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ABSTRACT

Underground hydrogen storage (UHS) in porous geological formations requires an understanding of hydrogen-
specific transport physics that differs fundamentally from natural gas and CO2 systems. This review, the first of a
two-part series, synthesizes the subsurface physics controlling hydrogen migration, displacement, trapping, and
diffusive transport. Hydrogen’s extreme mobility contrasts with formation brine, promoting viscous fingering
and reducing sweep efficiency during injection and production operations. We present fractional flow analysis,
dimensionless scaling using capillary, gravity, Bond, and Peclet numbers, and stability criteria for characterizing
displacement fronts. Trapping mechanisms—structural, residual, solubility, and mineral—are quantified using
hydrogen-specific parameterizations, including Land-type models for residual-trapping hysteresis. Diffusive
transport is assessed across regimes ranging from continuum Fickian behavior in reservoir rocks to slip and
Knudsen diffusion in tight caprocks, using Knudsen-number criteria for regime selection. Thermal effects,
particularly Joule–Thomson cooling during expansion, are reviewed for their impact on near-wellbore processes.
This review provides practitioners with the physical framework and parameter ranges needed to select appropriate
models for reservoir simulation, with emphasis on the quantitative differences between hydrogen and other
stored gases. Next work addresses constitutive modeling, geochemical/microbial interactions, and field-scale
considerations.

Keywords: underground hydrogen storage; multiphase flow; hydrogen trapping; diffusion; capillary pressure;
mobility ratio; viscous fingering; Knudsen diffusion

1 Introduction
The global transition toward sustainable energy systems has positioned hydrogen as a critical energy carrier for
decarbonization, with underground geological formations emerging as the most viable option for large-scale,
long-term storage [1]. Unlike batteries or above-ground tanks, geological storage in depleted hydrocarbon
reservoirs, saline aquifers, and salt caverns offers capacities measured in terawatt-hours—sufficient to buffer
seasonal variations in renewable energy production and provide strategic reserves [2, 3].

Hydrogen’s unique molecular properties introduce physical phenomena that cannot be adequately captured
by adapting existing natural gas or CO2 storage models. Its kinetic diameter of approximately 0.289 nm,
the smallest of any gas molecule, enables penetration of pore spaces inaccessible to larger molecules [5].
Its viscosity at reservoir conditions (𝜇𝐻2 ≈ 9 𝜇Pa·s) is roughly half that of methane and one-third that of
CO2, creating highly unfavorable mobility ratios that promote viscous fingering and reduce sweep efficiency
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[6]. These characteristics necessitate rigorous understanding of the underlying physics specific to hydrogen
systems.

This review is the first of a two-part series that provides comprehensive coverage of the physics and
modeling of underground hydrogen storage (UHS). This paper focuses on the fundamental transport phenomena:
multiphase flow and displacement, trapping mechanisms, diffusive processes, and thermal effects.

1.1 Scope and Objectives
The fundamental conservation equations governing multiphase flow in porous media—mass, momentum,
and energy balances—are grounded in first-principles physics and apply universally regardless of the fluid
system. Darcy’s law, capillary pressure–saturation relationships, and Fickian diffusion describe transport
for any fluid. The critical distinction lies not in the governing equations but in the constitutive parameters
that close them: relative permeability curves, capillary pressure functions, diffusion coefficients, interfacial
tensions, and contact angles.

The objectives of of this review are to:

• Synthesize the physical mechanisms controlling hydrogen migration and displacement in porous media
• Quantify hydrogen-specific mobility contrasts and their implications for displacement stability
• Present dimensionless scaling frameworks for regime classification
• Review trapping mechanisms with hydrogen-specific parameterizations
• Assess diffusive transport across relevant regimes from reservoir to caprock
• Identify where hydrogen behavior diverges quantitatively from CH4 and CO2 analogues

1.2 Organization
Section 2 reviews geological formations suitable for UHS and their characteristic properties. Section 3 presents
multiphase flow physics, including fractional flow analysis, mobility ratios, dimensionless scaling, and viscous
fingering criteria. Section 4 addresses trapping mechanisms. Section 5 covers diffusion and dissolution
processes. Section 6 examines thermal effects. Section 7 provides conclusions and identifies research gaps
addressed further in future review work.

2 Geological Formations and Storage Characteristics
The choice of geological formation fundamentally determines which physical processes dominate hydrogen
behavior and consequently which constitutive models are required for accurate simulation [1, 2]. Three
primary formation types are considered for UHS: salt caverns, depleted hydrocarbon reservoirs, and deep
saline aquifers (Figure 1), each presents distinct advantages, challenges, and modeling requirements.

2.1 Salt Caverns
Salt caverns created by solution mining in bedded or domal salt formations offer several advantages for
hydrogen storage: exceptionally high injection and production rates (enabling response to rapid demand
fluctuations), minimal hydrogen losses due to the virtual impermeability of salt (𝑘 < 10−21 m2), and proven
long-term integrity from decades of natural gas storage experience [3, 18].

The physics of salt cavern storage differs fundamentally from porous media storage. In the absence of a porous
matrix, flow within the cavern is governed by single-phase gas dynamics rather than multiphase Darcy flow.
The primary physical challenges involve thermodynamic behavior of the stored gas (compression/expansion
during cycling), heat transfer with the surrounding salt, and geomechanical stability under cyclic pressure and
thermal loading [16, 17].

Salt exhibits time-dependent creep deformation described by Norton power-law or more sophisticated
multi-mechanism models [16]. Under the deviatoric stresses induced by cavern pressure cycling, the salt
slowly deforms, potentially leading to volume loss and eventual convergence. This geomechanical complexity,

Intelligent Computing for Energy and Environment Vol. 1, No. 1 (2026)



UHS Physics Review | Page 3 of 31

Salt Cavern

H2

𝑘 ≈ 0

Depleted Reservoir

Overburden

Caprock

H2 + Cushion

Residual HC

Aquifer

Saline Aquifer

Overburden

Caprock
H2

Saline Brine

Figure 1. Schematic comparison of the three primary geological formation types for underground hydrogen storage.

rather than multiphase flow, dominates modeling requirements for salt cavern storage and is addressed in detail
in the companion review on salt cavern geomechanics.

Operational experience from facilities including Teesside (UK), Clemens Dome (USA), and Moss Bluff
(USA) demonstrates that salt caverns can reliably store hydrogen over decades with minimal losses [18]. The
Teesside facility operated from 1972 to 2016, storing hydrogen for industrial applications with documented
losses below detection limits.

2.2 Depleted Oil and Gas Reservoirs
Depleted hydrocarbon reservoirs represent attractive UHS targets due to the availability of existing infrastructure
(wells, surface facilities, pipelines), extensive geological characterization from production history, and proven
seal integrity demonstrated by hydrocarbon retention over geological timescales [10, 71]. However, the
presence of residual fluids and established microbial communities introduces several physical processes
requiring careful modeling consideration.

2.2.1 Compositional Mixing
Injected hydrogen inevitably mixes with residual hydrocarbons (primarily methane in gas reservoirs, heavier
components in oil reservoirs) and any deliberately introduced cushion gas [19, 21]. The extent and rate of
mixing depend on multiple factors:
Density contrasts: Hydrogen density under typical subsurface conditions is on the order of ∼ 8–16 kg/m3

(e.g., ∼ 7.7 kg/m3 at 10 MPa, 25◦C; ∼ 16.4 kg/m3 at 25 MPa, 323 K), which is far lower than methane
at comparable conditions (e.g., ∼ 125–138 kg/m3 at 20 MPa and 320–340 K). These contrasts promote
buoyancy-driven segregation, with hydrogen tending to migrate upward and accumulate beneath the caprock
and toward structural highs, which can enhance hydrogen enrichment in upper parts of the storage structure
[22].

Dispersion: Mechanical dispersion during flow through heterogeneous porous media spreads the mixing
zone between hydrogen and other gases. Longitudinal dispersivities typically range from 0.1–10 m depending
on formation heterogeneity, while transverse dispersivities are typically 10–100 times smaller [21].

Molecular diffusion: Even in the absence of advective flow, molecular diffusion gradually homogenizes gas
composition. For dilute gases, 𝐷 is approximately inversely proportional to pressure (𝐷 ∝ 1/𝑝) and increases
with temperature [36]. For the H2–CH4 pair, recommended correlations give 𝐷𝐻2−𝐶𝐻4 ≈ (6.7–7.0) × 10−5

m2/s at ∼298 K and ∼1 bar, implying faster compositional mixing than in typical natural-gas systems [37].
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Cycling frequency: UHS is a cyclical operation that may serve daily, weekly, or seasonal load leveling,
depending on market requirements; however, depleted gas reservoirs are generally expected to operate
seasonally with one or two cycles per year [23]. Cycling duration and the number of cycles can affect the purity
of the extracted hydrogen: purity is expected to improve as the number of cycles increases, and longer time
periods between cycles allow gravitational separation between hydrogen and in-situ fluids [23]. The extracted
gas stream may require treatment to meet the required hydrogen specifications [23]. Seasonal field-scale
simulations also show that using formation gas as cushion gas can increase ultimate hydrogen recovery but
at the cost of hydrogen purity, and injecting an H2–formation-gas mixture can lead to a varying hydrogen
fraction in the withdrawn gas [13]. Gas mixing is governed by molecular diffusion and mechanical dispersion
(velocity-dependent), and compositional simulation is used to predict the produced-gas composition during
cyclic operation [21]. Withdrawal purity also depends strongly on hydrodynamics and the evolution of the
H2–cushion-gas mixing zone (e.g., CO2 solubility effects in gravity-stable vs viscous-dominated regimes)
[22]. Compositional modeling with an appropriate equation of state is therefore important for forecasting
withdrawal composition and purity [23].

2.3 Deep Saline Aquifers
Deep saline aquifers can provide very large storage capacity for seasonal-to-interseasonal energy storage. In
particular, porous saline aquifers and depleted hydrocarbon fields offer storage capacities several orders of
magnitude larger than salt caverns, but suitable sites require specific characterization to ensure secure and
economic injection and reproduction [1].

2.3.1 Hydrogen Dissolution
Hydrogen dissolves into formation brine and can be transported in the aqueous phase. Dissolution can represent
both a trapping mechanism and a loss pathway, and solubility depends strongly on pressure, temperature, and
salinity [27, 28, 29]. A common representation is Henry’s-law-type behavior,

𝑥𝐻2 =
𝑓𝐻2

𝐻 (𝑇) , (1)

where 𝑥𝐻2 is the aqueous-phase mole fraction, 𝑓𝐻2 is hydrogen fugacity, and𝐻 (𝑇) is the temperature-dependent
Henry constant.

Depth-based calculations indicate that hydrogen solubility can become appreciable under subsurface
conditions. For example, at about 1000 m depth (roughly ∼100 bar under hydrostatic conditions), hydrogen
solubility in pure water is on the order of 0.07 mol/kgH2O [28]. Salinity reduces solubility via a salting-out
effect; at the investigated depths, solubility is about 35% lower in 1 mol/kgH2O NaCl brine than in pure water,
and about 30% lower in 2 mol/kgH2O NaCl than in 1 mol/kgH2O NaCl [28].

For underground storage conditions (typically below about 60◦C), pressure is a key factor governing phase
equilibrium, while salinity plays a secondary (but non-negligible) role [28]. Accurate solubility modeling
in brines may require electrolyte-capable thermodynamic models; for example, Lopez-Lazaro et al. discuss
parameterization of the Søreide–Whitson framework for H2–H2O–NaCl [28].

2.3.2 Capillary Trapping in Heterogeneous Media
After injection ceases, capillary trapping can immobilize portions of the gas phase as disconnected ganglia,
limiting plume migration over long timescales; this mechanism is well established in the context of CO2
storage and is relevant to gas storage more broadly [30]. The degree and spatial distribution of trapped gas
will depend on rock structure, capillary properties, and heterogeneity.
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Table 1. Comparison of physical processes and modeling requirements for different geological storage types [1, 2, 3].

Aspect Salt Caverns Porous Media (Reser-
voirs/Aquifers)

Primary physics Thermodynamics, geome-
chanics, heat transfer

Multiphase flow, capillarity,
transport

Flow equations Single-phase compressible
gas dynamics

Darcy-scale multiphase flow

Key constitutive mod-
els

Creep laws (Norton,
Munson-Dawson), gas EOS

𝑘𝑟 (𝑆), 𝑝𝑐 (𝑆), hysteresis models

Dominant uncertain-
ties

Cavern geometry, creep pa-
rameters, thermal properties

Permeability heterogeneity, wet-
tability, microbial kinetics

Cyclic effects Salt fatigue, thermal stress
cycling

Saturation hysteresis, residual
trapping evolution

Typical capacity 106–108 m3 (STP) per cav-
ern

108–1010 m3 (STP) per forma-
tion

Cycling rate capabil-
ity

Hours to days (high deliver-
ability)

Days to months (rate limited by
injectivity)

Hydrogen losses Negligible (impermeable
salt)

1–20% (dissolution, diffusion,
microbial)

Infrastructure needs Solution mining, brine dis-
posal

May use existing wells (depleted
reservoirs)

2.3.3 Long-Distance Plume Migration
In laterally extensive aquifers, buoyancy provides a characteristic driving force that can promote segregation
and, when a lateral pressure/height gradient exists (e.g., sloping caprock or thickness variations), lateral plume
migration. A convenient Darcy-scale buoyancy velocity is

𝑢𝑏 ∼
𝑘 Δ𝜌 𝑔

𝜇𝑔
, (2)

which follows from balancing Darcy flow with hydrostatic pressure gradients and is widely used in porous
gravity-current scalings [33].

If one wishes to express an average gas velocity within the gas-filled pore space, the corresponding seepage
(pore) velocity scale is obtained by dividing the specific discharge by the available pore fraction,

𝑣𝑏 ∼
𝑢𝑏

𝜙𝑆𝑔
∼ 𝑘 Δ𝜌 𝑔

𝜇𝑔 𝜙 𝑆𝑔
, (3)

(using the standard conversion from specific discharge to seepage velocity by division by porosity [34]). In
multiphase settings, a relative-permeability factor 𝑘𝑟𝑔 is commonly included, i.e. 𝑢𝑏 ∼ 𝑘𝑘𝑟𝑔Δ𝜌𝑔/𝜇𝑔.

It is noteworthy that this is an order-of-magnitude estimate for the characteristic velocity scale, not a
predictive formula.

2.4 Modeling Implications by Formation Type
The foregoing discussion illustrates that different geological settings require fundamentally different modeling
approaches. Table 1 summarizes these distinctions to guide model selection.
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3 Multiphase Flow Physics
Hydrogen storage in porous media inherently involves at least two fluid phases: a hydrogen-rich gas phase
and an aqueous brine phase [6]. In depleted reservoirs, residual hydrocarbons may constitute a third phase.
Understanding the physics governing the interaction of these phases, the competition between viscous,
capillary, and gravitational forces, is fundamental to predicting storage performance and selecting appropriate
constitutive models.

3.1 Hydrogen Fluid Properties
The unique physical properties of hydrogen, relative to other subsurface gases, strongly influence multiphase
flow and mass transfer in porous media. Table 2 summarizes representative values and ranges for key
parameters controlling mobility, buoyancy, capillarity, dissolution, and diffusion. Because some properties are
basis-dependent (gas-phase versus aqueous/brine phase, and temperature/salinity), the table explicitly reports
the reference conditions for each entry.

Several features in Table 2 merit emphasis. First, at typical reservoir pressures and temperatures, hydrogen’s
density is substantially lower than methane and far lower than dense or supercritical CO2 when present,
amplifying buoyancy forces and accelerating vertical segregation and gravity override. Second, hydrogen’s
viscosity is lower than methane and CO2, increasing mobility; during gas–gas or gas–brine displacement
this can produce unfavorable mobility ratios and promote viscous fingering unless counteracted by capillary
forces, gravity stabilization, or operational controls. Third, hydrogen exhibits comparatively high aqueous
diffusivity; even when aqueous diffusivities are reported at a different basis temperature (e.g., 25◦C in standard
compilations), the ordering typically persists and indicates enhanced diffusive mass transfer and more rapid
mixing/dissolution when brine contact is significant. Fourth, hydrogen deviates from ideal-gas behavior at
elevated pressures, with 𝑍 measurably different from unity (often slightly above 1 in the relevant regime), so
density and related transport predictions should rely on an appropriate equation of state rather than ideal-gas
assumptions.

Table 3 compares the mobility characteristics of hydrogen with other gases commonly encountered in
underground storage operations. The substantially higher mobility ratio for H2 relative to CH4, CO2, and N2
has direct implications for displacement efficiency, fingering tendency, and ultimate recovery.

Intelligent Computing for Energy and Environment Vol. 1, No. 1 (2026)
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Table 3. Comparison of mobility characteristics for gases in underground storage. Conditions: 100 bar, 50°C, brine
viscosity 𝜇𝑤 ≈ 0.5 mPa·s. Mobility ratio 𝑀 = 𝜆𝑔/𝜆𝑤 = (𝑘𝑟𝑔/𝜇𝑔)/(𝑘𝑟𝑤/𝜇𝑤) evaluated at endpoint saturations.

Property H2 CH4 CO2 N2 Units

Fluid properties at 100 bar, 50°C
Gas viscosity 𝜇𝑔 9–10 15–18 20–25𝑎 20–22 𝜇Pa·s
Gas density 𝜌𝑔 7–8 65–75 200–700𝑎 100–115 kg/m3

Viscosity ratio 𝜇𝑤/𝜇𝑔 50–55 28–33 20–25 23–25 –

Mobility characteristics
Typical 𝑀 (endpoint)𝑏 20–100 10–30 2–15𝑎 10–25 –
Fingering tendency𝑐 Severe Moderate Mild–Moderate Moderate –
Gravity number 𝑁𝑔𝑑 High Moderate Low–High𝑎 Moderate –

Displacement efficiency
Breakthrough 𝑆∗𝑤𝑒 0.55–0.70 0.45–0.55 0.35–0.50 0.45–0.55 –
Sweep efficiency 𝑓 40–60% 55–70% 60–80% 55–70% –
Recovery factor (1st cycle) 50–80% 70–90% 80–95% 75–90% –

Operational implications
Cushion gas fraction 40–60% 30–40% 20–35% 30–40% –
Cycling stability Builds slowly Stable Stable Stable –

The extreme mobility contrast for hydrogen (𝑀 ∼ 20–100 compared to 𝑀 ∼ 2–15 for CO2) explains several
operational challenges specific to UHS. First, viscous fingering during injection reduces volumetric sweep
efficiency to 40–60%, requiring larger cushion gas volumes (40–60% of working gas) compared to natural
gas storage (30–40%). Second, early gas breakthrough during withdrawal leads to lower first-cycle recovery
factors (50–80%) that improve gradually as residual saturations stabilize over multiple cycles [1]. Third, the
high gravity number partially compensates for unfavorable viscous effects by promoting gravity segregation,
which concentrates hydrogen at structural highs and can improve withdrawal purity. These trade-offs between
viscous instability and gravity segregation are central to UHS design optimization.

3.2 Hydrogen-Brine Interfacial Properties
Recent experimental and computational studies have substantially expanded the database for H2–brine
interfacial tension under reservoir conditions. Hosseini et al. [72] measured IFT over temperatures of 298–423
K, pressures of 2.8–34.5 MPa, and salinities up to 5 mol/kg using the pendant drop method, finding that IFT
decreases linearly with increasing pressure and temperature while increasing with salinity. Chow et al. [73]
reported IFT for H2–H2O and H2–CO2–H2O systems at pressures up to 45 MPa and temperatures of 298–448
K, providing baseline data for cushion gas scenarios. Mirchi et al. [48] demonstrated that CH4 addition to the
gas phase reduces H2–brine IFT, with implications for cushion gas selection in depleted gas reservoirs.

Machine learning approaches have been developed to predict IFT across broader parameter ranges than
covered by experiments alone. Xie et al. [74] used molecular dynamics to generate 840 data points for
(H2+CO2)–brine systems and developed ML-based correlations achieving 𝑅2 = 0.902 against experimental
data. Behnamnia et al. [75] applied hybrid ML techniques to model IFT in H2–cushion gas–brine systems
for geological storage applications. These predictive tools enable IFT estimation under conditions not yet
measured experimentally, though validation against new measurements remains essential.

Intelligent Computing for Energy and Environment Vol. 1, No. 1 (2026)
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3.3 Fractional Flow
The fractional flow of the wetting phase directly relates to mobility ratio through [31]:

𝑓𝑤 =
1

1 +
𝑘𝑟𝑔

𝑘𝑟𝑤
· 1
𝑀𝜇

, (4)

where 𝑀𝜇 = 𝜇𝑤/𝜇𝑔 is the viscosity ratio. For hydrogen (𝑀𝜇 ≈ 50–100), the adverse mobility produces a
fractional flow curve that rises steeply at low water saturations compared to CH4 (𝑀𝜇 ≈ 15–30) and CO2
(𝑀𝜇 ≈ 5–15) [32].

The Buckley-Leverett theory describes saturation front propagation, with shock-front saturation 𝑆∗𝑤
determined by the Welge tangent construction [31]. For hydrogen, the steep fractional flow curve yields
𝑆∗𝑤 ≈ 0.3–0.4, compared to 𝑆∗𝑤 ≈ 0.5–0.6 for CO2 [6]. This results in earlier water breakthrough and extended
two-phase production periods.

The adverse fractional flow behavior reduces displacement efficiency at breakthrough by 20–30% compared
to methane. Combined with hysteretic trapping during withdrawal, this contributes to working gas recovery
factors of 50–80% for UHS versus >90% for natural gas storage [1, 9]. Lower displacement efficiency also
necessitates larger cushion gas volumes.

Gravity modifies the fractional flow through the density contrast (Δ𝜌 ≈ 990–1050 kg/m3 for H2-brine),
which can stabilize or destabilize displacement depending on flow orientation. Capillary effects introduce
dispersion of the shock front, reducing fingering intensity but increasing mixing zone thickness during cyclic
operations.

3.4 Mobility Ratio and Displacement Stability
For immiscible displacement, the mobility ratio is commonly used as a first-order indicator of viscous stability
[41]:

𝑀 =
𝜆displacing

𝜆displaced
=
𝑘𝑟 ,𝑔/𝜇𝑔
𝑘𝑟 ,𝑤/𝜇𝑤

, (5)

where 𝜆𝛼 = 𝑘 𝑘𝑟 ,𝛼/𝜇𝛼 is the phase mobility and subscripts 𝑔 and 𝑤 denote gas and water/brine. In practice,
𝑀 should be evaluated consistently at the relevant saturation state (e.g., near the displacement front or using
endpoint values as an approximation).

For hydrogen displacing brine during injection, the viscosity contrast is large (order 𝜇𝑤/𝜇𝐻2 ∼ 50–100
depending on temperature and salinity), and endpoint relative permeabilities vary widely across rocks and
measurement protocols. Using representative endpoint ranges (e.g., 𝑘0

𝑟 ,𝑔 ∼ 0.5–0.8 and 𝑘0
𝑟 ,𝑤 ∼ 0.3–0.5 as

an illustrative approximation), mobility ratios are typically unfavorable, yielding 𝑀 ∼ O(10)–O(102). Such
𝑀 > 1 conditions increase the propensity for viscous fingering, although the onset and severity also depend
on capillarity, dispersion, gravity, and heterogeneity [41].

The practical consequences of unfavorable mobility (and the associated tendency toward unstable dis-
placement) include reduced sweep efficiency and channeling, which can lead to earlier gas production
and non-uniform plume development. In the context of underground hydrogen storage, an additional and
widely noted consequence is increased mixing/contamination with residual or cushion gas, which can reduce
withdrawal purity and effective recoverability; numerical studies summarized by Okoroafor et al. show that
hydrogen may infiltrate the cushion gas near injectors, hindering piston-like displacement and degrading
recovery performance in viscous-dominated regimes [9, 41]. The quantitative impact of these mobility
effects on displacement and recovery efficiency is formalized through fractional flow analysis in the following
subsection.

Intelligent Computing for Energy and Environment Vol. 1, No. 1 (2026)
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Mobility contrast and phase-segregation regime
For an injection scenario in which buoyancy acts perpendicular to the mean flow direction, the relative
importance of viscous and gravity forces determines whether the displacement is gravity-stable, mixed, or
gravity-overridden. A convenient scaling compares the characteristic time for vertical buoyancy segregation,
𝑡𝑏 ∼ 𝐻 𝜙 𝜇𝑔/(𝑘 𝑘𝑟 ,𝑔 Δ𝜌 𝑔), with the characteristic time for horizontal viscous advection across the swept
zone, 𝑡𝑣 ∼ 𝐿 𝜙/𝑢, where 𝐻 and 𝐿 are the vertical and lateral extents of the swept region and 𝑢 is the Darcy
velocity. The ratio 𝑡𝑣/𝑡𝑏 = (𝐿 𝜇𝑔)/(𝐻 𝑢) × (𝑘 𝑘𝑟 ,𝑔 Δ𝜌 𝑔)/(𝜇𝑔 𝑢) ∼ (𝐿/𝐻) 𝑁𝑔 shows that gravity segregation
dominates when the gravity number is large and the lateral-to-vertical aspect ratio is high. For H2–brine
with Δ𝜌 ∼ 103 kg/m3, typical UHS scenarios yield 𝑁𝑔 ∼ 10–100 (Table 4), so plumes with even modest
aspect ratios (𝐿/𝐻 ≳ 1) tend toward gravity-overridden configurations during slow injection. At elevated
injection rates that depress 𝑁𝑔 below order unity, viscous forces drive lateral fingering and the M-dominated
unstable regime takes over. The transition between these regimes is therefore an operational lever: rate
management directly controls which dimensionless number (𝑀 or 𝑁𝑔) dominates the segregation pattern,
and consequently which constitutive uncertainties (mobility-ratio extrapolations vs. relative-permeability
hysteresis) most influence forecast accuracy.

3.5 Capillary Number and Flow Regimes
In addition to the mobility (or viscosity) contrast, the capillary number quantifies the competition between
viscous and capillary forces during gas–brine displacement. Following the classical Lenormand-type scaling,
the capillary number is defined using the viscosity of the invading (displacing) fluid [38]:

𝐶𝑎 =
𝜇𝑖 𝑢

𝛾
, (6)

where 𝑢 is a characteristic Darcy velocity, 𝛾 is the gas–brine interfacial tension, and 𝜇𝑖 is the viscosity of the
invading phase (for H2 injection in drainage, 𝜇𝑖 = 𝜇𝑔).

The pore-scale displacement morphology is commonly interpreted on a (𝐶𝑎, 𝑀) phase diagram, in
which the outcome depends on both capillary number and viscosity (or mobility) ratio [38]. At low 𝐶𝑎,
capillary forces dominate and the invasion proceeds by capillary-controlled pore-entry events, producing
invasion-percolation/capillary-fingering type patterns. As 𝐶𝑎 increases, viscous forces become increasingly
important; for unfavorable viscosity contrast the displacement tends toward viscous fingering, while for
favorable contrast the front can become more stable and compact.

Microfluidic experiments by Lysyy et al. [39] illustrate the strong sensitivity of post-drainage (after injection)
gas saturation to 𝐶𝑎 in hydrogen–water systems: the reported field-of-view hydrogen saturation after drainage
increased from 𝑆𝑔 ≈ 0.18 at 𝐶𝑎 = 7.68 × 10−7 to 𝑆𝑔 ≈ 0.79 at 𝐶𝑎 = 3.84 × 10−4, consistent with increased
viscous influence at higher injection rates.

3.6 Viscous Fingering Analysis
The tendency for viscous fingering during hydrogen injection in brine-saturated porous media is commonly
interpreted through mobility contrast and interfacial stability arguments [41]. When the displacing gas exhibits
higher mobility than the displaced brine (𝑀 > 1), perturbations at the front may grow, producing unstable
displacement patterns.

Recent pore-scale simulations using micromodels confirm that the observed fingering morphology is
not controlled by mobility ratio alone, but strongly depends on injection velocity (or capillary number)
and pore geometry [40]. In particular, increasing injection velocity promotes a transition from stable or
capillary-controlled invasion toward more viscous-dominated, elongated fingers, while variations in porous
structure and porosity significantly reshape finger growth, branching, and sweep. These results emphasize that
viscous fingering in UHS is a coupled outcome of viscosity contrast, capillary stabilization, and pore-scale
heterogeneity [22, 41, 40].
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3.7 Mitigation Strategies for Unstable Displacement
Several operational and engineering strategies can reduce the impact of unstable or highly non-uniform
displacement in porous-media UHS. The effectiveness of any strategy is site- and operation-dependent and
reflects the interplay of viscous, capillary, gravity, and heterogeneity effects [1, 9].

Injection rate management: Reducing injection rate lowers viscous forcing (and the associated capillary
number), thereby decreasing the tendency toward viscous-dominated, unstable displacement. UHS simulations
summarized by Okoroafor et al. indicate that at small injection rates gravitational forces can dominate and
enable more uniform water displacement, whereas at higher injection rates viscous forces become dominant
and displacement becomes unstable with lateral gas fingers [9, 38].

Well placement and completion strategy: Strategic well placement and completion can improve sweep
and recovery by controlling plume migration pathways and limiting strong local pressure gradients. For
example, UHS studies summarized by Okoroafor et al. show sensitivity to injector placement in dipping
structures and improved recovery for extraction wells completed just below the caprock (and wells that do not
extend over the full reservoir thickness) [9]. Horizontal wells may further distribute injection/production over
longer intervals (thereby lowering local fluxes), but their benefit should be evaluated case-by-case.

Gravity stabilization: In thick or steeply dipping reservoirs, injecting hydrogen at structural highs and
displacing brine downward can promote gravity-stable configurations (light gas over dense brine). In the
San Pedro dome case study, no viscous fingering was observed despite strong density/viscosity contrast,
highlighting the stabilizing role of structural dip and gravity segregation [35].

Cyclic (seasonal) operation: UHS is inherently cyclic (injection/withdrawal over seasons). Studies
summarized by Okoroafor et al. indicate that storage-cycle behavior can influence withdrawal performance
and mixing outcomes [9]. Any additional benefit from shut-in periods (e.g., redistribution by gravity and
capillarity) should be treated as system-specific rather than universal.

Cushion gas selection: Cushion gas choice strongly influences recovery and withdrawal purity. Okoroafor
et al. summarize simulation studies comparing methane, nitrogen, and CO2 cushion gases, reporting that
performance metrics (recovery and purity) vary by cushion gas and reservoir scenario [9]. For CO2 cushion
gas specifically, numerical modeling indicates that CO2 solubility in brine can act as a compositional “filter”
that modifies produced-gas purity [22].

3.8 Gravity Effects and Segregation
The large density contrast between hydrogen and brine (Δ𝜌 ≈ 990–1000 kg/m3) creates strong buoyancy forces
driving vertical segregation [35]. The ratio of gravity to viscous forces is characterized by the gravity number:

𝑁𝑔 =
𝑘 Δ𝜌 𝑔

𝜇𝑔 𝑣
(7)

For typical UHS parameters (𝑘 ∼ 10−13 m2, Δ𝜌 ∼ 1000 kg/m3, 𝜇𝑔 ∼ 10−5 Pa·s, 𝑣 ∼ 10−5 m/s),
𝑁𝑔 ∼ 10–100, indicating that gravity forces significantly exceed viscous forces and vertical segregation is
rapid [35].

The phrase “rapid” merits a quantitative statement. The characteristic buoyancy migration timescale follows
from balancing Darcy flow against the hydrostatic pressure gradient: 𝑡𝑏 ∼ 𝐻 𝜇𝑔/(𝑘 𝑘𝑟 ,𝑔 Δ𝜌 𝑔), where 𝐻 is the
vertical extent of the plume. Setting 𝜇𝑔 = 9 × 10−6 Pa·s, Δ𝜌 = 103 kg/m3, 𝑘𝑟 ,𝑔 = 0.5, the timescale varies
by orders of magnitude across realistic UHS conditions. For 𝐻 = 10 m and 𝑘 = 10 mD, 𝑡𝑏 ≈ 20 days; for
𝐻 = 50 m, 𝑘 = 10 mD, 𝑡𝑏 ≈ 100 days; for 𝐻 = 50 m, 𝑘 = 100 mD, 𝑡𝑏 ≈ 10 days; for 𝐻 = 100 m, 𝑘 = 1 mD,
𝑡𝑏 ≈ 2000 days (5.5 years).

This range spans the operational cycle durations relevant to UHS. For seasonal storage with shut-in periods
of 3–6 months, plumes in high-permeability formations (𝑘 ≳ 50 mD) substantially re-equilibrate gravitationally
between cycles, while plumes in tight formations (𝑘 ≲ 1 mD) do not. The modeling consequence is direct:
simulators applying vertical-equilibrium (gravity-segregated) initial conditions to each new injection cycle are
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appropriate only when 𝑡𝑏 ≪ 𝑡𝑐𝑦𝑐𝑙𝑒; for tighter formations where this is violated, the residual non-equilibrium
state from the previous cycle must be tracked as initial condition. This distinction also affects withdrawal-
purity predictions, because incomplete gravity segregation leaves more H2 co-located with brine, increasing
dissolved-phase carry-over during production.

3.9 Peclet Number and Advection-Diffusion Balance
The Peclet number quantifies the relative importance of advective transport to molecular diffusion:

Pe =
𝑣 𝐿

𝐷
(8)

where 𝑣 is the characteristic pore velocity, 𝐿 is a characteristic length scale (typically grain diameter or plume
dimension), and 𝐷 is the molecular diffusion coefficient. For hydrogen in UHS operations, two Peclet number
regimes are relevant. Near injection and production wells where velocities are high (𝑣 ∼ 10−4–10−3 m/s), Pe
≫ 1 and advection dominates transport; mixing is controlled by mechanical dispersion rather than molecular
diffusion. In the far-field storage zone where velocities decay (𝑣 ∼ 10−7–10−6 m/s), Pe approaches unity or
below, and molecular diffusion becomes significant for compositional evolution and dissolution into brine.
For hydrogen with its high aqueous diffusivity (𝐷𝐻2 ≈ 5 × 10−9 m2/s), the transition to diffusion-dominated
behavior occurs at larger length scales than for heavier gases, implying that diffusive losses and mixing may
be more significant in quiescent storage zones.

3.10 Bond Number and Gravity-Capillary Balance
The Bond number (or Eötvös number) characterizes the balance between gravitational and capillary forces at
the pore scale [38]:

Bo =
Δ𝜌 𝑔 𝐿2

𝛾
(9)

where Δ𝜌 is the density difference between phases, 𝑔 is gravitational acceleration, 𝐿 is a characteristic pore
or grain size, and 𝛾 is interfacial tension. For hydrogen–brine systems with Δ𝜌 ≈ 1000 kg/m3, 𝛾 ≈ 60
mN/m, and typical sandstone grain sizes (𝐿 ∼ 100–500 𝜇m), Bo ∼ 10−4–10−3, indicating that capillary forces
dominate at the pore scale. However, at the continuum scale with characteristic lengths of meters to tens of
meters, gravitational segregation becomes the controlling factor. This scale-dependent transition explains why
pore-scale experiments may not capture the gravity override behavior observed at field scale, and why both
capillary trapping (pore scale) and buoyancy-driven migration (field scale) are simultaneously important for
UHS. Table 4 summarizes the key dimensionless numbers governing UHS transport phenomena along with
their typical ranges for hydrogen systems.

3.10.1 Mechanistic interaction of buoyancy and capillary entry pressure.
The competition between buoyancy and capillary forces determines whether hydrogen can breach the
caprock seal. At the gas–water contact, the buoyancy pressure exerted by a hydrogen column of height ℎ is
Δ𝑝𝑏𝑢𝑜𝑦 = (𝜌𝑤 − 𝜌𝑔)𝑔ℎ. This upward-directed pressure must overcome the capillary entry pressure 𝑝𝑒 of the
seal before gas can invade. The critical column height at which breakthrough becomes possible is therefore:

ℎ𝑐𝑟𝑖𝑡 =
𝑝𝑒

(𝜌𝑤 − 𝜌𝑔)𝑔
=

2𝛾 cos 𝜃
𝑟𝑡ℎ𝑟𝑜𝑎𝑡 (𝜌𝑤 − 𝜌𝑔)𝑔

(10)

For hydrogen with 𝛾 ≈ 60 mN/m, 𝜃 ≈ 30, and Δ𝜌 ≈ 1000 kg/m3, a shale caprock with 𝑟𝑡ℎ𝑟𝑜𝑎𝑡 ≈ 10 nm yields
𝑝𝑒 ≈ 10 MPa and ℎ𝑐𝑟𝑖𝑡 ≈ 1000 m—far exceeding typical storage column heights. However, if the caprock
contains larger pore throats (e.g., 𝑟𝑡ℎ𝑟𝑜𝑎𝑡 ≈ 1 𝜇m in siltstones), 𝑝𝑒 drops to ∼0.1 MPa and ℎ𝑐𝑟𝑖𝑡 ≈ 10 m,
potentially allowing breakthrough in shallow or thick gas columns. This analysis reveals that seal integrity
depends critically on the largest connected pore throats (not mean pore size), and that hydrogen’s lower IFT
compared to CO2 reduces ℎ𝑐𝑟𝑖𝑡 by approximately 20–40% for equivalent pore structures.
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Table 4. Dimensionless numbers governing UHS transport phenomena: typical H2 ranges, threshold values, and the
modeling decision triggered when the threshold is crossed.

Number Definition Physical Mean-
ing

H2 Range Threshold and Modeling Deci-
sion

Mobility ratio
𝑀

𝑘𝑟 ,𝑔/𝜇𝑔
𝑘𝑟 ,𝑤/𝜇𝑤

Viscous displace-
ment stability

20–100 𝑀 ≫ 1: front unstable; requires
fine grid, fingering-corrected 𝑘𝑟 , or
sub-grid mixing model

Capillary num-
ber Ca

𝜇𝑖𝑣

𝛾
Viscous vs. capil-
lary forces

10−12–
10−6

Ca≲ 10−6: capillary-dominated,
𝑝𝑐 (𝑆) controls front shape; Ca≳
10−4: viscous-dominated, capil-
lary smoothing negligible

Gravity number
𝑁𝑔

𝑘Δ𝜌𝑔

𝜇𝑔𝑣
Gravity vs. vis-
cous forces

10−3–102 𝑁𝑔 ≫ 1: vertical-equilibrium
/ gravity-current approximation
valid; 𝑁𝑔 ≪ 1: full 3D simula-
tion required

Peclet number
Pe

𝑣𝐿

𝐷
Advection vs. dif-
fusion

10−5–103 Pe≫ 1: advection-dominated, dis-
persion model needed; Pe≲ 1:
diffusion-controlled mixing and
dissolution

Bond number
Bo

Δ𝜌𝑔𝐿2

𝛾
Gravity vs. capil-
larity

10−5–102 Bo≪ 1 at pore scale: capillary
trapping effective; Bo≫ 1 at con-
tinuum scale: buoyant migration
dominates

Knudsen num-
ber Kn

𝜆

𝑑pore
Mean free path vs.
pore size

10−5–101 Kn< 10−3: continuum Darcy/-
Fick; 10−3 <Kn< 10−1: Klinken-
berg slip correction; 0.1 <Kn<
10: dusty-gas model; Kn> 10:
Knudsen diffusion
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Figure 2 synthesizes the dimensionless analysis by mapping flow regimes in capillary number–mobility ratio
space. Hydrogen–brine systems typically operate in the viscous fingering regime due to their high mobility
ratios (𝑀 ∼ 20–100), whereas CH4 and CO2 systems may achieve more stable displacement under equivalent
conditions. This regime map provides practitioners with a diagnostic tool for assessing displacement stability
and identifying conditions where operational modifications (reduced injection rates, WAG strategies) may
improve sweep efficiency.

Ca

𝑀

10−8 10−6 10−4 10−2 100

1

10

100

Stable
Compact front

Viscous
Fingering
𝑀 > 𝑀𝑐𝑟𝑖𝑡

Capillary
Fingering

Gravity
Override

H2–brine

UHS range

CH4

CO2

Figure 2. Multiphase flow regime map in capillary number–mobility ratio (Ca–𝑀) space for gas–brine displacement in
porous media. Hydrogen–brine systems (red dashed ellipse) typically operate in the viscous fingering regime due to high
mobility ratios (𝑀 ∼ 20–100), in contrast to CH4 and CO2 systems that may achieve more stable displacement. Regime
boundaries are approximate and depend on pore structure and wettability.

3.11 Dimensionless analysis applied: regime classification for representative UHS scenarios
To translate the dimensionless framework of Table 4 into operational guidance, we compute the full set
(𝑀,Ca, 𝑁𝑔, Pe,Bo,Kn) for three representative UHS scenarios spanning the geological and operational range
encountered in practice. For each scenario we distinguish a near-well regime (high Darcy velocity during
active injection or withdrawal) from a far-field regime (low Darcy velocity during quiescent storage), because
operational conditions can shift a single reservoir between distinct regions of the flow-regime map.

Scenario A: Depleted sandstone gas reservoir. Conditions: 𝑃 = 100 bar, 𝑇 = 323 K, 𝑘 = 100 mD, grain
size 𝐿 ∼ 200 𝜇m, pore-throat diameter 𝑑pore ∼ 50 𝜇m, endpoint 𝑘0

𝑟 ,𝑔 = 0.6, 𝑘0
𝑟 ,𝑤 = 0.4, IFT 𝛾 = 60 mN/m.

For 𝜇𝑤/𝜇𝑔 ≈ 55, the mobility ratio is 𝑀 ≈ 83, independent of velocity. At a near-well Darcy velocity
𝑣 ∼ 10−3 m/s, the dimensionless numbers are Ca ≈ 1.5 × 10−7, 𝑁𝑔 ≈ 0.1, Pe ≈ 40, Bo ≈ 7 × 10−3,

Intelligent Computing for Energy and Environment Vol. 1, No. 1 (2026)



UHS Physics Review | Page 15 of 31

Kn ≈ 2 × 10−5. At a far-field velocity 𝑣 ∼ 10−6 m/s, the same reservoir yields Ca ≈ 1.5 × 10−10, 𝑁𝑔 ≈ 110,
Pe ≈ 0.04, with Bo and Kn unchanged.

Scenario B: Deep saline aquifer. Conditions: 𝑃 = 150 bar, 𝑇 = 343 K, 𝑘 = 10 mD, 𝐿 ∼ 100 𝜇m,
𝑑pore ∼ 20 𝜇m, endpoint 𝑘0

𝑟 ,𝑔 = 0.5, 𝑘0
𝑟 ,𝑤 = 0.35. Mobility ratio 𝑀 ≈ 79. Near-well (𝑣 ∼ 5 × 10−4 m/s):

Ca ≈ 7 × 10−8, 𝑁𝑔 ≈ 0.02, Pe ≈ 10. Far-field (𝑣 ∼ 5 × 10−7 m/s): Ca ≈ 7 × 10−11, 𝑁𝑔 ≈ 22, Pe ≈ 0.01.
Bond number Bo ≈ 1.6 × 10−3 and Knudsen number Kn ≈ 4 × 10−5 throughout.

Scenario C: Tight reservoir / caprock-adjacent zone. Conditions: 𝑃 = 100 bar, 𝑇 = 323 K, 𝑘 = 0.01 mD,
𝐿 ∼ 10 𝜇m, 𝑑pore ∼ 50 nm, endpoint 𝑘0

𝑟 ,𝑔 = 0.3, 𝑘0
𝑟 ,𝑤 = 0.25. Mobility ratio 𝑀 ≈ 67. Near-well

(𝑣 ∼ 10−5 m/s): Ca ≈ 1.5 × 10−9, 𝑁𝑔 ≈ 10−3, Pe ≈ 0.02. Far-field (𝑣 ∼ 10−8 m/s): Ca ≈ 1.5 × 10−12,
𝑁𝑔 ≈ 1, Pe ≈ 2 × 10−5. Critically, Kn ≈ 0.024 throughout, placing the formation in the slip-flow regime
where Klinkenberg corrections are mandatory.

Modeling decisions implied by the analysis
These computations expose three concrete modeling consequences that are obscured when dimensionless
numbers are merely tabulated:

1. The same reservoir occupies different regime regions during different operational phases. In Scenario
A, 𝑁𝑔 shifts by three orders of magnitude between near-well injection (𝑁𝑔 ≈ 0.1, viscous-dominated)
and far-field storage (𝑁𝑔 ≈ 110, gravity-stable). Simulators that apply a single vertical-equilibrium
assumption uniformly across the domain will misrepresent either the near-well displacement dynamics or
the long-term plume migration. A hybrid formulation, or local grid refinement near the wellbore with
vertical-equilibrium upscaling in the far field, is therefore appropriate.

2. Mobility ratio alone does not determine displacement stability; capillary number sets the regime
boundary. All three scenarios share 𝑀 ∼ 70–85, yet Ca varies by five orders of magnitude. In the
near-well regime of Scenario A (Ca ∼ 10−7, 𝑀 ∼ 83), the displacement lies in the viscous-fingering region
of Figure 2. In the far-field of Scenario C (Ca ∼ 10−12, 𝑀 ∼ 67), the displacement is capillary-dominated
despite identical mobility contrast. Constitutive uncertainty in 𝑘𝑟 dominates forecast error in the former
regime; uncertainty in 𝑝𝑐 dominates in the latter. Sensitivity analyses should be designed accordingly.

3. Knudsen number identifies which formations require non-Darcy corrections. Scenarios A and
B yield Kn ∼ 10−5, comfortably in the continuum regime where standard Darcy/Fick formulations
apply. Scenario C, representative of caprocks and tight reservoir layers, yields Kn ≈ 0.024, requiring
Klinkenberg-corrected permeability (Eq. 19). For sub-50-nm pore throats characteristic of shale caprocks,
Kn approaches or exceeds 0.1 and the dusty-gas model becomes necessary. This threshold is a hard
constraint on caprock integrity assessment: simulations that omit slip corrections will systematically
underestimate diffusive and slip-enhanced hydrogen migration through the seal.

The Peclet-number analysis adds a final operational insight. In all three scenarios, far-field Pe values are at
or below unity, meaning that long-term mixing, dissolution, and compositional evolution in the storage zone
are controlled by molecular diffusion rather than advection. Reservoir simulators that neglect aqueous-phase
diffusion of dissolved H2 (a common approximation) will accurately reproduce active-cycle behavior but may
systematically misrepresent the slow compositional drift that determines withdrawal purity over multi-year
storage durations.

These worked examples demonstrate that the dimensionless framework is not merely classificatory but
operationally prescriptive: each number, evaluated at the relevant scenario, triggers specific modeling choices
that propagate directly to forecast reliability.
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4 Hydrogen Trapping Mechanisms
The long-term security of underground hydrogen storage depends on multiple trapping mechanisms that
immobilize hydrogen or limit its upward migration within the geological formation. Four primary mechanisms
are commonly discussed for porous-media UHS: structural trapping, residual trapping, solubility trapping, and
(typically negligible) mineral trapping [2, 1, 8]. These mechanisms operate at different spatial and temporal
scales with distinct implications for storage capacity, recovery efficiency, and containment.

Figure 3 illustrates the principal mechanisms governing hydrogen retention and loss in underground storage.
Structural trapping beneath low-permeability caprocks and residual trapping of disconnected gas ganglia
provide the primary security for stored hydrogen. Solubility trapping represents a reversible sink that buffers
compositional changes but contributes to mixing losses. Mineral trapping and adsorption are generally minor
for H2 due to its low reactivity and weak surface interactions. Microbial consumption, where present, can
be a significant loss pathway. The following subsections quantify each mechanism and its mathematical
representation.

(a) Structural

Caprock

H2

Buoyancy

(b) Residual

Snap-off

Brine

(c) Solubility

H2(g)

H2(aq)

H2(aq) H2(aq)

Formation brine

𝐶𝐻2 = 𝐾𝐻 · 𝑝𝐻2

(d) Mineral

H2 Mineral
precipitation

Fe3+ + H2 → Fe2+ + 2H+

(e) Adsorption

Clay

Clay

Surface adsorption

(minor for H2)

(f) Microbial

H2

CH4 H2S

Methanogenesis
Sulfate reduction

Figure 3. Schematic representation of hydrogen trapping mechanisms in underground storage: (a) structural trapping
beneath low-permeability caprock driven by buoyancy; (b) residual trapping of disconnected gas ganglia following
snap-off during imbibition; (c) solubility trapping via dissolution into formation brine governed by Henry’s law; (d)
mineral trapping through geochemical reactions (typically minor for H2); (e) adsorption on mineral surfaces (minor
contribution); (f) microbial consumption converting H2 to CH4 or H2S. Structural and residual trapping dominate storage
security; solubility and microbial mechanisms represent loss pathways.

4.1 Structural Trapping
Structural trapping is the primary mechanism for retaining mobile hydrogen within the storage formation. It
relies on the accumulation of buoyant gas beneath an impermeable seal (caprock) in a structural closure [1, 2].
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The driving force is the density contrast between hydrogen (𝜌𝐻2 ≈ 6–8 kg/m3 at ∼100 bar and 50–60◦C) and
brine (𝜌𝑏𝑟𝑖𝑛𝑒 ≈ 1000–1200 kg/m3), creating buoyancy pressure:

Δ𝑝𝑏𝑢𝑜𝑦 = (𝜌𝑤 − 𝜌𝑔) · 𝑔 · ℎ (11)

where ℎ is the hydrogen column height. For a 100-m column, Δ𝑝𝑏𝑢𝑜𝑦 ≈ 1 MPa.
The caprock limits upward migration through its capillary entry pressure, the threshold for gas to penetrate

the seal’s fine pore network [45]:
𝑝𝑒 =

2𝛾 cos 𝜃
𝑟𝑡ℎ𝑟𝑜𝑎𝑡

(12)

For hydrogen (𝛾 ≈ 50–70 mN/m) in typical shale caprocks (𝑟𝑡ℎ𝑟𝑜𝑎𝑡 ∼ 10–100 nm), entry pressures
are commonly in the MPa range; the corresponding maximum supported column height follows ℎmax ≈
𝑝𝑒/[(𝜌𝑤 − 𝜌𝑔)𝑔] and therefore spans from tens to hundreds of meters (or more), depending on wettability
and pore-throat size [45]. Structural trapping is typically the dominant containment mechanism in structural
closures and is largely reversible during withdrawal.

Despite recent progress, hydrogen-specific measurements of wettability and interfacial tension under
representative subsurface conditions remain limited compared to CO2 and CH4 systems. Hosseini et al. [72]
measured H2–brine interfacial tension over wide ranges of temperatures (298–423 K), pressures (2.76–
34.47 MPa), and salinities (0–4.95 mol/kg), finding that 𝛾 decreased linearly with increasing pressure and
temperature but increased with salinity. Janjua et al. [46] extended these measurements using deionized
water, seawater, and various individual brines (NaCl, KCl, MgCl2, CaCl2, Na2SO4) at pressures up to 20 MPa
and temperatures up to 70◦C. For contact angle characterization, Mirchi et al. [48] measured static contact
angles of H2–CH4 mixtures in contact with brine on oil-wet sandstone and limestone rocks, reporting weakly
water-wet behavior with contact angles ranging from 52.4◦ to 71.1◦ independent of temperature. Aslannezhad
et al. [47] provide a comprehensive synthesis of hydrogen/rock/brine interactions, including the effects of
pressure, temperature, salinity, organic contamination, and rock mineralogy on wettability.

Wettability characterization for H2–brine–rock systems has received increasing attention. Al-Yaseri et al.
[76] measured initial and residual trapping of H2 and N2 in Fontainebleau sandstone using NMR core flooding,
finding comparable trapping behavior between gases. Iglauer et al. [78] and Hashemi et al. [6] reported
contact angle measurements indicating that H2 may exhibit different wetting behavior compared to N2 or CH4
on certain mineral surfaces, with implications for capillary trapping predictions. Thaysen et al. [77] used
pore-scale imaging to visualize H2 displacement and trapping, observing that wettability heterogeneity at
mineral surfaces influences ganglia morphology and residual saturation.

4.2 Residual Trapping
Residual trapping immobilizes hydrogen as disconnected ganglia during imbibition (brine re-invasion)
following drainage [42, 30]. A key pore-scale mechanism is snap-off: as brine advances through gas-filled
pore networks, wetting films in pore throats can coalesce, disconnecting gas in adjacent pore bodies from the
continuous phase [69, 70].

The Land model [42] provides a commonly used relationship:

𝑆𝑔𝑟 =
𝑆𝑔,𝑚𝑎𝑥

1 + 𝐶 · 𝑆𝑔,𝑚𝑎𝑥
(13)

where 𝑆𝑔𝑟 is residual gas saturation, 𝑆𝑔,𝑚𝑎𝑥 is maximum saturation during preceding drainage, and 𝐶 is the
Land coefficient.

Available measurements for H2–brine systems suggest Land trapping coefficients in sandstones on the
order of 𝐶 ≈ 1.0–1.8, with maximum residual gas saturations 𝑆𝑔𝑟,max ≈ 0.18–0.28, depending on rock type,
wettability, and measurement protocol [6, 43]. For comparison, reported CO2–brine values in sandstone
span a similar range, with 𝐶 ≈ 0.8–2.0 and 𝑆𝑔𝑟,max ≈ 0.20–0.35 [30]. Overall, residual trapping provides a
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Table 5. Comparison of hydrogen trapping mechanisms [1, 2, 6].

Mechanism Timescale Relative Impor-
tance

Reversibility Primary Controls

Structural Instantaneous Dominant Largely re-
versible

Caprock quality, closure ge-
ometry

Residual Seconds–
hours

Secondary Partially Pore geometry, wettability,
IFT

Solubility Hours–days Typically minor–
moderate

Reversible Pressure, temperature, salin-
ity

Mineral Years–
decades

Typically negligi-
ble (capacity)

Irreversible Mineralogy, temperature,
biogeochemistry

secondary immobilization mechanism that can improve storage security but may reduce early-cycle hydrogen
recoverability, and its magnitude can evolve during cyclic injection/withdrawal as saturation hysteresis stabilizes
[6, 30].

4.3 Solubility Trapping
Solubility trapping removes hydrogen from the gas phase by dissolution into formation brine [27, 28].
Hydrogen solubility is commonly described using Henry-type behavior with salting-out corrections:

𝑚𝐻2 = 𝐾𝐻 (𝑇) 𝑓𝐻2 exp(−𝑘𝑠 𝑚𝑠) (14)

where 𝐾𝐻 is the Henry constant, 𝑓𝐻2 is fugacity, 𝑘𝑠 is the Setschenow coefficient, and 𝑚𝑠 is salt molality [29].
At UHS pressures, measured H2 solubility in NaCl brines is on the order of 10−2–10−1 mol/kg𝐻2𝑂,

depending on temperature and salinity (e.g., ∼0.05–0.07 mol/kg around 10–15 MPa in brines of a few mol/kg
NaCl) [27, 11]. Solubility trapping is typically minor–moderate relative to structural and residual mechanisms,
but it can contribute to diffusive losses and may provide substrate for microbial activity.

4.4 Mineral Trapping
Mineral trapping (in the sense of long-term, irreversible immobilization as new solid phases) is typically
negligible for hydrogen on operational timescales [24, 25]. Nevertheless, geochemical and microbial processes
can affect gas quality in site-dependent ways (e.g., sulfur cycling and potential H2S formation in reactive
systems) [24, 25].

4.5 Comparison of Trapping Mechanisms
The dominance of structural trapping underscores the importance of site selection emphasizing structural
closure with high-quality seals. Residual trapping provides crucial secondary containment that enhances
long-term security but can reduce recoverability.

5 Hydrogen Diffusion and Dissolution
Hydrogen’s small molecular size and low molecular mass confer among the highest diffusivities of any gas,
making diffusive transport a more significant consideration for UHS than for natural gas or CO2 storage in
many settings [1, 49]. This section examines diffusion across transport regimes, from continuum (Fickian)
behavior in conventional reservoirs to Knudsen-dominated transport in tight formations and nanoporous seals.
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Table 6. Representative hydrogen diffusion coefficients in gas and aqueous phases under conditions relevant to
UHS. Gas-phase values decrease with pressure (increased collision frequency). Aqueous-phase values increase with
temperature and decrease with salinity. Data compiled from [36, 49, 50].

System Conditions 𝐷 (m2/s) Notes

Gas-phase binary diffusion (𝐷𝑔) at low pressure
H2–N2 1 bar, 25◦C 7.8 × 10−5 Typical 1-bar value
H2–CH4 1 bar, 25◦C 7.3 × 10−5 Typical 1-bar value
H2–CO2 1 bar, 25◦C 6.5 × 10−5 Typical 1-bar value

Gas-phase diffusion at high pressure (order-of-magnitude estimates)
H2 (gas) 100 bar, 50◦C ∼ 10−6–10−7 Chapman–Enskog

scale
H2 (gas) 200 bar, 80◦C ∼ 10−7 Chapman–Enskog

scale

Aqueous-phase diffusion (𝐷𝑤), dissolved H2

H2 in pure water 25◦C 5.1 × 10−9 Representative value
H2 in pure water 50◦C 7.0 × 10−9 Representative value
H2 in pure water 80◦C 1.0 × 10−8 Representative value
H2 in 1 M NaCl 25◦C 4.5 × 10−9 Salinity reduces 𝐷𝑤
H2 in 3 M NaCl 25◦C 3.8 × 10−9 Stronger salinity ef-

fect

Scaling relationships
Gas phase (Chapman–Enskog): 𝐷𝑔 ∝ 𝑇1.75/𝑃
Aqueous phase (Stokes–Einstein form): 𝐷𝑤 ∝ 𝑇/𝜇𝑤

5.1 Molecular Diffusion Fundamentals
The molecular diffusivity of hydrogen is enhanced by its small kinetic diameter (𝑑𝑚 ≈ 0.289 nm) and low
molecular mass (𝑀 = 2.02 g/mol), which together increase thermal velocities and mean free paths [12, 50].
According to kinetic theory, the binary diffusion coefficient scales as:

𝐷𝐴𝐵 ∝ 𝑇3/2

𝑃 · 𝜎2
𝐴𝐵

· Ω𝐷

√︂
1
𝑀𝐴

+ 1
𝑀𝐵

, (15)

where 𝜎𝐴𝐵 is the collision diameter, Ω𝐷 is the collision integral, and 𝑀𝐴, 𝑀𝐵 are molecular weights. The low
mass of hydrogen therefore enhances diffusivity compared to heavier molecules.

Table 6 summarizes representative diffusion coefficients for hydrogen in media relevant to UHS. Gas-phase
diffusion decreases with pressure (to first order, ∝ 1/𝑃), whereas aqueous diffusion increases with temperature
and decreases with salinity due to increased viscosity/ion effects.

Several important observations emerge from Table 6. First, hydrogen’s aqueous diffusivity (𝐷𝑤 ≈ 5–
10×10−9 m2/s) is commonly a few times higher than that of methane and CO2, implying that dissolved hydrogen
can spread more rapidly through formation brines. Second, gas-phase diffusion decreases approximately
inversely with pressure, so at reservoir pressures (100–200 bar), 𝐷𝑔 is reduced by about two orders of
magnitude relative to 1-bar conditions. Third, salinity reduces aqueous diffusivity by roughly 10–25% over
typical formation-brine concentrations.
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Continuum
(Viscous) Slip Flow Transition Knudsen

(Free Molecular)

Kn < 10−3 10−3 < Kn < 10−1 10−1 < Kn < 101 Kn > 101

Darcy’s law
Fick’s law

Klinkenberg
correction (slip)

Dusty-gas model
(DGM) / transition

Knudsen
diffusion

Sandstones
𝑘 ≳ 1 mD

Tight sands
10−3–1 mD

Shales
𝑘 ≲ 10−3 mD

Caprocks
nanopores

Increasing Knudsen number (decreasing pore size)

Figure 4. Classification of gas transport regimes by Knudsen number with corresponding models and typical geological
formations. Adapted from [51, 52, 55].

5.2 Transport Regime Classification
The appropriate transport model depends on the ratio of molecular mean free path to pore diameter, characterized
by the Knudsen number [51, 52]:

Kn =
𝜆

𝑑𝑝𝑜𝑟𝑒
. (16)

The mean free path is calculated from kinetic theory [50]:

𝜆 =
𝑘𝐵𝑇√

2 𝜋𝑑2
𝑚𝑃

, (17)

where 𝑘𝐵 is Boltzmann’s constant, 𝑇 is temperature, 𝑑𝑚 is molecular diameter, and 𝑃 is pressure. For hydrogen
at representative reservoir conditions (100 bar, 350 K), 𝜆 ≈ 1.3 nm.

Pore-size scaling analysis. The transition between transport regimes can be expressed as a critical pore
diameter at which Kn = 0.1 (onset of slip effects) or Kn = 1 (transition regime):

𝑑crit
pore =

𝜆

Kncrit
=

𝑘𝐵𝑇√
2𝜋𝑑2

𝑚𝑃 · Kncrit
(18)

For hydrogen at 100 bar and 350 K (𝜆 ≈ 1.3 nm): slip effects become significant (Kn > 0.1) when 𝑑pore < 13
nm, corresponding to permeabilities below approximately 10−18 m2 (1 nD). The transition regime (Kn ∼
1) occurs at 𝑑pore ∼ 1.3 nm. These thresholds are approximately 2–3 times larger than for methane due to
hydrogen’s smaller molecular diameter, meaning that Klinkenberg corrections become relevant at higher
permeabilities for H2 than for CH4 or CO2 [52, 55].

Four transport regimes are commonly distinguished based on Knudsen number, as illustrated in Figure 4.
For hydrogen at UHS conditions (𝜆 ≈ 1.3 nm), conventional reservoir rocks generally operate in the continuum
regime (Kn ≪ 1), tight formations may require slip corrections, and nanoporous seals may require dusty-gas
or Knudsen diffusion treatment.

Continuum regime (Kn < 0.001): Molecule–molecule collisions dominate over molecule–wall collisions.
Standard Darcy flow and Fickian diffusion apply. This is valid when pores are sufficiently large that Kn ≪ 1
(typically sub-micron to micron-scale pores at UHS pressures).

Slip flow regime (0.001 < Kn < 0.1): A finite slip velocity exists at pore walls. The Klinkenberg correction
to apparent permeability is often required:

𝑘𝑎𝑝𝑝 = 𝑘∞

(
1 + 𝑏

𝑃

)
, (19)
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where 𝑏 is the slip factor. Hydrogen generally exhibits larger slippage than heavier gases due to its smaller
molecular size and higher thermal velocity, and 𝑏 increases strongly as permeability decreases [56, 57].

Transition regime (0.1 < Kn < 10): Both molecule–molecule and molecule–wall collisions are significant.
Combined viscous and Knudsen contributions are important, and the dusty-gas model (DGM) provides an
accurate framework [53].

Knudsen regime (Kn > 10): Molecule–wall collisions dominate. Transport is controlled by Knudsen
diffusion [53]:

𝐷𝐾 =
𝑑𝑝𝑜𝑟𝑒

3

√︂
8𝑅𝑇
𝜋𝑀

. (20)

For hydrogen,
√︁

8𝑅𝑇/(𝜋𝑀) is approximately
√︁
𝑀𝐶𝐻4/𝑀𝐻2 ≈ 2.8 times larger than for methane, enhancing

Knudsen diffusion for a given pore size and temperature.

5.2.1 Practical regime selection criteria.
For UHS applications, the appropriate transport model can be selected based on formation permeability
as a practical proxy for pore size. Table 7 provides selection guidance based on typical Knudsen number
ranges. High-permeability reservoir sandstones (𝑘 > 10 mD) operate in the continuum regime where standard
Darcy–Fick formulations apply. Tight reservoir rocks and transition zones (0.001–10 mD) may require
Klinkenberg-corrected permeability, particularly for hydrogen. Caprock materials (𝑘 < 0.001 mD) typically
require dusty-gas or effective diffusion models that account for Knudsen effects. When in doubt, the Knudsen
number should be calculated explicitly using the definitions of Kn and 𝜆 given above, with formation-specific
pore-size data from mercury intrusion porosimetry or nitrogen adsorption.

Table 7. Practical regime selection criteria based on formation permeability for hydrogen transport at reservoir
conditions (100 bar, 350 K).

Permeability Typical Kn Regime Recommended Model
> 10 mD < 0.001 Continuum Darcy + Fick
0.01–10 mD 0.001–0.1 Slip flow Klinkenberg correction
0.001–0.01 mD 0.1–1 Transition Dusty-gas model
< 0.001 mD > 1 Knudsen Knudsen diffusion

5.3 Effective Diffusion in Porous Media
In porous media, effective diffusion is reduced from molecular values by porosity and pore-network geometry
[49]:

𝐷𝑒 𝑓 𝑓 = 𝐷𝑚𝑜𝑙 ·
𝜙

𝜏2 , (21)

where 𝜙 is porosity and 𝜏 is tortuosity. The tortuosity factor accounts for the increased path length through the
pore network compared to a straight-line distance. For typical reservoir rocks, 𝜏 ≈ 1.5–3; for tight shales
and claystones, 𝜏 ≈ 3–10 [49]. (Note: some conventions use 𝐷eff = 𝐷mol 𝜙/𝜏; here 𝜏 is defined such that the
reduction scales with 𝜏2.)

An alternative formulation uses the Archie cementation exponent [67, 68]:

𝐷𝑒 𝑓 𝑓

𝐷𝑚𝑜𝑙
= 𝜙𝑚, (22)

with 𝑚 ≈ 1.8–2.5 for claystones, providing a convenient correlation for caprock materials.

5.3.1 Scale-dependence of effective diffusion.
Effective diffusion coefficients exhibit significant scale-dependence that must be considered when translating
laboratory measurements to field-scale predictions. At the pore scale, molecular diffusion operates with
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Table 8. Representative effective diffusion coefficients reported for hydrogen in clay-rich sealing rocks and related
geomaterials.

Material / context Method / state 𝐷eff (m2/s) Notes

Boom Clay Dissolved H2, sterilisa-
tion protocol (parallel
to bedding)

(5.4–7.5)×10−10 First H2 diffusion experiments re-
ported for Boom Clay (parallel to
bedding) [64].

Boom Clay Dissolved H2 in sat-
urated Boom Clay
(anisotropic)

(2.64–
7.25) × 10−10

Jacops et al. report 2.64 × 10−10

(perpendicular to bedding) and
5.51–7.25 × 10−10 (parallel bed-
ding) [59].

Clay/claystone (litera-
ture context)

Water-saturated, very
low values reported

∼ 3 × 10−11 Low-end values reported in the
literature database context [58].

Opalinus Clay (whole-
rock plug)

Breakthrough-type dif-
fusion on intact plug
(original vs wetted)

(1.2–1.8) × 10−9 1.8 × 10−9 (original), 1.2 × 10−9

(wetted) [58].

Rock salt (whole-rock
plug)

Breakthrough-type dif-
fusion (original vs wet-
ted)

(1.4×10−9–1.3×
10−8)

Strong wetting effect: 1.3 × 10−8

(original) vs 1.4 × 10−9 (wetted)
[58].

coefficients of order 10−9 m2/s in the aqueous phase and 10−5–10−7 m2/s in the gas phase depending on
pressure. At the core scale (cm), tortuosity and constrictivity reduce effective diffusivity by factors of 2–10,
yielding 𝐷𝑒 𝑓 𝑓 = 𝐷𝑚𝑜𝑙 · 𝜙/𝜏2 where 𝜏 typically ranges from 2–5 for sandstones and 5–15 for shales [49].
At the reservoir scale (m–km), additional factors emerge: macroscopic heterogeneity creates preferential
diffusion pathways through higher-porosity layers; mechanical dispersion from residual flow augments effective
spreading; and fracture networks in caprocks may provide fast diffusion conduits with orders-of-magnitude
higher effective coefficients than the intact matrix [1]. For caprock integrity assessment, laboratory-measured
𝐷𝑒 𝑓 𝑓 values should be considered lower bounds, with sensitivity analysis exploring enhancement factors of
2–10 to account for sub-resolution heterogeneity and potential fracture contributions. Field-scale effective
diffusivities inferred from tracer tests or production data may exceed core-scale values by factors of 3–30
depending on formation heterogeneity [49, 58].

5.4 Caprock Diffusion and Leakage Assessment
Diffusive hydrogen loss through caprocks represents a potential long-term containment concern. Table 8
therefore compiles representative effective diffusion coefficients reported for hydrogen in sealing rocks, while
explicitly distinguishing between (i) through-diffusion of dissolved H2 in fully water-saturated clay-rich media
and (ii) whole-rock plug (breakthrough/permeation) tests that may involve partially dry conditions and/or
microcrack effects. As a result, published 𝐷eff values span orders of magnitude and depend not only on
mineralogy, porosity, and anisotropy, but also strongly on saturation state and measurement protocol [58, 59].

The steady-state diffusive flux through a caprock of thickness ℎ is [36]:

𝐽𝑑𝑖 𝑓 𝑓 = 𝐷𝑒 𝑓 𝑓
𝐶𝑟𝑒𝑠 − 𝐶𝑎𝑏𝑜𝑣𝑒

ℎ
≈ 𝐷𝑒 𝑓 𝑓

𝐶𝑟𝑒𝑠

ℎ
, (23)

where 𝐶𝑟𝑒𝑠 is the dissolved hydrogen concentration at the reservoir–caprock interface (controlled by solubility
at storage pressure) and 𝐶𝑎𝑏𝑜𝑣𝑒 is often taken as negligible for a conservative estimate.

As an illustrative upper-bound calculation, consider a 50-m thick clay-rich caprock with 𝐷𝑒 𝑓 𝑓 = 5 × 10−11

m2/s, 𝐶𝑟𝑒𝑠 = 0.05 mol/L (50 mol/m3), and an areal extent of 1 km2. The resulting steady-state annual diffusive
loss is:

¤𝑛 =
(
𝐷𝑒 𝑓 𝑓

𝐶𝑟𝑒𝑠

ℎ

)
𝐴 ≈ 5 × 10−5 mol/s
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which corresponds to ≈ 1.6 × 103 mol/yr, i.e. ≈ 3 kg H2/yr. Note that steady state over ℎ = 50 m implies
a very long diffusion timescale (𝑡 ∼ ℎ2/𝐷𝑒 𝑓 𝑓 ), so this estimate represents a conservative long-term upper
bound; project-timescale losses would typically be smaller.

The same upper-bound calculation can be performed for CH4 and CO2 through an identical caprock to
give a quantitative ordering of diffusive losses across the three gases relevant to subsurface storage. Using
aqueous-phase diffusivities 𝐷𝐻2 = 5 × 10−9, 𝐷𝐶𝐻4 = 1.5 × 10−9, 𝐷𝐶𝑂2 = 1.9 × 10−9 m2/s, dissolved-phase
concentrations at the reservoir–caprock interface of 𝐶𝐻2 = 50 mol/m3 (Eq. 14 with Henry constant for H2
at 100 bar, 50◦C), 𝐶𝐶𝐻4 ≈ 12 mol/m3, 𝐶𝐶𝑂2 ≈ 1200 mol/m3 (reflecting the very high CO2 solubility in
brine), and the same caprock geometry (50 m thickness, 1 km2 areal extent, identical tortuosity factor), the
steady-state annual losses are: H2 (≈ 1.6×103 mol/yr ≈ 3 kg/yr, as computed above). CH4 (≈ 1.1×102 mol/yr
≈ 1.8 kg/yr). CO2 (≈ 1.4 × 104 mol/yr ≈ 630 kg/yr). Three observations follow from this comparison. First,
on a per-kg basis CO2 diffusive loss exceeds H2 by roughly two orders of magnitude through the same caprock,
driven by the much higher CO2 solubility in brine. The widely held intuition that “H2 leaks faster because the
molecule is smaller” is not supported by this analysis: the relevant transport in a water-saturated clay caprock
is aqueous-phase diffusion of the dissolved gas, and the controlling parameter is solubility × diffusivity rather
than kinetic diameter. Second, CH4 losses are smaller than H2 losses, despite CH4 being the historical analog
used to justify caprock integrity for hydrogen storage; the conservative direction of this difference (less than
2×) does not invalidate the analog but does indicate that historical CH4 storage data slightly underestimate H2
diffusive losses. Third, the absolute H2 loss rate (∼3 kg/yr per km2) is a small fraction of the stored mass
for any commercial UHS facility (typically 107–108 kg), so this loss pathway is not first-order for inventory
accounting; its significance is for the cumulative environmental flux and for caprock-integrity assessment
under conditions where measured 𝐷𝑒 𝑓 𝑓 approaches the upper end of the four-orders-of-magnitude range
discussed in §9.4.4.

Despite growing recognition that diffusive losses through caprocks may significantly impact long-term UHS
integrity, experimental characterization of hydrogen transport in seal formations remains methodologically
fragmented. Reported effective diffusion coefficients for H2 in shale and clay caprocks span approximately four
orders of magnitude, from 1× 10−11 to 1× 10−7 m2/s [60, 61, 62], reflecting differences in sample preparation,
measurement technique, and environmental conditions. Using a dynamic gravimetric vapor sorption system on
samples from two natural gas storage caprocks at 45◦C, Salina Borello et al. [60] measured hydrogen diffusion
coefficients in the range 1 × 10−10 to 6 × 10−8 m2/s, with wet samples exhibiting values approximately two
times lower than dry samples. Yang et al. [61] employed a novel through-diffusion apparatus on Eagle Ford and
Wolfcamp shales under dry conditions, obtaining effective diffusivities of 2.51×10−8 to 9.85×10−8 m2/s, and
demonstrated that pore network connectivity (characterized by hysteresis in N2 physisorption) exerts stronger
control on diffusion behavior than total porosity. Earlier work by Michelsen et al. [62] on water-saturated
caprock cores yielded substantially lower values of 8.0 × 10−11 to 1.8 × 10−10 m2/s, underscoring the critical
influence of saturation state. A semi-analytical framework developed by Ghaedi et al. [63] relates cumulative
hydrogen loss to the square root of time and identifies caprock porosity, gas saturation, and diffusion coefficient
as governing parameters; notably, the presence of residual hydrocarbon gas in the caprock can facilitate H2
diffusion by modifying chemical potential gradients.

5.4.1 Effective medium approximations for tight caprocks.
In tight caprocks where multiple transport mechanisms operate simultaneously, effective medium theory
provides a framework for combining contributions. The dusty-gas model (DGM) [53] treats the porous
medium as a collection of stationary "dust" particles and derives transport equations that naturally couple
viscous flow, Knudsen diffusion, and ordinary (Stefan–Maxwell) diffusion. In the DGM framework, the total
molar flux of species 𝑖 arises from three contributions: (1) a viscous (Darcy/Poiseuille) term driven by the
total pressure gradient, (2) Knudsen diffusion reflecting molecule–wall collisions, and (3) Stefan–Maxwell
diffusion representing molecule–molecule interactions. The relative importance of each mechanism depends
on the Knudsen number. For hydrogen in clay-rich caprocks (Kn ∼ 0.1–10), both Knudsen and molecular
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diffusion contribute comparably, and neither pure Fick’s law nor pure Knudsen diffusion adequately describes
transport. For practical estimates when full DGM calculations are not warranted, the Bosanquet interpolation
formula provides a simple harmonic-mean combination of Knudsen and molecular diffusion resistances [54]:

1
𝐷eff

=
1
𝐷𝐾

+ 1
𝐷eff
𝑚𝑜𝑙

(24)

where 𝐷𝐾 is the Knudsen diffusion coefficient and 𝐷eff
𝑚𝑜𝑙

= 𝐷𝑚𝑜𝑙𝜙/𝜏2 is the effective molecular diffusion
coefficient accounting for porosity 𝜙 and tortuosity 𝜏. This approximation correctly recovers the limiting
behaviors: 𝐷eff → 𝐷𝐾 when Kn ≫ 1 (molecule–wall collisions dominate) and 𝐷eff → 𝐷eff

𝑚𝑜𝑙
when Kn ≪ 1

(molecule–molecule collisions dominate).

5.4.2 Timescale competition between diffusive and advective transport.
Containment assessment requires comparing diffusive and advective leakage timescales [36]. The characteristic
diffusion time across a caprock of thickness ℎ is:

𝑡𝑑𝑖 𝑓 𝑓 =
ℎ2

𝐷𝑒 𝑓 𝑓
(25)

For a 50-m caprock with 𝐷𝑒 𝑓 𝑓 = 10−10 m2/s, 𝑡𝑑𝑖 𝑓 𝑓 ≈ 800 years—indicating that steady-state diffusive profiles
develop very slowly relative to operational timescales. In contrast, advective transport through fractures
or high-permeability pathways operates on much shorter timescales. The advective transit time through a
pathway of length 𝐿 with Darcy velocity 𝑣 is:

𝑡𝑎𝑑𝑣 =
𝐿𝜙

𝑣
=

𝐿𝜙𝜇

𝑘Δ𝑝/𝐿 =
𝐿2𝜙𝜇

𝑘Δ𝑝
(26)

For a fracture with 𝑘 = 10−12 m2, 𝜙 = 0.01, 𝜇 = 10−5 Pa·s, 𝐿 = 50 m, and Δ𝑝 = 1 MPa, 𝑡𝑎𝑑𝑣 ≈ 0.025 years
(9 days). The ratio 𝑡𝑑𝑖 𝑓 𝑓 /𝑡𝑎𝑑𝑣 thus indicates whether diffusion or advection dominates leakage. For intact
caprocks this ratio is much greater than unity and diffusion controls; for fractured or faulted seals the ratio
drops well below unity and advective pathways dominate, necessitating different monitoring and mitigation
strategies.

6 Thermal Effects
Temperature variations during UHS operations arise from (i) Joule–Thomson heating/cooling during throttling
and pressure changes, (ii) injection of gas at temperatures different from the reservoir, and (iii) conductive heat
exchange with surrounding formations. These thermal effects can influence gas properties (density, viscosity,
solubility), multiphase flow near the well, and potentially microbial activity and geomechanical response
[65, 66].

6.1 Joule–Thomson Behavior of Hydrogen
The Joule–Thomson coefficient describes the temperature change during isenthalpic expansion:

𝜇𝐽𝑇 =

(
𝜕𝑇

𝜕𝑃

)
𝐻

=
1
𝐶𝑝

[
𝑇

(
𝜕𝑉

𝜕𝑇

)
𝑃

−𝑉
]
. (27)

For most gases under ambient and reservoir conditions, 𝜇𝐽𝑇 > 0 (throttling causes cooling). Hydrogen is
anomalous: above its inversion line, 𝜇𝐽𝑇 < 0, so throttling causes warming [15]. As a quantitative reference
point, hydrogen at ∼300 K and near-atmospheric pressure has 𝜇𝐽𝑇 ≈ −0.03 K/bar [15]. The magnitude
remains small at elevated pressures, implying only modest temperature changes for typical UHS drawdowns.

The practical implications are therefore counterintuitive but limited in magnitude:
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• During withdrawal (pressure drop/throttling): hydrogen tends to warm. As an order-of-magnitude
estimate, a 100-bar pressure reduction may produce only a few degrees of warming (e.g. ∼4◦C) [15].

• During injection (pressure increase): hydrogen tends to cool under isenthalpic compression/throttling
(same sign reversal).

This behavior contrasts with methane/natural gas, which typically exhibits a positive 𝜇𝐽𝑇 (cooling upon
pressure drop) of order 0.4–0.5 K/bar at ∼300 K and low-to-moderate pressures [15].

6.2 Injection Temperature Effects
More significant temperature perturbations often arise from injecting hydrogen at a temperature different from
the reservoir. Depending on surface compression, pipeline heat exchange, and pressure regulation, injection
temperatures can deviate from reservoir temperature by tens of kelvin in some operations [66, 26].

The characteristic thermal penetration depth associated with conductive diffusion scales as [20]:

𝑟𝑡ℎ ≈
√︁

4𝛼𝑡ℎ𝑡, (28)

where 𝛼𝑡ℎ = 𝜆𝑡ℎ/(𝜌𝑐)𝑚 is the effective thermal diffusivity of the saturated rock, typically 5× 10−7 to 2× 10−6

m2/s for sedimentary reservoir rocks [44].

6.3 Thermal Effects on Physical Processes
Temperature variations affect multiple aspects of UHS performance. Gas viscosity increases with temperature,
while density follows 𝜌 ∝ 𝑃/(𝑍𝑇), and aqueous solubility of H2 generally decreases with increasing
temperature [27, 4]. Gas-phase diffusion increases strongly with temperature (Chapman–Enskog scaling),
enhancing mixing at elevated temperatures.

Microbial activity is also temperature-sensitive. In depleted gas fields, microbial risk and hydrogen
consumption potential are typically highest at low temperatures (e.g.< 55◦C), while risk decreases substantially
at higher temperatures (e.g. > 90◦C) and may be negligible at sufficiently high reservoir temperatures [7, 14].

7 Conclusions and Outlook
This first part of a two-part review has synthesized the fundamental physics governing hydrogen flow,
displacement, trapping, diffusion, and thermal behavior in underground storage systems. The key findings are:

Multiphase Flow and Displacement. Hydrogen’s low viscosity creates mobility ratios (𝑀 ∼ 20–100)
substantially higher than those for CH4 (𝑀 ∼ 15–30) or CO2 (𝑀 ∼ 2–15), making viscous fingering and
unstable displacement intrinsic challenges for UHS. Fractional flow analysis reveals that hydrogen fronts are
more susceptible to gravity override and early breakthrough. Dimensionless scaling using capillary number
(𝑁𝑐), gravity number (𝑁𝑔), Bond number (Bo), and Peclet number (Pe) provides a framework for classifying
displacement regimes and selecting appropriate modeling approaches.

Trapping Mechanisms. Structural trapping remains the primary containment mechanism at field scale.
Residual trapping, governed by Land-type hysteresis models with coefficients 𝐶 ≈ 1.5–4 for hydrogen–brine
systems, determines the fraction of injected gas immobilized after each withdrawal cycle. Solubility trapping
is limited by hydrogen’s low solubility in brine (∼0.8–1.6 mol/kg at typical reservoir conditions). Mineral
trapping through hydrogen consumption in redox reactions is generally negligible over operational timescales
but may contribute over geological time.

Diffusive Transport. Hydrogen diffusion in porous media spans multiple regimes depending on the
Knudsen number: continuum Fickian diffusion (Kn < 0.01) in reservoir rocks, transitional slip diffusion
(0.01 < Kn < 10) in tight formations, and Knudsen diffusion (Kn > 10) in nanoporous caprocks. Effective
diffusion coefficients vary over nearly four orders of magnitude (10−11–10−7 m2/s) depending on rock type,
porosity, tortuosity, and saturation state.
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Thermal Effects. Joule–Thomson cooling during hydrogen expansion is modest (𝜇JT ≈ −0.03 to
+0.05 K/bar depending on conditions) but can affect near-wellbore processes during high-rate withdrawal.
Thermal effects on viscosity, diffusivity, and phase behavior should be incorporated in non-isothermal
simulations.

Research Priorities. Key gaps identified include: (i) systematic experimental data on hydrogen–brine
interfacial properties (IFT, contact angles) under full reservoir conditions; (ii) consistent methodologies for
caprock diffusion measurement; (iii) extended cycling experiments (>100 cycles) to constrain hysteresis
evolution; and (iv) validation against field-scale pilot data.

Next work the constitutive models needed to parameterize these physical processes (relative permeability
and capillary pressure correlations), geochemical and microbial interactions that may consume stored hydrogen,
geomechanical considerations for cyclic operations, and field-scale implementation challenges.
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