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Underground hydrogen storage (UHS) is a potential technology that can resolve renewable energy supply-
demand challenge at seasonal (terawatt-hours) scales. Enabling this technology and optimizing its perfor-
mance require a wide range of analyses from hydrodynamics to geomechanics and biogeochemistry, among
which understanding the transport (and trapping) of hydrogen in porous rocks stands out. A key parameter in
quantification of hydrogen transport in partially brine-saturated geological formations is its relative permeability
(krp). In this study, we develop a theoretical k,, model using upscaling concepts from effective medium
approximation and percolation theory. Our theoretical model, developed based on pore-scale characteristics,
estimates k,;, from pore size distribution, capillary pressure curve or mercury intrusion capillary pressure curve,
and critical hydrogen saturation, Sy, at which k,, approaches zero. We evaluate the proposed model using eight
experimental datasets and eleven pore-network simulations. Discrepancies are observed for some of the car-
bonate samples, likely due to secondary porosity effects (e.g., presence of vugs and/or fractures), and in some of
the sandstone rocks, possibly due to imprecise Sy, estimation. These observations highlight the importance of
improving pore structure characterization to better account for such heterogeneities and enhance model accu-
racy for reliable quantification of the k;; relevant to UHS applications. These findings also highlight the critical
role of accurate parameter estimation, such as determining the Sy, in estimating k,,. Overall, the study dem-
onstrates that the proposed approach provides a cost-effective and practical alternative to extensive experiments
and simulations, offering a promising tool for quantifying k,, relevant to UHS applications.

1. Introduction

Underground hydrogen storage (UHS) is a viable method for storing
large volumes of hydrogen, as hydrogen can be contained within sub-
surface structures, such as saline aquifers, depleted hydrocarbon reser-
voirs, and salt caverns [1]. It is also a key component of the "Power to
Gas" concept in which surplus electricity is converted to hydrogen (Hz)
via electrolysis [2], subsequently stored in underground reservoirs or
injected into gas distribution networks, either directly through blending
or additional conversion to methane. Various studies in the literature
also highlight the expanding role of hydrogen in decarbonizing industry,

advancing transport, and serving as a versatile energy carrier with high
specific energy and strong potential for integration into future clean
energy systems [3-5].

Although salt caverns offer high purity due to minimal contamina-
tion risk, their limited size and sparse availability may restrict their
feasibility to meet extensive storage demands. In contrast, porous res-
ervoirs offer significantly greater volumetric capacity. Furthermore,
their operational costs are also substantially reduced since many sites
already have existing exploration facilities [6,7]. Therefore, subsurface
porous media, such as depleted hydrocarbon reservoirs and deep aqui-
fers, provide feasible and abundant alternatives for long-term and
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large-scale hydrogen storage [8,9].

Despite the growing interest in UHS, hydrogen storage mechanisms,
including its transport and trapping, within subsurface heterogeneous
porous media have not yet been fully understood. More specifically,
quantification of the hydrogen flow characteristics, especially its rela-
tive permeability (k,;), in the presence of existing in-situ fluids during
injection is crucial to develop accurate large-scale models. Therefore,
this study specifically investigates k,;, a key parameter influencing
hydrogen mobility and storage efficiency in subsurface porous media.

Relative permeability describes the ability of a fluid to flow within
porous media in the presence of other immiscible fluids. In numerical
modeling of UHS at the field scale, relative permeability curves are
critical parameters, as highlighted by Bo et al. [10], Kanaani et al. [11],
Lysyy et al. [12] and Wang et al. [13]. Laboratory-measured gas-water
relative permeability curves typically show low endpoint gas saturations
(<65 %) and very low maximum gas relative permeabilities, generally not
exceeding 0.1 under drainage conditions [14-16], influenced by
pore-scale heterogeneity, capillary number, low viscosity ratio of
gas-brine systems, and injection rate [15-17]. Consequently, numerical
and analytical models are essential for validating and extrapolating
relative permeability data across broader saturation ranges [18,19].
This work aims to develop and evaluate a theoretical model for k., based
on pore-scale characteristics, providing a cost-effective alternative to
extensive laboratory measurements and simulations.

Direct pore-scale simulations have been applied to hydrogen-brine
systems, demonstrating distinct saturation—-permeability relationships
for wetting and non-wetting phases and providing new insights into
pore-scale controls on relative permeability [17]. While such simula-
tions offer valuable pore-scale understanding, much of the historical
development of relative permeability modeling has relied on simplified
analytical formulations. One of the earliest models to predict relative
permeability was developed by Corey [20] who derived relative
permeability as a power-law function of normalized saturation.
Although simple, the Corey model showed reasonable agreement with
experimental data [20]. The Brooks-Corey model [21] expands upon
this by introducing the concept of pore size distribution (PSD) in
capillary pressure and relative permeability relationships, which
improved predictions in water-wet reservoirs [22-24]. Along this line,
van Genuchten [25] proposed a flexible and sigmoidal function to
characterize capillary pressure curve, combined it with the hydraulic
conductivity model of Mualem [26] and presented capillary pressure
and relative permeability models. While effective in soil physics appli-
cations, similar to Brooks-Corey model [21], it is based on the bundle of
capillary tubes approach, an oversimplifying idealization in which a
porous medium with interconnected pores is replaced with
non-interconnected straight capillary tubes [27]. Krevor et al. [18]
modified the Brooks-Corey model [21] to improve CO relative perme-
ability by capturing capillary trapping behavior. Lenhard et al. [28]
developed a method to derive equivalent parameters for the
Brooks-Corey [21,25] and the van Genuchten [25] model. These models
were applied and compared by Bo et al. [10] in their study on relative
permeability of modelling of hydrogen who found that the Krevor et al.
approach [18] had the best agreement with experimental data. Parker
et al. [29] developed a semi-empirical model incorporating hysteresis
and non-wetting phase entrapment to capture history-dependent
multiphase flow. However, it remains reliant on empirical calibration
and lacks explicit pore-scale representations, such as film flow and
wettability effects. Ogolo et al. [30] emphasized the importance of
laboratory-derived relative permeability data and demonstrated that
even minor inaccuracies in the Corey model exponents can have
considerable impacts on reservoir simulations. Their study underscores
the necessity of precise calibration of these models to specific reservoir
conditions to ensure accurate predictions.

In contrast to the bundle of capillary tubes approach, techniques
from statistical physics, such as percolation theory (PT) [31,32] and
effective medium approximation (EMA) [33], scale up flow and
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transport in complex pore networks with interconnected pores to model
relative permeability in porous media [34-36]. For instance, Ghanbar-
ian et al. [37] combined PT and EMA to model wetting-phase relative
permeability in porous media. They applied scaling laws from EMA and
PT respectively at higher and lower wetting-phase saturations. By
comparison with experiments, they found generally good agreement
with measurements. In another study, Ghanbarian et al. [38] applied a
similar approach, adopted for unconventional reservoirs, and proposed
a model for gas relative permeability in shales and tight rocks. Due to
nano-scale pore structures of unconventional rocks, their model
accounted for slippage. By comparing with six sets of experiments and
two sets of simulations, Ghanbarian et al. [38] found accurate pre-
dictions of gas relative permeability.

Although concepts of PT and EMA have previously been used to
model relative permeability in soils [37] and tight porous rocks [38], to
the best of the authors’ knowledge, this is the first study evaluating their
applications to hydrogen in conventional reservoir rocks. We aim to
advance the current understanding of hydrogen flow behavior through
the following objectives: (1) upscaling pore-scale flow using the EMA
and universal power-law scaling from PT, (2) modeling hydrogen rela-
tive permeability k,; in porous rocks and (3) evaluating the proposed
model and its predictions by comparison with numerical simulations
and experimental measurements. The remainder of this paper is struc-
tured as follows: the theoretical framework and dataset are first
described, followed by a presentation and discussion of the results. The
paper concludes with a summary of the main findings.

2. Theoretical modeling of hydrogen relative permeability

In this section, we present the theoretical approach developed to
model the k.

2.1. Hydraulic properties at the pore scale

For a cylindrical pore, the Young-Laplace equation relates the pore
size to the capillary pressure as

2y cos (0)
r= T7 (@)
where r is the pore radius, y is the interfacial tension (N/m) between the
two immiscible fluids (e.g., mercury-air or water-hydrogen), 0 is the
contact angle (°) between fluid and solid surface, and P, is the capillary
pressure (Pa), defined as the pressure difference between the non-
wetting and wetting phases (hydrogen gas and brine, respectively).

Hagen-Poiseuille’s law describes viscous flow in a cylindrical pore,
where the volumetric flow rate is proportional to the pore radius raised
to the fourth power. Based on the Hagen-Poiseuille model the hydraulic
conductance, g (m*s/kg), of fluid flow through a cylindrical pore with
length [, filled with fluid of viscosity u, is given by

art

gfs—ﬂl (2)

Based on Equation (2) and the relationship between g and r, one can
determine the pore conductance distribution, f(g), from the PSD and the
relationship f(g) = f(r)dr/dg in which f(r) represents the PSD.

2.2. Hydrogen saturation

We assume that the pore space can be represented by a network of
cylindrical pores whose lengths are proportional to their radii. Each pore
is occupied by either wetting (e.g., water) or non-wetting (e.g.,
hydrogen) fluid, and all pores with radius r and larger are considered
accessible to hydrogen. The hydrogen saturation S, associated with a
given pore radius r can then be determined by integrating r3f(r) fromr to
Tmax and normalizing the results as follows [38]
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Sh— S [ rPf(r)dr

1=Sw [ r3f(r)dr ®

where Sy, is the residual hydrogen saturation and f(r) is the pore size
distribution.

2.3. Upscaling from pore to core

To model k., over the entire S range from the critical hydrogen
saturation, Sp., at which hydrogen permeability approaches zero [32], to
1, we apply the EMA at high to intermediate S, and PT at low Sy, near Sp,.
In the following, we briefly describe the EMA and PT and scaling laws
used to model k.

The EMA is an upscaling technique from statistical physics, which
provides a method for modeling flow and transport in porous materials.
This approach has been effectively employed in the literature to study
various petrophysical properties by Ghanbarian et al. [38], Ghanbarian
& Javadpour [39], and Richesson & Sahimi [40]. Within the EMA
framework, a heterogeneous medium characterized by a given pore
conductance distribution f(g) is substituted with a hypothetically ho-
mogeneous network where all pores possess an effective pore conduc-
tance g.. This effective pore conductance g, is determined by solving
[54]

/ 8 — &

f(g)dg=0, @
4 + |:§ - 1:|ge

in which Z is the average pore coordination number. Assuming Z = 2/

She, according to the literature [38], one can rewrite Equation (4) as

1-§;

[—&Ertgdg—o. s)
g+ {T”} &

Equation (5) means that the effective hydrogen conductance, g, at
the network level can be scaled up from pore-scale properties using the
pore size distribution and Sp,.

Under the fully-saturated conditions (S, = 1), the effective conduc-
tance g, is determined by integrating the conductance distribution as

" &Sh=1) -8 o
/g“"" g+ {‘S,;} 8(Sn = 1)f(g)dg ’ ©

Under the partial saturation conditions, one obtains

8 . S)—0 max A S) —
[ pgags [T EBZE pgg0. o)

w04 |55 a(s) © g e
The values of g.(S, = 1) and g.(Sy) should be determined by numerically
solving Equations (6) and (7), respectively. To characterize the satura-
tion dependence of the effective conductance, g.(Sy) should be
computed at different Sy, values. One can accordingly calculate the k,
following [35], as

kn(Sh) 8(Sh)

o = - . 8
"h(Sh=1) g (Sn=1) ®

Predictions by the EMA are accurate far above S, [41]. Therefore
near Sy, one should apply another upscaling technique e.g., universal
power-law scaling from PT. The universal power-law scaling from PT
[33]is

ken =ko(Sh — She)',Sh > Shes 9
where t is the scaling exponent whose universal value is dimension-

dependent (1.3 for two and 2 for three dimensions). ky is a numerical
prefactor that can be determined by equating Equations (8) and (9) at
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Shx, the crossover point between the EMA and the universal power-law
scaling from PT.

Because Eq. (8) is expressed implicitly in terms of Sj, one should
numerically determine ko and Si,. The procedure involves interpolating
the estimated k;; values over a range of hydrogen saturations between
She and 1, for example using a spline method, followed by calculating ko
and the slope at each point. The value of Sp, is then identified as the
hydrogen saturation at which the values of k,;, determined by Egs. (8)
and (9) are equal and the difference in their slopes become minimal. For
samples with relatively high Sj., a smooth crossover may not exist. In
such cases, Sy, is selected as the saturation where the slope difference
between the two equations is minimized. This behavior may lead to an
abrupt transition from the PT scaling to the EMA scaling.

The Python source code used in this study to estimate the k,;, curve
from either the Hy-brine capillary pressure curve (CPC), mercury
intrusion capillary pressure (MICP) or PSD is available at HydroShare
[421.

Eq. (9) with exponent t = 2 was originally proposed to describe flow
and model conductivity in three-dimensional homogeneous lattices
composed of bonds with identical conductance [33]. However, when the
PSD of a rock sample is sufficiently narrow, Eq. (9) is expected to provide
accurate estimations of k,;; across the full range of hydrogen saturation
from S to 1, as demonstrated in Section 4.

3. Methods and data

The data used in this study to evaluate our k,;, model consist of eight
experiments and eleven pore-network models (PNMs). Salient properties
of each dataset are summarized in Table 1. The Hp-brine drainage CPC,
MICP or both measurements were available in all datasets except
Manoorkar et al. [16] where only the PSD was reported. In what follows,
we briefly describe each dataset. Interested readers are referred to the
original publications for further details.

3.1. Experiments

3.1.1. Yekta et al. Dataset

In the Yekta et al. [43] study, a Triassic sandstone sample from the
Buntsandstein Formation in France was tested for UHS application.
Capillary pressure and relative permeability experiments were con-
ducted under simulated shallow (20°C and 55 bar) and deep (45°C and
100 bar) reservoir conditions. For both conditions, the value of porosity
was equal to 0.19 (Table 1), measured via mercury intrusion porosim-
etry. Water saturation measurements utilized the mass balance method.
A modified semi-dynamic technique combined with the MICP method
was utilized to derive CPC evolution for the Hy-water system over the
entire water saturation range. The interfacial tension (IFT) values
(0.051 N/m for shallow and 0.046 N/m for deep reservoir condition)
and contact angles (cos(0) = 0.93 for shallow and 0.82 for deep reservoir
condition) for the hydrogen-water system were determined under UHS
condition.

The k,;, was determined using the conventional steady-state
approach. It was not possible to decrease the water saturation below
40 % during the experiment. Therefore, Yekta et al. [43] extended the
data to lower saturations using P, measurements from the core-flooding
experiments. For the purpose of our study, PSD was derived from the
Hay-brine CPC data and MICP data obtained from the same sample.

3.1.2. Rezaei et al. Dataset

In this dataset, Rezaei et al. [45] conducted displacement tests on
two sandstones (S1 and S2) and one carbonate (C1) rock core samples
from gas reservoirs. The mineralogy and pore structure of the samples
were analyzed through the XRD analysis, MICP experiments, and a
centrifuge P, test. Experiments were carried out to measure the relative
permeability of hydrogen and brine under various conditions to inves-
tigate the impacts of pressure, salinity, rock type (sandstone and
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Table 1
Information on the nineteen datasets used in this study.
Reference Sample Remarks Porosity (%) Capillary Pressure PSD Simulation Experiment
CPC MICP
Yekta et al. [43] Buntsandstein Sandstone Shallow 19 v v X X Steady-state
Deep 19 v X X Steady-state
Hashemi et al. [44] Berea® Berea 18 v X X PNM x
Berea Berea (small) 20 v X X PNM X
Al Sandstone 43 v X X PNM X
C1 Carbonate 25 v X X PNM X
C2 Carbonate 16 v X X PNM X
Rezaei et al. [45] S1 Sandstone 16 X v X X Unsteady state
S2 Sandstone 11 X v X X Unsteady state
C1 Carbonate 13 X v X X Unsteady state
Boon & Hajibeygi [14] Berea Sandstone 20 4 v X X Steady-state
Higgs et al. [15] Bentheimer Sandstone 23 X v v X Steady-state
Zhao et al. [46] S1 SCA Sandstone 25 v X X PNM X
S1 LCA Sandstone 25 v X X PNM X
S2 Sandstone 17 v X X PNM X
S3 Sandstone 17 v X X PNM X
S7 Sandstone 34 v X X PNM X
BG Bandera Gray sandstone 21 v X X PNM X
Manoorkar et al. [16] Carbonate Fractured rock 1 X X v X Steady-state

@ Represents the base-case from the literature [44].

carbonate), and gas type (Hg, N3, and CHy4). Those authors conducted
five sets of experiments (Exp 1-5) on the S1 core sample. In the first
three, the backpressure was varied (0.1, 10.34, and 20.68 MPa) while
maintaining a constant brine salinity of 35 ppt (parts per thousand). In
the remaining two experiments, the salinity was varied (100 and 200
ppt) under a constant backpressure of 20.68 MPa. For the S2 core
sample, three experiments were performed, each using a different gas
(Ha, N3, and CHy) at a fixed pressure of 20.68 MPa and a salinity of 35
ppt. The C1 core sample was tested using only hydrogen under the same
pressure and salinity conditions (20.68 MPa and 35 ppt). In our study,
we focused exclusively on the hydrogen experiments from each core
sample, and our modeling results were compared against these
hydrogen-specific measurements to assess performance.

3.1.3. Boon and Hajibeygi dataset

Boon and Hajibeygi [14] investigated Ho-water flow in a heteroge-
neous Berea sandstone under both drainage and imbibition conditions.
Steady-state drainage and imbibition core-flooding experiments were
performed, and the transport of hydrogen and water was visualized
using X-ray imaging. We, however, used only the drainage data to
evaluate our model as there was no CPC for the imbibition process. P,
measurements were combined with MICP data to derive a receding
contact angle for the Hy/water/sandstone system. To extend the CPC
over the full saturation range and determine the receding contact angle
of the Hy-brine system, Boon and Hajibeygi [14] combined Hy-brine P,
measurements with MICP data from a Berea sandstone core of compa-
rable porosity and permeability, as reported by Ni et al. [47].

3.1.4. Higgs et al. Dataset

Higgs et al. [15] measured k;; hysteresis during co-injection core
floods of hydrogen and water in a Bentheimer sandstone. The core
sample used in their study had a porosity of 23% and absolute perme-
ability of 653 mD. Experiments were carried out at 208 K and 2.133 MPa
with hydrogen viscosity of 0.00891 mPa.s and density of 1.7141 kg/m®.
Experimental procedures involved two pumps which injected deionized
water and pure hydrogen into a flowline, with pressure measured using
transducers. The confining pressure was maintained at 6.21 MPa, while
pore pressure was constrained close to 2.13 MPa using a back pressure
regulator. The fractional flow of hydrogen was incrementally increased
to determine irreducible water saturation and subsequently decreased to
determine residual gas saturation. Relative permeability for water and
hydrogen was determined as a function of saturation. MICP was used to
determine P, — S relationship of the Bentheimer sandstone. Micro-CT

images were employed by those authors to determine fluid saturations
and pore size distribution. For our study, PSD from MICP and CT image
was used. In this study, we used the MICP and micro-CT-derived
pore-size distributions to estimate hydrogen-water relative permeabil-
ities with the EMA model described in Section 2.3, and we compared
these estimated curves with the drainage and imbibition relative per-
meabilities measured by Higgs et al. (Fig. 4c).

3.1.5. Manoorkar et al. Dataset

In their study, Manoorkar et al. [16], experimentally measured the
relative permeability of hydrogen, methane, and nitrogen in a fractured
carbonate reservoir rock. Using steady-state experiments at 10 MPa on a
cylindrical core from the Loenhout natural gas storage site in Belgium,
they measured gas-brine flow behavior and phase interference within
pm-to-mm scale fractures. Those authors obtained the aperture distri-
bution from segmented dry scans. The specific modeling treatment of
this fractured carbonate sample, including the use of fracture aperture
distributions and cubic-law-based conductance, is described in Section
3.3.

3.2. Numerical simulations

3.2.1. Hashemi et al. Dataset

Hashemi et al. [44] investigated Hp-brine multiphase flow at the pore
scale using quasi-static pore network modeling (PNM) and simulated
CPC and relative permeabilities. They established a base case by
matching their simulation with experiment conducted by Yekta et al.
[43] under shallow aquifer conditions. They studied cyclic hysteretic
multiphase flow and investigated sensitivities to contact angles
(51° < # < 83°) and rock structure (sandstones and carbonates). We note
that Hashemi et al. [44] developed their models using the Yekta et al.
[43] dataset as a base case, so these two datasets are closely related.
More specifically, CPCs of the five PNMs extracted from images of three
sandstones (Berea*, Berea and A1) and two carbonates (C1 and C2) were
used in our study.

3.2.2. Zhao et al. Dataset

Zhao et al. [46] studied k;, under drainage and imbibition conditions
in a Hp-brine-rock system. In our study, we used only the primary
drainage data because the P. measured under imbibition exhibited
complexities, including negative values. Pore structural information was
extracted from rock sample images to construct pore network models.
They simulated CPCs and relative permeability curves for five
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sandstones (S1, S2, S3, S7 and Bandera Gray [BG]) with different
structures. The influence of wettability was examined for S1 by varying
the contact angle from 26.3° to 35.8° to represent different water-wet
conditions during drainage. Then, the contact angle was fixed at 26.3°
for the other samples to investigate the effects of other factors, such as
pore connectivity and pore-to-throat diameter ratio. In our analysis, we
derived PSD from the simulated CPC for all five sandstones, and the
corresponding relative permeabilities were estimated. In our analysis,
we use the primary drainage curves reported by Zhao et al. [46], while
the corresponding petrophysical properties required for modeling are
summarized in Table 1.

3.3. Estimating k,,

In our study, we estimated k,;, from the Sy, and PSD using the studies
contained in Table 1. The latter, if not available, was derived from either
the CPC or MICP by plotting AS,,/Aln (P.) against r. More specifically,
Eq. (1) was used to determine the pore radius from the capillary pres-
sure. To estimate the maximum pore radius 7., we applied the Fred-
lund and Xing [48] method, fitted a tangent line at the inflection point of
the CPC or MICP, and then extrapolated to the straight line corre-
sponding to full water saturation (S,, = 1), following Zare Sourmanabad
et al. [53]. The resulting entry pressure was accordingly used to calcu-
late rmgy via the Young-Laplace equation. This ensures that the PSD has a
realistic upper limit, preventing artificial extension into unrealistically
large pores and thereby improving the accuracy of flow modeling.

Following Ghanbarian-Alavijeh and Hunt [55] and Ghanbarian and
Javadpour [39], the critical hydrogen saturation, Sp., was estimated
from the inflection point of the CPC or mercury intrusion porosimetry
curve as Spc = 1 — Syinr Where S, is the water saturation corresponding
to the inflection point on the curve. The estimated values from the MICP
and CPC are reported in Table 2. The Sy, values determined directly from
the measured or simulated Sy, — k;;, curves (denoted as data-derived Sy,
hereafter) are also given.

As explained in Section 2, k,;, was estimated using the EMA at high to
intermediate Sy and PT at low Sy, near Sp.. The saturation at which flow
switches from PT to EMA is the crossover saturation denoted as Sy.
Recall that to calculate Sy, we first interpolated the estimated k,;, values
at various hydrogen saturations between Sy, and 1. We then calculated

Table 2
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ko and the slope at each point. Sy, corresponds to the gas saturation at
which the k;; values determined by Equations (8) and (9) are equal and
the difference between their slopes become minimal.

Capillary trapping was quantified by estimating the residual water
saturation from the drainage Ho-brine CPC or MICP curves. The P,
above which no further water displacement occurs within pores was
identified, and the corresponding water saturation was considered as the
residual water saturation. Pores associated with this P, and smaller were
excluded from the model, as the water they contain does not actively
participate in flow processes. Where this is not captured by CPC, we use
the maximum S, from the relative permeability measurement and set
residual water saturation as 1 — S.

In all datasets studied here except the Manoorkar et al. [16], we
applied Hagen-Poiseuille’s law. Accordingly, in Eq. (2) we set the hy-
draulic conductance of each pore throat proportional to r* thereby
linking the pore size distribution to macroscopic transport properties
through the EMA and PT. However, because Manoorkar et al. [16]
studied fractures, we replaced the exponent 4 in Equation (2) with 3
based on Cubic law [49]. In datasets where both the CPC and MICP
curves were available (i.e., Yekta et al. [43] and Boon and Hajibeygi
[14]), we estimated the k;;, from both and compared them. The PSD from
CT images was available alongside the MICP in the Higgs et al. [15]
dataset and both were used to compute k.

4. Results

In this section, we present the CPCs and PSDs in each dataset and
then compare the k,;, curves estimated via the proposed model with the
experiments and simulations.

4.1. Comparison with experiments

Fig. 1a and b shows the MICP and Ha-brine CPC as well as the derived
PSD for the shallow-reservoir sample, and Fig. 1d and e exhibit them for
the deep-reservoir sample from Yekta et al. [43]. The estimated k
curves from the Hy-brine CPC and MICP are presented in Fig. 1c and f for
the shallow- and deep-reservoir samples, respectively. The Hj-brine
CPCs (Fig. 1a and d) indicate that hydrogen displaces more water at
higher P, values, resulting in reduced water trapping, which is more
pronounced than that in the MICP measurements (Fig. la and d).

Critical hydrogen saturation (Sp.) values for the experiments and simulations analyzed in this study. We determined the Sp. value directly from experimental or
simulated k;,, — Sy data and estimated it from either the mercury intrusion porosimetry curve (MICP) and/or Hy-brine capillary pressure curve (CPC) for each dataset.

Dataset Sample Remarks Porosity (%) She (Fractional)
Estimated from Determined directly from k;4-Sp data
MICP CPC
Yekta et al. [43] Buntsandstein Sandstone Shallow 19 0.42 0.31 0.1
Deep 19 0.42 0.44 0.18
Hashemi et al. [44] Berea® Berea 18 NAD 0.2 0.2
Berea Berea (small) 20 NAD 0.25 0.3
Al Sandstone 43 A 0.2 0.2
c1 Carbonate 25 NAD 0.06 0.06
Cc2 Carbonate 16 NAD 0.35 0.35
Rezaei et al. [45] s1 Sandstone 16 0.09 AP 0.0015
s2 Sandstone 11 0.2 N 0.009
c1 Carbonate 13 0.15 NATD 0.003
Boon & Hajibeygi [14] Berea Sandstone 20 0.31 0.4 0.04
Higgs et al. [15] Bentheimer Sandstone 23 0.46 NATD 0.46
Zhao et al. [46] S1 SCA Sandstone 25 NATD 0.31 0.06
S1LCA Sandstone 25 NATD 0.31 0.05
S2 Sandstone 17 NATD 0.25 0.6
S3 Sandstone 17 NAD 0.5 0.2
s7 Sandstone 34 NATD 0.36 0.13
BG Bandera Gray sandstone 21 NAD 0.07 0.07
Manoorkar et al. [16] Carbonate Fractured rock 1 NATD NATD 0.08

@ Represents the base-case from the literature [44].
Y indicates Not Available.
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Fig. 1. (Left) CPC (a and d), (middle) PSDs (b and e), and (right) estimated and measured hydrogen relative permeability curves (c and f) for the Buntsandstein
sandstone sample at (top) shallow and (bottom) deep reservoir conditions. Experimental data are from the Yekta et al. [43] study.

Additionally, hydrogen demonstrates a greater ability to penetrate
smaller pore spaces (Fig. 1b and e), leading to a lower residual water
saturation (Fig. 1a and d).

Fig. 2 presents the CPCs, PSDs, and k,; curves for the sandstone
samples S1 (Fig. 2a-c), S2 (Fig. 2d-f), and C1 (Fig. 2g-i) from Rezaei
et al. [45]. Recall that only the MICP data are available for this dataset
(Table 1). We did not estimate the residual water saturation from the
MICP as it was not representative of the different conditions that were
investigated by those authors. The residual water saturation was esti-
mated by subtracting the maximum Sy, observed from the Sy, — k;;, curves
from 1. For S1, we averaged the residual water saturation over the five
experiments (Exp 1-Exp 5).

The experiments 1-5 in Fig. 2c represent measurements conducted
under different salinity and pressure conditions. For sample S1, we
found good agreement between the estimated and measured k;;, curves
(Fig. 2c). However, at very low S, values, the model underestimated k;,.

The MICP curve of the C1 carbonate sample (Fig. 2g) shows that
higher capillary pressures were needed near full saturation to drain
pores. The estimated k;, for the C1 sample is shown in Fig. 2i. As can be
observed, the proposed model underestimated the k,;, for S, < 0.2 and
overestimated its value for Sy > 0.2.

Fig. 3 presents the CPCs, PSDs, and k,;, curves for the Berea sandstone
sample from Boon and Hajibeygi [14]. As illustrated in Fig. 3b, the PSDs
obtained from the Hy-brine CPC and MICP measurements are extremely
narrow, with the distribution from the former exhibiting the greatest
constriction. The estimated k,; from the MICP is shown via the dashed
line and from the CPC via the solid line in Fig. 3c.

In Fig. 4a—c, we respectively illustrate the MICP curve, PSDs derived
from the MICP and determined from CT image analysis and k,;, curves for
the Bentheimer sandstone sample from Higgs et al. [15]. The PSD ob-
tained from the MICP spans nearly one order of magnitude, similar to
that derived from the micro-CT imaging (Fig. 4b) but did not capture as
many smaller pores. The critical hydrogen saturation Sp. = 0.46,
determined from the inflection point of the MICP curve, seems to agree
well with the data-derived value of 0.46, determined from the measured
ks, curve (Table 2). As shown in Fig. 4c, the k,;, curve estimated from the
micro CT-based PSD matched the experiments more accurately than that
estimated from the MICP-based PSD.

Fig. 5a shows the aperture size distribution, derived from the CT
images of the fractured carbonate sample from Manoorkar et al. [16].
The sample has very low matrix porosity (less than 0.01). Since neither
the MICP nor the CPC data are available for this sample, we estimated
the k;; using the data-derived Sp. = 0.08, determined from the k;
experimental measurements (Table 2).

Fig. 5b shows the estimated k;;, depicted as line plots, and the
measured k;;,, shown as dot plots, for the fractured carbonate sample. We
found that the estimated curve agreed with the measured one at low Sy
values reasonably well. For this dataset, the exponent 4 in Equation (2)
was replaced with 3, according to the cubic law.

4.2. Comparisons with simulations

Fig. 6 presents the results for three sandstone (Fig. 6a-i) and two
carbonate samples (Fig. 6j—0) from Hashemi et al. [44]. The sandstone
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Fig. 2. (Left) CPCs (a, d and g), (middle) PSDs (b, e and h), and (right) estimated and measured hydrogen relative permeability curves (c, f and i) for the S1 sandstone
sample (top). S2 sandstone sample (middle) and the C1 carbonate sample (bottom). Experimental data are from Rezaei et al. [45].

samples exhibited similar pore space characteristics (see PSDs shown in
Fig. 6b, 6e and 6h), and resulted in similar Sy, values (0.2 < Sy < 0.25;
Table 2). Similarly, the carbonate samples had similar PSDs with pore
sizes spanning from 1 to around 10 pm (Fig. 6k and 6n). As shown in
Fig. 6¢, 6f and 6i, the proposed model based on the PT and EMA esti-
mated the k,;, accurately for the sandstones. We also found that although
the sandstones have similar PSDs and Sy, Sy, varies from 0.68 to 0.91.
For the Berea* sandstone sample, a notable amount of residual water
saturation was observed. As shown in Fig. 6f, the k,, reaches 1 at S, =
0.76, indicating that approximately 24 % of the pore space remains

occupied by immobile water, which is not accessible to hydrogen flow.

Our k,;, estimations, however, are less accurate for the carbonate
samples (Fig. 6i and 60) [50]. Note that the scaling reduced to PT only
(shown in red) for both carbonate samples. The PSDs of the sandstone
samples (Fig. 6b, 6e and 6h) have similar broadness to those of the
carbonate samples (Fig. 6k and 6n). However, the amount of water
trapped is more significant in the carbonate samples than that in the
sandstone samples suggesting the PSD contributing to hydrogen flow in
the carbonate samples are practically narrower than those in the sand-
stone samples.
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Fig. 7a—c presents the CPCs, PSDs, and k,; curves for the sandstone obtained at the contact angles of 26.3° and 35.8° show only minor dif-
sample S1 with simulations conducted using small and large contact ferences indicating that increasing the contact angle within this ranges
angles (26.3° and 35.8°) from Zhao et al. [46]. The CPCs, PSDs and k;;, did not substantially affect these characteristics. The estimated k;;,
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Fig. 6. CPC (a), PSD (b), and estimated and measured hydrogen relative permeability curves (c) for Berea (small) sandstone sample (first row). CPC (d), PSD (e), and
estimated and measured hydrogen relative permeability curves (f) for Berea* sandstone sample (second row). CPC (g), derived PSD (h), estimated and measured
hydrogen relative permeability curves (i) for Al sandstone sample (third row). CPC (j), derived PSD (k), and estimated and measured hydrogen relative permeability
curves (1) for C1 carbonate sample (fourth row). CPC (m), derived PSD (n), and estimated and measured hydrogen relative permeability curves (o) for C2 carbonate

sample (fifth row). Numerical simulations are from Hashemi et al. [44].

matched the simulated one at high S, but underestimated it at low and
intermediate S, values with Sy, = 0.25 (Table 2). The estimated S, is
greater than the actual Sy, value near zero. Similar results were observed
for the sandstone sample S7, as shown in Fig. 71

For the sandstone samples S2 and S3, the proposed model estimated
k. accurately only at high S, values, while at low S, the model esti-

mations do not agree well with the simulations (Fig. 7f and 7i). S, was
underestimated for S2 and overestimated for S3. If one uses the data-
derived Sy values, reported in Table 2, more accurate estimations are
obtained (results not shown). For the BG sandstone, the estimated S, =
0.07, determined from the inflection point of the MICP curve, agrees
well with the data-derived Sy, and led to accurate estimations of k.
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Fig. 6. (continued).

(Fig. 70).

The PT scaling law appears to predominantly govern the flow
behavior in samples S2, S3, and BG, whereas the remaining two samples
exhibit a transition from the PT scaling to the EMA scaling over a sig-
nificant range of hydrogen saturation.

5. Discussion
5.1. Primary drainage

Imbibition is generally more sensitive to wettability heterogeneity
and therefore more complex to predict than drainage. Recently Nazari
et al. [51] investigated the effects of wettability heterogeneity, reflected
in uniform, random and correlated wettability distributions, on
hydrogen displacement during drainage and imbibition by means of
pore-scale simulations. They concluded that wettability effects have a
pronounced influence during imbibition, while drainage is compara-
tively less affected despite exhibiting similar saturation levels. Nazari
et al. [51] also reported that random wettability distributions decreased
recovery efficiency, although correlated wettability linked to pore size
promoted significant hydrogen trapping during imbibition.

In this study, we therefore used only the primary drainage data to
evaluate our model. Secondary drainage and imbibition are associated
with negative capillary pressures, which makes it difficult to (i) calculate
AS,,/Aln (P.), (ii) determine the pore radius r via the Young-Laplace
equation (Eq. (1)), and (iii) derive the PSD from CPCs that include
negative P, values measured under primary imbibition and secondary
drainage conditions. Nevertheless, even with the use of a single intrinsic

10

contact angle and without explicitly representing wettability heteroge-
neity, our model demonstrates generally reasonable agreement with
literature data for the primary drainage cases considered.

5.2. Critical hydrogen saturation Sy,

The critical hydrogen saturation is not a universal constant; rather, it
is strongly influenced by the connectivity of pores, dimensions of a
sample, and wettability characteristics [38]. Its precise estimation has
been a longstanding issue in two-phase flow in porous media [33] and
requires either accurate measurements of k,; at low hydrogen satura-
tions or comprehensive numerical simulations near the threshold, as
stated earlier.

A consistent finding across datasets analyzed in this study was that
the accuracy of k,;, estimations was highly sensitive to the choice of Sy.
In the sandstone cases (e.g., S1, S2, S3 and S7 samples from Zhao et al.
[46]), the model produced good agreement at high hydrogen saturations
but deviated at low S, values when the estimated Sy, from the MICP or
CPC differed from the data-derived values. Using data-derived Sy, values
led to more accurate k,, predictions, underscoring the importance of
precise determination of this parameter. More so, for some carbonate
and fractured samples, even small errors in Sy, led to more pronounced
discrepancies, reflecting the greater sensitivity of complex pore struc-
tures to this threshold.

These results suggest that, in practice, Sy, should be constrained as
tightly as possible, for example by extending capillary-pressure mea-
surements to low gas saturations, combining complementary datasets (e.
g., CPC and MICP or CT-based pore structure), or treating Sy, as a cali-
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Fig. 7. CPC (a), derived PSDs (b), and estimated and measured hydrogen relative permeability curves (c) for the S1 sandstone sample using small and large contact
angles (first row). CPC (d), derived PSD (e), and estimated and measured hydrogen relative permeability curves (f) for the S2 sandstone sample (second row). CPC (g),
derived PSD (h), estimated and measured hydrogen relative permeability curves (i) for the S3 sandstone sample (third row). CPC (j), derived PSD (k), and estimated
and measured hydrogen relative permeability curves (1) for the S7 sandstone sample (fourth row). CPC (m), derived PSD (n), and estimated and measured hydrogen
relative permeability curves (o) for the BG sandstone sample (fifth row). Numerical simulations are from Zhao et al. [46].

bration parameter when both capillary pressure and relative perme- dependent on PSD. Samples with narrow PSDs (approximately one order
ability data are available.

5.3. Flow regimes: PT versus EMA

of magnitude) or small pore radii (mostly less than 10 pm) were pre-
dominantly governed by the PT scaling, consistent with significant
water trapping and the dominance of percolation pathways (e.g., in
Zhao et al. [46]’s S2, and S3, Rezaei et al. [45]’s S1 and C1, as well as the
Berea sandstone). In contrast, samples with broader PSDs or larger pores

The relative importance of PT and EMA scaling was strongly

11
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Fig. 7. (continued).

(though narrow PSDs) exhibited crossovers from PT to EMA scaling at
hydrogen saturations ranging from 0.84 to 0.94 (e.g., Zhao et al.’s S1,
S7, BG, Rezaei et al. [46] s S2, Bentheimer sandstone, and the fractured
carbonate sample from Manoorkar et al. [16]).

The above results also confirm the non-universality of the crossover
saturation Sp, and highlight the sensitivity of flow regimes to subtle
details in PSD geometry. Zhao et al. [46] compared cases with small
differences in contact angle and showed that the resulting PSDs
exhibited the same peak with only slight variations in width. The simi-
larity in pore structure made the relative permeability curves largely
consistent, although the crossover saturation (Sp,.) differed. This sug-
gests that even minor wettability variations may shift the transition
between PT and EMA scaling without significantly altering the overall
ks trend.

5.4. Sandstones versus carbonates

The sandstone samples generally exhibited better agreement be-
tween the estimated and measured or simulated k,; compared to the
carbonate rocks. In the sandstone cases (e.g., S1, S2, S3 and S7 from
Zhao et al. [46], as well as the Berea sandstone from Boon and Hajibeygi
[14] and the Bentheimer sandstone from Higgs et al. [15]), the predicted
ks curves reproduced the overall trends of the reference data, with
discrepancies mainly confined to low hydrogen saturations when Sp,
was not accurately captured. In contrast, the carbonate samples (e.g.,
the C1, C2 (Fig. 61 and 60) samples and the fractured carbonate from
Manoorkar et al. [16]) displayed more pronounced discrepancies,
particularly at intermediate hydrogen saturations, due to their complex
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pore systems involving vugs, microfractures, and dual-porosity features
that may not be well captured by MICP or CPC alone. Therefore,
modeling flow and transport in such rocks have been challenging [53].
In the fractured carbonate case (i.e., Manoorkar et al. [16]), however,
accounting for fracture aperture distributions allowed the model to
capture flow behavior reasonably better.

5.5. Consistency and discrepancies between CPC- and MICP-derived k.,
curves

As shown in Fig. 1c, the estimated k,;, curves are not greatly different,
despite one was derived from the MICP curve and the other from the Hy-
brine CPC (Fig. 1a). Comparable results were obtained across other
datasets studied here. This consistency arises because the derived PSDs
(Fig. 1b), while differing in range, exhibit comparable shapes and
broadness. We found that shifting the PSD by multiplying pore sizes by a
factor of 10 did not significantly alter the estimated k,, (results not
shown). This is due to the relative nature of k,, in Eq. (8), where
multiplying pore sizes by a constant factor proportionally increase both
kn(Sp) in the numerator and kj(Sp, = 1) in the denominator.

The PSD derived from the MICP captured larger pores while that
obtained from the Hs-brine CPC captured smaller pores under both
shallow- and deep-reservoir conditions. Due to practical limitations with
sufficiently high pressures needed to penetrate very small pores in rocks,
caution must be exercised when approaches, such as pressure mea-
surements are applied to characterize pore space and its structure for
UHS applications [52]. This is because pressure-based methods (e.g.,
MICP) may not fully capture the intricate interactions of hydrogen with
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pores, particularly small ones. The S, was determined from the inflec-
tion points of the Hyo-brine CPC and MICP curve under both shallow and
deep reservoir conditions, as reported in Table 2. While the Sj,. values
derived under the deep conditions were comparable across both
methods, those under the shallow conditions showed noticeable
discrepancies.

Fig. 1c and f displays the k,;, curves estimated from the MICP (dashed
lines) and those from the Hy-brine CPC (solid lines). The difference be-
tween the estimations from the MICP and CPC is not substantial meaning
that both approaches estimated the k,;, with more or less similar accu-
racy. For the deep-reservoir sample (Fig. 1f), however, the estimations
from the Hp-brine CPC (solid line) are slightly more accurate than those
from the MICP (dashed line).

The discrepancy between the estimated and measured k;; curves
(Fig. 1c and 1f) is likely due to the fact that our approach does not
consider effects of pore and confining pressures [43]. It is also note-
worthy that the flow behavior was predominantly governed by the PT
scaling law, as the crossover point from the PT to EMA, S, = 0.85,
occurred near the maximum Sy, under both conditions.

5.6. Comparison of methods (CPC, CT imaging)

Our results showed method-dependent differences in the PSDs and
k;; estimations. For the Berea sandstone from Boon and Hajibeygi [14],
the MICP approach tended to capture larger pores, while the micro
CT-based method better characterized smaller pores. Zare Sourmanabad
et al. [53] compared estimating wetting-phase relative permeability
from CPC and PSD using 240 pore-network simulations and reported
slightly more accurate predictions from the former (see their Fig. 6).
Those authors attributed that to the fact that CPC probably captures
dynamics of flow through pore space better than PSD. However, results
from the Higgs et al. [15] dataset showed that micro CT gave a better
prediction. We suspect the resolution of the image impacting modeling
accuracy, however, one sample is not enough to make a conclusive
discussion. Therefore, further investigation is required using more
samples to compare estimating k;, from CT images with that from MICP.
Another observed difference between the two estimated k,, curves is
that the MICP-based curve (shown by dashed line in corresponding
figures) is dominated by the PT scaling, while Sp, = 0.94 on the
CT-based curve (thick line). This is because the PSD derived from MICP
compared to that from CT-images seems to be narrower (Fig. 4b). These
differences emphasize that choice of dataset can bias relative perme-
ability predictions.

5.7. Performance, controlling factors, and limitations of the k.
estimations

For sample S1 (Fig. 2¢), the model underestimated k,; curves at very
low Sp, values. This is because of the non-zero value of S;. (=0.09),
estimated from the inflection point of the MICP curve, which is greater
than the data-derived Sp. = 0.0015 (Table 1). One would obtain more
accurate estimations using Sy = 0.0015. However, we do not show such
results, simply because our aim was estimating the k,;, from the CPC or
MICP without using the measured or simulated k;; data. For the S2
sample, one would obtain even more accurate estimations (results not
shown) using the data-derived Sp, = 0.009, reported in Table 2.

For C1 carbonate sample, the significant higher capillary pressures at
high water saturations suggest that smaller pores dominated the sample.
This is further supported by the distribution of pore-throat radii
(Fig. 2h), which peaks in the sub-micron range, indicating a prevalence
of small pores. The measured k;;, for the C1 sample shown in Fig. 2i: it
initially followed a diagonal trend and then transitioned abruptly into a
near-vertical rise. This behavior suggests that hydrogen was gradually
displacing water at lower hydrogen saturations (Sp < 0.28) but then
reached a breakthrough point, where continuous gas pathways formed
led to a sudden increase in k;;,. The discrepancy between the measured
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and estimated k,;, curves suggests that some critical flow dynamics and
saturation effects were not fully captured by either MICP or the proposed
theoretical model based on the PT and EMA. One possible explanation
could be the presence of vugs and/or fractures in the sample, common in
carbonate reservoir rocks, that may not necessarily be captured by MICP
[39].

We should point out that the proposed theoretical model is appli-
cable to porous media with dual-porosity structures. For example,
theoretical estimations of k,; can be improved by incorporating
corrective factors tailored for carbonate reservoirs. However, that re-
quires accurate capturing of pore space, vugs, and microfractures in such
complex porous rocks.

Samples S1 and C1 (Fig. 2c¢ and i) are predominantly governed by
percolation-type flow, as evidenced by significant water trapping, which
results in a very narrow range of pores available for hydrogen flow. In
contrast, Sample S2 exhibits a crossover from the PT scaling to the EMA
scaling at a hydrogen saturation of S, = 0.84, attributable to its broad
pore-throat size distribution spanning nearly three orders of magnitude.

For the Berea sandstone sample from Boon and Hajibeygi [14], the
narrowing of the PSD derived from the Ho-brine CPC is primarily
attributed to the limited range of capillary pressures employed during
the measurements (Fig. 3a). The estimated k; from the MICP is shown
via the dashed line and gave better agreement with measured k,; than
that obtained from Hy-brine CPC, shown in thick continuous line. This is
because the value of S = 0.31 (Table 2), estimated from the inflection
point of the MICP curve, was more suitable than Sy, = 0.4 (Table 2),
estimated from the inflection point of the Ho-brine CPC, for estimating
the k;; accurately. The error associated with the estimation of S, from
the Ha-brine CPC is most probably because of the limited range of water
saturation measured (Fig. 3a). Fig. 3c also shows that the flow behavior
was completely governed by the PT scaling throughout the entire range
of saturation. This is due to the narrow range of pore sizes observed in
the PSDs (Fig. 3b).

For the fractured carbonate sample from Manoorkar et al. [16], the
very low matrix porosity (less than 0.01) indicates that fluid transport is
significantly influenced by the fracture network rather than the matrix.
The estimated k,;, curve agrees reasonably well with the measured one at
low Sy values, and the PT scaling law appears to dominate the flow
behavior with a crossover to the EMA scaling at S, = 0.93.

Taken together, these observations show that our approach performs
best when the inferred Sy is close to the data-derived value and when
the relevant pore-scale features (e.g., broad PSDs, fracture networks, or
vuggy porosity) are adequately captured by the available measurements
(MICP, CPC, or CT imaging). At the same time, the discrepancies
observed for some carbonate samples highlight the limitations of rep-
resenting such complex pore structures with the current PT-EMA
framework.

5.8. Limitations and implications

The proposed theoretically-grounded and computationally-efficient
model is rather general, estimating k,;, from PSD based on pore-scale
characteristics. Similar to other upscaling models, it involves simplifi-
cations that may limit its accuracy under complex geological conditions.
In particular, while the model effectively captures saturation-dependent
permeability trends, it does not account for some key physical factors,
such as mineralogical heterogeneity, wettability variation, surface
roughness, and the presence of vugs or fractures. These features, com-
mon in carbonates and fractured rocks, can significantly alter flow paths
and contribute to discrepancies between model predictions and experi-
mental data. As we stated earlier, the proposed theoretical k,; model also
does not consider effects of pore and confining pressures. In its current
form, the model is formulated only for the hydrogen (non-wetting)
phase and does not provide water relative permeability, which further
limits its applicability for fully coupled two-phase flow simulations.

Moreover, the model assumes quasi-static, stable displacement and
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does not capture dynamic flow phenomena, such as viscous fingering,
unfavorable mobility ratios, or capillary instabilities. It also neglects
hysteresis, spatially variable wettability, confining pressure, and brine
chemistry, which may be important under reservoir conditions. While
these simplifications make the model analytically tractable, they limit its
applicability in more complex systems. Further investigations are still
required to address such limitations by incorporating pore-scale het-
erogeneity, wettability effects, dynamic displacement mechanisms and
an explicit description of water relative permeability to improve the
model robustness for real-world underground hydrogen storage
applications.

6. Conclusions

In this study, we applied the concepts of the effective medium
approximation (EMA) and universal power-law scaling from the perco-
lation theory (PT) to develop a theoretical model for hydrogen relative
permeability, k., in potential reservoir rocks suitable for UHS. Our
theoretical model calculates ky; from the PSD and critical hydrogen
saturation, Sp.. The latter was estimated from the inflection point of
either MICP or Hj-brine CPC. To evaluate the proposed model, we
compared theoretical estimations of k,, with eight experiments and
eleven simulations collected from the literature. Results showed that the
k., was reasonably estimated for most of all the samples including ex-
periments and simulations. However, we found predicting k,, in car-
bonate rock samples challenging. This is because carbonate rocks may
contain vuggy pore spaces and/or fractures, not necessarily captured by
the MICP or CPC analyses. For two sandstone samples, we also found
more accurate estimations, if the Sy, value was estimated more precisely.
Our results showed the non-universality of the crossover hydrogen
saturation Sy, and suggested that the hydrogen flow behavior in most of
the rocks aligns predominantly with the PT scaling. Further in-
vestigations are still required to incorporate the effects of other factors,
such as the confining pressure, dual porosity, wettability variations and
hysteresis, to improve the accuracy of k,; estimations in UHS systems.
The findings from this study demonstrate a proposed approach which

Notations

pore hydraulic conductance distribution
pore size distribution
g pore hydraulic conductance

g effective pore conductance
8max maximum pore conductance
&min minimum pore conductance

ko numerical prefactor

kn hydrogen permeability

ke hydrogen relative permeability
l pore length

r pore radius

Tmin minimum pore radius

Tmax maximum pore radius

Sh hydrogen saturation

She critical hydrogen saturation
Shr residual hydrogen saturation
Shx crossover hydrogen saturation
Sw water saturation

Swinf water saturation corresponding to the inflection point
t universal scaling exponent

u viscosity

y interfacial tension

7 contact angle
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provides a cost-effective and practical alternative to extensive experi-
ments and simulations, offering a promising tool for quantifying k.
relevant to UHS applications.
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