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H I G H L I G H T S

• Cross-scale synthesis links flow, geochemistry, and microbiology under cyclic UHS.

• Hydrogen endpoint 𝑘𝑟,H2
, is 0.003–0.083, about 10× below CO2-brine while Brooks-Corey exponents 𝑛𝑔 ≈ 3 − 10 for H2 vs. 1.6–1.8 for sc-CO2.

• Hydrogen combines unfavourable mobility ratio with high gravity number, where cyclic hysteresis reduces recoverable H2 fraction to 16–25%.

• 𝐹𝑍𝐼  links pore-network architecture to deliverability and storage security, with standardized benchmarking needed to resolve inter-study discrepancies.
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A B S T R A C T

Underground hydrogen storage (UHS) in geological formations is increasingly recognized as a cornerstone of 

low-carbon energy systems, offering large-scale, long-duration buffering to stabilize variable energy supply. 

Its feasibility in porous reservoirs such as saline aquifers and depleted hydrocarbon fields depends on cou­

pled multiphase flow and biogeochemical processes, yet substantial uncertainty remains regarding the ability 

of porous media to sustain cyclic injection-withdrawal while preserving storage integrity, injectivity, and gas 

purity. Hydrogen displacement is controlled by relative permeability, residual trapping, gas redistribution, and 

pore-scale instabilities such as snap-off and capillary fingering, and advances in high-pressure microfluidics, 

micro-computed tomography, and interfacial characterization now enable direct observation of these processes. 

Compared with CO2 and CH4, hydrogen shows distinct interfacial behaviour, with endpoint 𝑘𝑟,H2
≈ 0.003–0.083

(about an order of magnitude below CO2-brine baselines) and fitted Brooks-Corey gas-phase exponents 𝑛𝑔 ≈ 3–10
against ≈ 1.6–1.8 for supercritical CO2, and with storage performance further dependent on wettability, mineral­

ogy, viscosity, and flow history. Hydrogen-rock wettability is not uniformly strongly water-wet but varies with 

mineralogy, organic content, and microbial activity, and salinity effects on contact angle are reported but not 

universal. Microbially mediated wettability alteration, together with mineral dissolution and secondary precipi­

tation, can further modify porosity, permeability, and capillary behaviour under cyclic loading. A significant gap 

nonetheless remains between homogeneous laboratory conditions and the heterogeneity of real reservoirs, where 

the transition to rate-sensitive regimes critically affects gas connectivity and trapping, and where current models 

often neglect rate-dependent, microbially mediated, and pore-scale redistribution processes that evolve dynam­

ically under cyclic operation. This review connects previously siloed treatments of diffusion, multiphase flow, 

geochemistry, and microbiology through a cross-scale, process-coupled framing of cyclic injection-withdrawal, 

and identifies standardized side-by-side benchmarking on identical lithologies as the methodological step needed 

to resolve the inter-study contradictions and to support multiscale, rate-sensitive predictive frameworks for safe, 

efficient, and scalable UHS deployment. 

∗ Corresponding author.

 Email address: awolayoa@mcmaster.ca (A.N. Awolayo).

https://doi.org/10.1016/j.rser.2026.117287

Received 9 February 2026; Received in revised form 31 May 2026; Accepted 10 July 2026

Renewable and Sustainable Energy Reviews 242 (2026) 117287 

Available online 22 July 2026 
1364-0321/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

http://www.sciencedirect.com/science/journal/1364-0321
https://www.elsevier.com/locate/RSER

$k_{r,\text {H}_2}$


$\times $


$n_g \approx 3-10$


$FZI$


$\text {CO}_2$


$\text {CH}_{4}$


$k_{r,\text {H}_{2}} \approx 0.003$


$0.083$


$\text {CO}_2$


$n_g \approx 3$


$10$


$\approx 1.6$


$1.8$


$\text {CO}_2$


$\sim $


$\text {CO}_2$


$\text {CH}_{4}$


$\text {CO}_2$


$\text {CH}_{4}$


$\text {CO}_2$


$\text {H}_{2}\text {S}$


$\text {CH}_{4}$


$\text {CO}_2$


$\text {CO}_2$


$\text {CH}_{4}$


$\text {H}_{2}$


$\text {H}_{2}$


$\text {H}_{2}$


$\text {H}_{2}$


$Ca$


\begin {equation}\label {ieq1} {\textrm {Ca}} = \frac {\mu v}{\gamma }\end {equation}


$\mu $


$v$


$v_D = Q/A$


$\gamma $


$v_p = v_D/\phi $


$v_D$


$Ca$


$1/\phi $


$Ca$


$Ca$


\begin {equation}\label {ieq2} M=\frac {k_{r,g}^{{\textrm {end}}}/\mu _g}{k_{r,w}^{{\textrm {end}}}/\mu _w}\end {equation}


$k_{r,g}^{{\textrm {end}}}$


$k_{r,w}^{{\textrm {end}}}$


$M>1$


$k_{r,g}^{{\textrm {end}}}\sim 0.05$


$k_{r,w}^{{\textrm {end}}}\sim 0.5$


$M\sim 5$


\begin {equation}\label {ieq3} N_g=\frac {k\,\Delta \rho \,g}{\mu v}\end {equation}


$k$


$\Delta \rho $


$\rho _w$


$\rho _g$


$g$


$\Delta \rho $


$N_g$


$Ca$


$M$


$N_g$


$\gamma $


$\gamma $


$\gamma $


$\theta $


\begin {equation}\cos \theta \;=\; \dfrac {\gamma _{s\text {-}\mathrm {H_2}}-\gamma _{s\text {-}{\textrm {brine}}}} {\gamma _{\mathrm {H_2}-{\textrm {brine}}}} \label {eq:young}\end {equation}


$\gamma _{\mathrm {H_2}-{\textrm {brine}}}$


$\gamma _{s\text {-}\mathrm {H_2}}$


$\gamma _{s\text {-}{\textrm {brine}}}$


$\theta < 90^\circ $


$\theta > 90^\circ $


$\gamma $


$r$


$P_c$


\begin {equation}P_c \;=\; \frac {2\,\gamma \,\cos \theta }{r} \label {eq:young_laplace}\end {equation}


$\theta $


$r$


$\gamma $


$r$


$h$


\begin {equation}h = \frac {2 \gamma \cos \theta }{r g \Delta \rho } \label {eq:cap_buoy_equil}\end {equation}


$\theta \Rightarrow \uparrow \cos \theta $


$\uparrow \gamma $


$h$


$h$


$\gamma $


$\theta $


$\Delta \rho $


$FZI$


\begin {equation}FZI = 0.0314 \, \frac {1 - \phi }{\phi } \, \sqrt {\frac {k}{\phi }} \label {eq:FZI}\end {equation}


$FZI$


$FZI$


$FZI$


$k$


$\phi $


$FZI$


$FZI$


$FZI$


$FZI$


$FZI$


$FZI$


$20^\circ $


$40^\circ $


$\sim 60^\circ $


$\gamma $


$\gamma _{s\text {-}\mathrm {H_2}}$


$\gamma _{s\text {-}\mathrm {CO_2}}$


$\gamma $


$\gamma $


$\theta _a \approx 40.8^\circ $


$\theta _a \approx 91.3^\circ $


$10^{-2}~{\textrm {M}}$


$\text {CO}_2$


$\text {NaCl}$


$\text {MgSO}_{4}$


$\text {MgSO}_{4}$


$\text {NaCl}$


$\gamma $


$P_{ce}$


$\theta $


$\theta $


$\theta $


$\theta $


$\text {NaCl}$


$30~^{\circ }\textrm {C}$


$20\text {-}100~\text {bar}$


$\theta <90^\circ $


${\gamma _{\mathrm {H_2\text {-}w}}}$


${\gamma _{s\text {-}\mathrm {H_2}}}$


${\cos \theta }$


${P_{ce}}$


${S_{gr}}$


$\uparrow $


$\uparrow $


$\sim $


$\sim $


$\downarrow $


$P_{ce}\uparrow $


$\gamma $


$S_{gr}\uparrow $


$\uparrow $


$\downarrow $


$\sim $


$\downarrow $


$\downarrow $


$P_{ce}\downarrow $


$S_{gr}\downarrow $


$\sim $


$\sim $


$\uparrow $


$P_{ce}\uparrow $


$S_{gr}\uparrow $


$\uparrow $


$P$


$\downarrow $


$\downarrow $


$\downarrow $


$\sim $


$P_{ce}\downarrow $


$S_{gr}\downarrow $


$\uparrow $


$T$


$\sim $


$\downarrow $


$\sim $


$\gamma $


$\gamma _{\mathrm {H_2\text {-}w}}$


$P_{ce}$


$\gamma $


$P_{ce}$


$S_{gr}$


$\gamma $


$\gamma _{\mathrm {H_2\text {-}w}}$


$P_{ce}$


$S_{gr}$


$P_c$


$k_{rw}$


$k_{rg}$


$S_w$


$k_{r,\text {H}_{2}}$


$\gamma $


$\gamma $


$k_{r,\text {H}_{2}}$


$k_{r,\text {H}_{2}}$


$k_{r,\text {H}_{2}}$


$\text {CO}_2$


$n_g \approx 1.6$


$1.8$


$n_w \approx 3.8$


$5.1$


$k_{r,\text {CO}_{2}}$


$0.06$


$0.61$


$\approx 0.96$


$k_{r,\text {H}_{2}}$


$\text {CO}_2$


$n_g \approx 3$


$10$


$n_w \approx 2$


$5$


$n_g$


$k_{r,g}(S_w)$


$\text {CO}_2$


$\text {H}_{2}$


$\text {CH}_{4}$


$\text {N}_{2}$


$\gamma $


$\gamma $


$\text {H}_{2}$


$\text {N}_{2}$


$\text {CO}_2$


$Ca$


$10^{-9}$


$S_{g,r}$


$S_{g,i}$


$FZI$


$FZI$


$C$


$FZI$


$C$


$FZI$


$FZI$


$S_{g,i}$


$S_{g,r}$


$\ge 4$


$\text {CO}_2$


$\approx 78\%$


$\approx 94\%$


$\theta \approx 44^{\circ }$


$\theta \approx 57^{\circ }$


$\text {CO}_2$


$\text {CO}_2$


$\text {CO}_2$


$\text {CO}_2$


$(p_g - p_w \gtrsim P_{ce})$


$\rightarrow $


$\rightarrow $


$\sim $


$^\circ \textrm {C}$


$\text {N}_{2}$


$^\circ \textrm {C}$


$\text {CO}_2$


$A\!\sim \!V^{p}$


$\text {CO}_2$


$\leftrightarrow $


$\sim $


$^\circ \textrm {C}$


$\text {N}_{2}$


$\text {CO}_2$


$^\circ \textrm {C}$


$\text {N}_{2}$


$\text {CO}_2$


$\text {CO}_2$


$\text {N}_{2}$


$\rightarrow $


$\rightarrow $


$^\circ \textrm {C}$


$\text {N}_{2}$


$\text {N}_{2}$


$\text {N}_{2}$


$\times $


$\times $


$\text {N}_{2}$


$\text {N}_{2}$


$\text {CH}_{4}$


$\text {N}_{2}$


$\text {CH}_{4}$


$(t \sim 3 \times 10^{6}\ {\textrm {s}})$


$10^{14}\ {\textrm {s}}$


$\text {N}_{2}$


$\text {CO}_2$


$\text {N}_{2}$


$\text {CH}_{4}$


$Ca$


$Ca$


$\text {CH}_{4}$


$\gamma $


$Ca$


$\text {CO}_2$


$\text {N}_{2}$


$\text {CH}_{4}$


$\text {CO}_2$


$\text {N}_{2}$


$\text {N}_{2}$


$\text {CO}_2$


$\text {CH}_{4}$


$\text {N}_{2}$


$\hat S = 1.12~\times ~10^{6}~\upmu \textrm {m}^3$


$\hat S$


$\hat S$


$\hat S$


$T_2$


$Ca$


$k_r$


$S_w$


$k_r$


$Ca$


$Ca$


$\sim 10^{-9}$


$10^{-6}$


$M \sim 10^{-2}$


$10^{-1}$


$M \sim 10^{1}$


$10^{2}$


$Ca$


$Ca$


$M$


$Ca$


${Ca}$


$^\circ \textrm {C}$


$^\circ \textrm {C}$


$7.68\times 10^{-7}$


$3.84\times 10^{-4}$


${Ca}$


$l_1$


$l_2$


$17^\circ $


$56^\circ $


$^\circ \textrm {C}$


$6.8\times 10^{-7}$


$7.7\times 10^{-5}$


$^\circ \textrm {C}$


$\text {N}_{2}$


$^\circ \textrm {C}$


$^\circ \textrm {C}$


$\phi =0.33$


$^\circ \textrm {C}$


$2.77\times 10^{-5}$


$5.47\times 10^{-5}$


$^\circ \textrm {C}$


$\text {N}_{2}$


$l_1$


$Ca$


$Ca$


$Ca$


$17^\circ $


$56^\circ $


$N_{Ca}$


$Ca$


$Ca$


$I_1$


$Ca$


$I_2$


$Ca$


$Ca$


$Ca$


$\theta $


$\gamma $


$\theta $


$\gamma _{s\text {-}\mathrm {H_2}}$


$\gamma _{s\text {-}{\textrm {brine}}}$


$\gamma _{\mathrm {H_2}-{\textrm {brine}}}$


$^\circ \textrm {C}$


$\text {H}_{2}$


$\text {NaCl}$


$\text {KCl}$


$\text {MgCl}_{2}$


$\text {CaCl}_{2}$


$\text {H}_{2}$


$\text {H}_{2}$


$\text {CH}_{4}$


$\text {H}_{2}$


$\text {CO}_2$


$\text {NaCl}$


$\text {KCl}$


$\text {H}_{2}$


$\text {NaCl}$


$\text {KCl}$


$\text {H}_{2}$


$\text {NaCl}$


$\text {4H}_2+\text {CO}_2\rightarrow \text {CH}_4+2\text {H}_2\text {O}$


$\text {H}_{2}$


$\text {CH}_{4}$


$\text {4H}_2+2\text {CO}_2\rightarrow \text {CH}_3\text {COOH}+2\text {H}_2\text {O}$


$\text {SO}_4^{2-}+4\text {H}_2+2\text {H}^+\rightarrow \text {H}_2\text {S}+4\text {H}_2\text {O}$


$\text {H}_{2}\text {S}$


$\text {2FeOOH}+\text {H}_2+4\text {H}^+\rightarrow 2\text {Fe}^{2+}+4\text {H}_2\text {O}$


$\text {H}_{2}$


$\text {H}_{2}$


$\text {Fe}^{2+}$


$\text {Fe}_2\text {O}_3+3\text {H}_2\rightarrow 2\text {Fe}+3\text {H}_2\text {O}$


$\text {H}_{2}$


$\text {CH}_{4}$


$\text {H}_{2}\text {S}$


$\text {CO}_2$


$\text {SO}_4^{2-}$


$\text {CH}_{4}$


$\text {CH}_3\text {COOH}$


$\text {H}_{2}\text {S}$


$\text {Fe}^{2+}$


$^\circ \textrm {C}$


$\text {CO}_2$


$\text {CH}_{4}$


$\text {CH}_{4}$


$^\circ \textrm {C}$


$\text {CaCO}_{3}$


$\text {BaSO}_{4}$


$^\circ \textrm {C}$


$^\circ \textrm {C}$


$\text {CO}_2$


$\text {CO}_2$


$\text {CH}_{4}$


$^\circ \textrm {C}$


$\text {N}_{2}$


$\text {CO}_2$


$^\circ \textrm {C}$


$\text {CO}_2$


$\text {N}_{2}$


$^\circ \textrm {C}$


$^\circ \textrm {C}$


$41^\circ $


$94^\circ $


$45^\circ $


$\text {H}_{2}$


$\pm $


$\text {CO}_2$


$^\circ \textrm {C}$


$\text {H}_{2}$


$\text {CH}_{4}$


$\text {H}_{2}\text {S}$


$\text {CO}_2$


$\text {CO}_2$


$^\circ \textrm {C}$


$\text {CO}_2$


$^\circ \textrm {C}$


$\sim 19\%$


$\sim 65\%$


$^\circ \textrm {C}$


$\text {H}_{2}\text {S}$


$^{\circ }$


$^{\circ }$


$^{\circ }$


$^{\circ }$


$^{\circ }$


$^{\circ }$


$\sim $


$41^{\circ }$


$94^{\circ }$


$45^{\circ }$


$^\circ \textrm {C}$


$\text {CO}_2$


$^\circ \textrm {C}$


$\text {CaCO}_{3}$


$\text {BaSO}_{4}$


$\text {CH}_{4}$


$\text {H}_{2}\text {S}$


$\text {Fe}$


$\text {Ca}$


$\text {Mg}$


$\text {FeS}$


$\text {CaS}$


$\text {MgS}$


$\text {H}_{2}\text {S}$


$\text {NaCl}$


$\sim $


$\text {N}_{2}$


$^\circ \textrm {C}$


$\sim $


$^\circ \textrm {C}$


$\phi $


$k$


$^\circ \textrm {C}$


$\Delta \phi \leq 0.1\%$


$^\circ \textrm {C}$


$\text {CO}_2$


$\text {CO}_2$


$^\circ \textrm {C}$


$\text {CO}_2$


$\text {N}_{2}$


$^\circ \textrm {C}$


$\sim $


$\sim $


$^\circ \textrm {C}$


$-56\%$


$\text {CH}_{4}$


$\text {NaCl}$


$^\circ \textrm {C}$


$\text {CO}_2$


$\text {H}_{2}$


$\text {N}_{2}$


$\text {NaCl}$


$\text {CH}_{4}$


$^\circ \textrm {C}$


$\text {CH}_{4}$


$^\circ \textrm {C}$


$\leq $


$\text {Fe}^{3+}$


$\text {Fe}^{2+}$


$\text {Fe}^{3+}$


$\text {H}_{2}\text {S}$


$\text {CO}_2$


$\text {CO}_2$


$\gamma $


$\text {CO}_2$


$\text {CH}_{4}$


$\text {H}_{2}\text {S}$


$Ca$


$M$


$N_g$


$Ca$


$RQI$


$FZI$


$\text {N}_{2}$


$\text {CH}_{4}$


$\text {FeS}$


$k_{r,\text {H}_{2}} \approx 0.003$


$0.083$


$\text {CO}_2$


$n_g \approx 3$


$10$


$n_g \approx 1.6$


$1.8$


$\text {CO}_2$


$FZI$


$FZI$


$\text {CO}_2$

https://orcid.org/0000-0003-1955-5594
mailto:awolayoa@mcmaster.ca
https://doi.org/10.1016/j.rser.2026.117287
https://doi.org/10.1016/j.rser.2026.117287
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


E. Ibitogbe, J. Gao, D.D. Syverson et al.

1 . Introduction

Hydrogen, generated through diverse pathways including renew­

able energy sources and subsurface natural hydrogen generation, has 

attracted growing attention as a versatile, non-emissive energy car­

rier with the potential to decarbonize energy, industrial, as well as 

transportation sectors [99,119,147,148]. This positions hydrogen as a 

critical asset in the global transition toward a cleaner, more sustainable, 

and low-carbon energy future, particularly for energy infrastructures 

dominated by intermittent renewable sources, where supply and de­

mand are mismatched over daily to seasonal timescales [91]. Addressing 

these mismatches requires large-scale, long-duration energy storage so­

lutions capable of buffering variability beyond the temporal limits of 

conventional storage technologies.

Surface-based hydrogen storage methods (such as compression, liq­

uefaction, and chemical storage) remain constrained by high costs, 

limited storage capacities, and short discharge durations, typically rang­

ing from hours to several days (Fig. 1a, [82,144,185]). As a result, 

underground hydrogen storage (UHS) has emerged as a promising long-

duration energy storage alternative (Fig. 1a), offering capacities from 

gigawatt-hours to terawatt-hours and discharge times extending from 

days to months [152,176]. Historical precedents as listed in Table S1 

demonstrate the technical feasibility of large-scale subsurface hydro­

gen storage. For example, the Kiel storage project in Germany stored 

town gas containing ∼62% hydrogen during the 1960s and 1970s before 

transitioning to natural gas storage [138,209]. More recently, hydro­

gen storage initiatives, including AquaPort (Hamburg) and HyPSTER 

(France), among others listed in Table S1, are advancing UHS toward 

pilot and commercial deployment.

Among potential geological storage options (Fig. 1b, see 

Supplementary Text), salt caverns, saline aquifers, and depleted hy­

drocarbon reservoirs are widely regarded as the most viable candidates 

for UHS due to their large storage capacities and favourable economics 

compared to surface tanks [91,190,209]. These storage options differ 

markedly in geological properties, storage capacity, geographic distri­

bution, and technological maturity, each imposing distinct constraints 

on flow behaviour and containment mechanisms (cf. Table S2). Salt cav­

erns, for example, offer excellent containment owing to their extremely 

low permeability and self-healing properties. In these systems, multi­

phase flow is largely confined to the wellbore and near-cavern regions, 

and long-term containment risks are minimal [93,176]. In contrast, 

porous media storage relies on a combination of structural trapping, 

capillary sealing, and pressure management within laterally extensive 

reservoirs, where hydrogen migration, buoyancy-driven segregation, 

and residual trapping govern storage performance [47,142,190,209]. 

These fundamental differences strongly influence which physical and 

chemical processes dominate system behaviour, as well as the scales 

over which they operate [100,119].

Porous media reservoirs are particularly attractive for UHS because 

they can leverage existing infrastructure and decades of operational ex­

perience from natural gas storage and geological carbon dioxide (CO2) 

sequestration, including established practices for site characterization, 

pressure management, and containment assessment [20,91,114,182]. 

However, despite these analogies, the direct transferability of existing 

storage frameworks is limited. The physicochemical and hydrodynamic 

behaviour of hydrogen differs fundamentally from that of methane 

(CH4) and CO2 (Fig. 1b), requiring a re-evaluation of storage concepts, 

operational strategies, and risk assessment methodologies [100,119].

These limitations arise from hydrogen’s distinct properties, as its 

low viscosity and molecular weight enhance its mobility and buoyancy, 

promoting viscous instabilities, rapid plume migration, and enhanced 

mixing with residual or cushion gases during cyclic injection and with­

drawal [100,119]. Hydrogen’s relatively high diffusivity compared to 

CH4 and CO2 further amplifies molecular transport, increasing the po­

tential for migration along pre-existing fractures or faults and raising 

concerns related to leakage, hydrogen-induced fracturing, and material 

embrittlement [62,110,209]. Beyond flow-related effects, hydrogen in­

teracts with the subsurface environment through a range of physic­

ochemical and biogeochemical processes (Fig. 1c). Microbial activity 

may consume hydrogen and generate by-products such as H2S and CH4
[4,62], while geochemical reactions can alter porosity, permeability, 

and compromise caprock properties, ultimately affecting storage perfor­

mance and recoverable gas quality [7,202]. Unlike CO2 sequestration, 

which targets permanent containment, UHS requires repeated injection-

withdrawal cycles to meet fluctuating energy demand, introducing 

additional geoscientific and operational complexity [176,186,209].

Despite rapidly growing interest in UHS, most studies remain con­

fined to laboratory-scale experiments, numerical simulations, and pilot 

projects, and a clear pathway to widespread commercial deployment 

is still emerging. This gap reflects the fragmented treatment of the 

processes that collectively govern hydrogen behaviour in geological 

reservoirs, including multiphase flow, geochemical reactions, microbial 

activity, and geomechanical responses. Recent studies have provided 

valuable insights into hydrogen mobility, phase behaviour, reactivity, 

and interactions with reservoir rocks and formation fluids [4,32,79,85], 

while complementary review articles (cf. Table S3) have synthesized 

advances in diffusion, solubility, interfacial phenomena, and biogeo­

chemical transformations. However, these advances have largely been 

scale dependent and developed as silos, limiting the emergence of 

unified insights into system-scale storage performance.

The performance of UHS is often governed by a hierarchy of coupled 

processes operating across spatial and temporal scales [91,176,209]. 

Although geological storage systems are inherently multi-physical, not 

all processes exert equal control at all times. At operational timescales 

relevant to injection, withdrawal, and short shut-in periods, storage be­

haviour is primarily controlled by multiphase flow processes, which 

dictate injectivity, pressure evolution, breakthrough timing, residual 

trapping, and working gas recovery [85,100,119]. Most experimen­

tal and numerical investigations conducted to date implicitly operate 

within this flow-dominated regime, often neglecting longer-term biogeo­

chemical evolution [32,79]. Over longer residence times and repeated 

injection-withdrawal cycles, physicochemical processes increasingly in­

fluence system evolution. Hydrogen dissolution, mineral reactions, sur­

face chemistry-driven wettability alteration, and microbially mediated 

hydrogen consumption can progressively modify pore structure, interfa­

cial properties, and fluid composition [4,7,62]. Although these processes 

are often slow relative to operational flow dynamics, their cumula­

tive effects may alter permeability, capillary pressure relationships, and 

recovery efficiency. These changes in turn modify multiphase flow be­

haviour and progressively blur the distinction between flow-dominated 

and chemistry-dominated regimes. This framework provides the basis 

for organizing the literature reviewed herein.

The relative importance of these controls is strongly scale-dependent, 

further complicating the interpretation and integration of existing stud­

ies. At the pore scale, interfacial forces and mineralogical heterogeneity 

govern phase distribution and trapping mechanisms, whereas at the core 

and reservoir scales these effects are upscaled into effective relative per­

meability, capillary pressure, and hysteresis relationships that control 

large-scale storage performance [32,79,85,100]. Apparent discrepancies 

among experimental, pore-scale, and reservoir-scale studies therefore 

frequently arise not from contradictory physics, but from differences in 

the dominant processes resolved at each scale and the assumptions used 

to represent unresolved behaviour. As a consequence, significant uncer­

tainties remain regarding the ability of saline aquifers and depleted oil 

and gas reservoirs to sustain repeated injection-withdrawal cycles while 

maintaining storage integrity, withdrawal efficiency, and gas purity 

suitable for end-use applications [80]. Divergent findings across labora­

tory, field-scale, and modelling studies underscore persistent knowledge 

gaps related to fluid-rock interactions, microbial consumption path­

ways, geochemical alteration, and geomechanical stability, all of which 

collectively govern the long-term viability of UHS systems.
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Fig. 1. (a) Hydrogen storage technologies compared by power duration and capacity, including surface tanks, engineered rock caverns, salt caverns, and porous 

subsurface reservoirs. Geological storage provides the largest capacities and longest durations. (b) Comparison of key physicochemical properties of CO2, CH4, and 

H2, showing that H2 has the lowest density, viscosity, and solubility, but the highest diffusivity, shaping its distinct subsurface behaviour. (c) Conceptual illustration of 

H2 behaviour in subsurface reservoirs: injected H2 displaces reservoir fluids and rises until it reaches an impermeable caprock, where it spreads laterally and becomes 

trapped. Storage performance is influenced by rock-fluid properties, microbial consumption, geochemical reactions, caprock integrity, and fluid dynamics. Together, 

the panels link the system-level motivation for UHS to the gas properties and coupled subsurface processes that distinguish hydrogen from more conventional storage 

gases.

To address these challenges, this review adopts a concept-driven syn­

thesis organized around two dominant but interacting control regimes. 

First, multiphase flow-dominated studies are reviewed to examine the 

roles of wettability, capillarity, pore structure, trapping mechanisms, 

hysteresis, and cyclic injection-withdrawal dynamics in controlling hy­

drogen storage capacity and recovery efficiency. Second, physicochemi­

cal studies are reviewed to assess the impacts of geochemical, microbial, 

and coupled reactive processes on reservoir evolution, gas quality, and 

long-term storage integrity. The distinctive contribution of this review is 

therefore not to provide another single-process inventory, but to connect 

these previously separated literatures through the integrative question 

of how hydrogen migration, trapping, and recovery evolve during cyclic 

storage in porous reservoirs. In contrast to hydrodynamic-focused re­

views (Table S3, e.g., [2,110,155,164]), we treat molecular transport as 

one component of time-dependent gas redistribution that interacts with 

capillary trapping, Ostwald ripening, and cushion-gas mixing, rather 

than as an isolated process. Similarly, in contrast to multiphase-flow-

focused reviews (Table S3, e.g., [90,91,157,200]), we explicitly consider 

how interfacial physics is modified by mineralogy, brine chemistry, 

microbial activity, and long residence times. In contrast to geochem­

ical, microbiological, and caprock-integrity reviews (Table S3, e.g., 

[35,62,69,165,196]), we evaluate chemical and biological reactions in 

terms of their feedback on wettability, pore structure, gas quality, injec­

tivity, and recoverability. This cross-scale, process-coupled perspective 

is used to identify when UHS behaviour is flow dominated, when physic­

ochemical feedback becomes important, and where current data and 

models fail to bridge pore-scale observations with reservoir-scale de­

sign. By synthesizing studies across spatial and temporal scales within 

this unified framework, the review clarifies process dominance, recon­

ciles divergent observations, and highlights critical uncertainties that 

must be addressed to advance UHS design and operation.

2 . Multiphase flow-dominated controls on underground hydrogen 

storage

The development of UHS as a large-scale, low-carbon energy buffer 

requires a clear understanding of how hydrogen migrates and be­

comes retained in brine-saturated reservoirs. Hydrogen injection results 
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in an immiscible multiphase flow system in which capillary, viscous, 

and gravitational forces interact across scales to control plume evolu­

tion, trapping mechanisms, and thus recovery efficiency [41,136,177]. 

The balance among these forces determines whether hydrogen propa­

gates as a stable displacement front, bypasses significant pore volumes 

via preferential flow paths, or becomes immobilized as disconnected 

ganglia.

At the reservoir scale, the primary challenge in UHS is gravity-driven 

hydrogen segregation. Due to its low density, hydrogen is highly buoyant 

in brine-saturated systems, promoting its upward migration and prefer­

ential invasion into the upper portions of the storage unit, followed by 

extensive lateral spreading along the reservoir top [113]. This gravita­

tional behaviour can reduce sweep efficiency and limit the effectively 

accessible storage volume. In parallel, the strong viscosity contrast be­

tween hydrogen and formation brine can promote viscous instabilities. 

When low-viscosity hydrogen displaces higher-viscosity brine, the dis­

placement front may become unstable and develop fingering, leading 

to early hydrogen breakthrough and leaving substantial portions of the 

reservoir unswept [31,191,193].

At the formation or bedding scale, spatial variability in capillary en­

try pressure results in capillary barriers that either locally trap hydrogen 

or divert the plume into preferential flow pathways [151,174,205]. The 

localized trapping zones and non-uniform saturation distributions will 

in turn affect injectivity and recoverability. For example, Bo et al. [39] 

demonstrated that macro-scale heterogeneity can reduce storage effi­

ciency by up to 15.8% over a decade of cyclic hydrogen injection and 

withdrawal. At the pore space, capillary-controlled processes such as 

snap-off and bypassing can immobilize hydrogen as disconnected gan­

glia, giving rise to residual trapping and saturation hysteresis. Elevated 

capillary entry pressures hinder hydrogen invasion into smaller pore 

throats, increasing the fraction of gas that becomes irreversibly trapped 

[4,7,18,40]. A recent study by Peng et al. [150] further confirms that 

capillary effects exert strong control on hydrogen plume evolution and 

trapping across a range of flow rates.

Across these scales, multiphase flow behaviour is governed by the 

balance among viscous, capillary, and gravitational forces. These com­

peting effects are commonly quantified using dimensionless groups 

that characterize displacement efficiency, flow stability, and buoyancy-

driven segregation. The balance between viscous and capillary forces is 

expressed through the capillary number (𝐶𝑎), 

Ca =
𝜇𝑣
𝛾

(1)

where 𝜇 is the dynamic viscosity of the displacing fluid (Pa s), 𝑣 is the 

superficial velocity of the displacing phase (𝑣𝐷 = 𝑄∕𝐴, m s−1), and 𝛾
is the hydrogen-brine interfacial tension (IFT) (N m−1). This distinction 

is important when comparing experiments across media with different 

porosities because using the interstitial velocity (𝑣𝑝 = 𝑣𝐷∕𝜙) rather than 

𝑣𝐷 changes the reported 𝐶𝑎 by a factor of the inverse porosity (1∕𝜙). 

Low values of 𝐶𝑎 indicate capillary-dominated displacement, which pro­

motes trapping and saturation heterogeneity, whereas increasing 𝐶𝑎
allows viscous forces to progressively overcome capillary resistance and 

improve displacement efficiency. The stability of the displacement front 

is further governed by the endpoint mobility ratio, 

𝑀 =
𝑘end
𝑟,𝑔 ∕𝜇𝑔

𝑘end
𝑟,𝑤 ∕𝜇𝑤

(2)

where 𝑘end
𝑟,𝑔  and 𝑘end

𝑟,𝑤  are the endpoint relative permeabilities of the gas 

and aqueous phases, respectively (cf. Section 2.2). Values of 𝑀 > 1
correspond to an unfavourable mobility contrast that promotes viscous 

fingering and unstable displacement fronts. Considering representative 

hydrogen-brine values of 𝑘end
𝑟,𝑔 ∼ 0.05 and 𝑘end

𝑟,𝑤 ∼ 0.5 yields 𝑀 ∼ 5–10, 

indicating a strong tendency toward the viscous instabilities observed 

during hydrogen injection [31,193]. Buoyancy-driven segregation is 

quantified through the gravity number: 

𝑁𝑔 =
𝑘Δ𝜌 𝑔
𝜇𝑣

(3)

where 𝑘 is the absolute permeability, Δ𝜌 is the density difference be­

tween water (𝜌𝑤) and gas (𝜌𝑔), and 𝑔 is the gravitational acceleration. 

Hydrogen’s exceptionally low density gives a large Δ𝜌 which, combined 

with its low viscosity, places it in a high-𝑁𝑔  regime in which gravita­

tional forces dominate viscous drag and favour upward migration and 

lateral spreading beneath the caprock [91,113]. Coupled with the re­

duced gas relative permeability characteristic of hydrogen-brine systems 

(cf. Section 2.2), these properties produce a combination of moderate-

to-high 𝐶𝑎, unfavourable 𝑀 , and high 𝑁𝑔 , a coupling that is uncommon 

among other storage gases, and promotes capillary trapping, displace­

ment instability, and buoyancy-driven segregation. Understanding how 

these competing forces interact therefore forms the basis for predicting 

hydrogen migration and recovery in subsurface reservoirs.

Among these controls, interfacial tension plays a particularly im­

portant role because it governs capillary forces and forms the basis 

for both capillary-pressure relationships and wettability-driven displace­

ment processes. Interfacial tension (𝛾) represents the energy per unit 

area required to maintain the interface between two immiscible fluids 

and reflects the intermolecular forces acting at the fluid-fluid boundary. 

In hydrogen-brine systems, 𝛾 controls the ability of hydrogen to dis­

place brine from pore spaces and therefore exerts a strong influence on 

residual trapping, capillary entry pressure, and displacement efficiency 

[31,102,116]. The significance of 𝛾 extends beyond the gas-liquid inter­

face, as the interaction of hydrogen and brine with the rock introduces 

additional interfacial energies at the gas-solid and liquid-solid bound­

aries. The balance among these interfacial energies is described by the 

contact angle, 𝜃, as illustrated by Young’s equation 

cos 𝜃 =
𝛾𝑠-H2

− 𝛾𝑠-brine

𝛾H2−brine

(4)

where 𝛾H2−brine is the hydrogen-brine IFT, and 𝛾𝑠-H2
 and 𝛾𝑠-brine are the 

solid-hydrogen and solid-brine IFT, respectively. Wettability, often used 

interchangeably with contact angle, determines which phase preferen­

tially adheres to the mineral surface. Low contact angles (𝜃 < 90◦) 
indicate water-wet (water adheres to minerals) conditions and high 

contact angles (𝜃 > 90◦) result in gas-wet (gas adheres to minerals) 

conditions. As a result, wettability governs capillary entry pressures, 

pore occupancy, and displacement pathways. Many reservoir rocks are 

strongly water-wet, which prevents hydrogen invasion into smaller 

pores, limiting it to larger pores and well-connected pathways. However, 

exposure to hydrocarbons or surface treatments can shift wettability 

toward intermediate- or gas-wet conditions, lowering capillary bar­

riers and altering trapping behaviour [4,18]. UHS is also inherently 

cyclic, and the alternating injection and withdrawal processes induce 

hysteresis in relative permeability and capillary pressure, which can 

enhance residual trapping through repeated drainage-imbibition se­

quences [7,40,82,204]. These dynamic multiphase flow interactions and 

the controlling petrophysical parameters are constrained through con­

stitutive relationships that link pore-scale forces to large-scale behaviour 

[37,106].

Therefore, the long-term viability of UHS depends critically on re­

solving these multiphase flow dynamics under representative subsurface 

conditions. Addressing this challenge requires targeted experimental 

investigation of wettability, interfacial tension, capillary pressure, rel­

ative permeability, and hysteresis, which provide the essential inputs 

for robust process prediction and risk assessment.

2.1 . Wettability, interfacial tension, and capillary control

A central challenge of UHS in porous media is the immobilization 

of hydrogen within subsurface pore spaces. Under the low capillary 

numbers characteristic of UHS operations, multiphase hydrogen flow is 
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dominantly controlled by capillary forces, which arise from the com­

bined effects of 𝛾, wettability, and pore geometry. Together, these 

parameters govern capillary entry pressure, phase distribution, and 

trapping efficiency, thereby exerting first-order control on injectivity, 

containment, and cyclic performance.

Capillary pressure represents the pressure required for hydrogen to 

invade water-filled pores. For an effective pore throat radius, 𝑟, capillary 

pressure (𝑃𝑐) is described by the Young-Laplace equation 

𝑃𝑐 =
2 𝛾 cos 𝜃

𝑟
(5)

where 𝜃 is the contact angle measured through brine, and 𝑟 is the ef­

fective pore-throat radius. High 𝛾 and small 𝑟 therefore result in strong 

capillary barriers that restrict hydrogen invasion and promote trapping. 

Capillary effects manifest differently in storage reservoirs and sealing 

formations due to their contrasting pore-size distributions. In caprocks 

characterized by fine pore structures, high capillary entry pressures 

suppress upward hydrogen migration and constitute the primary con­

tainment mechanism for UHS [108]. The equilibrium height, ℎ, of a 

hydrogen column beneath a sealing unit can be estimated by balancing 

capillary and buoyancy forces [107] 

ℎ =
2𝛾 cos 𝜃
𝑟𝑔Δ𝜌

(6)

Strongly water-wet conditions (smaller 𝜃 ⇒↑ cos 𝜃), and higher IFT (↑
𝛾) increase ℎ (stronger sealing), enhancing seal integrity, whereas reduc­

tions in either parameter weaken capillary containment. Importantly, 

ℎ is not constant but varies with depth as pressure, temperature, and 

salinity evolve and modify 𝛾, 𝜃, and Δ𝜌 [108]. Within the storage 

reservoir, capillary pressure regulates horizontal and vertical migra­

tion, snap-off frequency, and residual trapping during cyclic injection 

and withdrawal [41,179]. Fine pore networks impose high capillary 

thresholds that promote snap-off and the formation of disconnected hy­

drogen ganglia, whereas piston-like displacement dominates in larger, 

well-connected pores. The balance between these two processes controls 

residual gas saturation and recovery efficiency [41,179]. While wetta­

bility and IFT modulate fluid-solid interactions, reservoir behaviour is 

further constrained by pore-throat architecture, expressed through the 

porosity-permeability relationship. Because porosity and permeability 

alone do not capture this interplay, integrative metrics have been in­

troduced to bridge pore-scale geometry and multiphase flow behaviour. 

Among these, the Flow Zone Indicator (𝐹𝑍𝐼), as defined by Eq. (7), 

has been widely adopted for distinguishing hydraulic flow units and 

characterizing the efficiency of pore connectivity [27,141]. Typically, 

rocks with higher 𝐹𝑍𝐼  indicate more open, efficiently connected pore 

systems, whereas lower 𝐹𝑍𝐼  values are characteristic of tighter pore 

networks that impose stronger capillary entry barriers [27,141]. 

𝐹𝑍𝐼 = 0.0314
1 − 𝜙
𝜙

√

𝑘
𝜙

(7)

where 𝐹𝑍𝐼  is expressed in micrometers, 𝑘 is permeability, and 𝜙 is 

porosity. Experimental capillary pressure-saturation relationships con­

sistently show an inverse dependence between 𝐹𝑍𝐼  and entry pressure 

(Fig. 2), linking pore-scale geometry to injectivity and containment 

performance. Samples characterized by larger 𝐹𝑍𝐼  in Fig. 2 exhibit 

lower entry pressures, reflecting the presence of larger and better-

connected pore networks. Although high-𝐹𝑍𝐼  rocks favour injectivity 

and deliverability, their reduced capillary resistance limits residual 

trapping.

Even among samples with comparable 𝐹𝑍𝐼 , variations in surface 

chemistry and mineralogy can induce substantial differences in wet­

ting preference and interfacial behaviour [14,54,65,104,128]. Such 

microscale heterogeneities can reshape capillary pressure curves and 

displacement pathways. For example, sandstones have been shown to 

Fig. 2. Capillary pressure-saturation relationships from core-flooding exper­

iments compiled from multiple published studies [41,60,98,132,179,198]. 

Higher 𝐹𝑍𝐼  values denote enhanced flow capacity, injectivity, and deliver­

ability, whereas lower 𝐹𝑍𝐼  values reflect stronger capillary trapping, reduced 

injectivity, and lower cycling efficiency. The main comparison is therefore the 

trade-off between pore networks that favour hydrogen mobility and those that 

provide stronger capillary containment.

undergo wettability transitions when exposed to humic acids, which en­

hance van der Waals attraction between silica surfaces and hydrogen 

thereby modifying interfacial interactions [14,65,104,128]. Pore-scale 

investigations further demonstrate that wettability exerts strong control 

on displacement behaviour. Using two-phase microfluidic simulations 

based on the level-set method, Liu et al. [129] systematically explored 

this dependence across a range of capillary numbers. Under strongly 

water-wet conditions (contact angles of 20◦-40◦), capillary fingering 

dominated, producing unstable invasion fronts, elevated entry pressures, 

and frequent snap-off events. These conditions enhanced residual trap­

ping but reduced injectivity. In contrast, at higher contact angles (∼
60◦), displacement became more stable, reflecting a transition to viscous 

fingering that improved injectivity at the expense of trapping efficiency.

IFT (𝛾) and the resulting wettability are not intrinsic constants. 

Rather, they are influenced by subsurface conditions, including pressure, 

temperature, salinity, and the surface chemistry of the rock and flu­

ids [19,66,108,137]. Increasing temperature generally reduces gas-solid 

interfacial energies (𝛾𝑠-H2
), promoting hydrogen spreading on mineral 

surfaces and potentially weakening caprock sealing capacity (Fig. 3, 

[99,100,149]). A similar trend has been reported for 𝛾𝑠-CO2
 systems, 

attributed to the reduced difference between the cohesive energy den­

sity of the gas and that of the rock at elevated pressures [24]. Pressure, 

while typically influential in gas-liquid systems, has a limited effect on 

hydrogen-brine 𝛾 due to hydrogen’s low density and low solubility in 

brines (Fig. 1c, [5,96]). As shown in Fig. 3, reservoir conditions and 

surface chemistry strongly influence hydrogen-brine interfacial proper­

ties and wettability. Dissolved organic matter (e.g., humic acids) and 

residual hydrocarbons can adsorb to mineral surfaces, reduce 𝛾, and 

shift wettability toward intermediate-wet conditions, thereby reshaping 

film stability, snap-off frequency, and hysteresis [14,104]. For instance, 

Ali et al. [17] showed that clean quartz, initially strongly water-wet 

(𝜃𝑎 ≈ 40.8◦), became hydrogen-wet (𝜃𝑎 ≈ 91.3◦) after ageing in lignoceric 

acid (10−2 M) at 25 MPa and 323 K. It was also reported that pure mica 

shifted to intermediate-wet at higher pressures and lower temperatures, 

with organic acids driving it to hydrogen-wet.
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Fig. 3. Effects of reservoir conditions on interfacial properties and contact angles in hydrogen-brine systems. (a) Gas-rock interfacial tension with pressure for hydrogen 

compared to CO2 at different temperatures on quartz surfaces, showing temperature-dependent wettability changes. (b) contact angle variation as a function of pressure 

for hydrogen systems on mica and quartz substrates at various temperatures, demonstrating mineral-specific interfacial behaviour. (c) Effect of salt concentration 

on gas-fluid interfacial tension for NaCl and MgSO4 brines in sandstone and shale, highlighting the greater interfacial enhancement from divalent MgSO4 compared 

to monovalent NaCl and rock-dependent interfacial properties. (d) Effect of organic matter concentration on advancing and receding contact angles at different 

pressures, illustrating how organic compounds alter wettability. The panels, adapted from Pan et al. [149], Ali et al. [19], and Iglauer et al. [108], reflect directional 

sensitivities, with mineralogy, brine composition, pressure, temperature, and organic surface coatings jointly influencing capillary trapping.

Increasing brine salinity typically increases 𝛾 and capillary entry 

pressure (𝑃𝑐𝑒), thereby enhancing containment and capillary sealing 

(Fig. 3, [5,103]). Mechanistically, Ali et al. [19] showed that increasing 

salinity compresses the electrical double layer, shifts the zeta potential 

toward zero (i.e., less negative surface charge), and tends to increase 

the contact angle, 𝜃. Consistent with this interpretation, Hosseini et al. 

[99] reported slight increases in 𝜃 at higher salinities, implying reduced 

water-wetness as ion concentration diminishes surface polarity. Pore-

scale microfluidic observations by Medina et al. [137] broadly align 

with this mechanistic framework, showing that higher salinity increases 

𝜃 (less water-wet) and lowers capillary entry pressure. In addition, salin­

ity raises brine viscosity, thereby increasing the gas-water mobility ratio 

and modifying front stability and displacement efficiency. However, 

the salinity response is not universal, as Hashemi et al. [87] observed 

no statistically significant change in 𝜃 across NaCl concentrations of 

0, 5000, and 50,000 ppm at 30 ◦C and 20-100 bar. These results sug­

gest that hydrogen-rock wettability can remain relatively insensitive to 

salinity under certain mineralogical and thermodynamic conditions. As 

summarized in Table 1, higher salinity generally increases 𝛾H2-w and 

𝑃𝑐𝑒, whereas organic compounds reduce 𝛾 and water-wetness, lower­

ing both 𝑃𝑐𝑒 and residual gas saturation (𝑆𝑔𝑟). Temperature typically 

decreases 𝛾, while pressure effects remain comparatively minor and 

mineral-dependent.

Under high gas-brine IFT conditions, structural and residual trap­

ping dominate hydrogen storage behaviour, providing strong capillary 

containment. In contrast, low-IFT regimes reduce capillary pressure, 

facilitating hydrogen redistribution within the pore structure and in­

creasing the propensity for gas dissolution and snap-off in water-wet 

systems. Elevated salinity therefore tends to create more favourable 

conditions for UHS by increasing 𝛾H2-w and 𝑃𝑐𝑒, strengthening capillary 

seals while largely preserving (or slightly improving) water-wet condi­

tions. This combination enhances both structural trapping and residual 

trapping (higher 𝑆𝑔𝑟), yielding a more robust storage system. On the 

contrary, the presence of organic compounds creates a particularly chal­

lenging situation. As shown in Table 1, organic matter drives the system 

toward less water-wet conditions while simultaneously reducing inter­

facial tension. This dual effect lowers 𝑃𝑐 , weakens structural trapping, 

and can compromise storage security [19]. Under intermediate-wet or 

gas-wet conditions, reduced snap-off may improve displacement effi­

ciency and hydrogen mobility by promoting continuous gas pathways. 

Nevertheless, ultimate recovery can still decline due to weaker pres­

sure support and diminished capillary-driven retention, underscoring 

the fundamental trade-off between injectivity, mobility, and long-term 

containment. These coupled interfacial controls define the baseline cap­

illary regime under which hydrogen migration, trapping, and storage 

security operate.

2.2 . Relative permeability, trapping, and cyclic hysteresis

Relative permeability governs the effective mobility of hydrogen 

and brine during multiphase flow and is a key determinant of injectiv­

ity and recoverability in UHS. Experimental studies consistently report 

low endpoint hydrogen relative permeability (𝑘𝑟,H2
), typically ranging 

from 0.003 to 0.083, even at moderate gas saturation achieved after 

primary drainage (Fig. 4, [117,132,158]). This behaviour stems from 

hydrogen’s distinctive physicochemical properties, most critically its 

high 𝛾 with brine, which, together with its low viscosity and density, 
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Table 1 

Directional effects of reservoir changes on interfacial energies and trapping (water-wet baseline, 𝜃 < 90◦).

Change 𝛾H2 -w (gas-fluid) 𝛾𝑠-H2
 (gas-solid) cos 𝜃 (water-wetness) Impact (seal 𝑃𝑐𝑒, host 𝑆𝑔𝑟)

Salinity ↑ (NaCl/CaCl2) ↑ ∼ ∼ to ↓ 𝑃𝑐𝑒 ↑ (dominant via 𝛾), 𝑆𝑔𝑟 ↑.

Organics / humics ↑ (e.g., lignoceric, 

humic acids)

↓ to ∼ ↓ (greater spreading) ↓ (toward gas-wet) 𝑃𝑐𝑒 ↓, 𝑆𝑔𝑟 ↓.

Nanofluid treatment (water-wetting) ∼ ∼ ↑ (more water-wet) 𝑃𝑐𝑒 ↑, 𝑆𝑔𝑟 ↑.

Temperature ↑ (at fixed 𝑃 ) ↓ (weak-moderate) ↓ (more spreading) ↓ to ∼ (system-dependent) Often 𝑃𝑐𝑒 ↓, 𝑆𝑔𝑟 ↓.

Pressure ↑ (at fixed 𝑇 ) ∼ (limited for 

hydrogen-brine)

↓ to ∼ variable (mineral/chem­

istry dependent)

Case-specific, with only a small direct effect 

via 𝛾 while wettability may dominate.

Fig. 4. Relative permeability curves for hydrogen-brine systems, compiled from multiple experimental datasets, compared with Brooks-Corey (BC) empirical fits. 

(a) water relative permeability (𝑘𝑟𝑤) and (b) gas relative permeability (𝑘𝑟𝑔) as a function of water saturation (𝑆𝑤), illustrating consistently low end-point hydrogen 

permeability across datasets, indicative of limited hydrogen mobility during drainage and necessitating higher pressure gradients to sustain injection and storage 

performance. The spread among datasets reflects differences in pore structure, wettability, flow protocol, and saturation history, so the BC fits are used as comparative 

descriptors rather than universal constitutive functions.

sets it apart from other gases (Fig. 1c). In contrast, denser and more 

viscous gases achieve more uniform saturation distributions and im­

proved sweep efficiency [71,158,206], as illustrated in Fig. 5. In most 

UHS systems, hydrogen behaves as a non-wetting phase, particularly 

because these systems are strongly water-wetting, and its high 𝛾 trans­

lates into elevated capillary entry pressures that can restrict invasion 

into smaller pore throats. This capillary resistance confines hydrogen 

to larger, better-connected pores, promotes bypassing and disconnected 

gas clusters, and ultimately reduces the effective cross-sectional area 

available for connected gas flow. Low viscosity then amplifies this con­

straint by increasing the gas-brine mobility ratio and favouring unstable 

displacement or fingering. Consequently, hydrogen mobilizes less ef­

ficiently within porous media, often producing unstable displacement 

fronts and limited pore-space occupancy compared with other gases.

Although this low-mobility behaviour is broadly consistent across 

studies, a diverging trend was reported by Rezaei et al. [158], who 

observed comparatively higher end-point 𝑘𝑟,H2
 values at lower gas 

saturation. A plausible explanation for this higher 𝑘𝑟,H2
 is early hy­

drogen breakthrough through viscous fingering under unsteady-state 

conditions, which subsequently evolves into preferential flow chan­

nels [36]. Once established, these channels dominate flow, producing 

high apparent core outlet fluxes after breakthrough and artificially el­

evated 𝑘𝑟,H2
 estimates, accompanied by reduced water fractional flow. 

Such channelized flow regimes, widely reported in gas-liquid displace­

ment studies, are characterized by locally high non-wetting phase 

saturation but poor overall displacement efficiency [41,173]. During 

subsequent imbibition, water preferentially bypasses these channels, 

resulting in minimal residual trapping within them while trapping 

persists in surrounding regions. This spatial heterogeneity introduces 

significant uncertainty into relative permeability measurements and 

complicates direct upscaling of laboratory results to reservoir-scale

performance.

The trend shown in Fig. 4 is further contextualized by comparison 

with conventional gas-brine systems, for which Brooks-Corey parameter­

izations are more extensively documented [30,33,44,120]. In CO2-brine 

flow through Berea sandstone, fitted Corey exponents typically span 

𝑛𝑔 ≈ 1.6–1.8 and 𝑛𝑤 ≈ 3.8–5.1 [48], with endpoint 𝑘𝑟,CO2
 values gen­

erally falling within 0.06–0.61 across sandstones and reaching ≈ 0.96 in 

highly permeable Darcy-range samples. Comparable ranges have been 

reported for carbonate reservoirs [30,33,44]. In contrast, the hydrogen-

brine systems shown in Fig. 4 are characterized by substantially lower 

endpoint 𝑘𝑟,H2
 values, around an order of magnitude below those re­

ported for CO2-brine systems on comparable lithologies. The fitted 

gas-phase Corey exponents span a broader range of 𝑛𝑔 ≈ 3–10, whereas 

the water-phase exponents remain within 𝑛𝑤 ≈ 2–5. The much larger 𝑛𝑔
produces markedly steeper 𝑘𝑟,𝑔(𝑆𝑤) curves and a more rapid decline of 

hydrogen mobility with increasing brine saturation, whereas the water-

phase exponents broadly overlap the CO2-brine range, indicating that 

wetting-phase mobility is governed more by pore architecture than by 

the identity of the non-wetting gas. The same offset is reproduced at 
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Fig. 5. Initial gas saturation values reported for different gas types (H2, N2, 

and CO2) across selected studies. Results show that hydrogen generally ex­

hibits lower initial saturations compared to other gases, indicating reduced 

displacement efficiency which may limit hydrogen storage in porous media. This 

comparison complements Fig. 4 by showing that reduced hydrogen mobility is 

commonly accompanied by limited pore-space occupancy during drainage.

the pore scale by microfluidic experiments comparing H2 with CH4 and 

N2 on identical pore geometries, in which hydrogen consistently attains 

lower gas saturations at comparable flow rates [71,133], consistent with 

the higher gas-brine 𝛾 and capillary resistance established earlier.

Beyond flow-regime effects, hydrogen relative permeability and 

trapping are strongly influenced by the wettability and interfacial con­

trols detailed in Section 2.1. Because hydrogen is typically more strongly 

water-wet than other gases (Fig. 3a), it experiences greater capillary 

resistance and reduced displacement efficiency. Several studies have 

demonstrated that shifting the system toward intermediate-wet con­

ditions improves displacement efficiency and gas mobility [61,106]. 

Accordingly, strategies that reduce 𝛾 or modify wettability are expected 

to improve hydrogen injectivity and pore-space utilization.

Reported values of initial and residual hydrogen saturation span 

a wide range, reflecting variations in rock petrophysical properties, 

pore structure heterogeneity, and injection conditions [158,193]. For 

example, Boon and Hajibeygi [41] measured an initial hydrogen satu­

ration of 47% with a residual saturation of 17%, whereas [8] reported 

values as low as 4% and 2% under similar 𝐶𝑎 (on the order of 10−9). 
These contrasts underscore the influence of porosity, permeability, and 

pore connectivity. As illustrated in Fig. 6, residual gas saturation (𝑆𝑔,𝑟) 

generally increases with initial gas saturation (𝑆𝑔,𝑖), consistent with 

Land’s trapping model. However, the wide scatter observed across 

datasets indicates that trapping efficiency cannot be described by satura­

tion alone. Instead, it reflects the underlying pore-scale architecture and 

flow-unit characteristics noted earlier (Section 2.1). Applying the 𝐹𝑍𝐼
(Eq. 7) framework reveals systematic trends in which low-𝐹𝑍𝐼  samples, 

representative of tighter and less connected pore systems, cluster near 

higher trapping-efficiency curves characterized by low Land coefficients 

(𝐶), whereas high-𝐹𝑍𝐼  samples follow lower trapping-efficiency curves 

with higher 𝐶, indicative of enhanced connectivity and reduced resid­

ual trapping. These distinctions have direct implications for UHS site 

selection, as low-𝐹𝑍𝐼  flow units may provide greater storage security 

through enhanced residual trapping but at the cost of reduced deliv­

erability, whereas high-𝐹𝑍𝐼  units favour hydrogen recovery but offer 

weaker long-term immobilization. Balancing these competing attributes 

of secure containment versus operational flexibility remains a central 

challenge in evaluating the suitability of candidate storage sites.

Cyclic hysteresis further compounds these effects. Hysteresis arises 

from the path-dependent evolution of capillary pressure and relative per­

meability during repeated drainage-imbibition cycles, driven by snap-

off, ganglion entrapment, film swelling, flow bypassing, and contact an­

gle hysteresis [32,125]. This behaviour is particularly relevant to UHS, 

Fig. 6. Relationship between initial gas saturation (𝑆𝑔,𝑖) and residual gas satura­

tion (𝑆𝑔,𝑟) derived from experimental hydrogen brine core flooding studies (see 

Tables S4 and S5 for data used in this figure). Data points, colour coded by flow 

zone indicator (FZI), are compared with theoretical Land’s curves for a range 

of trapping coefficients (C). The plot illustrates the influence of capillary forces 

and pore structure on hydrogen retention in porous media.

where injection and withdrawal are inherently cyclic and the hydrogen 

plume geometry and fluid distributions evolve dynamically over time 

[122]. Steady-state experiments consistently demonstrate pronounced 

hysteresis between drainage and imbibition for hydrogen-brine sys­

tems [41,98,132]. Neglecting hysteresis can therefore lead to systematic 

overestimation of long-term deliverability, with reported recoverable 

fractions reduced to 16–25% once hysteresis effects are accounted for 

[32,66,204].

To better represent UHS operational conditions, several studies have 

examined multi-cycle hydrogen-brine displacement (Table 2). These in­

vestigations reveal contrasting hysteresis behaviour depending on pore 

structure and flow regime. In relatively uniform pore networks, resid­

ual hydrogen saturation often stabilizes after a few cycles, indicating 

convergence toward a hysteresis equilibrium and limited additional 

trapping [106,197]. This convergence occurs more rapidly in homoge­

neous systems, whereas hierarchical or heterogeneous pore networks 

tend to require additional cycles due to broader hysteresis loops and 

delayed stabilization. In contrast, other studies report a progressive in­

crease in residual hydrogen saturation across successive cycles without 

clear convergence, driven by water blocking, ganglion immobilization, 

and declining pore connectivity [42,76,128]. For example, Gao et al. 

[76] observed a reduction in porosity utilization from 51.06% to 40.57% 

over three cycles. Similar trends have been reported at the core scale, 

where residual gas saturation continues to increase with repeated cy­

cling [42,128]. Additional factors, such as gas dissolution, may also 

contribute to this buildup and require further investigation to isolate 

their effects. At larger scales representative of field-scale UHS oper­

ations, Lysyy et al. [132] observed systematically lower gas relative 

permeability during imbibition compared with drainage, confirming 

that hysteresis enhances hydrogen entrapment beyond the pore scale.

Dynamic wettability effects may further reinforce hysteresis. 

Experimental studies report increases in apparent contact angle between 

irreducible water (𝜃 ≈ 44◦) and residual gas saturation (𝜃 ≈ 57◦), 
altering capillary pressures and restricting gas mobility [98]. Longer 

residence times may also promote gas-rock interactions that subtly 

modify wettability and prolong hysteresis effects. For instance, Herring 

et al. [95] observed that although the Bentheimer sandstone sample re­

mained predominantly water-wet, subtle indications of a progressive 
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Table 2 

Studies reporting hysteresis behaviour during cyclic hydrogen-brine displace­

ment.

Study & 

medium

Experimental set-up Key hysteresis observations

Yang et al. 

[197]; mi­

crofluidic 

sandstone chip

Cyclic gas-then-water inva­

sion at capillary-dominated 

flow, ≥ 4 cycles

Both networks approached a “hys­

teresis equilibrium” after the 3rd-4th 

cycle the initial/residual saturation 

trajectories collapsed onto a narrow 

band. They also observed equilibrium 

was reached sooner in the uniform 

network while the hierarchical net­

work needed one extra cycle and 

exhibited a broader loop, indicating 

stronger persistent trapping.

Wang et al. 

[192]; 

pore-scale 

simulation 

(CO2-water)

Interface tracking 

algorithm, 15 drainage-

imbibition cycles were 

simulated

Hysteresis equilibrium was observed 

at the 5th cycle where residual 

saturation remained constant.

Bijay et al. 

[36]; Berea 

core

Four charge/discharge 

cycles at 20 MPa confining 

stress, sandstone plug

Withdrawal efficiency was ≈ 78%
in the first cycle, and increased to 

≈ 94% in the second, and remained at 

that level in cycles 3-4, implying the 

hysteresis loop stabilized rapidly. Core 

hydrogen saturation continued to rise 

slightly, but the amount recovered 

on each withdrawal reached a steady 

value.

Ibitogbe and 

Awolayo [106]; 

Basalt rock

10 injection/withdrawal 

cycles, Quasistatic pore 

network model + micro-CT 

imaging

Residual saturation increased over 

the first five cycles before reaching a 

plateau and stabilizing.

shift toward CO2-wetting emerged as the experiment progressed. This 

observation suggests that regions of the solid surface in contact with CO2
clusters may experience localized wettability alterations, transitioning 

from initially water-wet to increasingly CO2-wet as a result of chemical 

or physical interactions. Nevertheless, most experimental evidence on 

pristine reservoir rocks indicates that hydrogen does not induce wet­

tability shifts over long-term exposure. Instead, variations in water 

chemistry, temperature, pressure, and the presence of reactive species 

are likely to exert stronger controls on wettability evolution [16,107].

These findings show that relative permeability, trapping, and cyclic 

hysteresis are inseparable components of hydrogen multiphase flow in 

porous media. Hydrogen’s low mobility, strong capillary trapping, and 

pronounced hysteresis fundamentally constrain injectivity and recover­

ability, underscoring the need for reservoir-specific characterization and 

cyclic-performance assessment when evaluating UHS feasibility.

2.3 . Post-injection gas redistribution and Ostwald ripening

Following active injection and displacement, hydrogen distribution 

within porous media does not remain static. Post-injection gas redis­

tribution represents a critical but often underappreciated control on 

residual trapping, hysteresis, and long-term hydrogen recoverability in 

UHS systems. While the physical basis of Ostwald ripening (OR) in 

porous media is well established [38,45,77], its relevance to hydro­

gen multiphase flow has only recently been examined systematically 

[59,82,111,206]. Blunt [37] described two end-member post-injection 

scenarios for multiphase flow in porous media. In the first, gas remains 

connected across the pore space, forming a classical gravity-capillary 

transition zone characterized by pressure-driven flow and capillary equi­

librium. In the second, water invades previously gas-saturated regions, 

fragmenting the gas phase into disconnected ganglia. Under this latter 

condition, advective flow ceases and gas migration proceeds primarily 

through molecular diffusion in the aqueous phase, a process known as 

Ostwald ripening [38,45,77]. Direct pore-scale evidence of this mecha­

nism for hydrogen is shown in Fig. 7, where redistribution of trapped 

gas occurs during a 12-hour no-flow period.

Ostwald ripening arises from spatial variations in capillary pressure 

among trapped ganglia, which translate into differences in gas pres­

sure and, consequently, dissolved-gas concentration gradients in the 

surrounding brine [206]. Although hydrogen exhibits lower aqueous 

solubility than gases such as CO2, its substantially higher diffusion coef­

ficient accelerates mass transfer through the aqueous phase. This rapid 

diffusion promotes gas redistribution between ganglia, causing smaller, 

high-pressure bubbles to dissolve while larger, low-pressure ganglia 

grow. Unlike bulk fluids, porous media can sustain multiple ganglia 

at uniform capillary pressure, allowing OR-driven coarsening without 

full phase coalescence. In UHS, residual hydrogen trapped at varying 

capillary pressures is therefore expected to undergo progressive redis­

tribution until local equilibrium is achieved [206]. This process alters 

ganglia size distributions, connectivity, and effective gas saturation, di­

rectly challenging the assumption of static residual trapping following 

injection.

In addition to OR, pressure-decline-induced gas expansion pro­

vides a complementary post-injection mobilization pathway. Unlike 

injection-driven displacement, which advances primarily along con­

nected pathways under viscous-capillary control, depressurization mo­

bilizes gas throughout the pore space through volumetric expansion 

and dissolved-phase exsolution [60]. As pore pressure decreases, hy­

drogen solubility in brine declines, generating aqueous supersaturation 

that feeds exsolution into nearby ganglia. The resulting increase in lo­

cal gas pressure relative to capillary entry thresholds (𝑝𝑔 − 𝑝𝑤 ≳ 𝑃𝑐𝑒)
thins wetting films, depins contact lines, and opens previously subcrit­

ical throats. Table 3 summarizes experimental and numerical studies 

that document OR and gas-expansion effects relevant to UHS. Pore-

scale micro-CT experiments by Zhang et al. [206] provided the first 

direct visualization of hydrogen OR, showing the disappearance of small 

ganglia and growth of larger ones during quiescent periods (typically 

12–16 hours), while N2 exhibited minimal redistribution under iden­

tical conditions. This gas redistribution improves connectivity, lowers 

local capillary pressure, and reduces residual gas saturation over re­

peated cycles, thereby narrowing drainage-imbibition hysteresis and 

enhancing withdrawal efficiency. Similarly, Goodarzi et al. [82] ob­

served that repeated hydrogen injection-imbibition cycles separated 

by no-flow intervals led to reduced hysteresis, where trapped gan­

glia underwent a spontaneous Ostwald ripening process driven by the 

tendency to minimize total free energy. In a study by Dokhon et al. 

[60] contrasting injection-driven displacement with depressurization-

induced gas expansion, pressure decline mobilized hydrogen beyond 

connected invasion fronts, increased average gas saturation, and recon­

nected previously isolated clusters. Core-scale imaging by Boon et al. 

[42] further demonstrated that OR can reshape trapped hydrogen distri­

butions through coupled dissolution near the inlet and exsolution deeper 

in the core, facilitating partial remobilization of previously trapped

gas.

Comparative studies highlight hydrogen’s exceptional susceptibil­

ity to post-injection redistribution. Several studies have shown that 

hydrogen undergoes substantially stronger OR-driven rearrangement 

than N2 [170,206]. This behaviour was attributed to hydrogen’s high 

diffusivity in water, reaching 5.13 × 10−3 cm s−2, compared with 

1.88 × 10−5 cm s−2 for N2 (Fig. 1c), as well as its small molecular size, 

which facilitates penetration into finer pore structures [170]. Similar 

conclusions were drawn by AlZaabi et al. [22], who observed pro­

nounced hydrogen redistribution over laboratory timescales, whereas N2
and CH4 remained largely unchanged. Rock heterogeneity further mod­

ulates post-injection redistribution by controlling diffusion pathways, 

ganglia geometry, and equilibration times. Studies by Boon et al. [42] 

and Lin et al. [126] demonstrate that heterogeneous pore structures 

with broad pore-throat size distributions can accelerate connectivity 

gains and amplify OR-driven redistribution, whereas more homogeneous 
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Fig. 7. (a) Conceptual illustration of Ostwald ripening in porous media, where smaller hydrogen ganglia dissolve and transfer mass via molecular diffusion to larger 

ganglia with lower capillary pressure, resulting in coarsening over time. (b) micro-CT segmented images of Bentheimer sandstone during gas invasion, water-flooding, 

and after a 12-hour no-flow period. Grey indicates the rock matrix, blue the brine phase, and yellow the hydrogen phase. The highlighted region shows redistribution 

of hydrogen ganglia, with small bubbles disappearing and larger bubbles growing, consistent with Ostwald ripening dynamics adopted from Zhang et al. [206].

Table 3 

Studies highlighting Ostwald ripening and gas-expansion effects relevant to UHS.

Study type Displacement type Conditions Porous medium Key findings (Ostwald ripening/gas expansion) Refs

Pore-scale 

micro-CT

Drainage → imbi­

bition → no-flow 

(12 h)

∼1 MPa, 25 ◦C Bentheimer 

Sandstone

Small hydrogen ganglia disappeared while larger ones grew during quies­

cence (mass conserved), providing direct pore-scale evidence of OR driven by 

dissolved-gas concentration gradients, whereas N2 showed minimal change.

[206]

Pore-scale 

micro-CT

Gas injection vs. 

pressure-decline gas 

expansion

1 MPa, 20 ◦C Bentheimer 

Sandstone

Pressure-decline expansion increased average gas saturation and helped recon­

nect otherwise isolated clusters, part of the added volume arose from hydrogen 

exsolved from brine. Proposed dimensionless metrics to distinguish displacement 

from expansion.

[60]

Core-scale, 

multiscale CT

hydrogen injection 

& imbibition with 

no-flow holds

– Berea Sandstone During no-flow, medium ganglia fragmented while a few larger ones grew-

consistent with OR-driven redistribution. Dissolution near the inlet and 

exsolution deeper in the core reshaped disconnected ganglia, culminating in 

substantial removal of trapped hydrogen.

[42]

Core-scale 

CO2 WAG

WAG cycles, post-

flow equilibration

– Carbonates 

(contrasting 

heterogeneity)

Heterogeneity increased the gravity-capillary transition height and shortened 

equilibration time. Ganglia surface-area/volume scaling (𝐴 ∼ 𝑉 𝑝) depended on 

structure. Dissolved-gas flux induced by concentration gradients can drive CO2
redistribution, operating through an OR mechanism.

[126]

Pore-scale 

micro-CT

Repeated hydrogen 

injection ↔ brine 

flooding, 16h no-

flow

∼1 MPa, 25 ◦C Bentheimer 

Sandstone

OR reduced hysteresis and trapping across cycles. After quiescence, a single 

large connected ganglion formed with improved connectivity, and capillary 

pressure and residual gas saturation both declined over cycles.

[82]

Pore-scale 

micro-CT 

(comparative)

Separate injec­

tions of N2, CO2, 

hydrogen, brine 

pre-equilibrated

9 MPa, 60 ◦C Carbonates Hydrogen exhibited stronger post-injection rearrangement and improved con­

nectivity, consistent with OR, whereas N2 exhibited minimal change and CO2
remained well connected with little rearrangement, which favours hydrogen 

withdrawal but reduces its effectiveness for long-term CO2 trapping.

[22]

Micro-CT 

imaging

Cyclic hydrogen 

or N2 injection →

imbibition → 12 h 

no-flow

1.5 MPa 

confining, 

0.5 MPa axial, 

25 ◦C

3D-printed sand­

stone & natural 

siltstone

Hydrogen underwent OR during no-flow, with bubble coarsening and reduced 

effective storage/recovery compared to N2, reflecting its higher diffusivity and 

mobility.

[170]

media tend to preserve residual trapping for longer periods, but at the 

expense of reduced recoverability.

From a time-scale perspective, Blunt [38] emphasized that labora­

tory observations of OR often capture systems in partial equilibrium, 

where OR-driven rearrangement of hydrogen takes place faster than N2

and CH4, which require much longer equilibration periods. Their ana­

lytical framework estimates pore-scale equilibration times for hydrogen 

on the order of weeks to months (𝑡 ∼ 3 × 106 s), whereas field-scale 

equilibration across a 100 m trapped gas column requires timescales on 

the order of 1014 s, approximately eight orders of magnitude longer. This 
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disparity implies that OR-driven redistribution is unlikely to cause large-

scale remobilization of trapped hydrogen over the operational lifetime 

of UHS projects. Nonetheless, OR remains operationally significant at 

the pore and near-wellbore scales, particularly in heterogeneous reser­

voirs and under cyclic pressure conditions, where shorter diffusion paths 

and frequent pressure cycling can measurably alter ganglia configu­

ration, residual saturation, and hysteresis over just a few operational 

cycles. These findings demonstrate that post-injection hydrogen trap­

ping is inherently dynamic rather than static. Ostwald ripening and 

pressure-decline-induced expansion progressively reshape trapped gas 

distributions, improve connectivity, and reduce hysteresis at small 

scales, with implications for injectivity, deliverability, and recovery 

efficiency during cyclic UHS operation.

2.4 . Injectivity, deliverability, and cushion gas viability

Injectivity and deliverability impose fundamental operational con­

straints on UHS, governing the rates at which hydrogen can be injected 

into and withdrawn from geological reservoirs while maintaining ac­

ceptable pressure limits and storage integrity. In porous media systems, 

injectivity is primarily controlled by intrinsic permeability, effective gas 

relative permeability, reservoir thickness, and near-wellbore conditions. 

Deliverability during withdrawal, in turn, depends on pressure support, 

gas-phase connectivity, and the evolution of gas-water saturation dis­

tributions [91,176,209]. Hydrogen’s low viscosity and density (Fig. 1c) 

result in high mobility ratios relative to formation brines, which can 

enhance apparent injectivity but also promote early gas breakthrough, 

pressure transients, and reduced sweep efficiency during both injection 

and production phases [100,119]. As a result, pressure management 

becomes central to UHS operation, particularly under cyclic injection-

withdrawal conditions. Excessive pressure buildup during injection may 

compromise caprock integrity or induce geomechanical deformation, 

whereas excessive pressure drawdown during withdrawal can limit de­

liverability and increase the risk of water production and residual gas 

trapping [190,209]. These coupled constraints link injectivity and de­

liverability directly to the requirement for sustained pressure support 

within the storage reservoir, which is commonly provided by cushion 

gas.

Hydrogen’s displacement behaviour differs fundamentally from that 

of other injected gases, with direct implications for injectivity, plume 

stability, and recoverable storage. Displacement experiments by Fatah 

et al. [71] showed that hydrogen breaks through significantly faster 

than N2 and CO2 under comparable conditions, and microfluidic exper­

iments demonstrated that it attains lower gas saturations than N2 and 

CH4 at low flow rates [133]. These observations are direct consequences 

of the high mobility ratio and the resulting enhanced fingering and 

buoyancy-driven instabilities described in Section 2 [97], and have been 

observed consistently across pore-scale, core-scale, and numerical stud­

ies [41,208], underscoring that high injectivity alone does not guarantee 

efficient sweep or high recoverable capacity. Small-scale heterogeneity 

further modulates the capillary-viscous balance noted in Section 2.1. 

In porous systems with broad pore- and throat-size distributions, cap­

illary barriers amplify displacement instabilities, intensifying snap-off 

and residual trapping during cyclic operation [173]. Pore-scale simula­

tions by Bagheri et al. [31] showed that hydrogen preferentially invades 

larger pores while bypassing narrower throats with higher capillary 

entry pressures, allowing greater pore-space occupancy prior to break­

through, until higher injection rates shift the displacement toward the 

viscous-dominated regime (Fig. 10).

Experimental investigations of the effect of injection rate have re­

ported contrasting outcomes. While some studies observed improved 

hydrogen sweep efficiency at higher flow rates, others reported earlier 

breakthrough and increased front instability [71,193,208]. These appar­

ent inconsistencies largely reflect differences in experimental scale, pore 

structure, and wettability, as well as whether gas saturation was quan­

tified at breakthrough or after steady state was reached following the 

injection of multiple pore volumes (Fig. 8). For instance, Lysyy et al. 

[133] showed that hydrogen achieved lower gas saturation at low injec­

tion rates, whereas higher rates produced greater maximum saturations 

but also generated disconnected gas ganglia that impaired phase con­

nectivity and reduced recovery. In contrast, studies extending injection 

beyond breakthrough, allowing hydrogen to propagate through con­

nected pathways until steady state was reached, reported increasing pore 

occupancy with continued injection [127]. This dependence of reported 

saturation on 𝐶𝑎 and measurement protocol is illustrated in Fig. 8 high­

lighting a methodological gap that complicates direct comparison across 

studies.

In an effort to reconcile these contrasting outcomes, Wang et al. 

[193] systematically examined the role of injection strategy on hydro­

gen flow dynamics. Their results showed that at low injection rates, 

hydrogen occupied nearly half of the pore space, but with substan­

tial residual trapping upon imbibition. Conversely, high injection rates 

significantly reduced both initial hydrogen saturation and residual trap­

ping. Importantly, they identified an optimal operational strategy that 

combined low injection rates with high withdrawal rates, maximizing 

pore-space occupancy while improving hydrogen recovery efficiency. 

Complementary pore-scale simulations by Bagheri et al. [31] further 

demonstrated that intermediate flow rates, corresponding to specific 

drainage 𝐶𝑎, represent an optimal regime for hydrogen injection and 

withdrawal. In this regime, displacement efficiency is balanced against 

the onset of viscous fingering, thereby minimizing hydrogen loss while 

preserving gas-phase connectivity. At the operational scale, persistent 

capillary-dominated flow regimes still remain a key obstacle. The com­

bined effect of high gas-brine interfacial tension and the inherently 

low viscosity of hydrogen limits injectivity under typical subsurface 

conditions, often necessitating elevated injection pressures to main­

tain flow. To counter these limitations and stabilize the displacement 

front, mobility-control methods such as foam or surfactant slugs have 

been proposed [46]. More recently, blending hydrogen with other gases 

(e.g., CH4) has been suggested as an additional strategy, simultaneously 

lowering 𝛾 and increasing effective phase viscosity, thereby improving 

sweep efficiency and relative permeability [140].

Cushion gas plays a critical role in mitigating these limitations 

by stabilizing reservoir pressure, maintaining gas-phase connectivity, 

and preserving deliverability over repeated injection-withdrawal cy­

cles [91]. In porous media storage systems, a substantial fraction of 

the pore volume is typically allocated to cushion gas, with reported 

values commonly ranging from 45 to 80%, depending on reservoir prop­

erties, pressure limits, economic constraints, and operational strategy 

[47,79,142,155]. Cushion gas reduces the amplitude of pressure fluctua­

tions and enhances deliverability by preserving connected gas pathways 

during withdrawal. In its absence, immiscible flow dominates, leading 

to capillary trapping, fingering, and significant unrecovered volumes, 

with reported recovery efficiencies as low as 15.5%, compared to up to 

89.7% in systems employing cushion gas [80,115].

The choice of cushion gas introduces additional flow and transport 

considerations, as its density, viscosity, and solubility directly influence 

pressure support, hydrogen storage dynamics, and recovery [140,162]. 

For example, heavier cushion gases can enhance the volume of hydro­

gen injected by occupying a smaller fraction of the pore space, thereby 

increasing the effective storage volume available for hydrogen [162]. 

In contrast, lighter cushion gases tend to improve recovery efficiency 

by reducing density contrasts with hydrogen, which suppresses gravity 

overriding and viscous fingering during injection and withdrawal. Using 

hydrogen as its own cushion gas avoids compositional contamination 

but increases the amount of unrecoverable working gas and may am­

plify losses associated with dissolution or microbial consumption over 

long storage periods [4,7]. Alternatively, inert or weakly reactive gases 

(Table 4), such as nitrogen (N2), have been proposed as cushion gas to 

reduce hydrogen losses and improve working gas efficiency, although 

gas-gas mixing, differential mobility, and separation during withdrawal 

introduce further operational complexity [155,176]. For example, the 
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Fig. 8. Impact of capillary number on hydrogen phase distribution during drainage, based on studies compiled in this work [31,32,41,55,126,130,145,179,195,198]. 

References for the additional datasets included in the plot are provided in the supplementary material (Table S5). Open circles represent studies that did not 

specify whether saturation was measured at breakthrough or after stabilization, triangles denote steady-state measurements, and filled circles indicate breakthrough 

measurements. Although the open-circle data generally follow the trend of decreasing initial saturation with increasing 𝐶𝑎, the lack of measurement timing information 

introduces a methodological gap that limits comparability across studies.

use of CO2 as a cushion gas has been shown to increase the purity of 

produced hydrogen but may also induce density-driven downward con­

vection, thereby favouring hydrogen dissolution into the aqueous phase 

[207]. Conversely, CH4 and N2 as cushion gases enhance hydrogen pro­

duction rates and mobility [1], but may pose different challenges related 

to pressure and temperature constraints. Cushion gas selection is further 

complicated by interactions with in-situ biogeochemical conditions, in­

cluding microbial activity, residual hydrocarbons, and formation brines. 

These trade-offs highlight that cushion gas selection is not merely a de­

sign choice but a coupled flow-control problem that directly influences 

injectivity, deliverability, and effective storage capacity.

Storage capacity in UHS is therefore not an intrinsic property of the 

porous media, but an emergent outcome of coupled multiphase flow 

processes. Effective working gas capacity depends on the partitioning 

of pore space between cushion gas, mobile hydrogen, and residual 

gas trapped by capillary forces, as well as on the evolution of rela­

tive permeability and hysteresis during cyclic operation [85,100]. High 

injectivity does not necessarily translate into high recoverable capac­

ity if buoyancy-driven segregation, capillary trapping, or gas-water 

hysteresis limit hydrogen recovery during withdrawal. Conversely, con­

servative pressure management and larger cushion gas volumes may 

enhance deliverability but reduce the fraction of hydrogen that can 

be economically recovered. Importantly, most existing experimental 

and numerical studies treat injectivity, deliverability, cushion gas re­

quirements, and storage capacity in isolation, often neglecting their 

coupled evolution during repeated injection-withdrawal cycles. This 

limitation underscores the need to interpret reported storage capacities 

and performance metrics within the context of the underlying flow as­

sumptions. In practice, injectivity limits, pressure constraints, cushion 

gas allocation, and working gas recovery are inseparable components 

of a single multiphase flow system whose behaviour is strongly con­

ditioned by hydrogen’s unique transport properties and by reservoir

heterogeneity.

2.5 . Experimental characterization of hydrogen-fluid-rock systems

Mechanistic understanding of UHS performance relies on integrated 

experimental and numerical evidence spanning pore to core scales. 

Because hydrogen flow in porous media is governed by pore-scale 

physics yet manifests operational consequences at the reservoir scale, no 

single method is sufficient to fully characterize its behaviour. Instead, in­

sight emerges from the integration of complementary experimental and 

modelling approaches, each with distinct strengths and limitations.

2.5.1 . Coreflooding protocols and macroscopic flow functions

Coreflooding remains the benchmark laboratory approach for mea­

suring hydrogen-brine multiphase flow properties in reservoir rocks 

[118,153]. In a typical workflow (Fig. 9), cylindrical core plugs repre­

sentative of the target formation are confined under reservoir-relevant 

pressure, temperature, and stress while hydrogen and brine are in­

jected and extracted under controlled boundary conditions [177,198]. 

Monitoring differential pressure and produced-phase composition en­

ables estimation of key constitutive relationships, including relative 

permeability, capillary pressure, residual saturation, and wettability 

effects [96,158,179,198]. Two main experimental protocols are com­

monly applied as presented in Fig. 9a and b. Steady-state co-injection 

fixes fractional flow and allows saturation to equilibrate at each condi­

tion, supporting high-fidelity relative permeability measurements and, 

where feasible, direct capillary pressure determination from phase 

pressure differentials [94]. However, steady-state protocols can be time-

intensive at low 𝐶𝑎 and may be affected by boundary complications such 

as phase separation and end effects [36]. Transient (unsteady-state) dis­

placement, by contrast, injects one phase (e.g., hydrogen) continuously 

into a core pre-saturated with the other (e.g., brine) until breakthrough, 

with flow functions inferred from pressure and effluent histories using 

inverse analytical methods (such as Johnson-Bossler-Naumann analy­

sis) or numerical history matching [29,153]. Although faster and less 

fluid-demanding, unsteady-state methods are generally more sensitive 

to capillary end effects and boundary-condition uncertainties [28]. This 

sensitivity reinforces the need for carefully designed experimental work­

flows, matched to the objective of the study, to reliably characterize 

hydrogen-brine interactions under storage conditions [23].

Despite their central role, coreflooding measurements are bulk aver­

ages that cannot uniquely resolve the pore-scale mechanisms responsible 

for the observed macroscopic response [153,177,198]. Processes such 

as snap-off, ganglion mobilization, and preferential pathway develop­

ment are not directly observable from pressure and effluent data alone 

[111,112]. This limitation has driven the integration of advanced imag­

ing with flooding experiments (Fig. 9c), enabling direct visualization 

of hydrogen and brine phase distributions and their evolution during 
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Table 4 

Comparison of key factors influencing the suitability of candidate cushion gases for UHS [1,155,162].

Variable CO2 N2 CH4

Gas Properties Dense, high viscosity, corrosive, and reactive under 

certain conditions.

Inert, non-corrosive, and low 

density.

High energy content, flammable, and compatible with 

existing gas infrastructure.

Availability of 

Cushion Gas

Widely available as a by-product of industrial 

processes.

Abundant in the atmosphere, but 

separation and purification are 

costly.

Widely available, produced from natural gas reservoirs.

Advantages Cost-effective, with high density enabling better 

pressure support and good injectivity.

Non-corrosive and chemically 

inert, and easily manageable.

High recovery potential, compatible with existing systems.

Limitations Corrosive under certain conditions, with potential 

for carbonic acid formation.

Requires higher volumes due to 

low density, and less effective at 

maintaining high pressure.

Safety risks due to flammability, and higher cost compared 

to CO2 and N2.

Long-Term Stability 

Effects

Can react with water to form carbonic acid, leading 

to corrosion.

Chemically stable and inert over 

time, and favours capillary sealing 

due to water-wet conditions.

Stable and effective at pressure maintenance, but poses 

long-term safety concerns.

Wettability and IFT 

Impact

May shift rock wettability from water-wet to mixed-

wet, with higher interfacial tension.

Limited data, with likely minimal 

impact on wettability.

Alters wettability toward gas-wet, supporting good phase 

separation due to high IFT.
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Fig. 9. Coreflooding experimental setups used to provide insights into hydrogen-brine multiphase flow behaviour. (a) the steady-state method establishes equilibrium 

by co-injecting hydrogen and brine at fixed fractional flow rates, albeit with longer experimental durations, adapted from Kim et al. [117]. (b) the unsteady-state 

method involves dynamic displacement of hydrogen into initially brine-saturated cores, allowing faster experiments and characterization of breakthrough and transient 

flow behaviour, adapted from Mirchi et al. [140]. (c) Three-dimensional micro-CT renderings of the hydrogen phase in a sandstone core plug, showing the initial gas 

distribution following primary drainage and the residual gas distribution after brine imbibition. Gas ganglia are coloured by volume relative to a representative pore 

size, 𝑆̂ = 1.12 × 106 µm3, with red denoting volumes greater than 100𝑆̂, yellow denoting 10–100𝑆̂, and blue denoting less than 10𝑆̂, adapted from Jangda et al. 

[111]. Bottom panel shows NMR 𝑇2 (transverse relaxation time) spatial imaging of fluid-filled pores following cyclic H2-water coreflooding experiments, adapted 

from Wang et al. [194].

displacement [82,206]. High-resolution micro-computed tomography 

(micro-CT) imaging is now routinely used to link core-scale flow func­

tions to pore-resolved configurations, including the morphology and 

connectivity of trapped gas, and to capture dynamic displacement be­

haviour where temporal resolution is available [168,178]. Primarily, 

static (3D) post-flood scans and dynamic (4D) time-resolved scans have 

been employed, depending on whether the objective is equilibrium 

saturation structure or transient displacement dynamics [42,112,178].

A key technological limitation of micro-CT for hydrogen-brine sys­

tems is hydrogen’s very low X-ray attenuation, which produces poor 

phase contrast against brine and routinely necessitates dopants in 

the brine (for example potassium iodide), dual-energy acquisition, or 
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substitution with higher-attenuation surrogate gases, each of which 

can perturb the interfacial chemistry being studied [111,112,177]. The 

intrinsic spatial-versus-temporal resolution trade-off further constrains 

direct observation of fast displacement events such as Haines jumps, 

which unfold on millisecond timescales that lie at the edge of labora­

tory micro-CT and even synchrotron-tomography capability [172,178]. 

Complementary core-scale imaging using nuclear magnetic resonance 

(NMR) provides spatially resolved hydrogen-brine distributions and 

saturation changes during cyclic injection-withdrawal, supporting inter­

pretation of trapping and redistribution that may not be apparent from 

bulk metrics [124,193,194].

Building on these methodological foundations, a growing body of 

core-scale and pore-scale studies has begun to elucidate how hydrogen-

brine multiphase flow responds to reservoir conditions, rock properties, 

and operational history. In one of the earliest systematic investigations, 

Yekta et al. [199] conducted steady-state hydrogen-water coreflooding 

experiments on Vosges sandstone and reported nearly identical rela­

tive permeability (𝑘𝑟–𝑆𝑤) relationships across a range of pressures and 

temperatures. This invariance was attributed to hydrogen’s weak sensi­

tivity of viscosity to thermodynamic conditions, highlighting a degree of 

robustness in hydrogen flow behaviour under steady conditions. In con­

trast, subsequent studies, particularly those employing transient flood­

ing protocols, have revealed substantially greater variability in hydrogen 

transport behaviour. Rezaei et al. [158] investigated hydrogen-brine 

displacement across multiple lithologies and demonstrated pronounced 

sensitivity of 𝑘𝑟 to rock heterogeneity and brine salinity, highlighting the 

importance of petrophysical variability in controlling hydrogen mobil­

ity under more dynamically representative conditions. Extending these 

observations to cyclic operation, Lysyy et al. [132] examined repeated 

drainage-imbibition sequences in sandstone formations and showed that 

trapped hydrogen plays a critical role in shaping relative permeability 

hysteresis and withdrawal behaviour, with residual gas accumulation 

progressively reducing effective mobility during withdrawal.

Direct pore-scale observations have provided further insight into 

the mechanisms underlying these macroscopic responses. Using high-

resolution micro-CT imaging during coreflooding, Jha et al. [112] 

observed substantial residual hydrogen trapping (up to 41%) in Gosford 

sandstone following hydrogen displacement and brine imbibition. Their 

results showed preferential re-occupation of smaller pores and pore 

throats by brine, consistent with strongly water-wet conditions and 

capillary-dominated trapping. Beyond quantifying trapped phase distri­

bution, several studies have also identified systematic spatial variations 

in phase distribution along the core length. For example, Higgs et al. 

[97] demonstrated that when injection pressure was not maintained, 

water imbibed preferentially near the outlet, generating axial satura­

tion gradients. Similarly, Goodarzi et al. [82] observed higher hydrogen 

saturation near the inlet and lower saturation toward the outlet follow­

ing primary drainage. Such gradients can arise from a combination of 

strong water wettability, outlet boundary effects, and capillary end ef­

fects associated with discontinuities in the pressure gradient along the

sample.

Following these foundational experiments, a number of investiga­

tions have systematically explored the influence of pressure, temper­

ature, injection rate, and rock properties using both steady-state and 

transient coreflooding approaches. Table S4 synthesizes key laboratory 

studies across a range of lithologies and conditions, illustrating how 

variations in petrophysical heterogeneity, wettability, and 𝐶𝑎 translate 

into distinct flow responses and trapping behaviour. Laboratory-scale 

experiments are typically designed to replicate anticipated field-scale 

injection protocols, with injection rates deliberately kept low to reflect 

realistic reservoir operations, minimize geomechanical disturbance, and 

limit excessive near-wellbore pressure buildup [117]. Analysis of com­

piled experimental data across published hydrogen-brine coreflooding 

studies further confirms that these laboratory investigations operate 

within capillary-dominated flow regimes. As illustrated in Fig. 10, re­

ported experiments cluster at extremely low 𝐶𝑎 (∼ 10−9–10−6), where 

Fig. 10. Phase diagram illustrating displacement regimes in hydrogen-brine 

systems as a function of capillary number (𝐶𝑎) and mobility ratio (𝑀) dur­

ing drainage and imbibition. The regimes are delineated using experimental 

coreflooding data compiled from recent studies (cf. Table S4), highlighting the 

coupled influence of viscous and capillary forces on displacement behaviour 

under reservoir-relevant conditions.

capillary forces strongly outweigh viscous forces regardless of dis­

placement direction. During drainage, data points occupy a relatively 

narrow mobility-ratio range (𝑀 ∼ 10−2–10−1), consistent with capillary-

controlled hydrogen invasion and limited sweep efficiency. During 

imbibition, experiments shift toward substantially higher mobility ratios 

(𝑀 ∼ 101–102) while remaining at similarly low 𝐶𝑎, placing hydrogen 

recovery firmly within the capillary-fingering regime. This systematic 

separation between drainage and imbibition highlights the asymmet­

ric nature of hydrogen displacement under cyclic injection-withdrawal, 

where capillary trapping dominates withdrawal behaviour and viscous 

stabilization is rarely achieved under reservoir-relevant injection rates.

These observations underscore a key limitation of macroscopic 

flow functions derived from laboratory experiments. Relative perme­

ability and capillary pressure relationships measured under capillary-

dominated conditions may not extrapolate straightforwardly to scenar­

ios where higher injection rates or altered pressure management shift the 

balance toward viscous or gravity-controlled flow. As such, interpreta­

tion of coreflood-derived parameters must be explicitly conditioned on 

the displacement regime in which they were obtained, reinforcing the 

need to integrate macroscopic measurements with pore-scale visualiza­

tion and numerical upscaling to achieve predictive relevance for UHS 

operations.

2.5.2 . Microfluidics for pore-scale investigation and visualization

Microfluidic micromodels (Fig S1) provide a complementary path­

way to pore-scale insight by enabling real-time pore-resolved visualiza­

tion of hydrogen-brine displacement, including flow instabilities, capil­

lary trapping, and ganglia formation [130,134]. These observations pro­

vide quantitative insight into phase connectivity, saturation evolution, 

and the multiphase interactions that govern hydrogen migration and 

trapping in porous media [128,169]. Although scaling to field conditions 

and the representativeness of mineralogical heterogeneity remain recog­

nized limitations, microfluidics offer unique advantages through direct 

optical access, rapid pore-scale dynamics experimentation, and control­

lable pore geometry [127,130,131,169]. Rock-patterned micromodels 

and engineered networks can reproduce key aspects of porous structure 

while allowing systematic investigation of operating pressure, injection 
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Table 5 

Summary of microfluidic and pore-scale experimental studies investigating hydrogen-brine multiphase flow behaviour under reservoir-relevant conditions.

Micromodel / Device Conditions 𝐶𝑎 Key findings Refs

Silicon wafer etched from 

sandstone

20 ◦C, 0.5 MPa – Identified preferential, floating, and dead-end flow, higher flux promoted 

floating/dead-end invasion.

[169]

DRIE-etched silicon 

(sandstone pattern)

20 ◦C, 0.5 MPa, DI water 7.68 × 10−7–3.84 × 10−4 Hydrogen saturation rose with 𝐶𝑎, observed 𝑙1 /𝑙2 imbibition and contact-

angle hysteresis (17◦-56◦).
[130]

Etched glass sandstone 

model

25 ◦C, synthetic brine 

with salinity of 96.55 g/L

– Cyclic injection increased residual hydrogen via ganglion entrapment, large 

pores retained water.

[76]

DRIE-etched silicon 

(sandstone-like)

Room pressure, DI water 6.8 × 10−7–7.7 × 10−5 Residual saturation stabilized at 30–40%, some ganglia reconnected in larger 

pores.

[134]

Heterogeneous pore model 

and CFD

50–70 ◦C, 15–25 MPa – Viscous fingering observed, storage efficiency 46% lower than N2 at 50 ◦C, 

improved at 70 ◦C.

[55]

Glass chip (𝜙 = 0.33) 56 ◦C, 5.6 MPa 

(Injection), 6.6 MPa 

(Confining)

2.77 × 10−5–5.47 × 10−5 Displacement showed fingering, gas blocking, and equilibrium, higher in­

jection improved storage, gravity aided migration but increased water 

trapping.

[127]

3D-printed hierarchical vs. 

uniform

25 ◦C, 0.1 MPa, N2-water 

cycles

– Hierarchical media showed weaker hysteresis but lower recovery due to 

limited ganglia mobilization.

[197]

rate, and number of injection-withdrawal cycles that control hydrogen 

residual trapping and recovery [21,133,137,197]. In UHS studies, these 

platforms have been used to isolate how 𝐶𝑎 and wettability-dependent 

interface dynamics govern phase connectivity and trapping pathways 

during injection and withdrawal, thereby providing mechanistic context 

for trends inferred from core-flooding data [130,134,197].

Using etched silicon wafers, glass micromodels, and increasingly 3D-

printed porous architectures, recent studies have systematically tracked 

the evolution of non-wetting phase configurations during injection and 

withdrawal cycles under well-controlled geometrical and flow boundary 

conditions [76,131,169,197]. Key experimental conditions and out­

comes from these investigations are summarized in Table 5. Across this 

body of work, a consistent set of pore-scale displacement mechanisms 

emerges, including snap-off, piston-like advancement, preferential path­

way flow, floating flow, and film swelling, influencing hydrogen storage 

efficiency and withdrawal dynamics [130,169]. Despite variations in 

micromodel design and operating conditions, capillary-driven trapping 

consistently dominates hydrogen immobilization, whereas wettability 

and pore structure primarily control the magnitude and spatial distribu­

tion of residual saturation [83]. Viscous and gravitational forces become 

influential only under specific regimes, including elevated capillary 

numbers or strong density contrasts [127].

Microfluidic studies further reveal that capillary trapping is strongly 

conditioned by pore-throat geometry, coordination number, and fluid 

properties. For example, Lysyy et al. [130] identified an 𝑙1 imbibition 

mechanism in which hydrogen initially occupying multiple adjacent 

pores was redirected into a single pore due to interfacial instabilities 

and detachment from pore walls, thereby enhancing local displace­

ment efficiency. At low 𝐶𝑎, piston-like displacement was also observed, 

characterized by stable advancement of the displacement front through 

individual pore channels constrained by narrow throats and neigh­

bouring geometries. Complementary observations by Guo et al. [83] 

documented a floating-flow phenomenon in which buoyancy induces 

vertical stratification between hydrogen and formation brine, with hy­

drogen forming a distinct, continuous layer above the aqueous phase. In 

contrast, Yang et al. [197] showed that hierarchical (dual-permeability) 

media exhibit weaker hysteresis than uniform pore structures, yet para­

doxically yield lower hydrogen recovery due to enhanced second-order 

trapping within smaller, less accessible pore regions.

Displacement efficiency and residual trapping are further modulated 

by 𝐶𝑎 and wettability, with higher injection rates (larger 𝐶𝑎) promoting 

hydrogen mobilization during imbibition [130,169]. This rate sensitivity 

is compounded by contact-angle hysteresis, which induces non-unique, 

nonlinear saturation pathways. Lysyy et al. [130] reported dynamic con­

tact angles spanning 17◦-56◦, indicating strong history dependence in 

phase occupancy. As a result, ganglion mobilization and trapping reflect 

prior drainage-imbibition sequences, a behaviour that mirrors trends 

inferred from core-scale experiments and provides a mechanistic ba­

sis for understanding how repeated cycling progressively alters relative 

permeability and effective storage capacity. The dominant pore-scale 

mechanisms governing hydrogen displacement, trapping, and dissolu­

tion are synthesized in Table 6, with their implications for storage 

security and recovery.

Overall, microfluidic studies show that hydrogen storage behaviour 

does not follow a single displacement mode, but instead reflects the 

superposition of multiple capillary-controlled processes whose relative 

importance varies with 𝐶𝑎, wettability, pore architecture, and flow 

history. These observations provide the framework needed to inter­

pret core-scale flow functions and highlight the necessity of explicitly 

representing trapping and hysteresis when extrapolating laboratory 

observations to the reservoir-scale.

2.5.3 . Interfacial measurements and capillary-pressure determination

Because multiphase hydrogen flow is controlled largely by IFT and 

wettability (Section 2.1), dedicated measurements of contact angle, 𝜃, 

and IFT, 𝛾, provide essential supporting constraints for characteriz­

ing displacement behaviour, fluid distribution, and trapping efficiency 

[80,106,163]. A variety of optical methods are routinely employed to 

measure 𝜃 under reservoir-relevant pressure, temperature, and brine 

chemistry, with specialized high-pressure, high-temperature (HPHT) op­

tical cells used for HPHT in-situ reservoir conditions. In the sessile-drop 

method, a droplet of brine or gas is placed on a flat mineral or rock 

substrate, and the static contact angle at the three-phase contact line 

is determined from high-resolution images [5,52]. In the captive-bubble 

method, a gas bubble is introduced beneath a brine-submerged solid sur­

face, where buoyancy pins the bubble to the underside of the sample and 

allows wettability to be inferred from its equilibrium shape [86,139]. 

The tilted-plate method incrementally inclines the substrate to measure 

advancing and receding contact angles as droplets move, providing a 

direct measure of contact angle hysteresis associated with surface rough­

ness and heterogeneity [25,108]. In addition, microfluidic visualization 

in pore-scale micromodels enables in-situ estimation of contact angles by 

resolving interface curvature during dynamic displacement, providing 

complementary information under flowing conditions that more closely 

resemble subsurface hydrogen injection and withdrawal [160].

Hydrogen-brine IFT has been quantified using the same established 

experimental techniques, often paired with wettability characterization, 

including pendant-drop, spinning-drop, and captive-bubble methods, 

which allow measurements under reservoir-relevant conditions [50,

135]. The sessile-drop method estimates IFT from the geometry of a 
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Table 6 

Pore-scale mechanisms governing hydrogen displacement, trapping, and dissolution, with experimental conditions and implications for storage security.

Mechanism Conditions Process description Storage & trapping significance

Preferential-to-uniform 

flow

Low/high 𝑁𝐶𝑎, pore throat size Hydrogen first moves through preferential paths 

(inertia-, capillary-, or oil-blocked flow) before 

spreading more uniformly.

Uniform displacement improves pore space use and 

storage efficiency.

Floating flow Moderate-high 𝐶𝑎, buoyancy Hydrogen rises above brine/oil, forming overlapping 

layers due to density differences.

Opens extra pore space but makes saturation harder 

to measure.

Dead-end pore 

invasion

Variable, aided by floating flow Hydrogen enters wall-bounded or converging dead-

end pores.

Adds to long-term trapping and storage security.

Reconnection of H2

ganglia

Cyclic injection-withdrawal Residual clusters reconnect with new hydrogen 

during later cycles.

Explains hysteresis, lowers efficiency and capacity 

over cycles.

Roof snap-off High 𝐶𝑎, water present Hydrogen disconnects at throats when the non-

wetting phase destabilizes after entering a pore.

Forms isolated clusters that may stay trapped.

𝐼1 imbibition 

displacement

Low 𝐶𝑎, narrow throats Hydrogen is displaced piston-like as brine enters 

through single channels.

Controls early imbibition, orderly but limited 

storage.

𝐼2 imbibition 

displacement

Medium-high 𝐶𝑎, high 

coordination number

Brine bypasses and disconnects large hydrogen 

clusters via narrow throats.

Main cause of residual trapping, reduces recovery.

Film swelling Post-drainage water injection Water films expand at pore walls, lowering capillary 

pressure and splitting hydrogen into clusters.

Promotes capillary trapping and residual saturation.

Dissolution Prolonged water injection, 

𝐶𝑎-dependent

Hydrogen dissolves at one end, both ends, or via 

mobilized bubbles.

Leads to hydrogen loss, rate set by water front 

velocity.

Table 7 

Summary of experimentally measured interfacial tension for hydrogen-brine 

systems under reservoir-relevant conditions.

Fluids T (◦C) P (MPa) Method IFT (mN m−1) Refs

H2 & brine (NaCl
48.75%, KCl 31.49%, 

MgCl2 12.64%, CaCl2
7.12%)

20–80 1–10 Captive drop 24–82 [67]

H2/H2-CH4 & brine 

(0–3.42 M NaCl)

22–60 6.9 Rising/captive 

bubble

53.55–70.36 [140]

H2-CO2 & synthetic 

brine (NaCl & KCl at 

1.05 M and 3.15 M)

50–80 3.4–20.7 Pendant drop 32.1–67.8 [109]

H2 & 1.05 M synthetic 

brine (NaCl & KCl)
25–150 2.7–34.5 Pendant drop 46.97–80.77 [100]

H2 & brine (0–85.6 mM 

NaCl)
25 6.9–20.7 Captive bubble 

and pendant 

drop

56.5–72.45 [96]

droplet resting on a solid surface immersed in another fluid [52,154]. 

More recently, refinements to these methods such as axisymmetric 

drop shape analysis have been introduced to improve accuracy by 

fitting high-resolution droplet profiles to theoretical shapes, enabling ro­

bust IFT determination under dynamic and non-equilibrium conditions 

[123,143]. Practically, only the fluid-fluid IFT is measured directly be­

cause the solid phase is immobile at the interface [101,116]. Solid-fluid 

interfacial energies (𝛾𝑠-H2
 and 𝛾𝑠-brine) are therefore inferred indirectly 

using thermodynamic models, such as the reformed Neumann equation 

of state [146], whereby measured contact angles or independently de­

termined 𝛾H2−brine are combined to satisfy Young’s equation (Eq. 4). 

Reported hydrogen-brine IFT values as summarized in Table 7 span a 

wide range and exhibit systematic dependence on salinity, temperature, 

pressure, gas composition, and experimental methodology. This vari­

ability is critical because IFT not only dictates hydrogen injectivity but 

also couples directly with wettability to control capillary entry pressures, 

residual trapping, and long-term containment behaviour in porous reser­

voirs [4,106]. A detailed synthesis of IFT and wettability measurement 

methodologies, together with their implications for UHS, is provided by 

Aslannezhad et al. [26].

Capillary pressure governs both the entry pressure required for 

hydrogen to invade water-filled pores during drainage and the extent 

of residual trapping that develops during subsequent brine imbibition. 

This dual role is central to hydrogen plume stabilization, trapping ef­

ficiency, and cyclic storage performance [106,112,140]. Experimental 

approaches for determining capillary pressure span a wide range of 

length scales and methodologies. Direct techniques include porous-plate 

measurements [82,198,203], high-speed centrifuge methods [158,179], 

and mercury intrusion porosimetry [41,158]. Indirect estimates are 

commonly derived from coreflooding experiments as discussed above 

through pressure-drop analysis, inverse modelling or history match­

ing, or from image-based curvature analysis [81]. In hydrogen-brine 

systems, microfluidic platforms and dynamic micro-CT have become 

indispensable for resolving real-time interface evolution and capillary-

controlled displacement at the pore scale with high temporal fidelity. By 

contrast, coreflood-based methods provide bulk-averaged capillary pres­

sure behaviour representative of larger volumes, but remain sensitive 

to capillary end effects, boundary conditions, and saturation gradients, 

as discussed earlier. Together, these complementary approaches pro­

vide the experimental basis for constraining capillary pressure behaviour 

across scales relevant to UHS.

Overall, the current evidence base for hydrogen multiphase flow is 

built on the complementarity of bulk core-flooding measurements, pore-

scale imaging and microfluidics, and interfacial and capillary-pressure 

characterization. This integration is essential for establishing robust flow 

functions, resolving the mechanisms that govern trapping and hysteresis, 

and enabling robust upscaling from laboratory observations to reservoir-

scale storage and recovery forecasts [74,82].

3 . Bio-geochemical controls on hydrogen flow dynamics

The multiphase flow controls described above are commonly inter­

preted using a fixed set of pore scale and interfacial properties, including 

wettability, interfacial tension, capillary entry pressure, and relative 

permeability. During UHS, these properties can evolve as hydrogen in­

teracts with formation brines, mineral surfaces, and resident microbial 

communities. As a result, bio-geochemical processes do not operate 

independently of multiphase flow, but instead act as time-dependent 

feedback that can progressively modify the same controlling variables 

that govern displacement, trapping, hysteresis, and cyclic recovery. They 

can also affect operational metrics, including injectivity, deliverability, 

and recovered gas quality.
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Table 8 

Possible geochemical and biochemical pathways during UHS.

Process Microorganism or driver Reaction Impact on UHS

Biochemical Methanogenesis (hy­

drogenotrophic methanogens)

4H2 + CO2 → CH4 + 2H2O Converts stored H2 to CH4, reduces retrievable hydrogen, alters gas 

composition and calorific value.

Acetogenesis (acetogens) 4H2 + 2CO2 → CH3COOH + 2H2O Produces acetate and can alter pH/alkalinity, affecting long-term bio­

geochemistry.

Sulfate reduction (sulfate 

reducing bacteria)

SO2−
4 + 4H2 + 2H+ → H2S + 4H2O Generates H2S (toxic/corrosive), potential for sulfide mineral precipi­

tation or souring.

Dissimilatory Fe(III) reduc­

tion (dissimilatory iron-reducing 

bacteria, e.g., Geobacter and 

Shewanella spp.)

2FeOOH + H2 + 4H+ → 2Fe2+ + 4H2O Couples H2 oxidation to ferric-iron reduction in anoxic deep-subsurface 

settings, consuming H2 and generating aqueous Fe2+ that can drive 

secondary mineral precipitation (siderite, magnetite, or mackinawite 

where sulfide is co-present) and modify pH and Eh.

Geochemical Fe(III) reduction (abiotic, redox-

sensitive minerals)

Fe2O3 + 3H2 → 2Fe + 3H2O Consumes H2 locally, can modify mineralogy, porosity/permeability, 

and interfacial properties.

Fig. 11. (Left) Representative mineral groups within seal and reservoir systems, including carbonates (calcite, dolomite, siderite), sulfates (anhydrite, gypsum), silicates 

(quartz, feldspar, mica), Fe-bearing oxides (hematite, magnetite), clay minerals (kaolinite, illite, chlorite), and organic-rich shale (kerogen), interacting with the 

hydrogen-brine interface. (Centre) Associated reaction pathways encompassing geochemical reactions and microbial interactions. (Right) Key variables and constraints 

regulating abiotic and biotic reactions and transport processes. The figure is intended as a process map in which mineralogy defines possible reaction pathways, while 

constraints (such as temperature, redox state, microbial communities, etc.) regulate whether those pathways meaningfully affect gas quality, permeability, and storage 

integrity.

Injecting hydrogen into subsurface formations can trigger a spec­

trum of biotic and abiotic pathways involving redox transformations, 

microbial hydrogenotrophy, mineral dissolution and precipitation, and 

surface conditioning. Current understanding indicates that the impacts 

on UHS performance cluster into three recurring mechanisms, summa­

rized in Table 8 and conceptually illustrated in Fig. 11, which together 

highlight how mineralogy, microbial activity, brine chemistry, and 

reservoir conditions collectively shape these interactions and their out­

comes. First, hydrogen can be consumed while secondary gases such 

as CH4 and H2S are generated, reducing recoverable hydrogen and 

degrading purity [17,42,128]. Second, interfacial properties can shift 

through biofilm growth, accumulation of extracellular polymeric sub­

stances (EPS), adsorption of reaction products, and secondary mineral 

coatings, which can alter wettability and capillary thresholds and thus 

reshape trapping and remobilization [62,88,188]. Third, pore struc­

ture can evolve through mineral dissolution or precipitation, modifying 

pore throat distributions and connectivity, with implications for per­

meability, flow redistribution, and long-term storage integrity [16,128,

199]. Building on this framework, the following sections first exam­

ine microbial interactions capable of producing rapid changes in gas 

composition and interfacial behaviour, and then consider abiotic reac­

tions that become relevant under specific lithological and geochemical

conditions.

3.1 . Microbial interactions

Microbial activity is frequently cited as a major uncertainty in UHS 

because hydrogen serves as an energetically favourable electron donor 

under anaerobic conditions. In UHS systems, microbes can metabolize 

hydrogen through methanogenesis, acetogenesis, sulfate reduction, and 

dissimilatory Fe(III) reduction, consuming electron acceptors such as 

CO2, SO2−
4 , and ferric-iron-bearing minerals and producing secondary 

species including CH4, CH3COOH, H2S, and aqueous Fe2+ (Table 8, 

[159,180]). Experimental observations that document these pathways 

and their operational implications for UHS, including hydrogen loss, 

secondary gas generation, and impacts on produced-gas purity, are 

synthesized in Table 9. These studies span a wide range of method­

ologies, from controlled batch reactors used to quantify hydrogen 

consumption through the aforementioned pathways, to more advanced 

systems such as microfluidic devices, micromodels, and high-pressure 

core-flood experiments. These approaches enable not only the assess­

ment of microbial activity under controlled temperature, pressure, and 

salinity conditions, but also direct visualization of biofilm growth, mul­

tiphase displacement, and measurements of changes in wettability and 

interfacial tension.

As microbial activity can directly alter gas composition while modify­

ing hydrogen transport and storage dynamics, resolving the occurrence 
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Table 9 

Synthesis of key studies examining hydrogen-microbe interactions relevant to UHS.

Study Objective Rock formation Gas composition Microbiome Key findings Refs

Impact of microbial activity 

on wettability under UHS 

conditions

Bentheimer sandstone and 

quartz

hydrogen Living brine 

(Oleidesulfovibrio 

alaskensis)

Contact-angle measurements using the captive-bubble 

method at 3 bar and 37 ◦C, biofilm formation altered 

wettability depending on surface roughness. Contact 

angles remained unchanged on rough Bentheimer sand­

stone but decreased significantly on smooth quartz, 

indicating increased water-wetness and highlighting the 

role of surface texture and biofilm morphology.

[40]

Gas–brine and microbial 

interactions

Deep aquifers / core 

samples / formation water

1% CO2 + CH4, 10% 

hydrogen + CH4

Autochthonous 

microbiome

High-pressure batch experiments (85.8 bar to 95 

bar, 47 ◦C), Microbial hydrogen consumption caused 

substantial gas losses in calcite-rich, sulfate-bearing 

aquifers and was accompanied by dissolution of cal­

cite (CaCO3) and barite (BaSO4), indicating biogenic 

alteration of reservoir mineralogy.

[84]

Wettability changes under 

geostorage conditions

Sandstone reservoirs / 

quartz substrates / nutrient 

medium and brine

hydrogen Sulfate-reducing 

bacteria (21-day ageing)

Contact-angle measurements up to 270 bar and 50 ◦C, 

SRB biofilms shifted wettability toward less water-

wetness, with no observable alteration of quartz surface 

morphology.

[3]

Microbial biofilm effects on 

wettability

Sandstone reservoirs (pris­

tine and aged quartz) / 

synthetic brine

hydrogen (3–130 bar, 

25–50 ◦C)

Cyanobacteria 

(Geitlerinema sp.)

Microorganisms modified sandstone wettability and 

interfacial properties, with the magnitude and direction 

of change dependent on initial surface condition and 

rock history.

[17]

Methanogenic conversion 

of hydrogen and CO2

Depleted gas reservoirs / 

drill cores / reservoir water

10% hydrogen, 2.5% CO2
+ CH4

Autochthonous 

methanogens

Bioreactor experiments (39–45 bar, 40 ◦C), microbial 

community analysis showed hydrogen conversion 

linked to indigenous microbes under in situ–like 

geochemical conditions.

[92]

In situ hydrogen 

consumption

Natural gas field / 

formation fluid

0.4–10% hydrogen + N2, 

1–2% CO2

Autochthonous sulfate-

reducing microbes

Batch and high-pressure reactors (ambient–100 bar, 

30–60 ◦C), hydrogen depletion rates correlated with 

microbial activity and sulfate availability as a terminal 

electron acceptor.

[58]

Extent and rates of hydro­

gen consumption under 

hypersaline conditions

Hypersaline reservoirs / 

nutrient medium / cavern 

brine

10–100% hydro­

gen + 5–20% CO2 + 

N2

Halophilic sulfate-

reducing microbes

Batch experiments at 30–37 ◦C, hydrogen consump­

tion (up to 12%) and sulfide formation observed under 

hypersaline conditions. The resulting pH increase pro­

gressively suppressed microbial activity, favouring 

hydrogen preservation in salt caverns.

[62]

Hydrogen consumption and 

wettability alteration

Sandstone reservoirs / sil­

icon micromodel / growth 

medium

hydrogen Halophilic sulfate-

reducing bacteria

Microfluidic experiments (35 bar, 37 ◦C), biofilm 

growth altered pore-scale wettability, reducing water-

wetness from 41◦ to 94◦, compared with a nearly 

constant contact angle of 45◦ in sterilized controls.

[128]

Biogeochemical alter­

ation of wellbore cement 

and shale under hydrogen 

storage conditions

Class H wellbore cement 

cores with Marcellus and 

Woodford shale

H2 (95%) ± CO2 (5%), 

100 bar, 60 ◦C, 16 weeks

Indigenous microbial 

consortia introduced 

via shale and synthetic 

formation brine

Hydrogenotrophic microbial activity consumed H2 and 

generated CH4 and H2S. CO2 buffered pH, promoted 

cement carbonation, and enabled retention of reduced 

S and Fe as carbonate-associated phases, while shale 

acted primarily as an inoculum and nutrient source 

without undergoing detectable mineral alteration.

[161]

Microbial growth in two-

phase media and validation 

of a modified Monod model

Glass–silicon micromodel 

representing Bentheimer 

sandstone pore geometry

80% hydrogen + 20% CO2 Methanogenic ar­

chaea (Methanolacinia 

petrolearia, 

Methanothermococcus 

thermolithotrophicus)

Micromodel experiments (1.1-1.75 bar, 37–63 ◦C) 

showing microbial growth occurred predominantly 

at the gas–liquid interface.

[175]

Field-scale demonstration 

of biomethanation in de­

pleted underground gas 

storage

Depleted reservoir Hydrogen + CO2 (4 to 1) 

injected into formation 

fluid

Autochthonous mi­

crobial community 

dominated by hy­

drogenotrophic 

methanogens

Hydrogen injection rapidly shifted the microbial com­

munity toward methanogens (from 1% to 43% of total 

abundance within days), demonstrating in-situ methane 

production without external inoculation.

[189]

Microbial influence on 

wettability and interfacial 

properties

Basalt formations hydrogen Sulfate-reducing 

bacteria

Experiments conducted at room temperature and 

25–50 ◦C up to 4000 psi, microbial inoculation reduced 

interfacial tension by ∼ 19% and capillary pressure by 

∼ 65%, with an upward shift in contact angle indicat­

ing reduced water-wetness and potentially enhanced 

hydrogen mobility.

[4]

Impact of microbial activity 

and biofilm formation on 

multiphase flow during 

UHS

Bentheimer sandstone cores 

/ multiphase core-flood 

experiments

hydrogen Biofilm-producing 

microbial culture

Microbial colonization reduced water-wetness toward 

neutral conditions, improved pore accessibility, in­

creased gas saturation, and enhanced displacement 

efficiency, with implications for trapping and hydrogen 

loss.

[166]

Microbial hydrogen con­

sumption in salt cavern 

brines

High-salinity brine Hydrogen-amended incu­

bations with and without 

nutrient addition

Halophilic microbial 

community

At 30 ◦C, sulfate-reducing activity occurred even with­

out nutrient enrichment, producing H2S and elevating 

pH. Microbes persisted under extreme salinity, but hy­

drogen loss was minimal in the absence of nutrient 

input.

[64]
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and intensity of these pathways is essential for predicting hydrogen 

losses and gas-quality evolution in porous media. Reported optimal 

temperature ranges for acetogenesis, methanogenesis, and sulfate re­

duction are typically 20 ◦C to 30 ◦C, 30 ◦C to 40 ◦C, and 20 ◦C to 30 
◦C, respectively, although many microbial communities operate across 

broader thermal envelopes. These processes generally proceed most ef­

ficiently near neutral pH (∼ 6.0-7.5), with tolerance extending beyond 

this range depending on community composition and brine chemistry. 

Salinity constraints are similarly pathway-specific, with acetogens often 

reported below 40 g L−1, methanogens below 60 g L−1, and sulfate 

reducers below 100 g L−1, while documented exceptions occur in hy­

persaline environments. For example, Dopffel et al. [64] demonstrated 

that sulfate-reducing communities can persist under extreme salinity, al­

though with gradual hydrogen consumption ultimately constrained by 

pH feedback. Microfluidic and batch experiments by Liu et al. [128] and 

Boon et al. [42] further show that microbial activity is highly sensitive 

to brine salinity, temperature, and electron acceptor availability.

As a result of these sensitivities, hydrogen consumption by na­

tive microbial communities in formation water collected on-site can 

vary markedly during laboratory experiments. Reported observations 

range from negligible hydrogen consumption [187], to immediate hy­

drogen uptake without nutrient addition, to sustained multi-cycle bio-

methanation under favourable conditions [58]. Across these studies, 

hydrogen consistently emerges as a major energy source for subsurface 

microbial communities, particularly under anaerobic conditions where 

hydrogenotrophic pathways dominate. To connect microbial pathways 

to multiphase flow outcomes, we group the reported impacts into wet­

tability alteration, hydrogen consumption and saturation dynamics, and 

mineral and pH feedbacks.

3.1.1 . Wettability alteration

Microbial utilization of hydrogen can promote biofilm formation 

on mineral surfaces, leading to the production of EPS and the re­

lease of organic metabolic by-products. These processes can modify 

surface chemistry and, in some cases, locally reduce pH, thereby alter­

ing mineral-fluid interactions [40]. Depending on biofilm composition, 

surface roughness, and environmental conditions, such alterations may 

either enhance hydrophilicity or promote more hydrophobic surface be­

haviour, with direct consequences for fluid distribution, mobility, and 

capillary trapping in porous media [128].

Wettability changes driven by hydrogen-rock-microbe interactions 

are typically evaluated through contact angle measurements before 

and after microbial activity. Liu et al. [128] used a microfluidic sili­

con micromodel replicating sandstone pore geometry inoculated with 

halophilic sulfate-reducing bacteria and observed a marked reduction in 

water-wetness, with average contact angles increasing from 41◦ to 94◦. 
In contrast, sterilized control experiments exhibited minimal change, 

with contact angles remaining near 45◦. These results demonstrate that 

biofilm growth can substantially modify interfacial conditions, suffi­

cient to shift capillary entry pressure and trapping behaviour, which 

are central to the hysteresis and cyclic efficiency discussed earlier.

The magnitude and direction of wettability alteration are fur­

ther modulated by biofilm morphology and substrate texture. Using 

a captive-bubble method at 3 bar and 37 ◦C, Boon et al. [40] mea­

sured contact angles on Bentheimer sandstone and quartz surfaces in 

brine inoculated with Oleidesulfovibrio alaskensis. While wettability re­

mained largely unchanged on rough Bentheimer sandstone, contact 

angles on smooth quartz decreased significantly, indicating increased 

water-wetness. Similarly, Ali et al. [17] showed that microbial alter­

ation of wettability and interfacial properties correlates with the initial 

surface state, indicating that rock history and prior conditioning can con­

trol the extent of wettability alteration. Reported trends across studies 

remain mixed. Aftab et al. [4] reported reductions in interfacial tension 

by 19% and capillary pressure by 65%, accompanied by a shift toward 

less water-wetness, consistent with Ali et al. [18] and Aftab et al. [3]. 

In contrast, Al-Yaseri et al. [14] observed increased hydrophilicity in 

Berea sandstone attributed to the consumption of carboxylic acid groups, 

which increased capillary pressures and residual water saturations while 

leaving interfacial tension largely unchanged.

3.1.2 . Hydrogen consumption, saturation dynamics, and fluid mobility

Hydrogen consumption is one of the most consequential outcomes 

of biogeochemical interactions during subsurface storage and can occur 

spontaneously [80,186]. Dopffel et al. [64] documented hydrogen up­

take by halophilic microbial communities under high salinity, nutrient 

limited conditions. Core-scale experiments by Shiran et al. [166] sim­

ilarly confirmed microbial activity as a driver of gas consumption. At 

larger scales, Vítězová et al. [189] showed that co-injection of hydrogen 

and CO2 into depleted reservoirs can stimulate indigenous methanogens 

and produce substantial biomethanation.

Microbes can also influence saturation distributions and displace­

ment efficiency by reshaping interfacial conditions and pore accessi­

bility. Shiran et al. [166] found that microbial colonization reduced 

water-wetness toward near-neutral conditions, improved pore accessi­

bility, increased hydrogen gas saturation, and enhanced displacement 

efficiency. Similarly, micromodel experiments by Strobel et al. [175] 

demonstrated preferential colonization at the gas-liquid interface by 

methanogenic archaea, indicating that interfacial regions act as mi­

crobial hotspots. This localized biofilm growth can redistribute fluid 

pathways and modify multiphase flow dynamics. Complementary pore-

scale experiments by Liu et al. [128] showed that microbial activity 

accelerated gas disconnection into isolated bubbles. Under microbial 

activity, disconnected gas saturation reached 72.8% within 5 hours, 

compared with 22.6% in sterilized controls. This behaviour was cou­

pled to biofilm-driven wettability changes that reduced capillary entry 

pressure and enabled hydrogen migration into smaller pores. While such 

redistribution can increase apparent invaded volume, it can also in­

crease the fraction of immobile disconnected gas and enhance microbial 

consumption of isolated clusters, thereby lowering hydrogen recovery.

3.1.3 . Mineral dissolution and pH changes

Microbial metabolism and its associated by-products can induce sub­

stantial mineralogical and geochemical changes that feed back into pore 

structure and permeability evolution. Using high-pressure batch experi­

ments (85-95 bar, 47 ◦C) on deep aquifer samples containing indigenous 

microbial communities, Haddad et al. [84] showed that microbial hydro­

gen consumption was coupled to the dissolution of calcite (CaCO3) and 

barite (BaSO4), consistent with biogenic acidification altering reservoir 

mineralogy. Similarly, Rooney et al. [161] demonstrated that micro­

bially mediated sulfate and iron reduction in wellbore cement led to 

the generation of CH4 and H2S, degrading cement mineral phases, par­

ticularly within diffusion-limited zones, and directly compromising well 

integrity and produced-gas purity. In hypersaline systems, Dopffel et al. 

[62] observed that halophilic sulfate reducers consumed up to 12% of 

injected hydrogen, producing sulfide and increasing pH to levels that 

eventually suppressed microbial activity.

Beyond direct hydrogen loss, sulfate-reducing bacteria can substan­

tially modify brine chemistry and promote secondary mineral formation. 

Experimental investigations document pronounced pH shifts and sulfate 

depletion associated with microbial metabolism, conditions that are con­

ducive to mineral precipitation in natural reservoir systems [63,166]. 

Direct evidence for such processes under UHS-relevant conditions was 

provided by Aftab et al. [3], who observed extensive mineral precip­

itation during hydrogen-brine-rock interaction experiments. In these 

systems, microbial sulfate reduction resulted in nearly 80% removal of 

dissolved Fe and 40–50% reductions in Ca and Mg concentrations due 

to the precipitation of insoluble sulfide phases (FeS, CaS, MgS).

Microbially catalyzed redox reactions can further enhance mineral 

precipitation, and under conditions where dissolved iron coexists with 

nitrate or low oxygen availability, iron-oxidizing microorganisms may 

precipitate ferric phases such as goethite or magnetite [62]. These 

geochemical transformations can also modify pore structure and flow 
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behaviour. A major physical consequence is bioclogging, whereby the 

accumulation of microbial cells, biofilm, and extracellular polymeric 

substances (EPS) progressively occupies pore bodies and constricts pore 

throats, reducing effective porosity, permeability, and injectivity [62,

188]. This permeability reduction is typically spatially heterogeneous 

rather than uniform and is most pronounced where electron donors, elec­

tron acceptors, and nutrients coexist, particularly near the injection well 

and along the gas-water interface, where micromodel experiments have 

documented preferential biomass colonization [128,175]. Its magnitude 

depends on nutrient and electron-acceptor availability, salinity, tem­

perature, shear rate, and pore structure, and may become self-limiting 

where nutrients are depleted or where metabolic by-products such as 

elevated pH or H2S suppress further microbial activity [62].

Bioclogging is also expected to evolve dynamically during cyclic 

operation, as shear during injection and withdrawal, pressure and satu­

ration fluctuations, and near-wellbore desiccation may detach biofilm 

and permit partial permeability recovery, whereas repeated nutrient 

supply may sustain renewed growth. The magnitude, spatial extent, and 

reversibility of these effects under realistic cyclic UHS conditions re­

main poorly constrained and require dedicated long-term flow-through 

experiments [88,166]. These studies indicate that microbially mediated 

mineral dissolution, precipitation, and pH-driven geochemical alteration 

represent important controls on porosity evolution, reservoir integrity, 

and long-term storage security in UHS.

3.2 . Abiotic geochemical reactions

In addition to microbial metabolism, hydrogen can participate in abi­

otic reactions that alter reservoir geochemistry and mineralogy. These 

reactions are governed by hydrogen’s strong reducing potential, the 

availability of electron acceptors, reservoir temperature and pressure, 

and formation fluid composition [188]. Because hydrogen is buoyant, 

it often accumulates beneath the caprock, and persistent hydrogen-

brine contact can occur near gas-water transition zones. Similarly, due 

to its wetting behaviour, hydrogen preferentially occupies the larger 

pore spaces of the host rock, where it comes into contact with both 

formation fluids and the mineral matrix [98,106,112]. Within this cou­

pled rock-fluid-gas system, abiotic reactions may drive dissolution and 

precipitation, modify reactive surface area, and in some cases con­

sume hydrogen locally, with implications for porosity, permeability, 

and long-term integrity [88]. Only a limited number of experiments 

have quantified hydrogen–fluid–rock interactions and their associated 

geochemical effects, as summarized in Table 10.

Generally, hydrogen-driven abiotic alteration depends strongly on 

the mineral phases it interacts with. In sandstone reservoirs, reactivity 

is low due to the thermodynamic stability of silicate-rich rocks [73,89]. 

Batch and core exposure tests commonly report negligible mineral alter­

ation and no measurable hydrogen loss over weeks to months under el­

evated pressure and temperature conditions [73]. Hassanpouryouzband 

et al. [89] reported results from 250 batch experiments across multiple 

sandstone lithologies and found negligible differences in fluid chemistry 

between H2-rich and N2-rich controls over two months, supporting the 

conclusion that abiotic reactions exert only a minor influence in many 

sandstone settings. These experimental findings are further supported by 

reactive transport models, which predict negligible hydrogen losses in 

quartz-rich formations [39,199]. Meanwhile, carbonate minerals (e.g., 

dawsonite, calcite, dolomite, siderite) can be more sensitive because 

carbonates respond readily to aqueous chemistry changes triggered by 

hydrogen-rock-water interactions. Many short-term studies still report 

limited or balanced dissolution-precipitation effects. Bensing et al. [34] 

documented dissolution of calcite fossil fragments in claystone shale 

exposed to hydrogen-saturated brine (10 wt% NaCl), highlighting the 

potential for caprock alteration.

In addition, Zeng et al. [200] showed that carbonate minerals un­

dergo redox-driven transformations to CH4, which pose a potential 

risk, particularly in depleted hydrocarbon-bearing carbonate reservoirs. 

Dodangoda et al. [57] reported minor calcite dissolution, but observed 

that at high water-to-rock ratios (W/R) hydrogen loss could reach 25% 

within 10 days, accompanied by substantial porosity increases (up to 

63%). In contrast, other studies report negligible reactivity under sim­

ilar conditions. For example, Al-Yaseri et al. [11] exposed pure calcite 

limestone samples to hydrogen at 1500 psi and 75 ◦C for 6–13 months 

and detected no secondary gases (such as CH4) and no clear evidence of 

hydrogen-calcite reaction. Al-Yaseri et al. [13] reported near-balanced 

dissolution and precipitation of calcite and dolomite over 150 days at 

9.7 MPa and 75 ◦C, with porosity changes ≤2%, suggesting limited 

early-cycle impact in some carbonates.

Redox-sensitive minerals, particularly Fe-bearing oxides such as 

hematite, may undergo reduction under hydrogen exposure, with fer­

ric iron (Fe3+) converted to ferrous iron (Fe2+). In addition, several 

studies suggest that pyrite reduction can occur under hydrogen-rich 

conditions, highlighting the potential for hydrogen-driven redox trans­

formations in subsurface environments [171,183]. Consistent with this, 

Yekta et al. [199] demonstrated hydrogen-driven redox reactions in­

volving Fe-bearing phases, including hematite, Fe-rich micas, and clays. 

The dissolution of redox-sensitive phases can liberate electron acceptors 

(e.g., Fe3+), which may subsequently couple with microbial pathways, 

potentially influencing hydrogen availability and promoting secondary 

mineral precipitation [56]. Sulfate-bearing minerals can be reactive 

under specific temperature, pressure, and water saturation conditions. 

Anhydrite is generally stable under ambient conditions but may dissolve 

or re-equilibrate at elevated temperatures and pressures, particularly 

in the presence of high water saturation and specific ionic environ­

ments, potentially producing H2S. Flesch et al. [73] observed that the 

dissolution of pore-filling anhydrite minerals can increase porosity and 

permeability by enlarging existing pore networks.

Clay minerals, particularly illite and kaolinite, are also common in 

both reservoir rocks and caprocks and contribute significantly to rock 

surface area. Aldhuhoori et al. [16] observed low but measurable dis­

solution of illite and kaolinite (2.17% and 3.01%, respectively) under 

hydrogen exposure, suggesting that while some degree of mineral disso­

lution may occur, it is unlikely to be geochemically significant compared 

with the influences of water chemistry, temperature, and the presence 

of other reactive species. Even so, hydrogen can be weakly physisorbed 

onto clay surfaces or accommodated within micropores. In expand­

able clays, water uptake can induce swelling-related stress changes that 

influence permeability and seal integrity [91].

Beyond single-gas systems, cushion gases can shift aqueous chemistry 

and reaction rates. Exposure to hydrogen with CO2 can enhance carbon­

ate reactivity and influence injectivity or sealing capacity [10,68,70]. 

However, many of these reactions require extreme conditions (high pres­

sure, temperature, and salinity) and long timescales that are not typical 

of most UHS reservoirs [70,156]. Overall, current evidence indicates 

that abiotic effects are generally minor in the absence of microbial 

activity [16,43,80]. Although many abiotic pathways are thermody­

namically favourable, they often proceed slowly under typical reservoir 

conditions. The predicted dissolution of shale minerals can remain be­

low 1% over 30-year timescales [201]. By contrast, microbial processes 

can catalyze and accelerate transformations, amplifying both geochem­

ical significance and operational impact, consistent with the discussion 

in Section 3.1. This coupling underscores the need for site-specific 

characterization of mineralogy, fluid composition, electron acceptor 

availability, and microbial ecology, alongside monitoring strategies that 

can detect evolving gas composition and changes in injectivity and 

deliverability.

Most experimental findings on pristine target formations indicate 

that hydrogen alone does not strongly alter mineralogy or wettability. 

Where significant changes are observed, they are commonly associated 

with external controls such as temperature, pressure, salinity, organic 

matter content, and microbial activity [107]. In many settings, the 

dominant uncertainty is not hydrogen in isolation, but the extent to 

which biogeochemical feedback drives the time-dependent evolution of 
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Table 10 

Summary of hydrogen-rock-brine abiotic interaction studies.

Study Objective Rock Type Fluids studied Conditions and Methods Key findings Refs

Caprock alteration under 

hydrogen exposure

Claystone caprock 

proxies

hydrogen/brine 10 wt% NaCl, ∼30 days, 

static tests, SEM imaging

Calcite fossils dissolved only under combined hydrogen-

brine conditions, suggesting that carbonate-rich 

caprocks containing fossil textures may undergo 

localized dissolution during hydrogen-brine contact.

[34]

Effect of hydrogen on 

calcite reactivity in 

sandstone

Calcite-bearing 

sandstone

hydrogen, N2, distilled 

water

100 bar, 105 ◦C, 78 h, 

experimental study & 

modelling

Calcite remained largely unreactive under exposure to 

hydrogen, while thermodynamic calculations tended to 

overpredict both dissolution and hydrogen loss.

[78]

Petrophysical change 

during hydrogen exposure

Reservoir sandstones 

(21 cores)

100% hydrogen Up to 6 weeks, reservoir 

conditions, batch tests & 

micro-CT

Overall negligible alterations, quartz/silica-cemented 

sandstones are geochemically robust for early UHS 

cycles.

[73]

Large campaign on abiotic 

reactivity in sandstones

Various reservoir 

sandstones (∼250 

batch tests)

hydrogen vs. controls batch experiments with 

controls

No evidence of abiotic hydrogen loss or integrity 

degradation was found in sandstones.

[89]

Hydrogen reactivity and 

petrophysical impacts

Buntsandstein 

sandstones 

(pyrite-free)

Hydrogen/synthetic brine, 

air

150 bar, 100 ◦C, 4 weeks, 

batch tests, fluid chemistry

No significant hydrogen-driven mineralogical changes, 

minor 𝜙/𝑘 shifts from anhydrite disequilibrium.

[49]

Hydrogen-clay interactions 

with micro-CT verification

Bandera and Berea 

sandstones

Hydrogen + 30% brine 9.7 MPa, 75 ◦C, 75 days, 

core tests & micro-CT 

porosity

Negligible geochemical alteration with stable poros­

ity/clay content (Δ𝜙 ≤ 0.1%). No quartz/clay 

dissolution.

[15]

Basalt-hydrogen-water 

interactions & property 

impacts

Basalt (CarbFix, 

Iceland)

hydrogen + DI water 9.65 MPa, 75 ◦C, 108 days, 

SEM & petrophysics

Basalt showed low reactivity with minor plagioclase 

dissolution. Surfaces remained water-wet, supporting 

containment and predictable relative permeability.

[12]

Effect of CO2 cushion gas 

on pore properties

Indiana Limestone 

and Bandera Grey 

Sandstone

Hydrogen-CO2 mixture 9.7 MPa, 75 ◦C, 90 days, 

petrophysical analysis

Porosity increased 6–10% and permeability 10–14%. 

CO2 cushion gas may enhance injectivity, but long-term 

reactivity and seal performance need monitoring.

[70]

Long-term carbonate/hy­

drogen behaviour and 

hydrogen loss

Carbonate-rich rocks hydrogen (N2 controls), 

variable W/R

2.8-12 MPa, 28–70 ◦C, up 

to 180 days, XRD, SEM, CT, 

fluid chemistry

Average reactivity limited (∼1% calcite dissolution, 

∼1% mineral precipitation), but hydrogen loss reached 

25% in 10 days at high W/R. CT showed porosity 

increase up to 63%.

[57]

Hydrogen ageing in 

dolomite reservoirs

Dolomite (Blina 

Field, Australia)

hydrogen + synthetic brine 4.14 MPa, 50 ◦C, 120 days, 

SEM & XRD

Dolomite dissolution and ankerite precipitation with 

strong TOC loss (−56%). Permeability rose 20% in 

porous samples. Delayed CH4 release indicated elevated 

hydrogen loss risk in organic-rich carbonates.

[53]

Hydrogen effects on shale Eagle Ford (medium 

TOC) and Wolfcamp 

(low TOC) shales

hydrogen + 3 wt% NaCl
brine

9.65 MPa, 75 ◦C, 108 days, 

SEM, porosity, permeability 

tests

Calcite precipitation (likely from organic-derived CO2) 

occurred post-hydrogen exposure. No sulfate or pyrite 

reduction. Seal integrity intact, minor pore changes.

[6]

the interfacial and petrophysical parameters that control trapping and 

cyclic recovery. Unlike hydrogen, CO2 has higher solubility in brine and 

stronger geochemical reactivity, so mixed-gas operation and cushion gas 

selection can play a major role in long-term interfacial evolution and 

rock-fluid interactions.

4 . Cross-scale synthesis and limitations in the current 

understanding of UHS

Despite substantial advances in multiphase flow-dominated and bio-

geochemical studies, understanding and prediction of UHS remain frag­

mented. When viewed collectively, unresolved challenges arise not from 

isolated uncertainties but from a structural mismatch between pore-

scale physics, evolving interfacial chemistry, biogeochemical feedback, 

and reservoir-scale operational dynamics. Most studies implicitly as­

sume static wettability, rate-invariant displacement, homogeneous pore 

structure, and weakly coupled reactions. However, hydrogen storage is 

inherently a non-stationary, cyclic, multicomponent, and reactive mul­

tiphase process. This disconnect between simplifying assumptions and 

physical reality is a primary reason why laboratory findings remain 

difficult to upscale reliably to field-scale design.

4.1 . Dynamic wettability and interfacial energies

While hydrogen-brine interfacial tension (𝛾) is relatively well 

constrained, the solid-fluid interfacial energies that ultimately gov­

ern wettability are rarely measured directly and are instead inferred 

from thermodynamic models. This reliance on indirect estimates limits 

mechanistic insight into how hydrogen interacts with heterogeneous, 

mineralogically complex reservoir surfaces. Most experiments rely on 

idealized mineral substrates such as quartz or mica, whereas candi­

date storage formations are commonly heterogeneous, clay-rich, or 

chemically altered [6,9]. The influence of clay mineral variability on 

wettability evolution and trapping efficiency therefore remains poorly 

constrained, particularly where long-term mineral transformation or sec­

ondary phase formation may occur, and where impurities such as CO2, 

CH4, and H2S modify surface chemistry and brine composition [72]. 

These effects have direct implications for permeability evolution, sealing 

integrity, and capillary trapping.

Crucially, wettability in UHS reservoirs should be treated as a dy­

namic, history-dependent state variable controlled by mineralogy, impu­

rities, microbial activity, and cyclic pressure-temperature-composition 

trajectories. Yet, many studies continue to assume fixed contact angles 

and interfacial tensions, despite growing evidence that these parameters 

evolve with salinity, pressure, temperature, and bio-geological activity. 

This simplification limits predictive capability, particularly under cyclic 

injection-withdrawal conditions where transient wettability shifts may 

progressively alter trapping behaviour and hydrogen mobility.

4.2 . Rate-dependent displacement, heterogeneity, and representativeness of 

laboratory systems

Another central unresolved issue relates to the assumption of 

rate-invariant hydrogen displacement. Most studies examine drainage or 

imbibition in isolation, despite strong rate dependence in both processes, 
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influencing both sweep efficiency and residual trapping. Experimental 

studies have shown that injection and withdrawal rates exert first-order 

control on displacement efficiency, with low injection combined with 

high withdrawal enhancing pore-space utilization, whereas high injec­

tion rates promote preferential flow and reduce residual trapping [193]. 

However, these findings are derived from homogeneous, centimeter-

scale samples under laboratory conditions, leaving their applicability to 

heterogeneous reservoirs under field-relevant stress, temperature, and 

pressure unresolved. Quantitatively, a complete description of cyclic 

UHS requires placing the cycle period against the relaxation times of 

pore-pressure equilibration, OR-driven redistribution, and microbial ac­

tivity, and complementing the static 𝐶𝑎, 𝑀 , and 𝑁𝑔  introduced in 

Section 2 with a Damköhler-like ratio of cycle period to reaction time 

and a Strouhal-like ratio of cycle frequency to advection time. Such 

time-domain framings remain largely absent from the literature and 

represent an important target for future experimental, modelling and 

scaling studies.

Hydrogen displacement is often described as capillary dominated, 

yet this assumption fails to capture rate-sensitive pore-scale instabili­

ties. Time-resolved imaging in Clashach sandstone shows that even at 

low 𝐶𝑎, hydrogen advances through intermittent bursts and sudden 

pore-filling events (Haines jumps) accompanied by pressure oscillations 

[178]. Synchrotron tomography further reveals that non-wetting phase 

mobility is elevated during transient flow relative to steady state, with 

intermittency closely linked to this behaviour [172]. These dynamics 

demonstrate that displacement cannot be described solely by stable 

capillary invasion, as local viscous effects and pore-scale instabilities 

strongly influence saturation and trapping. Yet, most reservoir-scale 

models neglect such rate-sensitive, energy-dissipating processes, limit­

ing predictive accuracy for injectivity and recovery. Compounding this 

issue is the wide scatter in reported initial and residual gas saturation 

across experimental studies. Outcomes depend strongly on boundary 

conditions, sample preparation methods, pore structure representa­

tion, and the measurement stage (breakthrough versus steady state). 

This variability complicates inter-study comparisons and undermines 

generalization of trapping efficiency from saturation data alone.

A further limitation of the UHS evidence base is the dominance of 

homogeneous sandstone cores and simplified pore networks. The in­

fluence of dual-porosity systems, stratification, and natural fractures 

remains poorly constrained, despite their strong control on gas con­

nectivity, residual trapping, and cyclic recovery. Chemically reactive 

lithologies, such as clay-rich formations and basaltic reservoirs, despite 

their abundance and favourable permeability, have received limited sys­

tematic attention. Their complex mineralogy, bimodal pore structures, 

and reactive surfaces introduce uncertainties in wettability evolution 

and trapping behaviour that differ fundamentally from conventional 

sedimentary rocks [106]. The large scatter in saturation data further 

highlights the limitations of relying on porosity and permeability alone 

to predict trapping efficiency. While traditional petrophysical parame­

ters capture part of the variability, they cannot fully explain observed 

discrepancies across different rock types and experimental conditions. 

Integrative descriptors such as the Reservoir Quality Index (𝑅𝑄𝐼) and 

Flow Zone Indicator (𝐹𝑍𝐼) have successfully linked pore structure 

to flow behaviour in hydrocarbon systems, yet remain largely unex­

plored for hydrogen-brine systems. Incorporating such metrics into 

UHS workflows could improve cross-scale comparability and reduce 

inconsistencies across studies.

A further limitation of laboratory representativeness is the treatment 

of geomechanical conditions. Most hydrogen core-flood experiments 

are conducted under static confining pressure, whereas field-scale UHS 

operations involve repeated injection and withdrawal cycles that gen­

erate fluctuating pore pressures and cyclic effective stresses. These 

stress variations can alter pore structure, induce cumulative grain-scale 

damage, reactivate pre-existing faults, and increase the potential for 

hydrogen leakage and induced seismicity [167,184]. Similar effects 

have been observed in salt caverns, where cyclic loading influences 

elastic properties, short-term strength, and viscoplastic creep behaviour 

[121]. Geomechanical responses may be further amplified by hydrogen-

induced geochemical alteration. For example, Dabbaghi et al. [51] 

reported reductions of up to 41% in peak strength, 43% in elastic modu­

lus, and 23–63% in internal friction angle for hydrogen-exposed Hulett 

sandstone, accompanied by dolomite and clay dissolution. However, 

reported responses remain highly lithology dependent. Quartz-rich sand­

stones generally retain greater stiffness than clay- and carbonate-rich 

formations [105], whereas some limestones have exhibited increases 

in Young’s modulus following short-term hydrogen exposure [75]. In 

contrast, longer-term sandstone-brine experiments have shown only mi­

nor geochemical alteration and negligible changes in elastic properties 

[181]. These contrasting observations indicate that hydrogen-induced 

chemo-mechanical effects depend strongly on mineralogy, brine com­

position, and stress history. Consequently, conventional static-pressure 

core-flood experiments cannot adequately capture the coupled cyclic-

stress and geochemical processes governing long-term reservoir in­

tegrity, highlighting the need for dedicated cyclic-loading experiments.

4.3 . Cyclic hysteresis, Ostwald ripening and time-dependent redistribution

Cyclic injection and withdrawal are intrinsic to UHS operations, 

yet hysteresis behaviour remains poorly resolved. Some studies report 

stabilization of residual saturation after only a few cycles, suggest­

ing convergence toward a hysteretic equilibrium [197], whereas others 

document a progressive accumulation of residual hydrogen with no 

clear stabilization. These divergent outcomes raise fundamental ques­

tions regarding whether cyclic hysteresis tends toward equilibrium or 

accumulates irreversibly over storage time. This lack of consensus is 

exacerbated by the limited number of cycles explored experimentally, 

usually fewer than five, and by the strong sensitivity of hysteresis 

behaviour to boundary conditions.

Dynamic wettability during cyclic flow represents an additional 

source of uncertainty. Although contact-angle hysteresis has been ob­

served, the controlling mechanisms, including film swelling, surface 

roughness, mineral alteration, and biofilm development, remain un­

resolved. The role of hydrogen dissolution is also rarely isolated, 

complicating the distinction between physical hysteresis and chemi­

cally driven effects. Most experiments rely on pristine mineral surfaces, 

whereas long-term storage conditions involve impurities, microbial ac­

tivity, and evolving brine chemistry that may progressively modify 

hysteresis behaviour [106]. Under these conditions, cyclic UHS be­

haviour should be regarded as non-stationary and history dependent, 

rather than converging toward a unique steady state.

Ostwald ripening has been increasingly recognized as relevant to 

UHS, yet key uncertainties persist. Most studies focus on pure gas sys­

tems, whereas practical UHS operations often involve gas mixtures, 

either by design, such as cushion gases (N2, CH4), or as residual 

formation gases in depleted hydrocarbon fields. Multicomponent sys­

tems introduce additional complexity because each gas exhibits distinct 

solubility, diffusivity, and interfacial properties, potentially driving pref­

erential mass transfer and time-dependent redistribution of hydrogen. 

The relative contribution of each gas to coarsening kinetics also re­

mains poorly constrained, and experimental evidence for the evolution 

of compositional heterogeneity during cyclic injection-withdrawal is still 

lacking.

Scaling Ostwald ripening from the pore to the reservoir scale repre­

sents another major uncertainty. While laboratory and imaging studies 

consistently demonstrate short-term remobilization, it remains unclear 

whether these transient pore-scale behaviours persist, average out at 

macroscopic flow scales, or meaningfully influence residual saturation, 

hysteresis, and relative permeability. This question has been explored 

in only a few studies [82,170]. Whether such remobilization enhances 

recovery or undermines containment by destabilizing residual trapping 

therefore remains an open question. Ostwald ripening should thus not 

be treated as an isolated pore-scale curiosity, but as a time-dependent 
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redistribution mechanism that interacts with hysteresis, multicompo­

nent dissolution-exsolution, and cyclic displacement.

4.4 . Biogeochemical coupling and long-term storage integrity

Although abiotic reactions between hydrogen and reservoir minerals 

are generally limited under typical subsurface conditions, mineral-

specific reactivity, brine composition, and cyclic operation introduce 

significant variability that is not yet well constrained. Quartz-rich 

sandstones appear largely inert [73,89], whereas carbonate and redox-

sensitive minerals show more variable responses, including dissolution, 

secondary mineral precipitation, and measurable hydrogen loss [57]. 

These results remain highly inconsistent, with some studies reporting 

no detectable reactions even after long exposure [15], while others re­

port up to 25% hydrogen loss within days under high water-to-rock 

ratios. This disparity reflects a lack of standardized experimental pro­

tocols and the need for more representative long-term datasets under 

reservoir-relevant conditions.

In contrast, laboratory studies consistently demonstrate that hy­

drogenotrophic microbial pathways such as methanogenesis, acetoge­

nesis, and sulfate reduction can consume hydrogen, modify fluid chem­

istry, and alter pore-scale wettability [40,128,166]. However, these 

experiments typically span days to months, leaving unresolved how such 

processes evolve over decades of storage. As detailed in Section 3.1.1, 

biofilm-driven wettability alteration is consistently observed, although 

its direction is not uniform across studies, with reported shifts toward 

both reduced water-wetness that can enhance gas mobility and increased 

hydrophilicity depending on surface chemistry and biofilm composition 

[4,14,17,128]. The conditions under which these opposing outcomes 

dominate, and their persistence under cyclic injection-withdrawal, re­

main poorly understood. Moreover, although permeability reduction by 

biofilm clogging has been suggested [62], no long-term experiments 

have systematically quantified its influence on injectivity across cycles. 

Perhaps the least constrained domain is the coupling between biotic 

and abiotic reactions. Microbial sulfate reduction can precipitate FeS
and modify porosity and permeability, while biofilm-driven pH shifts 

may accelerate carbonate dissolution. Although such interactions are 

acknowledged [84,161], their kinetics and implications for long-term 

storage integrity remain poorly quantified, as current numerical mod­

els treat these reactions as separable processes, overlooking synergistic 

pathways that may amplify hydrogen loss or alter reservoir properties.

Overall, these uncertainties demonstrate that UHS is governed by 

strongly coupled, time-dependent, and scale-dependent processes that 

violate many simplifying assumptions embedded in current experimen­

tal protocols and reservoir simulators. Wettability evolves dynamically, 

displacement is rate sensitive and intermittent, trapping is history 

dependent, gas redistribution occurs over diffusive timescales, and 

biogeochemical feedback alters both pore structure and fluid prop­

erties. Addressing these challenges requires coordinated experimental 

programs integrating pore-scale imaging, long-duration core floods, 

multicomponent reactive transport modelling, and cyclic flow proto­

cols under reservoir-representative conditions. Without such cross-scale 

integration, predictive upscaling of hydrogen storage performance will 

remain fundamentally uncertain.

5 . Concluding remarks

This review consolidates the current understanding of underground 

hydrogen storage as a long-duration energy storage solution capable 

of supporting low-carbon-dominated energy systems, examines whether 

existing frameworks are adequate to describe its governing processes, 

and identifies critical directions for advancing its scientific and tech­

nical maturity. By synthesizing studies across pore, core, and reservoir 

scales, we show that UHS performance in porous media is governed by 

a tightly coupled interaction of multiphase flow dynamics, geochemical 

reactions, and microbial processes whose relative dominance shifts with 

lithology, brine composition, and operating regime.

Laboratory and pore-scale measurements have established a defensi­

ble baseline for hydrogen-brine flow behaviour. Reported endpoint hy­

drogen relative permeabilities fall within 𝑘𝑟,H2
≈ 0.003–0.083, roughly an 

order of magnitude below CO2-brine endpoints on comparable litholo­

gies, and the fitted Brooks-Corey gas-phase exponents span 𝑛𝑔 ≈ 3–10, 

well above the 𝑛𝑔 ≈ 1.6–1.8 typical of supercritical CO2-brine on Berea 

Sandstones. Hydrogen-rock wettability is not uniformly strongly water-

wet, and varies systematically with mineralogy, surface chemistry, and 

brine composition, ranging from strongly water-wet on pristine rocks 

to intermediate- or even gas-wet under organic ageing, hydrocarbon 

contact, or biofilm alteration. The Flow Zone Indicator framework 

was introduced to capture variability in hydrogen trapping behaviour, 

attributing much of the inter-study scatter in trapping efficiency to dif­

ferences in pore-network architecture. It further suggests that high-𝐹𝑍𝐼
rocks favour deliverability while low-𝐹𝑍𝐼  flow units favour storage 

security.

Beyond this static baseline, UHS performance is shaped by dynamic 

and non-equilibrium processes that are not fully captured in current 

studies. Hydrogen combines an unfavourable mobility ratio with a high 

gravity number, a coupling that is uncommon among storage gases 

and that underpins viscous fingering, gravity override, and the re­

duced sweep efficiency reported in displacement experiments. Cyclic 

injection-withdrawal, intrinsic to UHS but largely absent in CO2 geo-

sequestration, alters interfacial and transport properties over repeated 

cycles, and the time-domain framing of cyclic operation, expressed 

through dynamic dimensionless groups, remains largely absent from 

the literature. At the pore scale, displacement is dominated by capillary 

forces at low capillary number with frequent snap-off and ganglion frag­

mentation, while transient bursts and Haines-jump pressure oscillations 

show that the displacement front is intermittent rather than smoothly 

advancing. As injection rates increase, displacement transitions toward 

viscous-dominated regimes, producing intermittent flow that strongly 

influences sweep efficiency and recovery dynamics. These flow regimes 

highlight the dependence of hydrogen migration and trapping on pore 

structure, wettability, and injection conditions. The strong variability of 

these parameters across lithologies underscores that UHS performance 

cannot be generalized across reservoir types or operational strategies.

Despite rapid progress, hysteresis under cyclic injection-withdrawal 

is poorly constrained, with reported recoverable fractions falling to 

16–25% once hysteresis is accounted for and divergent evidence on 

whether residual hydrogen stabilizes after a few cycles or accumulates 

progressively over long storage times. Time-dependent wettability al­

teration driven by brine chemistry, microbial activity, and secondary 

mineral formation remains inadequately quantified, as do coupled 

geochemical-geomechanical effects on porosity evolution, caprock in­

tegrity, and wellbore performance. Most published datasets focus on 

pure hydrogen systems, whereas practical UHS operations often involve 

multi-component gas mixtures whose dissolution, diffusion, and redis­

tribution further complicate trapping and recovery. The reliability of 

available datasets varies with method, with steady-state co-injection 

equilibrated at each fractional flow providing more defensible relative-

permeability curves than unsteady-state inverse analyses that are vul­

nerable to channelized-flow artefacts, and with imaging-corroborated 

trapping measurements more defensible than those inferred from pres­

sure data alone.

Advancing UHS toward reliable field deployment therefore requires 

coordinated, cross-scale research strategies. Priority should be given 

to four areas. The first is long-duration laboratory experiments that 

explicitly reproduce cyclic injection-withdrawal under representative 

pressure, temperature, and geochemical conditions, including mixed 

cushion-gas systems and cyclic effective-stress loading. The second is 

integrated imaging approaches that resolve transient pore-scale dy­

namics and address hydrogen’s contrast through dopants, dual-energy 

acquisition, or surrogate gases. The third is multicomponent reactive 

transport models that couple flow, chemistry, biology, and geome­

chanics across scales and represent the time-domain scaling of cyclic 
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operation explicitly. The fourth is standardized side-by-side benchmark­

ing on identical lithologies under identical protocols, with consistent 

reporting of measurement stage and saturation history, which is es­

sential to resolve the inter-study contradictions noted throughout this 

review. While UHS has clear potential to enable large-scale renewable 

energy integration, realizing this potential depends on moving beyond 

static, generalized descriptions toward predictive frameworks that cap­

ture the coupled, time-dependent, and lithology-dependent nature of 

hydrogen storage in the subsurface. These developments will enable the 

design of safer, more efficient, and more predictable hydrogen storage 

systems that support large-scale low-carbon energy deployment.
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