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1. Introduction
It is crucial to adopt hydrogen as an energy carrier, as a means to transition away from fossil-fuel dominated 
energy systems and meet climate targets (Hassanpouryouzband et al., 2021). Hydrogen can play an important 
role in both providing large-scale energy storage to support increased renewable energy generation and energy 
security and decarbonizing hard to abate sectors such as long distance transport, heat or as low-carbon industrial 
feedstock. Hydrogen can be produced in a variety of ways, including using fossil fuels as the feed stock such as 
steam methane reformation (when combined with carbon capture and storage, this produces blue hydrogen), 
or using renewable energy to power water electrolysis producing green hydrogen. Renewable energy resources 
(solar, wind, biomass, and waves) are considerably affected by the seasonal fluctuation of atmospheric param-
eters (e.g., temperature, sunshine, and wind force), which when coupled with changing energy demand, can 
lead to renewable energy excesses or deficits (Abe et  al.,  2019). As such, it will not be possible to balance 
the supply with demand of a wholly renewable energy system without large-scale storage (Aftab et al., 2022; 
Muhammed et al., 2022; Osman et al., 2021). Energy storage solutions ensure efficiency, flexibility, and secu-
rity of the energy system. Using H2 as an energy carrier enables energy system operators to mitigate a number 
of significant drawbacks of renewable energy sources, particularly their seasonal and geographical constraints 
and their intermittent nature (Heinemann et al., 2021). When energy demand is lower than the amount of energy 
produced, the system operation can direct excess electrical energy to produce H2, which has a high energy density 
(Hassanpouryouzband et al., 2020). In order to establish regional or national hydrogen networks and to support 
the large-scale use of hydrogen, geological hydrogen storage can be a key enabler, providing the much-needed 
energy storage solutions at TWh scales (Liebscher et al., 2016).

Geological subsurface formations not only have enormous storage capacity, but are also globally abundant, 
making geological storage of H2 in porous rocks a cost-effective and efficient procedure. Hydrogen storage in 

Abstract Geological hydrogen storage in depleted gas fields represents a new technology to mitigate 
climate change. It comes with several research gaps, around hydrogen recovery, including the flow behavior 
of hydrogen gas in porous media. Here, we provide the first-published comprehensive experimental study of 
unsteady state drainage relative permeability curves with H2-Brine, on two different types of sandstones and a 
carbonate rock. We investigate the effect of pressure, brine salinity, and rock type on hydrogen flow behavior 
and compare it to that of CH4 and N2 at high-pressure and high-temperature conditions representative of 
potential geological storage sites. Finally, we use a history matching method for modeling relative permeability 
curves using the measured data within the experiments. Our results suggest that nitrogen can be used as a 
proxy gas for hydrogen to carry out multiphase fluid flow experiments, to provide the fundamental constitutive 
relationships necessary for large-scale simulations of geological hydrogen storage.

Plain Language Summary Developing a hydrogen economy depends on safe and economically 
viable terawatt hour interseasonal storage and recovery of hydrogen around the world. As such, storage in 
geological formations is vital for transitioning to the hydrogen economy successfully. Here, we present a 
combined experimental and modeling study on the flow behavior of hydrogen in porous media at high-pressure 
high-temperature conditions representative of potential storage reservoirs. We investigate the effect of different 
influencing parameters and compare the flow behavior of hydrogen with other gases. This work provides 
essential relative permeability data for hydrogen under a range of conditions typical of hydrogen storage and 
extraction.
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porous geological structures was commercially deployed at scale during the storage of town gas with around 50% 
H2, where gas storage sites were successfully operated for decades before being converted to natural gas storage 
around 40 years ago (Evans, 2009; Panfilov, 2016). Moreover, more than 1,000,000 m 3 of hydrogen is currently 
stored underground in salt caverns (Ozarslan, 2012). Additionally, hundreds of natural gas storage sites and over 
30 carbon dioxide storage sites have been commercially operated for many decades, adding further to our expe-
rience with geological gas storage in porous rocks (Kruck et al., 2013). Furthermore, a commercial field scale 
hydrogen storage test in porous media is currently taking place in Austria (Pichler, 2019). While recent reviews 
have identified challenges that must be overcome in order to demonstrate a safe containment of hydrogen in 
porous reservoirs, published studies consider hydrogen storage in geological formations as technically feasible 
(Muhammed et al., 2022; Tarkowski, 2019; Reitenbach et al., 2015).

Geological hydrogen storage sites in porous and permeable sediments consist of a reservoir, a sealing caprock, 
and enclosure by a geometric trapping structure (Tarkowski & Uliasz-Misiak, 2022). The storage and extraction 
of H2 requires displacing existing brine-hydrocarbons and this will be affected by individual reservoir conditions 
at each site. In particular, the heterogeneity of the porous medium and the transport properties of the H2 impact 
the injection and withdrawal cycles, and need to be accurately simulated to maximize storage and production 
efficiency (Chaturvedi et al., 2022; Mohammadmoradi & Kantzas, 2018). Accordingly, the behavior of injected 
hydrogen should be studied in terms of its mobility and multiphase flow properties (Iglauer et al., 2022; Razavifar 
et al., 2021; Sedev et al., 2022). The viscosity and density of hydrogen are lower than those of natural gas and 
carbon dioxide. The hydrogen molecule has a lower viscosity, a higher mobility, and bigger density difference with 
water than natural gas and carbon dioxide, which increases the risk of non-uniform H2 displacement. However, 
H2 has higher interfacial tension (IFT) with water than natural gas and CO2, which not only moderates the effects 
of the aforementioned parameters but also reduces the risk of hydrogen leakage through the caprock by increas-
ing the capillary entry pressure of hydrogen entry into pores of the overburden caprock (Hassanpouryouzband 
et al., 2021). Investigations of hydrogen flow in porous media are scarce in recent literature and do not sufficiently 
describe constitutive multiphase flow properties such as the relative permeability of H2 expected in geological 
hydrogen storage (Hashemi et al., 2021). Relative permeability curves are important as they describe hydrogen 
flow and recovery through storage reservoirs relative to in situ pore fluids and are one of the main inputs for 
large scale reservoir simulators. Relative permeability investigation of hydrogen-water systems are restricted to 2 
steady-state experiments by Yekta et al. (2018), which were conducted on 2 different sandstones each at a single 
pressure/temperature condition.

This study presents, for the first time, unsteady state hydrogen-brine relative permeability curves for a range of 
temperature, pressure, and pore fluid salinity conditions representative of potential storage reservoirs. These 
experiments investigate the drainage phase where non-wetting hydrogen is injected into the fully water wet 
porous rock. Using the newly measured data, we discuss the characteristics of hydrogen flow under these different 
conditions and varying geological setting with a particular focus on comparing hydrogen characteristics against 
natural gas and nitrogen. We experimentally explored the effect of pressure (3 pressures), salinity (3 salinities), 
and effect of sample mineralogy and pore structure (2 sandstones and 1 carbonate). We also preformed experi-
ments at equivalent conditions for N2 and CH4 for comparison and to identify whether nitrogen can be used as a 
proxy for hydrogen in relative permeability experiments, thereby simplifying the laboratory safety requirements. 
Accordingly, this work, a key in the context of hydrogen storage and extraction, provides for the first time, the 
relative permeability data of hydrogen at a range of conditions.

2. Methods
Research-grade Hydrogen (H2), methane (CH4), and nitrogen (N2) gases with a purity of 99.9995 vol%, and 
sodium chloride (NaCl) of certified purity of 99.5% were used for the experiments. An integral water purification 
system (ELGA DV 25) was employed to produce deionized water used for the experiments.

Two sandstone and one carbonate rock samples were taken from gas reservoirs and used for displacement tests. 
The mineralogy and pore structures of the rock samples were characterized using XRD analysis, MICP experi-
ments, and centrifuge capillary pressure test (see Figure 1, Table 1, and Supporting data). The full details of these 
experiments are provided in Supporting Information S1. The porosities of the samples were measured using the 
buoyancy technique based on Archimedes principle (Melnyk & Skeet, 1986).
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Temperature was controlled via a fan oven housing a Hassler type core holder (Figure 2). A pressure gauge, 
Rosemont 3051 pressure transmitter from Emerson, Netherlands, was used to continuously record the differential 
pressure across the sample (i.e., between inlet and outlet face of core sample) value during flooding experiments.

After vacuum drying at 70°C, the core samples were loaded into the core 
holder and saturated with brine of the relevant salinity. Subsequently, the 
brine was injected at three different flow rates to determine Kw using Darcy's 
equation. The obtained brine permeability was used as the base fluid (abso-
lute) permeability for the relative permeability calculations.

The desired gas (i.e., H2, N2, or CH4) was injected into the brine-saturated 
core sample with a pre-defined constant pressure determined by the core's Kw 
value. The inlet and outlet gas flow rates, the differential pressure between 
the core faces (i.e., inlet and outlet), and the produced effluent brine volume 
were recorded with time during the injection process and recording continued 

Figure 1. Analysis of different properties of the rocks used in this study: (a) Pore size distribution as determined by MICP method (b) Capillary entry pressure versus 
mercury saturation as determined by MICP method (c) Capillary entry pressure for air versus water saturation as determined by centrifuge capillary pressure test and 
(d) Bulk mineral composition of each sample as determined by XRD analysis (see Table S1 in Supporting Information S1).

Rock type
Length 
(cm)

Diameter 
(cm)

Porosity 
(%)

Liquid 
permeability (mD)

Sandstone 1 (S1) 9.46 3.81 16.44 34.36

Sandstone 2 (S2) 8.97 3.81 10.52 11.18

Carbonate (C1) 8.88 3.81 12.82 3.31

Table 1 
Physical Properties of the Cores Used Within This Study
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until no more brine was seen in the effluent (i.e., when water cut/ratio of water to total fluids is approximately 
zero).

The recorded data were used to calculate the relative permeabilities of gas (Krg) and brine (Krw) as a function of 
gas saturation using the Johnson, Bossler, and Naumann method (Johnson et al., 1959). They developed an analyt-
ical technique for calculating relative permeabilities based on unsteady state fluid displacement data obtained 
from constant pressure experiments. In this method, the relative permeability for gas can be determined using the 
following equations:

𝐾𝐾𝑟𝑟𝑟𝑟 =
Δ𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖

Δ𝑡𝑡
𝐶𝐶2 (1)

𝐶𝐶2 =
𝜇𝜇𝑔𝑔𝐿𝐿𝐶𝐶1

𝐴𝐴𝐴𝐴1Δ𝑃𝑃
 (2)

𝐶𝐶1 =
𝑃𝑃𝑎𝑎

𝑃𝑃𝑚𝑚

 (3)

where Krg, Relative permeability of the gas phase; Δt, Time interval; μg, Dynamic viscosity of the gas phase; 
ΔP, Differential pressure between inlet and outlet; ΔGinj, injected gas volume at the time interval; L, Core plug 
length; A, Cross sectional area of the plug; K1, Absolute brine permeability; C1, Boyle's constant; Pa, Atmospheric 
pressure; Pm, mean pressure.

Figure 2. Schematic of the setup used for gas-brine relative permeability measurements; to restrain gravity segregation into 
the core sample during the gas injection process, the core holder is placed in a vertical mode. The sizes of different objects 
have been re-scaled to make them visible.
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Considering fw2 as water fractional flow, the relative permeability of brine 
can be calculated using Equation 5:

𝑓𝑓𝑤𝑤2 =
𝑞𝑞𝑤𝑤

𝑞𝑞𝑤𝑤 + 𝑞𝑞𝑔𝑔
 (4)

𝑓𝑓𝑤𝑤2 =
1

1 +
𝐾𝐾𝑟𝑟𝑟𝑟

𝐾𝐾𝑟𝑟𝑤𝑤

𝜇𝜇𝑤𝑤

𝜇𝜇𝑟𝑟

 (5)

where qw and qg are the instantaneous oil and gas flow rates, respectively.

History matching was used to predict relative permeability from experi-
mental data. The modified Corey model for relative permeability was used 
to determine the parameters of the models using the software, CYDAR ®◻ 
(CYDAREX, 2018).

Experimental and theoretical evidence have established that relative perme-
abilities are influenced by many rock and fluid parameters. Accordingly, an 
extended series of drainage relative permeability, residual gas saturation, and 

drainage capillary pressure tests in sandstone and carbonate core samples at various salinity and pressure condi-
tions were undertaken to investigate the flow behavior of hydrogen gas relative to the formation of brine in porous 
media. In addition, core flooding experiments were performed using nitrogen (N2) and methane (CH4) as the 
gaseous phase to compare the flow behavior of different gases at high pressure conditions (see Table 2 for core 
flooding scenarios tested).

3. Results and Discussion
Relative permeability is a parameter used to measure reservoir flow performance and specifically describes 
the fraction of a porous medium's permeability that is available for a given fluid to flow through in multiphase 
systems. They reflect the capacity of the rock to produce hydrogen by showing the permeability of hydrogen 
as a function of brine saturation. The permeability and relative permeability must be measured when the fluid 
system or rock type changes. Reservoir engineers use permeability distributions and relative permeability satu-
ration curves to predict the type of processes that will occur in the reservoir and identify brine saturation control 
on hydrogen flow, to identify the saturations where hydrogen flow is cut off. Accordingly, we have experimen-
tally determined hydrogen-brine relative permeability for a range of conditions (Table 2) and different geolog-
ical settings with a particular focus on comparing it to natural gas relative permeability curves. Unsteady state 
drainage relative permeability curves and best fits with modified Corey models (see Table S2 in Supporting 
Information S1 for the fitted parameters and Supporting data) for different experiments are shown as a function 
of gas saturation in Figure 3. In all the nine experiments, drainage relative permeability is characteristic of a 
strongly water-wet system as the wetting phase (brine) relative permeability decreased rapidly at relatively low 
gas saturations due to its occupancy of smaller and less permeable pores, and curves vary as expected with gas 
type, salinity, pressure, and bulk rock characteristics. It must be noted that this is an early study and the impact of 
any additional influencing parameters, such as the presence of impurities in the gas phase or specific minerals in 
rocks, must be explored further in future studies.

Graphs showing the effects pressure, salinity, rock type (sandstone and carbonate), and gas type (H2, N2, and CH4) 
are shown in Figure 4. Unsteady state drainage relative permeability experiments were conducted to determine 
the relative permeability-saturation relationship for the H2-brine system in core S1 at three different backpressure 
values (0.1, 10.34, and 20.68 MPa). Figure 4a shows that the effect of pressure on the relative permeability of H2 
against brine is similar to any other typical gas at higher pressure; this is driven by the effect of pressure, under 
the pressure range tested, on the viscosity and IFT of hydrogen gas. The rise in pressure increases H2 viscosity 
which in turn reduces the gas mobility and the relative permeability of hydrogen. As a result, the rate of hydrogen 
injection and recovery at greater depths will be slightly lower than that at higher depths. It should be noted that 
at lower gas situations higher pressures have shown higher hydrogen relative permeability. This shows that at 
lower gas saturations capillary forces overcome viscous forces and as such lower IFT at higher pressures causes 
an increase in the relative permeability of hydrogen with pressure. When comparing the relative permeability of 

Exp. No. Rock sample
Gas 
type

Back pressure 
(MPa)

Salinity 
(ppt)

Temperature 
(K)

1 Sandstone 1 H2 0.1 35 353.15

2 Sandstone 1 H2 10.34 35 353.15

3 Sandstone 1 H2 20.68 35 353.15

4 Sandstone 1 H2 20.68 100 353.15

5 Sandstone 1 H2 20.68 200 353.15

6 Carbonate 1 H2 20.68 35 353.15

7 Sandstone 2 H2 20.68 35 353.15

8 Sandstone 2 N2 20.68 35 353.15

9 Sandstone 2 CH4 20.68 35 353.15

Table 2 
Different Core Flooding Experiments
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H2 at various pressures, it is evident that H2 has a much higher relative permeability at ambient conditions than at 
higher pressures. However, at higher pressures, the relative permeability of H2 is almost constant. Since wetting 
state determines the relative permeability at endpoints (Yoshida et al., 2016), these results show that pressure has 
a significant impact on wettability at lower pressures and almost no impact at higher pressures.

At a constant backpressure of 20.68 MPa, core S1 was selected for H2-brine relative permeability measurements 
at three different NaCl salinities (35, 100, and 200 ppt). As shown in Figure 4b, the increase in NaCl concentra-
tion has little impact on the relative permeability curves. The higher salinity experiments showed slightly lower 
relative permeabilities for hydrogen, which implies that H2 will move less easily through higher salinity pore fluid 
systems. Like other gases, salinity increases the H2-brine IFT which increases the required capillary pressures for 
drainage and slightly reduces the relative permeability of the non-wetting phase (i.e., H2). Similar behavior has 
been observed for CO2 gas in other studies (Bachu & Bennion, 2008; Jamaloei, 2015; Middleton et al., 2012). 
Furthermore, the increase in NaCl concentration is expected to reduce the hydrogen solubility (salting-out effect) 
in a manner proportional to the salt concentration until full saturation of the solution is reached. In addition, the 

Figure 3. (a–g) Drainage H2 and different brine relative permeability curves for 2 sandstone and 1 carbonate samples at different pressures. (h) Drainage N2 and brine 
relative permeability curves for sample S2(i) Drainage CH4 and brine relative permeability curves for sample S2.
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affinity of H2 molecules to the solid surfaces of the rock minerals would increase (slightly affecting the wettabil-
ity), which makes it more difficult for hydrogen to move through the porous medium.

To investigate the flow behavior of H2 gas and brine (3.5 wt.%) in different types of rocks (i.e., varying pore 
structure and mineralogy), the relative permeability of H2-brine was measured for a carbonate rock and 2 different 
types of sandstones at 20.68 MPa backpressure. In the comparisons between carbonate rock and different sand-
stones (Figure 4c), there is a strong relationship between rock structure and relative permeability. Sandstone 1, 
with the highest permeability (34.36mD), has the highest relative permeability and it also has the highest porosity 
of the tested samples (16.44%), (Table 1). The second highest relative permeability was the carbonate rock, which 
despite having the lowest permeability (3.31mD) and the lowest mean pore diameter of the samples tested, has 
the second highest porosity of 12.82%. The lowest relative permeability was sandstone 2 with the lowest porosity 
(11.18%). Taken together, these results suggest that the relative permeability of hydrogen increases with porosity 

Figure 4. Drainage gas relative permeability curves versus gas saturation to compare (a) effect of pressure on drainage hydrogen relative permeability (b) effect of 
salinity on hydrogen drainage relative permeability (c) effect of rock type and rock pore structure on hydrogen drainage relative permeability and (d) hydrogen drainage 
relative permeability with that of N2 and CH4.
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and is less dependent on pore size. We could not find a direct relationship between pore size distribution and 
mineralogy with hydrogen relative permeability within this study.

Core sample S2 was used for drainage relative permeability tests of the N2-brine, CH4-brine, and H2-brine 
systems. All measurements were performed at the same backpressure (20.68 MPa), and brine salinity (35 ppt). 
As can be seen in Figure 4d, CH4 exhibited higher relative permeability at a given brine saturation, whereas H2 
and N2 had higher maximum relative permeability because of higher endpoint gas saturations. This may also be 
justified by the fact that hydrogen has a higher IFT than CH4, which either causes H2 to invade fewer, larger pores 
or that the effect of interfacial forces are higher than viscous forces at higher water saturations. However, when 
the gas saturation reaches the maximum, hydrogen has a higher relative permeability than CH4, which is directly 
related to the lower viscosity of hydrogen. It should be noted that further investigation is required to understand 
the specific reasons behind these observations. This behavior overall is favorable for geological hydrogen storage 
as at higher water saturations, hydrogen will have a lower relative permeability that reduces the risk of viscous 
flow and increases the sweep efficiency. In addition, hydrogen's higher relative permeability at high gas satura-
tions will help achieve better recovery rates of hydrogen. Comparing hydrogen-brine and CH4-brine drainage, 
relative permeability curves reveal that hydrogen will have more favorable flow behavior than methane during 
both storage and recovery stages. The comparison of the H2-brine and N2-brine systems shows that H2 and N2 
have very similar relative permeability curves, suggesting N2 may be used as a substitute for hydrogen in flow 
experiments, resulting in reduced risks of health and safety.

4. Conclusion
Unsteady state H2-brine relative permeability experiments have been performed on two different types of sand-
stones and a carbonate rock at high-pressure and high-temperature conditions representative of geological storage 
site conditions. The effect of pressure and salinity was also investigated on the relative permeability curves of 
hydrogen. Additionally, the relative permeability of hydrogen in a sandstone sample was compared with that of 
CH4 and N2 under the same conditions. The rock type (i.e., pore structure and porosity) had the greatest influence 
on H2 relative permeability, where increasing porosity resulted in an increase in the H2 relative permeability. 
Increasing pressure at higher hydrogen saturations, as expected, increased H2 viscosity and as such reduced 
its relative permeability. Salinity had little effect on relative permeability, where increasing salinity caused a 
reduction in relative permeability, which may be due to the increase in the IFT. Comparing the shapes of the 
hydrogen and CH4 relative permeability curves highlights the potential advantage of the shape of the hydrogen 
relative permeability curve for hydrogen storage and recovery conditions. Finally, comparison of H2 and N2 
curves suggest that N2 may be used as a potential proxy for hydrogen when undertaking flow experiments in labo-
ratories, with the benefit of reduced health and safety risks. The results of this study could be fed into large-scale 
reservoir simulators to improve geological hydrogen storage planning by reducing the uncertainties surrounding 
prediction of hydrogen flow in the subsurface.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
All data are uploaded to “figshare” and are publicly accessible: https://doi.org/10.6084/m9.figshare.19722520. v1.

References
Abe, J. O., Popoola, A. P. I., Ajenifuja, E., & Popoola, O. M. (2019). Hydrogen energy, economy and storage: Review and recommendation. 

International Journal of Hydrogen Energy, 44(29), 15072–15086. https://doi.org/10.1016/j.ijhydene.2019.04.068
Aftab, A., Hassanpouryouzband, A., Xie, Q., Machuca, L. L., & Sarmadivaleh, M. (2022). Toward a fundamental understanding of geological 

hydrogen storage. Industrial & Engineering Chemistry Research, 61(9), 3233–3253. https://doi.org/10.1021/acs.iecr.1c04380
Bachu, S., & Bennion, B. (2008). Effects of in-situ conditions on relative permeability characteristics of CO2-brine systems. Environmental 

Geology, 54(8), 1707–1722. https://doi.org/10.1007/s00254-007-0946-9

Acknowledgments
This research was supported by funding 
from the Engineering and Physical 
Sciences Research Council (EPSRC) 
[Grant Number EP/S027815/1] 
(HyStorPor Project). This project has 
also received funding from the Fuel Cells 
and Hydrogen 2 Joint Undertaking (now 
Clean Hydrogen Partnership) under grant 
agreement No 101006632. This Joint 
Undertaking receives support from the 
European Union’s Horizon 2020 research 
and innovation programme, Hydrogen 
Europe and Hydrogen Europe Research.

https://doi.org/10.6084/m9.figshare.19722520.v1
https://doi.org/10.1016/j.ijhydene.2019.04.068
https://doi.org/10.1021/acs.iecr.1c04380
https://doi.org/10.1007/s00254-007-0946-9


Geophysical Research Letters

REZAEI ET AL.

10.1029/2022GL099433

9 of 9

Chaturvedi, K. R., Bajpai, S., Trivedi, J., & Sharma, T. (2022). Air foams for mobility control and subsurface storage of hydrogen in porous 
media: An experimental study. Energy & Fuels, 36(9), 5036–5046. https://doi.org/10.1021/acs.energyfuels.1c04246

Evans, D. J. (2009). A review of underground fuel storage events and putting risk into perspective with other areas of the energy supply chain. 
Geological Society, London, Special Publications, 313(1), 173–216. https://doi.org/10.1144/SP313.12

Hashemi, L., Blunt, M., & Hajibeygi, H. (2021). Pore-scale modelling and sensitivity analyses of hydrogen-brine multiphase flow in geological 
porous media. Scientific Reports, 11(1), 1–13. https://doi.org/10.1038/s41598-021-87490-7

Hassanpouryouzband, A., Joonaki, E., Edlmann, K., & Haszeldine, R. S. (2021). Offshore geological storage of hydrogen: Is this our best option 
to achieve net-zero? ACS Energy Letters, 6, 2181–2186. https://doi.org/10.1021/acsenergylett.1c00845

Hassanpouryouzband, A., Joonaki, E., Edlmann, K., Heinemann, N., & Yang, J. (2020). Thermodynamic and transport properties of hydrogen 
containing streams. Scientific Data, 7(1), 1–14. https://doi.org/10.1038/s41597-020-0568-6

Heinemann, N., Alcalde, J., Miocic, J. M., Hangx, S. J. T., Kallmeyer, J., Ostertag-Henning, C., et al. (2021). Enabling large-scale hydrogen stor-
age in porous media-the scientific challenges. Energy & Environmental Science, 14(2), 853–864. https://doi.org/10.1039/d0ee03536j

Iglauer, S., Akhondzadeh, H., Abid, H., Paluszny, A., Keshavarz, A., Ali, M., et al. (2022). Hydrogen flooding of a coal core: Effect on coal 
swelling. Geophysical Research Letters, 49(6), e2021GL096873. https://doi.org/10.1029/2021gl096873

Jamaloei, B. Y. (2015). The effect of interfacial tension on two-phase relative permeability: A review. Energy Sources, Part A: Recovery, Utiliza-
tion, and Environmental Effects, 37(3), 245–253. https://doi.org/10.1080/15567036.2011.557708

Johnson, E. F., Bossler, D. P., & Bossler, V. O. (1959). Calculation of relative permeability from displacement experiments. Transactions of the 
AIME, 216(01), 370–372. https://doi.org/10.2118/1023-G

Kruck, O., Crotogino, F., Prelicz, R., & Rudolph, T. (2013). Overview on all known underground storage technologies for hydrogen. HyUnder, 
3(3.1), 93. Retrieved from http://hyunder.eu/wp-content/uploads/2016/01/D3.1_Overview-of-all-known-underground-storage-t

Liebscher, A., Wackerl, J., & Streibel, M. (2016). Geologic storage of hydrogen–fundamentals, processing, and projects. Hydrogen Science and 
Engineering: Materials, Processes, Systems and Technology, 629–658. https://doi.org/10.1002/9783527674268.ch26

Melnyk, T. W., & Skeet, A. M. M. (1986). An improved technique for the determination of rock porosity. Canadian Journal of Earth Sciences, 
23(8), 1068–1074. https://doi.org/10.1139/e86-107

Middleton, R. S., Keating, G. N., Stauffer, P.  H., Jordan, A. B., Viswanathan, H. S., Kang, Q. J., et  al. (2012). The cross-scale science of 
CO2 capture and storage: From pore scale to regional scale. Energy & Environmental Science, 5(6), 7328–7345. https://doi.org/10.1039/
C2EE03227A

Mohammadmoradi, P., & Kantzas, A. (2018). Direct geometrical simulation of pore space evolution through hydrate dissociation in methane 
hydrate reservoirs. Marine and Petroleum Geology, 89, 786–798. https://doi.org/10.1016/j.marpetgeo.2017.11.016

Muhammed, N. S., Haq, B., Al Shehri, D., Al-Ahmed, A., Rahman, M. M., & Zaman, E. (2022). A review on underground hydrogen storage: 
Insight into geological sites, influencing factors and future outlook. Energy Reports, 8, 461–499. https://doi.org/10.1016/j.egyr.2021.12.002

Osman, A. I., Mehta, N., Elgarahy, A. M., Hefny, M., Al-Hinai, A., Al-Muhtaseb, A. H., & Rooney, D. W. (2021). Hydrogen production, storage, 
utilisation and environmental impacts: A review. Environmental Chemistry Letters, 20, 1–36. https://doi.org/10.1007/s10311-021-01322-8

Ozarslan, A. (2012). Large-scale hydrogen energy storage in salt caverns. International Journal of Hydrogen Energy, 37(19), 14265–14277. 
https://doi.org/10.1016/j.ijhydene.2012.07.111

Panfilov, M. (2016). Underground and pipeline hydrogen storage. In Compendium of hydrogen energy (pp. 91–115). Elsevier.
Pichler, M. (2019). Underground sun storage results and outlook. In EAGE/DGMK Joint Workshop on Underground Storage of Hydrogen (Vol. 

2019, pp. 1–4). European Association of Geoscientists & Engineers.
Razavifar, M., Mukhametdinova, A., Nikooee, E., Burukhin, A., Rezaei, A., Cheremisin, A., & Riazi, M. (2021). Rock porous structure charac-

terization: A critical assessment of various state-of-the-art techniques. Transport in Porous Media, 136(2), 431–456. https://doi.org/10.1007/
s11242-020-01518-6

Reitenbach, V., Ganzer, L., Albrecht, D., & Hagemann, B. (2015). Influence of added hydrogen on underground gas storage: A review of key 
issues. Environmental Earth Sciences, 73(11), 6927–6937. https://doi.org/10.1007/s12665-015-4176-2

Sedev, R., Akhondzadeh, H., Ali, M., Keshavarz, A., & Iglauer, S. (2022). Contact angles of a brine on a bituminous coal in compressed hydrogen. 
Geophysical Research Letters, 49(8). e2022GL098261. https://doi.org/10.1029/2022gl098261

Tarkowski, R. (2019). Underground hydrogen storage: Characteristics and prospects. Renewable and Sustainable Energy Reviews, 105, 86–94. 
https://doi.org/10.1016/j.rser.2019.01.051

Tarkowski, R., & Uliasz-Misiak, B. (2022). Towards underground hydrogen storage: A review of barriers. Renewable and Sustainable Energy 
Reviews, 162, 112451. https://doi.org/10.1016/j.rser.2022.112451

Yekta, A. E., Manceau, J.-C., Gaboreau, S., Pichavant, M., & Audigane, P. (2018). Determination of hydrogen–water relative permeability and 
capillary pressure in sandstone: Application to underground hydrogen injection in sedimentary formations. Transport in Porous Media, 122(2), 
333–356. https://doi.org/10.1007/s11242-018-1004-7

Yoshida, N., Levine, J. S., & Stauffer, P.  H. (2016). Investigation of uncertainty in CO2 reservoir models: A sensitivity analysis of relative 
permeability parameter values. International Journal of Greenhouse Gas Control, 49, 161–178. https://doi.org/10.1016/j.ijggc.2016.03.008

References From the Supporting Information
Hassler, G. L., & Brunner, E. (1945). Measurement of capillary pressures in small core samples. Transactions of the AIME, 160(01), 114–123. 

https://doi.org/10.2118/945114-G
Rezaei, A., Abdollahi, H., Derikvand, Z., Hemmati-Sarapardeh, A., Mosavi, A., & Nabipour, N. (2020). Insights into the effects of pore size 

distribution on the flowing behavior of carbonate rocks: Linking a nano-based enhanced oil recovery method to rock typing. Nanomaterials, 
10(5), 972. https://doi.org/10.3390/nano10050972

https://doi.org/10.1021/acs.energyfuels.1c04246
https://doi.org/10.1144/SP313.12
https://doi.org/10.1038/s41598-021-87490-7
https://doi.org/10.1021/acsenergylett.1c00845
https://doi.org/10.1038/s41597-020-0568-6
https://doi.org/10.1039/d0ee03536j
https://doi.org/10.1029/2021gl096873
https://doi.org/10.1080/15567036.2011.557708
https://doi.org/10.2118/1023-G
http://hyunder.eu/wp-content/uploads/2016/01/D3.1_Overview-of-all-known-underground-storage-t
https://doi.org/10.1002/9783527674268.ch26
https://doi.org/10.1139/e86-107
https://doi.org/10.1039/C2EE03227A
https://doi.org/10.1039/C2EE03227A
https://doi.org/10.1016/j.marpetgeo.2017.11.016
https://doi.org/10.1016/j.egyr.2021.12.002
https://doi.org/10.1007/s10311-021-01322-8
https://doi.org/10.1016/j.ijhydene.2012.07.111
https://doi.org/10.1007/s11242-020-01518-6
https://doi.org/10.1007/s11242-020-01518-6
https://doi.org/10.1007/s12665-015-4176-2
https://doi.org/10.1029/2022gl098261
https://doi.org/10.1016/j.rser.2019.01.051
https://doi.org/10.1016/j.rser.2022.112451
https://doi.org/10.1007/s11242-018-1004-7
https://doi.org/10.1016/j.ijggc.2016.03.008
https://doi.org/10.2118/945114-G
https://doi.org/10.3390/nano10050972

	Relative Permeability of Hydrogen and Aqueous Brines in Sandstones and Carbonates at Reservoir Conditions
	Abstract
	Plain Language Summary
	1. Introduction
	2. Methods
	3. Results and Discussion
	4. Conclusion
	Conflict of Interest
	[DummyTitle]
	Data Availability Statement
	References
	References From the Supporting Information


