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Abstract

Lined rock caverns offer a promising option for underground hydrogen, helping to mit-
igate renewable intermittency and enhance system stability. Considering the geological
characteristics of hard rock formations in Southern Ontario, Canada, this study establishes
a thermo-gas-mechanical coupled framework that incorporates hydrogen mass and en-
ergy evolution in the cavern, gas—wall convective heat exchange, dynamic cavern-volume
feedback, and the deformation behaviour of the sealing layer, concrete lining, and sur-
rounding rock. The influences of cavern geometry, sealing material, and in situ stress on the
short-term thermodynamic and mechanical responses are further examined. The results
show that hydrogen temperature and pressure exhibit clear stage—dependent evolution
during the charging-storage—discharging cycle. The comparison between the first and 20th
operating cycles indicates that repeated operation mainly causes a moderate adjustment of
the cyclic thermal state and temperature—-pressure baseline, without changing the overall
stage—dependent response pattern. During charging, temperature and pressure increase
simultaneously; during storage, both gradually decrease as thermal energy is transferred
to the cavern wall; and during discharging, expansion causes pronounced cooling and de-
pressurization, followed by gradual recovery driven by heat transfer from the surrounding
rock. Cavern geometry significantly affects stress redistribution around the cavern. The
circular cavern shows a relatively uniform stress distribution, whereas the arched cavern is
more prone to local stress concentration near the sidewall-floor transition zone. The sealing
material mainly influences gas temperature fluctuations through its thermal conductivity.
The fibre-reinforced plastic (FRP) sealing layer amplifies thermal fluctuations during cyclic
operation, whereas the steel sealing layer promotes heat dissipation through the lining and
surrounding rock, thereby moderating cavern—gas temperature variations. In situ stress
difference further controls the directional distribution of stresses around the cavern. As
the minimum horizontal principal stress increases, compressive stress concentration at the
crown and invert becomes stronger, while relative stress release occurs near the sidewalls.
These findings provide a thermo-mechanical basis for preliminary cavern—-geometry de-
sign, comparison of sealing—layer thermal performance, and assessment of in situ stress
adaptability for lined rock cavern hydrogen storage in Southern Ontario.

Keywords: underground hydrogen storage; lined rock cavern; thermo-gas-mechanical
coupling; Southern Ontario
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1. Introduction

Although worldwide energy demand continues to rise, fossil fuels still dominate the
global energy structure. Global CO, emissions from coal, oil, and natural gas in 2025
increased by approximately 1.0%, 1.1%, and 1.3%, respectively, compared with those in
2024 [1]. Heavy reliance on fossil fuels has generated substantial greenhouse gas emissions
and raised serious environmental concerns [2,3]. Renewable energy is essential for achiev-
ing carbon neutrality and alleviating global warming. However, solar and wind power are
highly weather-dependent and sensitive to climatic variability, resulting in pronounced
intermittency and supply fluctuations [4]. As a clean energy carrier, hydrogen can store
surplus renewable electricity and later support power generation, industrial production,
and other applications [5], thereby helping balance renewable supply and demand. Never-
theless, the large-scale deployment of renewable hydrogen depends not only on the cost of
hydrogen production but also on storage capacity, operational flexibility, and safety [6-8].
At present, green hydrogen storage technologies are rapidly developing worldwide. For
example, the Advanced Clean Energy Storage project in Utah, USA, plans to use two local
salt caverns for green hydrogen storage, with an estimated combined capacity of approxi-
mately 300 GWh [9]. This project demonstrates the engineering potential of underground
storage for renewable peak shaving and broader hydrogen deployment.

Hydrogen may be contained either in high—pressure vessels [10] or within suitable
geological formations. For large—scale, long—duration applications, underground hydrogen
storage is regarded as a promising option, with principal forms including salt caverns,
aquifers, depleted hydrocarbon reservoirs, and lined rock caverns [11]. The rock-salt
formations hosting salt caverns are characterized by low permeability and strong sealing
capacity, while salt caverns generally provide rapid cycling performance, but their stor-
age capacity and long—term stability are limited by cavern size, salt-layer integrity, and
internal temperature—pressure conditions [12-14]. Depleted hydrocarbon reservoirs and
saline aquifers provide substantial storage capacity and opportunities for reusing existing
infrastructure; however, interactions between hydrogen and reservoir fluids, minerals, and
microorganisms may lead to gas loss, compositional changes, and reduced withdrawal gas
purity [11,15]. In comparison, lined rock caverns consist of a lining system that provides
gas—tightness and a surrounding rock mass that bears the internal pressure [16]. They
can be excavated in rock masses with sufficient strength and integrity, are less dependent
on salt formations or high—-porosity and high—permeability reservoirs, and therefore offer
greater site flexibility. Their geometry and structural configuration can also be designed
according to the required storage capacity and operating pressure [17,18]. The HYBRIT
project in Sweden has constructed a lined rock cavern test facility for cyclic high—pressure
hydrogen storage, aiming to develop a 100 m® hard-rock cavern for hydrogen storage
and promoting the transition of lined rock cavern technology from natural gas storage
experience toward hydrogen storage demonstration [19,20]. In Canada, the geological
suitability for underground hydrogen storage varies according to regional geological con-
ditions and storage type. National-scale assessments have identified storage potential in
the sedimentary basins of Western and Atlantic Canada, the Southern Ontario sedimentary
basin, and the crystalline rocks of the Canadian Shield. The sedimentary basins contain salt
formations, depleted hydrocarbon reservoirs, and deep saline aquifers that may support
different forms of large-scale geological storage. In comparison, opportunities for exca-
vated rock—cavern storage are mainly associated with the competent crystalline rocks of
the Canadian Shield and low—permeability sedimentary rocks in Southern Ontario [21].
Southern Ontario is particularly relevant because several potential storage settings occur
within the same sedimentary basin, including Silurian bedded salts, depleted Ordovician
natural-gas reservoirs, saline aquifers in Cambrian sandstone, and excavated caverns in
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Ordovician argillaceous limestone [21,22]. Among these settings, the lower Cobourg Forma-
tion near Kincardine provides a well-characterized host-rock setting for LRC assessment
because of its low permeability, relatively high strength, limited fracture development,
substantial stratigraphic confinement, and documented regional stress conditions. These
characteristics make Southern Ontario a representative geological setting for investigating
LRC hydrogen storage in low—permeability sedimentary rock [23], while LRCs may serve
as a flexible complement to salt—cavern, depleted-reservoir, and saline—aquifer storage
rather than a universally superior storage option.

At present, studies on underground hydrogen storage in lined rock caverns mainly
rely on engineering demonstrations, field monitoring, and numerical simulations. Be-
cause cyclic high—pressure hydrogen tests require strict gas—tightness, safety control, and
long—term monitoring, publicly available field data remain limited. Existing experimental
evidence remains largely based on hydrogen—storage demonstrations, such as HYBRIT and
analogous compressed-air tests in lined rock caverns, where gas thermodynamic evolution
and lining-host-rock deformation were monitored to assess feasibility under pressurized
operation [18,24,25]. Accordingly, numerical simulation provides an effective means to
evaluate thermodynamic behaviour and structural safety in lined rock caverns used for hy-
drogen storage. Existing studies have commonly employed finite—element, finite-difference,
and discrete-fracture-network methods to develop coupled models involving gas thermo-
dynamics, solid heat transfer, structural mechanics, and leakage or diffusion processes.
Such models have been applied to assess gas temperature—pressure evolution during cyclic
operation, gas—wall thermal exchange, deformation of the sealing-lining system, host-rock
stress redistribution, and potential failure risks. Thermophysical models typically couple
mass and energy balances with real-gas equations of state to predict pressure-temperature
evolution during underground hydrogen storage and characterize thermal exchange with
the surrounding media [26]. Thermo—mechanical models further couple gas thermody-
namics with the thermal and deformation behaviour of the lining—host-rock system. For
example, Hu et al. [27] examined how steel and FRP sealing-layer type and thickness affect
temperature and stress fields, whereas another study by Hu et al. [28] evaluated lined rock
cavern storage under hydrogen and compressed—air operation from thermodynamic and
mechanical perspectives. From the perspective of cavern design, recent numerical studies
have also investigated the influence of cavern geometry, although mainly for solution—
mined salt caverns. Speirs et al. [29] employed a three-dimensional finite—element model
and emphasized the importance of realistically representing cavern geometry under cyclic
hydrogen-storage loading, whereas Harati and Rezaei Gomari [30] used three—dimensional
finite-difference simulations to demonstrate that cavern shape and aspect ratio strongly
affect stress redistribution, deformation, and long—term volume convergence. For complex
rock masses, Zhao et al. [31] employed a discrete-fracture-network method to evaluate
fracture—controlled damage in the surrounding rock and concrete lining under high internal
gas pressure. In addition, uncertainty analysis and reliability—based design have recently
been introduced into the assessment of lined rock caverns. Damasceno et al. [19] integrated
adaptive directional importance sampling and 3D finite-element modelling to assess lined
rock cavern design reliability and quantify potential impacts from corrosion and hydrogen
embrittlement via sensitivity analysis.

Overall, existing simulations of hydrogen storage in lined rock caverns have mainly
focused on temperature-pressure prediction, sealing material performance, fractured rock
mass deformation, or structural reliability as individual or localized issues. Although
recent numerical studies have demonstrated the important influence of cavern geometry
in salt-cavern hydrogen storage, the corresponding geometric effects in engineered LRC
systems and their interactions with the sealing-lining structure and surrounding rock
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remain insufficiently understood. The coupled effects of engineering design parameters
and geological conditions remain insufficiently explored. Moreover, most existing lined
rock cavern projects and models are based on igneous or metamorphic hard rock forma-
tions, whereas the thermo—mechanical response of hydrogen storage caverns in layered
sedimentary rocks such as the argillaceous limestone in Southern Ontario remains relatively
unclear. Therefore, a unified thermo—gas—-mechanical framework is needed to clarify how
cavern geometry, sealing material, and in situ stress jointly govern the safety of lined rock
cavern hydrogen storage.

Based on the above considerations, this study uses the low—permeability sedimentary
formations in Southern Ontario, Canada, as the geological background and develops a
thermo-gas-mechanical coupling model in COMSOL Multiphysics 6.2. The model incorpo-
rates gas mass and energy conservation, gas-wall convective heat exchange, thermoelastic
deformation of the lining-host-rock system, and dynamic cavern-volume feedback. Its
accuracy is verified by comparing the predicted gas temperature—pressure evolution with
existing numerical results. Under a unified 20—cycle charging—discharging operation
scheme, the effects of cavern geometry and sealing material on the thermodynamic and
mechanical responses of the storage system are analyzed. Furthermore, stress redistribu-
tion at the cavern crown, invert, and sidewalls is analyzed under varying in situ stress
differences to reveal how cavern geometry, sealing material, and regional stress conditions
govern the safety of lined rock cavern hydrogen storage. The results provide a theoretical
basis for preliminary cavern-shape assessment, comparison of sealing—material thermal
performance, and in situ stress adaptability evaluation for lined rock cavern hydrogen
storage in Southern Ontario.

2. Geological Background and Model Construction
2.1. Regional Geological Background

Canada contains several geological settings with potential for underground hydrogen
storage, but their suitability varies according to host-rock characteristics and storage
concept. To place the selected geological setting in a broader national context, Table 1
compares the representative geological conditions, potential storage options, and relevance
to rock—cavern storage across major Canadian regions. As summarized in Table 1, the
Western Canadian and Atlantic sedimentary basins are primarily characterized by salt
formations and porous geological storage options, whereas the principal regions identified
for excavated rock—cavern assessment are the Canadian Shield and the Southern Ontario
sedimentary basin. Southern Ontario is particularly relevant to the present study because it
combines several potential storage formations with a well-characterized low—permeability
sedimentary host rock for LRC development.

The specific geological setting considered in this study is located near Kincardine in
the Bruce region of Southern Ontario, Canada, along the eastern margin of the Michigan
Basin [32]. Nearly horizontal Paleozoic sedimentary strata are developed beneath the
ground surface in this area and mainly consist of mudstone, shale, limestone, dolostone,
and local sandstone. Based on deep borehole cores and geophysical logging data, the
Middle Ordovician Cobourg Formation consists of the upper Collingwood Member and
the lower argillaceous limestone member. In the DGR-2 borehole, the top and bottom
depths of the lower Cobourg Formation are approximately 659.5 m and 688.1 m, respec-
tively, with a thickness of about 28.6 m. It is overlain by the Collingwood Member and the
low—permeability Blue Mountain and Georgian Bay shales and underlain by the argilla-
ceous limestone of the Sherman Fall Formation. The lower Cobourg Formation is mainly
composed of light grey to dark brownish—grey, massive, dense, fine—crystalline to micro-
crystalline argillaceous limestone. The rock mass is generally intact and has a low degree
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of fracture development; therefore, it is selected as the representative surrounding rock
for the lined rock cavern hydrogen storage model and provides the geological setting for
the underground hydrogen storage component of the renewable electricity, electrolysis,
storage, and fuel cell power generation system in Southern Ontario (Figure 1).

Table 1. Comparison of representative geological regions for underground hydrogen storage

in Canada.
Canadfan Geologlcal Representatn.re. Geological Potential UHS Options Relevance to Rock—Cavern Storage
Setting/Domain Conditions

Storage potential is mainly
associated with salt and porous
formations; LRC development is
less emphasized in current
national assessments
Rock—cavern applicability depends

Extensive Devonian bedded
salts, depleted hydrocarbon Salt caverns, depleted
reservoirs, and deep reservoirs, and saline aquifers
saline formations

Western Canada

Carboniferous evaporites,

. . alt cavern: let n local competent—rock condition:
Atlantic Canada selected depleted reservoirs, S caverns, d.ep € ed. on focal competentmrock concitions
. . reservoirs, and saline aquifers and requires
and deep saline formations . o -
site—specific characterization
Silurian bedded salts, depleted A representative Canadian
Ordovician gas reservoirs, Salt caverns, depleted sedimentary region relevant to LRC
Southern Ontario Cambrian saline aquifers, and reservoirs, saline aquifers, assessment; the Cobourg Formation
low-permeability Ordovician and LRCs provides a well-characterized
carbonate rocks sedimentary host-rock setting

Represents the principal
Widely distributed Precambrian crystalline-rock setting for
. Excavated rock caverns
crystalline igneous and rock—cavern storage, although
. and LRCs . .
metamorphic rocks fracture conditions require
site-specific evaluation

Canadian Shield
crystalline-rock setting
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Figure 1. Conceptual schematic of lined rock cavern hydrogen storage integrated with the strati-
graphic setting in Southern Ontario, Canada [32,33].

Regional tests on the argillaceous limestone of the Cobourg Formation indicate that its
uniaxial compressive strength ranges from 22 to 140 MPa, with an average value of 72 MPa;
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its elastic modulus ranges from 10 to 67 GPa, with an average value of 31.5 GPa. Poisson’s
ratio is approximately 0.30, and the density is about 2700 kg/m? [32]. According to regional
in situ stress statistics for Southern Ontario, at a depth of approximately 680 m, the vertical
stress is about 18 MPa, while the maximum and minimum horizontal principal stresses
are approximately 38 MPa and 18 MPa, respectively. The orientation of the maximum
horizontal principal stress is generally N74° E, corresponding to an east-northeast direction.
These geomechanical characteristics indicate that the argillaceous limestone of the Cobourg
Formation has relatively high strength, a low degree of fracture development, and a
well-constrained regional stress background, providing a reasonable geological basis for
thermo-gas—mechanical coupling simulations of hydrogen storage in lined rock caverns.

2.2. Mathematical Model

The surrounding rock is represented as a homogeneous equivalent continuum. Natural
discontinuities, explicit joint networks, excavation—-induced fractures, and discontinuity—
controlled leakage pathways are not explicitly included in the present model. In addition,
within the simulated 20—cycle operating period, the thermophysical and mechanical prop-
erties of the sealing layer, concrete lining, and surrounding rock are assumed to remain
unchanged; material degradation associated with hydrogen-induced embrittlement, corro-
sion, material ageing, and fatigue—-damage accumulation is not explicitly considered. These
assumptions allow the study to focus on the thermo—gas—mechanical response governed
by cavern geometry, sealing material, and regional in situ stress.

2.2.1. Deformation Governing Equation

The sealing layer, concrete lining, and surrounding rock of the lined rock cavern
are assumed to behave as linear-elastic materials. Incorporating thermal expansion, the
linear-elastic constitutive relation is written as [28]:

Oij = 2G81']' + %skkézj — KD(TATC&’]‘ (@)
where 0; is the stress tensor; ¢;; is the strain tensor; G and K are the shear modulus and bulk
modulus of the cavern surrounding materials and rock mass, respectively, MPa; v is the
Poisson’s ratio of the cavern surrounding materials and rock mass; ¢ is the first invariant
of the strain tensor; 517 is the Kronecker delta; a7 is the thermal expansion coefficient of the
cavern surrounding materials and rock mass, 1/K; and AT, is the temperature change of
the cavern surrounding materials and rock mass, K.
The strain—-displacement relationship can be expressed as:

1
gij = 5 (uij+uj;) (2)
2

where u; ; and u; j are the partial derivatives of the displacement components u; and u; with
respect to the spatial coordinates, respectively.
The stress equilibrium equation can be written as [34]:

Tijj + fi =0 3)

where 0j;; denotes the divergence of the stress tensor, and f; is the body force in
the i—direction.
Combining Equations (1)-(3) yields the governing equation for deformation:

G
Gujjj+ o ujji — KarATe; — fi =0 @
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PchCv

dT,

dt

2.2.2. Gas Mass and Energy Conservation Equations

The mass-balance equation accounts for controlled hydrogen injection and withdrawal
but does not include an additional leakage term. The sealing layer and cavern boundary
are assumed to remain gas-tight during the simulated short-term operating cycle. The
cavern gas is treated as a spatially uniform lumped system; therefore, gas temperature,
pressure, density, and related properties are defined as time-dependent global variables.

Hydrogen inventory during charging and discharging is governed by the mass
balance equation:

dmyg
dt
where my is the gas mass in the lined rock cavern, mg = poV,, kg; pg is the gas density,

=G -G (5)

kg/ m?3; V. is the cavern volume, m3; t is time, s; and C; and C, are the mass flow rates of
gas inflow and outflow, respectively, kg/s.

Considering the variations in gas density and cavern volume, Equation (5) can be
further expanded as:

Ve—> +p3— =Ci—Co (6)

Accounting for inlet-outlet enthalpy transport, gas-wall thermal exchange, and
volume-change work, the gas—phase energy balance is expressed as [35]:

d(mgug) dQe dve
T G Gt ey 7

where 1 is the specific internal energy of hydrogen in the cavern, J/kg; h; and hg are the
specific enthalpies of the injected gas and discharged gas, respectively, J/kg; Q. is the
heat transfer rate between the gas and cavern wall, W; and ps is the gas pressure in the
cavern, MPa.

Combining energy and mass balance equations, Equation (7) can be reformulated as:

aQ. dv.  dug v,
dt 7pgﬁfpg(@)u(cl Co— P57z ) ®)

where ¢, is the constant-volume specific heat capacity of the gas, ¢, = cv, J/ (kg K); ¢y is
the constant-volume specific heat capacity of the gas at the initial state, ] /(kg-K); and T is
the gas temperature in the cavern, K.

The equation of state for the gas in the cavern can be written as:

ps = ZgpgRTg )

where Z, is the gas compressibility factor, defined as Zg =1 — 9pgTc(6T.2/Tg* — 1)/(128p.Ty);
T, and p, are the critical temperature and critical pressure of hydrogen, respectively, K and
MPa; and R is the specific gas constant of hydrogen, J/(kg-K).

The thermodynamic properties of the gas can be expressed as [36]:

hl' — hg ~ CpO(Ti - Tg) (10)

where ¢y is the constant-pressure specific heat capacity of the gas at the initial state,
J/(kg-K), and T; is the injection gas temperature, K.
Thus, Equation (7) can finally be written as:

dQ. dVe

T (11)
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dug
By = ZoRTy — pg(a—) (12)
Ps 1,
where 0u,/9dpg ~ —RT(>Zr0/po; Ty is the initial gas temperature, K; and Zry is the temper-
ature derivative of the gas compressibility factor evaluated at the initial state.
Convective gas—wall heat exchange in the lined cavern is quantified as [37]:

dQ.
dt

= heAc(T, — Ty) (13)

where i is the average heat transfer coefficient, W/ (m?-K); A is the heat transfer area
between the gas and cavern wall, m?Z; and T, is the cavern wall surface temperature, K.

2.2.3. Temperature Field Equation

The heat conduction process in the sealing layer, concrete lining, and surrounding
rock of the lined rock cavern can be expressed as:

aT.
Pscsaits‘kv'%zo (14)
gs = —ksV'Ts (15)

where ps is the density of the solid material, kg/m?>; C; is the specific heat capacity of the
solid material, ]/ (kg-K); T; is the solid temperature, K; and k; is the thermal conductivity of
the solid material, W /(m-K).

Figure 2 illustrates the thermo—gas-mechanical coupling model for hydrogen storage
in a lined rock cavern. The charging and discharging processes (Figure 3) act as operational
processes that alter the gas thermodynamics through mass exchange, while the gas thermo-
dynamic response is jointly regulated by cavern volume variation and wall temperature.
The time-dependent gas pressure is uniformly applied as a normal load on the inner surface
of the sealing layer and is subsequently transferred to the concrete lining. and surrounding
rock. Meanwhile, convective heat exchange between the global gas temperature and the
local wall temperature is imposed along the same surface. Temperature evolution further
modifies deformation and stress redistribution in the lining-host-rock system through
thermal expansion, while deformation-induced cavern-volume changes feed back into
gas thermodynamics. Together, these interactions establish the thermo—gas-mechanical
coupling system governing hydrogen cavern operations.

2.3. Geometric Model Construction

Figure 4 shows the geometric model for underground hydrogen storage in a lined
rock cavern in Southern Ontario, Canada. The geometric model was constructed and
numerically implemented in COMSOL Multiphysics 6.2. To position the cavern within the
relatively intact lower member of the Cobourg Formation, its centre is placed at a depth of
670 m. The model domain is 100 m x 100 m. The lined rock cavern is represented by a two—
dimensional cross—section under the plane-strain assumption, corresponding to the middle
section of a long cavern with a prescribed axial length Lc = 1000 m. The cavern volume is
calculated by multiplying the cross—sectional area by Lc, while end effects along the cavern
axis are neglected. A 10 m diameter circular cavern section is adopted as the base case and
compared with an equal-area arched section. The charge—discharge mass flow rate profile
is shown in Figure 5. The 24 h mass—flow-rate profile shown in Figure 5 is continuously
repeated for 20 operating cycles (480 h in total) in all simulation cases. The initial gas
pressure was set to 5 MPa, within the 3-15 MPa cushion—gas pressure range investigated in
a recent thermodynamic study of hydrogen storage in LRCs, while the initial temperatures
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of the hydrogen and solid domains and the injection temperature were uniformly set to
293.15 K following the same reference [36]. The charging and discharging mass flow rates
were set to 20 and 40 kg/s, respectively, and the 24 h operating schedule comprised 8 h
of charging, 4 h of post-charging storage, 4 h of discharging, and 8 h of post—discharge
storage, following the cyclic operating scheme used in a recent LRC hydrogen-storage
model [27]. Because detailed dispatch schedules for commercial-scale hydrogen LRCs are
not publicly available, the adopted daily profile represents a standardized high—frequency
operating scenario rather than a direct reproduction of a specific facility. The engineering
relevance of repeated cycling is supported by the HYBRIT pilot tests, which included
frequent variations between high and low storage pressures.

Charging-storage-

discharging

Mass/energy input
and output

Gas
thermodynamics

3 2 Q
L8 % 2,
S o, 2
5 %
& 2
&,
Thermal
expansion

Temperature field Deformation field

Figure 2. Thermo-gas—mechanical coupling framework for lined rock cavern hydrogen storage.

e

5 Rock mass

L3 ou Wi

I: Concrete

: I FrPsteel
Higher p, and 7R3 LRy et
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m)  Gas pressure
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Figure 3. Schematic diagrams of the gas charging and discharging processes. (a) Gas charging process;
(b) gas discharging process.
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tL;

50 m

Concrete
Rock

D,: in the FRP/Steel sealing layer
D,: in the concrete lining
(| D;: in the surrounding rock

(@ (b)

Figure 4. Geometric model and mesh discretization: (a) Geometric model; (b) mesh discretization.

kg/st  Stage 1  Stage 2 Stage3  Stage 4
C.

1

.
>

8 12 16 24 h

Figure 5. Charging and discharging mass flow rate curve for hydrogen storage in a lined rock cavern
during one 24 h operating cycle.

The model comprises a sealing layer, concrete lining, and surrounding rock. The
concrete lining and sealing layer are assigned thicknesses of 0.5 m and 0.02 m, respectively.
The steel lining has high strength and high thermal conductivity and is commonly used as
a gas—tight material in lined rock cavern gas storage structures. Fibre-reinforced plastic
(FRP), with relatively low thermal conductivity and good deformation adaptability, is also
regarded as a potential sealing material for high—pressure hydrogen storage in lined rock
caverns. In the present model, the sealing layer is assumed to be perfectly gas-tight, and
hydrogen leakage through the sealing layer, structural interfaces, and surrounding rock
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is neglected. Groundwater flow and pore-water—pressure effects are also not considered.
Under identical geometry and operating conditions, the effects of steel and FRP sealing
layers on gas temperature—pressure evolution and the mechanical behaviour of the sur-
rounding rock are compared [20,22]. Accordingly, the comparison between steel and FRP in
this study is restricted to their effects on heat transfer and short-term thermo-mechanical
response and should not be interpreted as a complete assessment of their long-term suit-
ability for hydrogen service. Material parameters for the sealing layer, concrete lining, and
surrounding rock are determined from previous lined rock cavern experiments, numerical
simulations, and the geological conditions of Southern Ontario [20,22,25]. The geological
conditions, cavern surrounding materials, and surrounding rock properties are listed in
Tables 2 and 3.

Table 2. Geological conditions and gas properties.

(Cj;:l(:il(i)fil:il Value Gas Properties Value
To (K) 293.15 R 4124 x 10°
po (MPa) 5 Coo (J/ (kg-K)) 9.934 x 103
Lc (m) 1000 Cpo (J/ (kg K)) 14.05 x 103
Ci (kg/s) 20 P, (MPa) 1.297
Co (kg/s) 40 T. (K) 33.30
Minimum horizontal stress (MPa) 22 Zy 1.03
Vertical stress (MPa) 18 he (W/(m2-K)) 20

Table 3. Properties of cavern surrounding materials and surrounding rock.

Parameter Steel FRP Concrete Rock Mass
os (kg/ m°) 7800 1750 2500 2700
E (GPa) 200 2.9 30 31.5
v 0.30 0.22 0.20 0.30
ks (W/(m-K)) 45 04 1.4 2.5
Cs (J/(kg-K)) 500 384 837 770
ar (1/K) 1.7 x 107° 0.54 x 107 1.2 x 107 6.7 x 107°

In the two—dimensional model, an in—plane horizontal stress of 22 MPa and a vertical
stress of 18 MPa are applied to represent the stress state of the cavern under the regional
in situ stress field. The horizontal stress is then varied to analyze the influence of in situ
stress difference on stress redistribution around the cavern. Roller constraints are imposed
on the bottom and right boundaries, and the mesh contains 42,140 elements. L1 and L, are
monitoring lines extending from the cavern centre in the vertical and horizontal directions,
respectively. D1, D, and D3 are monitoring points located in the sealing layer, concrete
lining, and surrounding rock, respectively, at distances of 5.01 m, 5.27 m, and 6.26 m from
the cavern centre.

3. Model Validation

The proposed thermo-gas—-mechanical coupling model is verified by benchmarking
its results against Rutqvist et al.’s compressed-air energy storage model for a lined rock
cavern [38]. Rutqvist et al. [38] used TOUGH-FLAC to develop a two-dimensional coupled
model for compressed—air storage in a lined rock cavern and simulated cyclic operation
with injection and withdrawal mass flow rates of 2.2 x 1072 kg/s and 4.4 x 1072 kg/s,
respectively. In their model, the injected air temperature was 294.65 K, while the initial
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surrounding rock temperature and gas pressure were 286.15 K and 5 MPa, respectively.
Table 4 summarizes the parameters of the rock and lining materials.

Table 4. Numerical simulation parameters for the validation model.

Property Concrete EDZ Surrounding Rock
Young’s modulus (GPa) 35 35 35
Poisson’s ratio 0.3 0.3 0.3
Thermal expansion coefficient (1/K) 1x10°° 1x107° 1x107°
Thermal conductivity (W/(m-K)) 3 3 3
Specific heat (J/ (kg-K)) 900 900 900

The geometry and material parameters and boundary conditions adopted for valida-
tion are kept consistent with the reference model. The model domain is 25 m x 25 m and
is discretized into 25,092 triangular elements. A vertically downward boundary load is
applied on the top boundary, while roller supports are assigned to the other three bound-
aries. These boundary conditions differ from those used in the Southern Ontario model in
Figure 4 because the validation case reproduces the reference benchmark, whereas the ap-
plication model adopts the regional in situ stresses and corresponding constraints. Figure 6
shows that the spatially uniform cavern-gas temperature and pressure predicted by the
present model agree well with the TOUGH-FLAC results. The model captures the main
thermodynamic features, including pressurization and heating during charging, depres-
surization and cooling during discharging, and gradual adjustment during storage. These
results demonstrate the capability of the proposed model to capture gas thermodynamic
behaviour and thermo—mechanical interactions with the surrounding rock during lined
rock cavern storage.
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Figure 6. Model validation against the results of Rutqvist et al. [38]: (a) Temperature; (b) pressure.

4. Simulation Results

4.1. Multi-Field Coupling Response of Hydrogen Storage in the Cavern
4.1.1. Thermodynamic and Heat-Transfer Response

Figure 7a shows the temporal evolution of the spatially uniform cavern—gas tempera-
ture and pressure during the first operating cycle under base—case conditions. During the
charging—storage-discharging cycle, both gas temperature and pressure exhibit clear stage—
dependent evolution. During the charging stage, the continuous increase in hydrogen
mass compresses the gas inside the cavern and increases its internal energy, resulting in a
simultaneous rise in temperature and pressure. During the storage stage, although the gas
mass remains unchanged, gas—wall thermal exchange continues. The heat generated by gas
compression is gradually transferred to the sealing layer, concrete lining, and surrounding
rock, leading to a slow decrease in gas temperature and pressure. During the discharging
stage, the gas mass decreases rapidly, and gas expansion occurs, causing a significant drop
in temperature and pressure. During the subsequent storage stage, thermal energy supplied
by the cavern wall materials and surrounding rock gradually reheats the low—temperature
hydrogen, promoting gas temperature—pressure recovery.

Figure 7b further compares the spatially uniform bulk cavern-gas Ty, calculated from
the global gas—energy balance, with the solid temperatures at monitoring points D1, D;
and Dj3;. The sealing layer is in direct contact with the gas inside the cavern, and the
temperature at D responds most sensitively to the charging and discharging processes,
showing an overall trend consistent with the gas temperature. Temperature variation at D,
in the concrete lining is much smaller than at D; and shows a noticeable time lag. During
post—charging storage, continued gas—to—solid heat transfer allows the concrete lining
temperature to keep rising. The monitoring point D3 in the surrounding rock is located
farther from the cavern wall and shows only a small temperature variation, indicating that
the thermal disturbance is mainly concentrated near the cavern wall during the first cyclic
operation. Overall, temperature fluctuations attenuate and peak temperatures occur later
with increasing distance from the cavern wall. This indicates that thermal disturbance
during hydrogen storage in lined rock caverns has significant spatial attenuation and
temporal lag characteristics.
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Figure 7. Temporal variations in hydrogen temperature, hydrogen pressure, and temperature at
typical monitoring points during the first operating cycle: (a) Temperature and pressure; (b) temper-
ature at typical monitoring points during the first operating cycle; (c) temperature evolution over

20 operating cycles.
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To evaluate the influence of repeated operation on cavern thermodynamic response,
Figure 7a compares the spatially uniform cavern—gas temperature and pressure during
the first and 20th operating cycles. Both cycles exhibit similar stage—dependent evolution,
indicating that repeated charging and discharging do not alter the basic thermodynamic
response pattern. Compared with the first cycle, the gas temperature in the 20th cycle is
slightly lower during charging and discharging but slightly higher during post-discharge
storage. This reflects the effect of the inherited wall-temperature field, which enhances
heat dissipation during high-temperature stages and promotes reheating after discharging.
Under the same prescribed mass—flow conditions, the gas pressure in the 20th cycle is
also slightly lower overall, consistent with the lower gas—temperature level. Therefore,
20 repeated cycles mainly adjust the cyclic thermal state and temperature—pressure baseline,
rather than fundamentally changing the response pattern.

Figure 7c presents the temperature evolution of the cavern gas and the sealing-lining—
rock system over 20 consecutive operating cycles. The bulk gas temperature T, exhibits
pronounced periodic fluctuations, whereas the temperature at D; follows the same cyclic
trend with a reduced amplitude. The fluctuation at D, is further attenuated and delayed,
while D3 shows almost no short—period fluctuation and only a gradual temperature increase.
With increasing cycle number, the fluctuation amplitudes of Ty and Dq remain generally
stable, whereas the mean temperatures at D, and D3 gradually increase. This indicates that
repeated operation produces cumulative heat transfer from the cavern gas and near—wall
structure toward the deeper surrounding rock, confirming the spatial attenuation and
temporal lag of heat propagation in the cavern system.

4.1.2. Mechanical Response and Stress Redistribution

Figure 8 presents the first principal stress distribution around the cavern at selected
stages of the first operating cycle. Overall, the first principal stress around the cavern is
dominated by a compressive stress state, with evident compressive stress concentration
near the crown and invert. The stress distributions at 8 h and 12 h are relatively similar,
indicating that, during the short—term storage period after charging, the stress adjustment
around the cavern remains limited despite the gradual changes in gas temperature and
pressure. At 16 h, following discharging, the reduced internal pressure weakens radial
support at the cavern wall. As a result, the first principal stress near the cavern wall shifts
toward 0 MPa, indicating compressive stress release, and a distinct annular stress—release
zone forms near the cavern wall. At 24 h, the annular stress—release zone near the cavern
wall becomes weaker, but a certain degree of stress redistribution remains around the
cavern. These results suggest that cyclic pressure-temperature fluctuations jointly control
stress redistribution in the lining—surrounding-rock system. In particular, the end of the
discharging stage, when the internal pressure is relatively low and the temperature drop
is pronounced, represents a critical period during which the first principal stress near the
cavern wall changes significantly. This stage should therefore be given particular attention
in the safety assessment of cyclic hydrogen storage in lined rock caverns.

Figure 8e-h further compares the first-principal-stress distributions at the correspond-
ing stages of the first and 20th operating cycles. After 20 repeated charging and discharging
cycles, the overall spatial pattern of the first principal stress remains essentially unchanged,
with compressive—stress concentration continuing to occur near the cavern crown and
invert and relatively lower stress levels appearing along the sidewalls. Compared with
the first cycle, the compressive-stress concentration near the crown and invert becomes
slightly more pronounced during the charging and post—charging storage stages of the
20th cycle. At the end of discharging, a distinct annular stress—release zone still develops
near the cavern wall, while the surrounding stress field shows only limited local adjust-

https://doi.org/10.3390 /mining6030060


https://doi.org/10.3390/mining6030060

Mining 2026, 6, 60

16 of 29

Cycle 1

Cycle 20

A

(a)

(e

ment. This indicates that the inherited thermal state from the preceding cycles modifies the
magnitude of the local thermo-mechanical response but does not alter the dominant stress
distribution pattern controlled by cavern geometry and the in situ stress field. Overall,
repeated operation causes a moderate redistribution of the near-wall stress state rather
than continuous stress accumulation under the present linear—elastic and non-degrading
material assumptions.
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Figure 8. Distribution characteristics of the first principal stress around the circular cavern: (a) 8 h of
cycle 1; (b) 12 h of cycle 1; (c) 16 h of cycle 1; (d) 24 h of cycle 1; (e) 8 h of cycle 20; (f) 12 h of cycle 20;
(g) 16 h of cycle 20; (h) 24 h of cycle 20.

4.2. Effect of Cavern Geometry

Figure 9 presents the first—principal-stress distribution around the arched cavern at
selected stages of the 20th operating cycle. Overall, the large region of surrounding rock
far from the cavern remains dominated by compressive stress, whereas the stress near
the cavern wall is significantly affected by the changes in internal pressure and cavern
geometry. At 8 h and 12 h, the region around the cavern is still generally under compression,
and the distribution of the first principal stress is relatively smooth, with no obvious local
high—value zone. At 16 h, after discharging, the internal pressure decreases significantly
and the supporting effect of the gas pressure on the cavern wall weakens. Meanwhile,
cooling by the gas induces thermal contraction in the lining and near-wall region. As a
result, the first principal stress near the sidewalls, floor, and wall-floor corners shifts toward
larger values, forming distinct high—value zones. In these local regions, compressive stress
release occurs, and the stress state tends to transition toward tension. By 24 h, with heat
transfer from the surrounding rock and gradual recovery of the internal pressure, the local
high—value zones become weaker; however, notable stress disturbance remains near the
wall-floor corners and floor. Compared with the circular cavern, the arched cavern is more
strongly affected by the straight sidewalls, flat floor, and geometric transition zones. Local
high—value zones of first principal stress are more likely to occur near the sidewall-floor
connection, indicating that this region is a potential weak zone that requires particular
attention during cyclic hydrogen storage in arched lined rock caverns.
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Figure 9. Distribution characteristics of the first principal stress around the arched cavern of the
20th operating cycle: (a) 8 h; (b) 12 h; (c) 16 h; (d) 24 h.

Figure 10a,b show the distributions of the first principal stress along the L; and L,
monitoring lines at 16 h, respectively. The results indicate that cavern geometry primarily
affects stress distribution within roughly 10 m of the cavern wall. Away from the cavern,
the first principal stress for both cavern geometries gradually returns to the far-field stress
state. Along the vertical monitoring line L1, a clear local compressive stress concentration
appears above the crown of the circular cavern, whereas the first principal stress near
the crown of the arched cavern is closer to 0 MPa. Beneath the floor, both caverns show
compressive stress concentrations of approximately —12 to —13 MPa, with the arched
cavern showing slightly stronger compression. Along the horizontal monitoring line L,
the stress distribution is generally symmetric. Near the arched cavern sidewalls, the first
principal stress approaches 0 MPa and deviates from the far—field state over a broader
zone, indicating stronger stress release and a larger lateral disturbance induced by the
straight sidewall geometry. In contrast, the stress variation around the circular cavern is
more localized near the cavern wall. Overall, the circular cavern causes a more limited
stress disturbance, whereas the arched cavern exhibits compressive-stress release near the
crown and sidewalls and concentration near the floor and wall-floor corners. Therefore,
the stress distribution around the arched cavern is more non—uniform, and its potential
weak zones are mainly located near the wall-floor corners and adjacent floor region.
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Figure 10. Distribution of the first principal stress along the L; and L, monitoring lines during the
20th operating cycle: (a) Ly; (b) L;.

4.3. Effect of Sealing Material

Steel has high strength, stiffness, and thermal conductivity and is commonly used as
a gas—tight structural material in lined rock caverns. In contrast, FRP has lower thermal
conductivity and elastic modulus, showing stronger thermal insulation capacity and de-
formation adaptability. Therefore, under the same cavern structure and hydrogen storage
operating conditions, this section compares the effects of steel and FRP sealing layers on
the gas thermodynamic state, solid heat transfer, and lining stress response.

Figure 11 shows hydrogen temperature—pressure evolution for different sealing mate-
rials during the 20th operating cycle. During charging, the FRP—sealed cavern reaches a
maximum hydrogen temperature of approximately 351.20 K, exceeding the 345.78 K ob-
tained for the steel-sealed case. By the end of discharging, the FRP-sealed cavern reaches a
minimum hydrogen temperature of approximately 233.73 K, below the 243.94 K obtained
for the steel-sealed case. These results indicate that the lower thermal conductivity of
FRP weakens the heat exchange between hydrogen, concrete lining, and surrounding rock,
thereby intensifying gas temperature fluctuations during charging and discharging. In
contrast, the higher thermal conductivity of the steel sealing layer accelerates heat transfer
to the concrete lining and surrounding rock during charging and promotes heat return to
the cooled hydrogen during discharging. As a result, the steel sealing layer reduces the
amplitude of gas temperature variation. For gas pressure, Figure 10b shows broadly similar
evolution trends for the two sealing materials. The peak pressure in the FRP case is approx-
imately 17.36 MPa, slightly higher than that in the steel case, 16.31 MPa, mainly because
of the higher gas temperature during charging in the FRP case. At the end of discharging,
the pressure in both cases decreases to approximately 3.66 MPa and 3.35 MPa, respectively,
and subsequently recovers to 4.50 MPa and 4.01 MPa, respectively. Overall, the sealing
material mainly affects gas temperature fluctuation by changing the heat transfer capacity
of the cavern wall, while its influence on gas pressure evolution is relatively limited.
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Figure 11. Variations in gas temperature and pressure during the 20th operating cycle under different
sealing materials: (a) Temperature; (b) pressure.

Figure 12 shows the distributions of the first principal stress and solid temperature
along the L; monitoring line at 16 h under different sealing materials during the 20th
operating cycle. The first principal stress results indicate that the curves for the steel and
FRP cases almost overlap in the upper and lower surrounding rock, and both recover to
approximately —12.20 MPa away from the cavern wall. The near—wall region maintains
a first principal stress of approximately —13.20 MPa, indicating a compressive state. The
difference in stress distribution between the two sealing materials is small, suggesting
that the influence of sealing material on the overall stress field of the surrounding rock is
mainly limited to the sealing layer and its adjacent region near the concrete lining, with
limited influence on the far—field stress distribution. The temperature distribution results
show that, away from the cavern, the solid temperatures in both cases approach the initial
temperature of 293.15 K, whereas clear differences occur near the cavern wall. High thermal
conductivity enables the steel sealing layer to transfer heat from the concrete lining and
surrounding rock to cooled hydrogen by the end of discharging, maintaining a relatively
high near-wall temperature. In contrast, the FRP sealing layer provides stronger thermal
insulation, reducing thermal exchange between the cavern gas and the lining-surrounding-
rock system. Consequently, its inner surface temperature decreases more significantly,
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while the thermal disturbance propagating into the surrounding rock is weaker. These
results indicate that sealing material has limited influence on overall surrounding-rock
stress distribution but strongly modifies near—wall thermal gradients and heat transfer,
thereby affecting gas temperature fluctuation amplitude.
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Figure 12. Distribution of the first principal stress and solid temperature along the L; monitoring
line under different sealing materials during the 20th operating cycle: (a) First principal stress;
(b) temperature.

5. Discussion
5.1. Effect of In Situ Stress Difference on the Cavern Stress State

The preceding results indicate that cavern geometry mainly controls the locations of
local stress concentration, whereas the sealing material primarily affects heat transfer and
near—wall stress adjustment. However, these engineering factors operate under a given
in situ stress condition, and the overall stress level during cavern excavation and cyclic
hydrogen storage is still controlled by the regional stress state. To further reveal the control
of the geological stress background on cavern stability, this section compares the stress
responses under in—plane horizontal stresses of 18, 22, and 26 MPa, with emphasis on the
effects of stress difference on the magnitude, distribution range, and potential weak zones
of the first principal stress.
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Figure 13 presents first—principal-stress distributions around the cavern under differ-
ent horizontal stress conditions during the 20th operating cycle. Overall, the large region
of surrounding rock around the cavern remains in a compressive stress state. When the
horizontal stress is 18 MPa, equal to the vertical stress, the stress distribution around the
cavern is nearly annular and relatively uniform, with weak directionality. As the horizontal
stress increases to 22 MPa, compressive stress intensifies near the cavern crown and invert,
whereas it is relatively released near the two sidewalls. When the horizontal stress further
increases to 26 MPa, this non—uniform characteristic becomes more pronounced: the com-
pressive stress concentration zones at the crown and invert expand, and the stress-release
zones near the sidewalls become more evident. Particularly at 16 h, after discharging, the
first principal stress near the cavern wall clearly shifts toward 0 MPa, indicating the forma-
tion of an annular compressive stress—release zone. During the subsequent storage stage,
this release zone gradually weakens, but a certain degree of stress disturbance remains
around the cavern. These results indicate that increasing horizontal stress enhances stress
redistribution between the crown, invert, and sidewalls, causing the cavern stress state to
gradually change from a nearly uniform distribution to a clearly directional pattern.
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Figure 13. Distribution of the first principal stress around the cavern under different horizontal stress
conditions during the 20th operating cycle: (a) 8 h (18 MPa); (b) 12 h (18 MPa); (c) 16 h (18 MPa);
(d) 24 h (18 Mpa); (e) 8 h (22 MPa); (f) 12 h (22 MPa); (g) 16 h (22 MPa); (h) 24 h (22 MPa); (i) 8 h
(26 MPa); (j) 12 h (26 MPa); (k) 16 h (26 MPa); (1) 24 h (26 MPa).

The monitoring results along L; and L; in Figure 14 further show that, at the end
of discharging, i.e., 16 h, the directional difference in the first principal stress around the
cavern becomes more significant as the horizontal stress increases from 18 to 26 MPa during
the 20th operating cycle. Along the vertical path, the first principal stress near the crown
and invert decreases from approximately —11 MPa to approximately —15 MPa, indicating
that the compressive stress concentration in the crown and invert regions is significantly
enhanced with increasing horizontal stress, and that its influence extends deeper into the
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surrounding rock. Along the horizontal path, from the far field toward the sidewall, the
first principal stress under higher horizontal stress conditions gradually changes from
a stronger compressive state to approximately —11 MPa, indicating more pronounced
compressive stress release near the sidewall. Therefore, increasing horizontal in situ stress
does not cause all regions around the cavern to experience synchronous compression
enhancement. Instead, it promotes load redistribution from the sidewalls toward the crown
and invert, ultimately resulting in stronger compressive stress concentration at the crown
and invert and relative stress release near the sidewalls. This result indicates that in situ
stress difference not only determines the stress level around the cavern but also controls
the location of potential weak zones and the direction of stress disturbance.
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Figure 14. Distribution of the first principal stress along the L; and L, monitoring lines under different
horizontal stress conditions during the 20th operating cycle: (a) Ly; (b) Lo.

5.2. Multi-Field Coupling Mechanism

Thermo—gas—mechanical behaviour during hydrogen storage in lined rock caverns
is jointly governed by engineering design factors and regional geological conditions. The
charge-discharge operation alters cavern hydrogen temperature—pressure conditions, mod-
ifying the thermal field through gas—wall heat exchange and the mechanical field through
internal pressure loading. Meanwhile, cavern volume variation caused by deformation
of the lining and surrounding rock feeds back to regulate the gas state. Cavern geometry

https://doi.org/10.3390 /mining6030060


https://doi.org/10.3390/mining6030060

Mining 2026, 6, 60

23 of 29

mainly controls the load transfer path and local weak zones. The circular cavern shows
a relatively uniform stress distribution, whereas the arched cavern is more prone to high
first—principal-stress zones near the sidewall-floor connection and wall-floor corners. The
sealing material mainly affects gas temperature fluctuation through its thermal conductivity.
The steel sealing layer enhances heat exchange and reduces the amplitude of temperature
variation, whereas the FRP sealing layer provides stronger thermal insulation but intensifies
gas temperature fluctuation. In situ stress difference further controls the direction of stress
redistribution around the cavern. Increasing horizontal in situ stress enhances compressive
stress concentration at the crown and invert, while the sidewall region exhibits compressive
stress release relative to the far—field stress state. Therefore, hydrogen-storage stability
in lined rock caverns is controlled not by a single factor but by the coupled influence of
cavern geometry, sealing material, and in situ stress on heat transfer, load transfer, and
stress redistribution.

5.3. Material Compatibility and Long—Term Durability

The present results indicate that the relatively high thermal conductivity of the steel
sealing layer can moderate cavern—gas temperature fluctuations by facilitating heat trans-
fer between the stored hydrogen, concrete lining, and surrounding rock. However, this
heat-transfer effect does not by itself demonstrate superior long—term suitability for hy-
drogen containment. In susceptible steels, hydrogen ingress can reduce ductility, fracture
toughness, and fatigue resistance [17,18,39]. The extent of degradation is governed by the
steel grade and microstructure, hydrogen pressure and temperature, stress state, cyclic
loading conditions, weld quality, and residual stress [17,18]. Welded joints, heat-affected
zones, geometric discontinuities, and regions experiencing relatively large cyclic strains
therefore require particular attention. Engineering design should rely on fracture and
fatigue properties measured under representative high—pressure hydrogen environments
rather than solely on material properties obtained in air [17,39].

Under the intact-sealing-layer assumption adopted in this study, the concrete lin-
ing and any embedded reinforcement are not directly exposed to the stored hydrogen.
Nevertheless, local liner defects, weld cracking, or hydrogen permeation could expose rein-
forcement and adjacent structural components to hydrogen and, where present, moisture,
potentially promoting corrosion or other forms of material degradation [17,18]. Hydrogen
compatibility should also be considered for associated piping, valves, compressors, seals,
and welded connections. FRP systems are not subject to metallic hydrogen embrittlement,
but their long—term performance may still be governed by hydrogen permeability, polymer
ageing, matrix cracking, fibre-matrix interfacial degradation, rapid—-decompression dam-
age, and cyclic thermo—mechanical fatigue [40,41]. Therefore, the stee]l-FRP comparison
presented in this study is limited to heat—transfer performance and short—term thermo-
mechanical response. Complete material qualification would require material-specific
hydrogen permeation tests, mechanical testing under high—pressure hydrogen exposure,
and long-term cyclic durability assessment [40,41].

5.4. Engineering Applicability, Risk and Deployment Considerations

Table 5 indicates that no single hydrogen storage option is universally optimal. Salt
caverns generally provide the most favourable combination of cost, storage capacity, and
cycling flexibility where suitable salt formations are available. Depleted gas reservoirs
offer very large storage capacity and may benefit from existing infrastructure, but their
performance and safety are strongly influenced by reservoir heterogeneity, cushion-gas
requirements, legacy wells, and hydrogen-rock—fluid interactions. Compressed gas tanks
are highly modular and readily inspected, but the requirement for additional high-pressure
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vessels limits their economic scalability. LRCs generally require higher initial construction
expenditure than salt caverns and depleted gas reservoirs because of rock excavation,
concrete lining, and gas-tight sealing; however, their engineered geometry and containment

system provide greater design and monitoring control.

Table 5. Comparison of hydrogen storage options in terms of cost, safety, and scalability.

Storage Option

Cost

Safety

Scalability

Lined rock cavern

Salt cavern

Depleted gas reservoir

Compressed gas tank

Relatively high initial cost due
to excavation, concrete lining,
and gas-tight sealing, but the
unit cost decreases with storage
scale and cycling frequency.

Generally the most economical
underground option at large
scale where suitable salt
formations are available.

Existing wells and
infrastructure may reduce
development cost, although
cushion gas, gas treatment, and
monitoring
increase expenditure.
Relatively high unit cost at large
scale because expansion
requires additional
high—pressure vessels and
compression equipment.

Engineered containment is
readily monitored, but liner
compatibility, interface integrity,
leakage, and cyclic fatigue
require attention.

Low permeability and
self-sealing behaviour favour
containment; well integrity, salt
creep, and cyclic pressure limits
remain important.

Proven geological containment
is advantageous, but legacy
wells, faults, gas mixing, and
geochemical or microbial
reactions introduce uncertainty.

Easily inspected and
maintained, but high—pressure
leakage, rupture, fire, hydrogen
embrittlement, and fatigue must
be controlled.

Suitable for medium- to
large—scale storage and
expandable through multiple
caverns, although additional
excavation is required.

Provides large capacity and high
injection—withdrawal flexibility,
but deployment is restricted by

salt formation availability.

Offers very large seasonal storage
capacity, but operating pressure,
recovery efficiency, and cycling
flexibility are
reservoir-dependent.

Highly modular and suitable for
small-scale or short—duration
storage, but less economical for
large seasonal storage.

Therefore, LRCs should be regarded as a complementary rather than universally
superior hydrogen storage option in Southern Ontario. Salt caverns may be preferred
where suitable salt formations are present, depleted gas reservoirs may be advantageous for
very large seasonal storage, and compressed tanks remain appropriate for smaller or short—
duration applications. LRCs are particularly relevant where competent low—permeability
rock is available and where controllable cavern geometry, engineered containment, and
repeated injection—withdrawal operation are prioritized.

Beyond the comparative safety characteristics summarized in Table 5, the safe opera-
tion of an LRC depends on the integrity of the sealing liner, interfaces, surrounding rock,
and associated operating system. The present results indicate that the end of the discharging
stage represents a relatively critical operating period because the simultaneous reduction
in gas pressure and temperature induces pronounced near-wall stress redistribution. For
arched caverns, the wall-floor transition regions also require particular attention because
geometric transitions promote localized stress concentration. The main engineering risks
therefore include liner or weld degradation, interface opening, surrounding-rock damage,
operational overpressure, hydrogen leakage and subsequent fire or explosion following
ignition, as well as liner and rock-mass damage induced by seismic events. These risks
may be reduced through hydrogen—compatible material selection, conservative pressure
control, weld and interface inspection, gas-leak detection, deformation and microseismic
monitoring, pressure-relief systems, emergency shutdown procedures, and site—specific
seismic assessment. This discussion provides a qualitative risk identification rather than a
probabilistic risk assessment because leakage propagation, ignition and explosion conse-
quences, material degradation, seismic loading, and failure probability are not explicitly
simulated in the present model.

https://doi.org/10.3390 / mining6030060


https://doi.org/10.3390/mining6030060

Mining 2026, 6, 60

25 of 29

Beyond technical performance and risk control, the implementation of LRC hydrogen
storage also depends on regulatory approval, permission, and social acceptance. Ontario’s
Low-Carbon Hydrogen Strategy recognizes that regulatory barriers and gaps remain in
hydrogen production, storage, distribution, and system integration [42]. At the national
level, the Canadian Hydrogen Codes and Standards Roadmap identifies underground
gaseous hydrogen storage as an area requiring further development of hydrogen—specific
requirements, including the 2023 supplement to CSA Z341 and the CSA W228 standard for
quantitative risk assessment, which is currently under development [43]. Therefore, an LRC
project in Southern Ontario would require project—specific coordination of underground-
storage permission or authorization, environmental approval, land-use planning, pressure—
system and pipeline safety, and emergency-management requirements. Environmental
approvals and Indigenous consultation may also be required depending on the project
location and potential impacts [44,45]. Public acceptance is likely to depend on transpar-
ent communication of leakage, fire, explosion, and seismic risks, together with credible
monitoring, emergency-response planning, and early engagement with municipalities,
Indigenous communities, and residents.

Ontario’s future hydrogen demand may increase as low—carbon hydrogen is intro-
duced into industrial processes, heavy transportation, and energy-system balancing. Recent
whole-economy modelling indicates that hydrogen could account for approximately 3% of
Ontario’s total final energy demand by 2050, while the refining and chemical industries in
Sarnia currently consume more than 150,000 t of hydrogen annually [46]. Under the operat-
ing schedule adopted in this study, the injection of hydrogen at 20 kg/s for 8 h corresponds
to a working—gas quantity of approximately 576 t per operating cycle. This amount is
equivalent to approximately 1.4 days of the current average hydrogen consumption in the
Sarnia industrial region. Therefore, a single cavern with the dimensions considered here
could provide short-duration buffering and daily—to-multiday balancing for an industrial
cluster or regional hydrogen hub. However, it would not independently provide the sea-
sonal storage capacity required to support Ontario-wide hydrogen deployment. Meeting
future provincial-scale demand would require multiple-cavern systems integrated with
hydrogen—production facilities, pipelines, and regional end users. The present capacity
estimate should therefore be interpreted as an order-of-magnitude assessment rather than
a detailed Ontario hydrogen-demand forecast.

5.5. Model Applications and Limitations

Under the assumptions of ideal gas—tightness, a homogeneous equivalent continuum,
and unchanged material properties over the simulated operating period, the proposed
model highlights the dominant effects of cavern geometry, sealing material, and in situ
stress on the thermo—gas—mechanical response of the hydrogen storage system, enabling
comparative parameter analysis and identification of potential weak zones. However, the
model does not consider hydrogen leakage through the sealing layer, structural interfaces,
or surrounding rock. In practical hydrogen—storage operations, outward migration may
occur through sealing-layer defects, sealing layer—concrete interfaces, and surrounding—
rock pores or fractures, altering cavern—gas mass, pressure, and temperature evolution and
compromising storage efficiency and sealing safety. Under cyclic charging and discharging,
repeated temperature and pressure variations may induce interface opening, local debond-
ing, or microcrack propagation, gradually forming leakage pathways. Therefore, the results
obtained using a fully sealed boundary mainly reflect the thermo-gas—-mechanical response
under ideal gas-tight conditions and cannot be directly used to predict hydrogen leak-
age rate, leakage range, or long—term gas tightness in practical engineering. The present
model also neglects groundwater flow and pore-water—pressure evolution. Consequently,
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it cannot evaluate hydrogen migration through water-bearing pathways or the effects of
groundwater seepage on heat transfer, effective stress, cavern deformation, and long-term
containment performance. These processes should be incorporated in future coupled
gas—water—thermal-mechanical analyses.

In addition, the surrounding rock is treated as a homogeneous equivalent contin-
uum in this model, without explicitly considering natural discontinuities, joint networks,
excavation—-damaged zones, or rock mass heterogeneity. In real rock masses, fracture
orientation, density, and connectivity may not only alter the transfer paths of heat and
stress but also lead to local stress concentration, incompatible deformation of the lining,
and potential seepage pathways. Therefore, the results of this study are mainly intended to
reveal the control mechanisms of cavern geometry, sealing material, and in situ stress on
temperature, pressure, and stress distribution, and to identify potential weak zones. Future
work will explicitly incorporate natural discontinuities and joint networks to evaluate
fracture-controlled deformation, hydrogen migration, and potential leakage pathways.
Material-specific hydrogen transport, hydrogen embrittlement, corrosion, ageing, and
fatigue-damage evolution should also be incorporated in future assessments of long—term
sealing integrity and service life.

6. Conclusions

This study developed a thermo—gas—-mechanical coupling model for hydrogen storage
in lined rock caverns, with Southern Ontario, Canada, as the geological setting. The model
accounts for hydrogen mass and energy variations inside the cavern, transient heat transfer
between the gas and cavern wall, dynamic feedback from cavern volume variation caused
by deformation, and the mechanical responses of the sealing layer, concrete lining, and
surrounding rock. The influence of cavern geometry, sealing material, and in situ stress on
system performance was evaluated. The main conclusions can be summarized as follows:

1.  The proposed model reasonably captures hydrogen temperature—pressure evolution
during the charge—storage—discharge cycle. The cycle exhibits clear stage—dependent
characteristics. During charging, the increase in hydrogen mass and compression in-
ternal energy causes the gas temperature and pressure to rise simultaneously. During
storage, continued gas—-wall heat transfer causes gradual reductions in both tempera-
ture and pressure. During discharging, gas expansion results in pronounced cooling
and depressurization, followed by gradual recovery driven by heat transfer from the
surrounding rock. Simulated temperature—pressure evolution agrees well with exist-
ing numerical results, demonstrating the model’s ability to characterize cavern—gas
thermodynamics and thermo-mechanical interactions with the lining and surround-
ing rock during lined rock cavern hydrogen storage. The comparison between the first
and 20th operating cycles further indicates that repeated cycling produces only limited
changes in gas temperature and pressure, mainly adjusting the thermal baseline rather
than altering the fundamental thermodynamic response pattern.

2. Cavern geometry and sealing material govern local responses of the hydrogen storage
system through distinct mechanisms. The circular cavern has a continuous boundary
curvature and exhibits a relatively uniform distribution of the first principal stress
around the cavern. In contrast, the arched cavern is affected by geometric transitions
among the crown, straight sidewalls, and flat floor, leading to more pronounced
local stress concentration near the sidewall-floor region. The sealing material mainly
affects gas temperature variation through its thermal conductivity. The low thermal
conductivity of FRP amplifies gas—temperature fluctuations during cycling, whereas
steel sealing promotes heat exchange among hydrogen, the lining, and surrounding
rock, thereby narrowing the maximum-minimum temperature difference. Compared
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with temperature, sealing material has a limited effect on gas pressure evolution, and
the resulting stress disturbance in the surrounding rock is mainly confined to the
near-wall region. The smaller gas—temperature fluctuation obtained for the steel—
sealed cavern reflects the heat—transfer performance of steel rather than a complete
assessment of long—term material compatibility. Therefore, long—term sealing—system
selection should also consider material compatibility issues, including hydrogen
embrittlement, hydrogen permeation, weld integrity, corrosion, material ageing, and
cyclic durability.

In situ stress difference significantly controls the directional distribution of stress
around the cavern. As the minimum horizontal in situ stress increases from 18 MPa to
26 MPa, the stress field around the cavern gradually changes from an approximately
uniform annular distribution to a clearly non—uniform distribution. Compressive
stress concentration near the crown and invert is continuously enhanced, while the
sidewall region exhibits relative stress release. The increase in in situ stress strength-
ens stress redistribution among the crown, invert, and sidewalls, indicating that in
situ stress not only determines the stress level around the cavern but also controls the
locations of potential weak zones and the load transfer direction. Therefore, the design
of underground hydrogen storage caverns should comprehensively consider regional
in situ stress conditions, cavern geometry, and sealing material properties to reduce
local stress concentration and tensile stress risk, thereby improving the operational
safety of the lined structure. From an engineering—deployment perspective, the com-
parison with alternative storage options indicates that LRCs have specific applicability
in Southern Ontario, particularly where competent low—permeability rock, control-
lable cavern geometry, engineered containment, and repeated injection-withdrawal
operation are prioritized.
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