assumptions related
to ignoring the hysteresis or ignoring the capillary pressure
(Scenarios 2—4) slightly underestimate remaining H, satura-
tion for this specific case. However, due to the competition
between viscous, capillary, and gravitational forces, this un-
derestimation may be pronounced under different condi-
tions. Figure Appendix B.1 also presents the data regarding
the H, operational flow rate and bottom-hole pressure as a
function of time for these four cases. It can be seen that the
P, mainly influences the bottom-hole pressure and flow rate
at late-time withdrawal, when the H, withdrawal rate is
fallen as a result of water production. Moreover, during the
second withdrawal stage, the bottom-hole pressure has
fallen less noticeably for the scanning (first) scenario
compared to second and third scenarios. Moreover, it can be
deducted that the flow rate will be overestimated when
neglecting the P, effect. It can be concluded that although the
impact of P, scenarios is not significant in terms of saturation
distribution and remaining saturation, their influence on the
pressure field and well properties, especially at late-time, can
become noticeable.

3.3. Dimensionless number analysis

The interaction of viscous, capillary, and gravitational forces
determines how efficiently a UHS design operates. The rela-
tive significance of these forces can be quantified using the
dimensionless capillary, Bond, and buoyancy numbers as
defined in Equation (7). Capillary number, for instance, is
directly connected to injection/withdrawal rates, which its
optimization is vital for a successful and low-loss UHS oper-
ation. In this section, impact of variations of these dimen-
sionless numbers on H, removal has been investigated. To
determine how effective certain scenarios are, we set a
withdrawal cut-off constraint equal to 10% gas-cut (Qy/Qotal >
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Fig. 5 — H, saturation profile at the end of (a) second injection and (b) second withdrawal with including P.-S,, scanning
curves (first case in Table 3) for Ca = 2 x 107 and Bo = 0.44. Given the slow viscous force and intermediate Bond numbers,
hydrogen saturation override is significant.

Table 3 — A quantitative comparison between four cases with different P. models. For these scenarios, no cut-off constraint
is applied, and the second withdrawal time is set to three months. The injection/withdrawal rate is equal to 0.01 PV/year

and Ca = 2 x 10~’. The error value is calculated considering the first scenario as the base case (( \S;,em - S;.mm\ / S;_,em )). The
total injected pore volume is equal to 0.009.

Case Description Produced H, Pore Remaining H, Remaining H, Relative
Number Volume Saturation Difference, %

1 Hysteresis in P.-S,, curves - with scanning curves 4,638 x 102 0.276 —

2 Hysteresis in P.-S,, curves - bounding curves only 4622 x 1073 0.269 —2.460

3 No hysteresis - only drainage P.-S,, 4,642 x 103 0.268 —2.858

4 No capillary pressure 4.778 x 1072 0.272 —1.483

Table 4 — A quantitative comparison between nine cases of H, injection/withdrawals indicating the significance of
Capillary, Bond, and Buoyancy numbers on the H, productivity. The second withdrawal stops when the gas-cut reaches

10%. The remaining H, saturations quantifies the average saturation of grid blocks containing S, > 0.05. The H, saturation
profiles regarding these cases are shown in Figs. 7 and 8.

Case Injected PV, Capillary Bond Buoyancy Produced Pore Remained H, = Withdrawal
Number 1/year Number, (-)  Number, (-)  Number, (-) Volume Saturation Time, Days
1 0.01 2 x 1077 0.13 6.5 x 10° 5.00 x 1073 0.21 97.25

2 0.01 2 x 1077 0.44 2.20 x 10° 5.44 x 1073 0.25 210.01

3 0.01 2 x 1077 0.88 4.40 x 10° 440 x 1073 0.28 289.91

4 0.13 2x10°° 0.13 6.50 x 10* 2.95 x 102 0.21 46.11

5 0.13 2x10°° 0.44 2.20 x 10° 5.64 x 1072 0.28 148.84

6 0.13 2 x10°° 0.88 4.40 x 10° 5.64 x 1072 0.34 208.19

7 0.63 1x107° 0.13 1.30 x 10* 6.52 x 1072 0.21 20.54

8 0.63 1x10°° 0.44 4.40 x 10* 2.49 x 107t 0.25 123.73

9 0.63 1x10°° 0.88 8.80 x 10* 3.53 x 107" 0.24 166.18

nine cases. The average pore radius to calculate the Bond
numbers were taken from the study of Kashif et al. [68]. A

0.1) during the second H, withdrawal phase. For simulations,
P.-S,, hysteresis without the scanning curves were considered

(case 2in Table 3), as inclusion of the scanning curves in MRST
led to significantly higher computational cost. To elaborate,
the variations in the capillary number and Buoyancy number
can be achieved by changing the flow rates. Altering the
aquifer permeability, which would directly affect the P.-S,,
functions, is another way to examine the effect of Bond and
Buoyancy numbers. In order to do this, three different
permeability scenarios (50, 250, and 1000 mD) and three in-
jection/withdrawal rates were considered, which resulted in

summary of these cases is presented in Table 4 and Fig. 6 with
the visualisation displayed in Figs. 7 and 8 showing Y-Z
aquifer slices where the injection/withdrawal happens.
Considering the variations in capillary number, it can be
seen that the withdrawal constraint is satisfied earlier when
the capillary number rises (flow rate increases), and the H,
removal would be halted due to the high water withdrawal. As
Pan et al. [16] also mentioned, larger withdrawal rates cause
the reservoir pressure to drop more noticeably, therefore it is
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Fig. 6 — Impact of Bond number and capillary number on (a)
remaining H,, (b) produced H, in pore volume. All plotted
results are related to the end of second withdrawal for the
nine cases presented in Table 4. The second withdrawal
stops when the gas-cut reaches 10%. The remaining H,
saturations quantifies the average saturation of grid blocks
containing S, > 0.05. The H, saturation profiles regarding
these cases are shown in Figs. 7 and 8.

critical to maintain the aquifer pressure by injecting a large
initial H, volume or other cushion gases. Variation of the
pressure and flow rate versus time for some cases is shown in
Figure Appendix B.2. Higher H, removal rates can be attained
when the aquifer pressure is maintained because viscous
forces predominate and reduce H, lateral spreading [16].
However, caution must be taken while increasing the capillary
number since at high flow rates, the magnitude of viscous
forces increases and therefore, water upconing would be un-
avoidable and would stop the withdrawal of H,. A graphical
representation of water upconing during the second H,
withdrawal at a rate of 0.13 PV/year (Ca =2 x 107°,Bo = 0.44) is
shown in Fig. 9. The graph shows the H, saturation at six
different timesteps, from the second withdrawal up until the
water upconing is fully formed. When upconing takes place,
water bypasses H, and will breakthrough to the withdrawal
well faster, trapping the H, in the aquifer.

The relative magnitude of gravitational forces compared to
capillary forces can be investigated using the dimensionless

Bond number. In order to consider the effect of variations in
aquifer permeability on capillary pressure curves, we have

used the Leverett J-Fuction J(Sy,) = % [58] to re-scale the
P.-S,, curves. At a constant capillary number, as shown in
Table 4 and Figs. 6—8, when the Bond number drops (perme-
ability reduces), the interfaces become more diffuse and H,
finds it more difficult to travel upwards, which causes it to
spread out more in the aquifer. As a result, at low Bond
numbers, as contrasted to high Bond numbers (high perme-
ability values), the cut-off requirement is satisfied signifi-
cantly earlier. Although higher vertical aquifer permeability
appears to be beneficial for H, removal, caution should be
used when selecting a UHS site. Higher horizontal aquifer
permeability results in faster lateral spreading of H,, which
allows H, to escape through the aquifer's spill points. Another
important implication is that although an increase in capillary
number results in reduced withdrawal time, according to
Fig. 6a, there is non-monotonic trend between remaining H,
and Bond number at high capillary numbers. This means that
at a certain range of Bond number values, it is even more
beneficial to increase the operational flow rate as the trapped
saturation would decrease. This also enhances the significant
impact of aquifer permeability on the UHS design.

3.4. Discussion on numerical challenges

As previously noted, we have simulated the H, injections and
withdrawals as well as the hysteresis behaviour using the
MRST toolbox [2,55]. Killough [1] methodology was used to
implement the P, model in the MRST AD-OO solver to create
the scanning curves. However, there are a few issues that
needs to be discussed and clarified because they have a sig-
nificant impact on the simulation operation for including
scanning curves.

The complexities can be first discussed regarding the Kill-
ough [1] methodology. The turning point history of the grid
blocks, the relative placement of the turning points to one
another, and the gas saturation at those turning points are all
important factors in achieving appropriate, bounded scanning
curves from the model, especially when grid blocks go
through subsequent drainage and imbibition phases and
present a high number of turning points. Not-bounded scan-
ning curves may be achieved depending on the occurrence of
the stated factors, which needs to be handled. The new
scanning curves can also only be generated between the
saturation range of two subsequent turning points. The model
must be able to manage saturation values outside of this range
by re-calling the P.-S,, curve at timestep t' =2 (either the scan-
ning or main curve depending on the number of turning
points).

On the other hand, the inclusion of the P.-S, scanning
model presented a high level of complexity by significantly
increasing the number of timesteps needed as well as the
time required for solving each timestep. Additionally, these
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Fig. 7 — Visualisation of hydrogen plume at different capillary, Bond, and Buoyancy numbers at the end of the second
injection. Each row presents 3 cases at a constant capillary number. The quantitative difference between these cases is also

shown in Table 4.

difficulties would increase, especially at larger flow rates,
where timestep sizes under an hour were necessary. Another
important issue was regarding the P.-S,, behaviour in the
vicinity and below the gas residual saturation region. A large
number of consecutive turning points may be produced by
the numerical saturation oscillations in this region, ulti-
mately leading to the scanning curves becoming unbounded.
We considered the primary drainage curve for grid blocks
starting to fill with gas until their saturation approaches the
residual gas saturation to overcome these problems. More-
over, some grid blocks experience substantial gas saturation
drops during the H, withdrawal. As a result, their saturations
approach residual gas, and they may also experience satu-
ration oscillations near this area that can result in un-
bounded scanning curves. Transferring from the last
properly-generated scanning curve to the main drainage
curve appeared to be the simplest way to get around this
issue.

4. Shortcomings and future work

The main purpose of this study has been to investigate the
impact of hysteresis in P.-S,, functions and injection/with-
drawal rates on the efficiency of the UHS operations while
ignoring the k,-S,, hysteresis. The authors are fully aware of
the significance of k, data while simulating the hysteresis.
However, the primary goal of this study was to solely consider
the impact of P.-S, hysteresis as it is largely disregarded in the
literature. This provided insights under what conditions
complexities of P.-S,, hysteresis are worth investment for
practical industrial scale. Clearly, heterogeneity of the reser-
voirs and wettability distribution (in depleted reservoirs) are
major factors that need to be addressed in future studies.
Moreover, higher injection/withdrawal rates (capillary num-
ber) result in different k, curves, and including the dynamic k,
effect can be investigated in future studies.
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5. Conclusions

The inclusion of full hysteretic behaviour of capillary-pressure
and relative-permeability functions in two-phase flow simu-
lators impose high computational complexities and are time
consuming. Therefore, the first objective of this study was to
investigate the sole impact of hysteresis in capillary pressure
curves in terms of scanning curve generations, while ignoring
the hysteresis in relative permeability. Moreover, this study
looked through the effects of operational flow rates and aquifer
characteristics in terms of dimensionless parameters (namely
capillary number and Bond number) on UHS performance.
Analysing the results, the following conclusions are drawn:

e The flow behaviour and effectiveness of the UHS operation
were not considerably impacted by the addition of capillary
pressure scanning curves in the model. Exclusion of P.-S,
scanning curves slightly underestimates the remaining
hydrogen saturation.

e The impact of capillary pressure on the bottom-hole
pressure and withdrawal rate can become significant at
late-time withdrawals, when the water is flowing to the
well more considerably, and exclusion of capillary pres-
sure clearly overestimates the bottom-hole capillary
pressure.
The UHS efficiency is highly impacted by the operational
flow rate, and aquifer characteristics.
e At high capillary numbers, due to the high pressure drop,
water bypasses hydrogen and the resulting water upconing
ceases the hydrogen withdrawal.
Aquifer permeability, particularly in the vertical direction,
influences the efficiency of UHS. When Bond number pre-
sents a small value, gravity segregation is very slow; the
interfaces become very diffuse, and the cut-off constraint
is satisfied more quickly compared to high permeability
scenarios.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

The authors thank the University of Manchester for funding
the PhD studentship of Farzaneh Nazari through the Presi-
dent's Doctoral Scholar Award. The authors thank Prof. Knut
Andreas Lie and Dr. Olav Mgyner from the SINTEF group for
their support via email communications. Rouhi Farajzadeh

thanks Shell Global Solutions International B.V., The Hague,
Netherlands for granting permission to publish this paper.

Nomenclature
Letters
P. Capillary Pressure, Pa
P, Entry Capillary Pressure, Pa
ky Relative Permeability
Ry endpoint relative permeability
n Brooks-Corey P, exponent
m Brooks-Corey k, exponent
Sw Water Saturation
Srw residual Water Saturation
Spx maximum attainable wetting-phase saturation
Syst wetting-phase turning point saturation
Sy Gas Saturation
dg Gas Velocity, m/s
t Timestep Number
K Absolute Permeability, m?
r Characteristic Pore Radius, m
q Flow rate, m%/s
Ca Capillary Number
Bo Bond Number
Bu Buoyancy Number
€ Killough [1] Curvature Parameter
) Porosity
tg Gas Viscosity, Pa.s
Interfacial Tension, N/m
0 Contact Angle, °

Abbreviations
UHS Underground Hydrogen Storage

BC Brooks-Corey

IFT Interfacial Tension

AD-OO Object-Oriented, Automatic-Differentiation
PV Pore Volume

Appendix A. Sensitivity Analysis

To determine the ideal number of grids for the simulations, a
sensitivity analysis regarding the number of grid units is being
carried out. Note that the grid aspect ratio is kept constant at 5
in all sensitivity simulations. Figure Appendix A.1shows the H,
saturation profiles of four sensitivity analysis cases. To achieve
these results, we have considered a single cycle of H, injection-
withdrawal with rate of 0.015 PV/year. The H, was injected for
six months and produced for three months after the injection.
The results of the sensitivity cases are being compared in
terms of an independent parameter, namely the remaining
average H, saturation. To derive this saturation value, we have
considered only the grid blocks which demonstrates H, satu-
ration values over 5%. Figure Appendix A.2 presents the error
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plot of the conducted sensitivity analysis. The error values are
calculated with respect to the point with the lowest number of
grids. It can be seen that from the point with 40 x 40 x 20 grids,
the average saturation and error values are approaching a
plateau. Therefore, we have considered the 40 x 40 x 20 case
for the rest of the simulations.

5 10 15 20 25 30
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure Appendix A.1: The results of sensitivity analysis conducted regarding the number of grids. The grid aspect ratio in all
cases is equal 5. The results illustrates the H, saturation profile after 6-months injection with rate of 0.015 PV/year. The X
and Y axes demonstrate the grid numbers in the corresponding directions.
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Figure Appendix A.2: The grid sensitivity results as a function of remaining average H, saturation (S, > 0.05) after a 3-
months withdrawal with rate of 0.015 PV/year. The x-axis demonstrates the grid number derived based on 1/ yn,nyn,. The
secondary y-axis also shows the average saturation relative error calculated with respect to the case with lowest number of
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Appendix B. Operational Flow rate and Pressure
Plots
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Figure Appendix B.1: H, injection/withdrawal rate (a) and bottom-hole pressure (b) versus simulation time for the four

hysteresis cases presented in Table 3.
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Appendix C. Impact of Gas Compressibility
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Figure Appendix C.1: H, injection front after (a) 0.1, (b) 0.3, and (c) 0.5 total injected pore volume for two compressible and
incompressible gas phases. These simulations were done based on the Case 5 data presented in Table 4.
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