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Abstract Implementation of the hydrogen economy for emission reduction will require storage facilities,
and underground hydrogen storage (UHS) in porous media offers a readily available large-scale option. Lack of
studies on multiphase hydrogen flow in porous media is one of the several barriers for accurate predictions of
UHS. This paper reports, for the first time, measurements of hysteresis in hydrogen-water relative permeability
in a sandstone core under shallow storage conditions. We use the steady state technique to measure primary
drainage, imbibition and secondary drainage relative permeabilities, and extend laboratory measurements with
numerical history matching and capillary pressure measurements to cover the whole mobile saturation range.
We observe that gas and water relative permeabilities show strong hysteresis, and nitrogen as substitute for
hydrogen in laboratory assessments should be used with care. Our results serve as calibrated input to field scale
numerical modeling of hydrogen injection and withdrawal processes during porous media UHS.

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 In underground storage, hydrogen is cyclically injected and withdrawn multiple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

1. Introduction

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

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

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

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

2. Materials and Methods

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

Primary drainage K, with nitrogen (N,),

Primary drainage K, with hydrogen (H,),

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

Secondary drainage K, with H,.

) establishment with N,,

wirr

M

We used the same core sample for all experiments.

2.1. Materials

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

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

2.2. Experimental Procedures
2.2.1. Relative Permeability Measurements

The K, was measured by steady state method using eight injection steps with the total flow rate of 1 ml/min
followed by a bump flood at 4 ml/min. The corresponding capillary numbers (N,) were in the order of 1078
(drainage) and 107° (imbibition), based on equations Equations S1, S2, and Table S4 in Supporting Informa-
tion S1. Each injection step was terminated after differential pressure stabilization and injection of at least 15
pore volumes of total flow rate (Table S5 in Supporting Information S1). The experiments were run at 30 bar and
30°C, representing shallow storage conditions.

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

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

2.2.2. Capillary Pressure Measurements

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

tion) after each P_ step. The S, after the final P_ step corresponded to S, state, preparing the core sample for the

wirr
imbibition K. measurements.

2.3. Numerical History Matching

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

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

Gas relative permeability:

(1 = Syn)te
(1= Sun)'=+ Eg - (Swn)"

Kig = Ky ey

Water relative permeability:

. (Swn)Lw
(Swn)LW + Ew * (1 - Swn)TW

Kiw = K:w (2)

where K;; and K7, are end points K at irreducible water saturation (S,,,,,) and residual gas saturation (S,,), respec-
tively. L, E,, T,, L, E,, and T, are empirical fitting parameters. The normalized water saturation S, is defined
as Swn = (Sw - Swirr)/(l - Swirr - Sgr)'

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

pi _ (Pemax = Pen) - (1 = Sw)™
=S HE - (SW)"

+ Pc,th (3)

where P, . and P_, are maximum and threshold P, respectively, whereas L, E,, and 7, are empirical fitting

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

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

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

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

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

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

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

The relative permeabilities curves were found directly from the stabilized
differential pressure and saturation. Capillary end effects were evident
(Figures S2c and S4c in Supporting Information S1), and the experimental
measurements (Figures S2—-S4 in Supporting Information S1) were history
matched based on the LET model for relative permeability and capillary
pressure (Tables 1 and 2). The primary and secondary drainage K. were
extrapolated for expected reservoir flows (lower S, region), based on the
S
the endpoint K,,* = 0.61 from imbibition experiment. A minor deviation

wir = 0.15 and history matched P, from porous plate experiment and
between measured (points) and simulated (solid lines) K, curves (Figure 1)
arise from the underlying assumptions on P_ gradients: Measured K,
assumed homogenous rock properties and zero capillary pressure, whereas
the simulation incorporates a more realistic nonzero capillary pressure.
The quality of the history matching was lower in the imbibition experiment
(Figure 1b). Most of the hydrogen was produced from the core after the
first injection step, with very little production in subsequent injection steps
until bump flood (Figure S3b in Supporting Information S1). This behavior
resembled a typical unsteady state experiment, which affected the simulator
performance in a steady state mode. In general, the simulated K, will better
represent reservoir flow and should therefore be used as input for field scale
simulations.

3.2. Hysteresis in Hydrogen-Water Relative Permeability

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

et al., 1990; Peng, 2020; Ruprecht et al., 2014). The K, was lower for primary drainage than imbibition, in
agreement with most studies and explained by contact angle hysteresis (Akbarabadi & Piri, 2013; Ge et al., 2022;
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Table 1
Relative Permeability LET Model Parameters

S

. Sy K Ko™ L, E, T, L, E, T,
Primary drainage H, 0.15 0 0.61 1 7.5 2.95 0.52 1.6 6.0 09
Primary drainage N, 0.15 0 0.73 1 6.5 39 0.8 22 1.5 0.7
Imbibition H, 0.15 036  0.61 036 75 2.0 0.6 42 25 06

Secondary drainage H, 0.15 0.36 0.61 0.36 5.2 2.0 0.7 1.88 2.1 0.7

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

3.3. Effect of Gas Type on Primary Drainage Relative Permeability

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

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

3.4. Field Scale Implications

Low experimental endpoint Sy and K,, demonstrated the importance of numerical history matching. Strong
hysteresis was observed both for K, and K, and a full cycle of drainage and imbibition relative permeabilities

must be implemented in future modeling studies for more accurate prediction of H, injection and withdrawal in
the UHS.

Table 2
Capillary Pressure LET Model Parameters

Pemax (KP2) Py
Primary drainage H, 1,400 5.0 1 130.0 1 1 0.002 1
Primary drainage N, 1,400 12.35 1 129.6 1 1 0.007 1
Imbibition H, 1,400 —1,400 0.1 0.45 1 1 1 120.0 1
Secondary drainage H, 1,400 —0.001 —0.05 0.19 1 1 1 156.3 1

Porous plate N, 1,400 1 1 450.0 1 1 3.5 1

(kPa) P, (kPa) S, L E T L

wsi s s 8 f
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Figure 2. Hydrogen-water relative permeabilities show strong hysteresis both for hydrogen (K,,) and water (K.,).

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

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

4. Conclusions

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