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Abstract: This study addresses the use of former gas storage facilities as short-term storage for
renewable energy through power-to-gas (PtG) technology in Germany. Three test cases with coupled
thermal-hydromechanical (THM) modelling were conducted to evaluate short-term injection and
production schedules. The operating rates were controlled by the upper and lower limits of the
wellbore pressure. The maximum difference in pore pressure and effective stress was 0.6 MPa in all
cases. Fault reactivation analysis was performed on the THM models to estimate fault stability. The
critical pore pressure for safe reservoir operation was determined to be 1.25 times the original pore
pressure, corresponding to a WBHP value of 20.25 MPa. The upper limit of the gas injection rate
for safe storage operation was estimated to be between 100,000 and 150,000 m3/day. The thermal
stresses were found to be negligible for short-term cases. The storage capacity of PtG technology
was reported to be up to 1,322,400 kWh/d of renewable electricity, which can contribute to Germany
becoming a greenhouse gas neutral country by 2050. The workflows and results of the study are
applicable to all gas storage in a porous medium, including methane, CO2, and hydrogen.

Keywords: THM modelling; short term underground gas storage; dynamic modelling; “battery” for
power-to-gas

1. Introduction

High energy demand has intensified research into the “underground gas storage”
(UGS) discipline [1]. As a result, both long-term (seasonal) and short-term (weekly) gas
storage projects have gained the attention of UGS researchers [1]. An idea in this context is
to store methane produced by “power-to-gas (PtG)” technology from excessive electricity
produced by renewable sources, such as solar and wind. The stored gas can then be reused
for power generation whenever needed. Thus, UGS is used as a kind of “battery” for
surplus green energy.

Short-term storage cycles may cause some geomechanical issues in the porous reservoir.
The pore fluid pressure in the reservoir fluctuates due to intensive gas injection and
withdrawal phases. These fluctuations in fluid pressure change the effective stresses in
the reservoir and may also change the in-situ stress state outside the reservoir area [2].
These changes have implications for geomechanical phenomena related to fault stability,
caprock integrity, and surface deformation. Numerical modelling, e.g., 3D geomechanical
modelling, provides a platform to integrate lithological and mechanical heterogeneities
and investigate stress state changes during injection-production cycles of high frequency.

This study concentrates on a geomechanical assessment of a former gas field in the
Bavarian Molasse Basin east of Munich (Germany) for which a hypothetical transforma-
tion into an UGS site is investigated. Various scenarios with variable short-term (weekly)

Energies 2023, 16, 3389. https://doi.org/10.3390/en16083389 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16083389
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-0324-9859
https://orcid.org/0000-0002-9892-7132
https://doi.org/10.3390/en16083389
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16083389?type=check_update&version=1


Energies 2023, 16, 3389 2 of 29

schedules to test cases for gas storage and withdrawal are considered to evaluate stresses
(e.g., effective stress) and deformation due to pressure changes with high-frequency injec-
tion/production cycles. German data for excess electricity from renewable energy sources
(such as solar and wind) throughout the calendar year 2017 are also considered in two cases
to address the issue of irregular schedules in gas supply (via PtG) and energy demand.

The modelling results provide information about the stress state within and around
the reservoir because of the production and injection of each selected time step, and they
are compared with the stress states at the depletion and replenishment stages. The pro-
duction history of the reservoir (porous media) is categorically useful to determine stress
paths within and around the reservoir and wellbore periphery, as well as caprock integrity.
Further, the modelling results provide information about ground surface subsidence during
peak depletion and replenishment time steps, which can be useful to minimize geomechan-
ical risks to any gas storage facility, not only for methane or CO2 but also for hydrogen.
Finally, fault reactivation analyses are also incorporated to obtain a safe gas injection rate
for safe storage capacity.

The most popular gas storage method is underground gas storage among others, such
as liquefied natural gas (LNG), storage tanks, and pipeline storage [3,4]. Two important
issues are associated with UGS. First, it relies on gas imports due to increased demand
for power generation (gas-to-power) and other domestic usages. Second, any damage to
infrastructure could lead to higher gas prices or disruption of supply, with unpredictable,
costly consequences for customers [1]. To address these challenges, various research
has suggested using depleted gas/oil porous reservoirs or aquifers as UGS, with which
significant volumes can be strategically stored [1,5].

One of the main advantages of depleted gas reservoirs is that they allow convenient
and cost-effective gas storage, as they have suitable permeability properties and pore
connections [6,7]. Some vital data, such as geological and geophysical characteristics, petro-
physical properties, storage capacity, pressure, and the production history of depleted gas
reservoirs, have been thoroughly studied and well recorded during the development phase
of the reservoir field, enabling numerical modelling to simulate the injection-production
process of underground gas reservoirs [3,6,8].

Water encroachment occurs in the porous reservoir vertically and laterally during the
development phase of the gas reservoir. This water invasion causes fewer porous spaces
in the reservoir, and different fluid distribution areas are formed in the longitudinal and
traverse planes of the reservoir. During the injection and production operations of gas
storage, the gas-water interface moves downward when gas is injected and moves upward
when gas is produced [9]. Furthermore, as the foreign gas is injected into the reservoir,
which has a different temperature than the reservoir’s actual temperature, these thermal
changes in the reservoir also cause some thermal stress changes in the reservoir, which
is not the case in the reservoir exploitation phase. Therefore, it is necessary to conduct a
systematic modelling study of the changes in the thermal-hydraulic-mechanical properties
of UGS due to repeated water intrusion and multiphase seepage rules during high-speed
injection production operations. The state-of-the-art thermal-hydro-mechanical (THM)
modelling provides a platform to analyse and investigate all these issues related to porous
UGS systems discussed above. THM models are typically derived from a wide range of
geological, geophysical, and engineering data, including field measurements, core tests,
well logs, drilling, and production data. After calibration, these THM models can be used
for ground surface subsidence, thermal stress changes, maximum safe storage capacity,
and maximum threshold pressure, avoiding fault reactivation and maintaining caprock
integrity [10–12].

This modelling case study is a THM assessment of a former depleted gas reservoir
field from the Molasse Basin in South Germany and has been presented in [10]. This
dynamic modelling study addresses the following issues related to short-term and long-
term operations of UGS: (1) the storage capacity of the reservoir; (2) thermal analysis
with changing temperatures of the reservoir due to the injection of gas; (3) potential fault
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reactivation analysis; and (4) stress path changes due to changes in pore pressure because
of short-term production/injection cycles. These types of THM models, particularly short-
term scheduled models, have implications for PtG technology in which simulations help us
to understand that excess power from renewable resources can be stored in underground
gas storage reservoirs and vice versa.

2. Methodology
2.1. Hydraulic Model

The flow simulation accounts for multiphase fluid flow in porous media. A hydraulic
model is usually conducted by reservoir simulation, i.e., a form of numerical modelling
in which physical phenomena are quantified and interpreted throughout the history of
a reservoir and beyond, with the ability to extend this model to future performances.
Reservoir simulation is a proven and effective method for dealing with uncertainties
during exploration and production [13]. It is also helpful to determine the amount of
gas that can be stored in each underground gas (CO2, hydrogen, or methane) storage
reservoir [13]. The physical phenomenon behind (fluid flow) reservoir simulations are
based mainly Darcy’s law and mass material balance [10].

The composition of the fluid can be treated in different ways in reservoir simulations.
Black oil simulators assume oil and gas phases to be one component through space and
time. The properties of this component can change with pressure and temperature, while
the composition does not change [13]. Thereby, the behaviour of the multiphase system
can be described by complex PVT (pressure, volume, temperature) and SCAL (special core
analysis) relations [13].

As a general solution method, the reservoir is divided into several cells with provided
petrophysical properties, such as porosity and permeability. Then, the wells are placed
within cells, and production rates are provided with different time steps. Last, the equations
are solved to determine the pressure, temperature, and saturation for each cell. Each cell is
solved simultaneously; therefore, the number of cells in the reservoir simulation is directly
related to the time required to solve a time step [13].

2.2. Thermal Model

The thermal-flow-stress simulation model considers the proportional heat transfer
in porous media when considering the multi-fluid flow concept in a THM simulation.
The thermal flow model is usually performed by numerical modelling, in which the
thermal hydraulic aspects are quantified together with the geomechanical simulation and
interpreted throughout the history of a reservoir and storage operations in underground
gas storage facilities. The main governing law in the thermal modelling is Fourier’s law,
also known as the law of heat conduction. The law states that the rate of heat transfer
through a material is proportional to the negative temperature gradient and to the area
at right angles to that gradient through which the heat flows. The governing equation of
Fourier’s law describes that the local heat flux density (qh) is equal to the product of the
thermal conductivity (kt) and the negative local temperature gradient (−∇T) [14]:

qh = −kt∇T, (1)

where qh is in (W/m2), kt is in (W/m. K), and ∇T is in (K/m). Fourier’s law can also be
used in uni-dimensional form in any direction, i, j, k; for that reason, the equation becomes:

qh = −kt
dT

d(i, j, k)
, (2)

2.3. Coupled Thermal-Hydraulic-Mechanical (THM) Modelling

The coupling of a reservoir simulator with a geomechanics module is an integral
component for analysing hydrocarbon reservoirs in petroleum, underground gas storage,
and the geothermal industry. A conventional geomechanical simulator provides surface
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subsidence, which is often estimated using a simple mechanical formula without knowing
the full geomechanical response. The only geomechanical parameter considered may be
the pore compressibility, which is not sufficient to reproduce the changes in pore volume
caused by complex pressure and temperature variations [15,16]. For some problems, such
as primary production and linear elastic responses of reservoirs, subsidence calculated by a
reservoir simulator alone can produce results comparable to coupled solutions [16,17].

In a coupled simulator, flow can be strongly influenced by the stress and strain
distributions that lead to changes in porosity and permeability, but effective stress changes
are ignored in conventional simulation methods. Such approaches cannot provide adequate
predictions when considering a stress-sensitive reservoir (e.g., underground gas storage
reservoir) [15,18]. There are two main components of coupling: volume coupling and fluid
flow coupling according to [15,17].

In volume coupling, the changes in pore volume occur in response to variations in
stress, pressure, and temperature. For convergence, the calculated pore volume changes
should be the same in both the fluid flow model and the geomechanical model. The pore
volume changes of the geomechanical model are usually more accurate than those of the
fluid flow model because they are calculated by volumetric strain via a more realistic
complex material constitutive model. This method is well suited to shear and plastic
deformation, which involve large changes in pore volume or porosity. These problems
are common in unconsolidated heavy oils and oil sands, North Sea chalk, Californian
diatomite, and possibly some other materials [15,17].

In case of fluid flow coupling, the changes in permeability and relative permeability
are related to the changes in stress, shear stress, and compaction. Material parameters,
such as permeability, relative permeability, compressibility, and others, change when
conditions encounter a shear fracture. This fact is important in some reservoirs where the
rock compressibility does not play a significant role in volumetric behaviour, such as gas
reservoirs where volume coupling is not important. Another example is cold water/fluid
injection, which leads to a thermally-induced decrease in horizontal stress until the injection
pressure increases the minimum horizontal stress [19].

To achieve the stress states of the reservoir and surrounding formations throughout
history, as well as during future gas storage operations, the fluid flow and the geomechan-
ical simulation must be coupled. The pore pressure controls the effective stresses and,
hence, deformation, in turn changing rock porosity and permeability, which again affect
fluid flow.

2.3.1. Effective Stress and Poroelasticity

The effective stress for incompressible rock and the concept of one-dimensional con-
solidation are the fundamentals of poroelasticity formulated by Terzaghi in 1923 [17].
Successively, using the basic principles of continuum mechanics and applying the con-
cept of the coupling of stress and pore pressure in a porous medium, Biot developed a
comprehensive three-dimensional theory of consolidation [17,20]. Biot’s theory and the
papers that he published are more aligned towards geomechanics than flow models, due to
which they are rarely compatible with the coupling of geomechanics and flow models. By
introducing the so-called Skempton pore pressure parameters (A and B), Skempton in 1954
procured a relationship between the total stress and the pore pressure under undrained
initial loading [17,21]. Later, however, the relationships among pore pressure, stress, and
volume and the concept of compressibility in a porous medium were better clarified by
Geerstma in 1957 [17,22]. Later, Van der Knaap (1959) extended Geerstma’s work to nonlin-
ear elastic geomaterials only for dense and uncemented sands [17,23]. By applying Biot’s
theory, Geerstma in 1966 examined subsidence problems in oil fields and published proto-
type geomechanical modelling, which is probably the first-ever coupled analysis of fluid
flow [17,20]. Nur and Byerlee (1971) demonstrated that the effective stress law proposed by
Biot is far more general and precise than that proposed by Terzaghi [17,24]. Nevertheless,
there are certain limitations (one-dimensional analysis, neglect of the compressibility of
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fluids and rocks, etc.) that Terzaghi recognized in the assumptions that he made in the 1920s
to solve problems of applied rock mechanics in clay consolidation [17]. Later in the 1970s,
there were further developments on coupled flow stress issues; e.g., fluid compressibility
was introduced into the classical soil mechanical consolidation theory of Ghaboussi and
Wilson [17,25]. Rice and Cleary (1976) showed how poroelasticity problems could be solved
using pore pressure and stress as primary variables, instead of the displacements used by
Biot [17,26].

2.3.2. Simulation Concept and Governing Equations

The numerical modelling of an underground gas reservoir can contribute to the
understanding of the interaction mechanisms between the injected gas and the deformation
of the reservoir. The injection of cold foreign gas into the reservoir leads to thermal and
mechanical disequilibrium in the reservoir by altering the transport properties, including
porosity and permeability. A three-dimensional THM coupling model of a reservoir is
created by incorporating the mechanical equilibrium equation, the fluid flow or seepage
equation (Darcy equation), the heat transfer equation (Fourier equation) of the formation’s
rock matrix, and the THM stress equation. These equations are based on the porosity,
permeability, thermal diffusivity, and other physical and mechanical parameters of the
sandstone formation [27].

The mechanical equilibrium equation can be expressed as follows [27]:

Si,j,j + fi = 0, (3)

where, Si,j,j is the total stress tensor (N/m2), and fi is the body force (N/m3). The equation
of the continuity of the fluid flow in the rock can be written as [27]:

∂ρl
∂t

+
∂(ρlrvr)

r∂r
+

∂(ρlvθ)

r∂θ
+

∂(ρlw)

∂z
= 0, (4)

In this equation vr, vθ , and w are the Darcy velocities (m/s) along the radial, hoop, and
well-depth directions, respectively, in the porous reservoir. The relationship between stress
and porosity/permeability changes in porous rock can be described with the following
equations [27,28],

φ = φr + (φ0 − φr)exp(e.SM), (5)

k = k0 exp(c.(
φ

φ0
− 1)), (6)

In the above equations, SM denotes mean effective stress; φ0 and k0 are the porosity
and permeability at zero stress, respectively; φr represents the residual porosity at high
stress; and the exponents e and c are determined experimentally.

The heat transfer process and the total energy conservation can be express by rewriting
the Fourier equation [29]:

(ρc)t
∂T
∂t
− 1

r
∂

∂r
(ktr

∂T
∂t

)− 1
r2

∂

∂θ
(kt

∂T
∂θ

)− ∂

∂z
(kt

∂T
∂z

)− qtr = 0, (7)

(ρc)t = (1− φ)csρs + φc f ρ f , (8)

ktotal = φk f + (1− φ)ks, (9)

In the above equations, the total heat capacity of the solid and fluid phases is denoted
by (pc)t in units (J/(m3.◦C)); ktotal is the total thermal conductivity (J/(m.s.◦C)); qt is the
intensity of the internal heat source (J/(m3.s)); cs and cf are the specific heat capacities of the
formation and the fluid, respectively (J/kg.K); ρs and ρ f are the density of the formation
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and the fluid (Kg/m3), respectively; and ks and k f are the thermal conductivity of the
formation and the fluid (W/(m·K)), respectively [29].

Finally, the governing equation involving all important thermal-hydro-mechanical
parameters is as follows [30]:

2α
(1− 2ν)

1 + ν
∇2 p + 6βKB

(1− 2ν)

1 + ν
∇2T −∇. f − 3

(1− ν)

1 + ν
∇2Sm(total) = 0, (10)

where Sm(total) is the mean total stress (MPa), ν is the Poisson’s ratio of the rock mass, α is
the Biot coefficient, β is the coefficient of linear thermal expansion (1/◦C), and KB is the bulk
modulus of the rock (MPa). The term (2α

(1−2ν)
1+ν ∇2 p) describes the effect of poroelastic stress;

(6βKB
(1−2ν)

1+ν ∇2T) represents thermalelastic stress; and the term (∇. f − 3 (1−ν)
1+ν ∇2Sm(total))

shows the body force [30].

2.4. ECLIPSETM_VISAGETM THM Modelling

The THM modelling is performed using two commercial software packages, referred
to here as the ECLIPSE™-VISAGE™ coupling. ECLIPSE™ is a conventional reservoir
simulator used as the flow simulator for the multiphase flow processes. In the following
study, the ECLIPSE™ 100 finite difference black oil simulator is used for the flow calcula-
tions. VISAGE™ is one of the most advanced and comprehensive stress analysis simulators
commercially available. It is designed for applications in which nonlinear mechanics play
a greater role, for example, in disciplines such as rock mechanics and geomechanics. It
is flexible and can also be used in many other scientific disciplines, e.g., fluid mechanics,
heat transfer, materials science, etc. The system provides high computational power and
sophisticated modelling for many analytical situations, which currently include mining,
civil engineering, reservoir engineering, and geothermal energy.

The advanced and comprehensive finite element code (VISAGE™) has been cou-
pled with the ECLIPSE™ reservoir simulator to include geomechanical processes in this
modelling study. Fluid flow is first calculated in ECLIPSE™, and the results are then
transferred from ECLIPSE™ to VISAGE™ via the ECL2VIS interface for specified time
steps. Updates of porosity and permeability can be calculated via constitutive relations,
e.g., Kozeny–Carman.

The coupled THM models are based on three fundamental laws, namely Hooke’s law
of elasticity, Fourier’s law of heat conduction, and Darcy’s law of fluid flow in porous
media. The governing equations are discussed above.

One-way coupling is usually sufficient for THM modelling of gas reservoirs, as gas
compressibility dominates the bulk rock compressibility, and the mass balance is mainly
controlled by gas pressure rather than by the stresses of solid rock [31]. The THM-coupled
model presented in this paper is a one-way coupled model. With this approach, pressure
data are transferred from the reservoir simulator (fluid flow simulator) ECLIPSE™ to
the mechanical finite element simulator (geomechanical simulator) VISAGE™ at regular
and/or critical times. The fluid pressure drives the geomechanics, but mechanically induced
changes in porosity and permeability are not fed back into the dynamic reservoir simulation.
It is therefore assumed that permeability and porosity are the same for each time step in the
modelling and are not influenced by changes in stresses or ageing effects of the reservoir.
This type of approach is feasible in this case study due to the high permeability of up to
80 mD, which is characteristic of the reservoir.

3. Case Study

The presented modelling study is a working example of how to set up and populate a
3D coupled thermal-hydraulic-mechanical model of an underground gas storage site. The
case study reservoir is a depleted gas reservoir located about 65 km east of Munich in the
Central Molasse Basin. It is an anticlinal structural trap bounded by a normal fault. The
reservoir formation is mainly Early Cenozoic Chattian sand, with 85-m thick, three gas-
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bearing layers, found at a depth of 1770 m (1200 m below sea level). The initial gas-water
contact is at 1239 m below sea level (BSL). The reservoir has produced 528 million m3 of
gas over 18 years from 1958 till 1976; replenishment started in 1978 and has continued to
the present, and the reservoir has not been in operation to date [10]. The modelling study
uses pore pressure development during the production history and subsequent shut-in
phase to calibrate the dynamic reservoir fluid model.

The 3D MEM model is built using a hydraulic model (green area in Figure 1), which
comprises a high-resolution reservoir section and regions of lower resolution away from
the reservoir section, called the sideburden, overburden, and underburden sections. Topog-
raphy is extracted from the elevation maps of the ground level to include the top surface of
the model. The horizons bounding the reservoir are used to make overburden layers and
underburden layers. The basal unit of the model comprises crystalline basement rocks at a
depth of about 5 km. However, as none of the wells has reached this depth, this information
is inferred from regional geological knowledge. The final 3D THM model consists of
12 horizons and 11 lithostratigraphic units with dimensions of about 30 × 24 × 5 km3 in
the X, Y, and Z directions, respectively. The grid of the THM with the reservoir model em-
bedded is shown in Figure 1. The higher resolution in the area of interest (reservoir) and the
lower resolution outside make up a grid that creates balance between simulation precision
and computational demand. The initial pore pressures and elastic properties are upscaled
and interpolated from the 1D MEM’s. The calculated and calibrated log-derived properties,
including pore pressure, Young’s modulus, Poisson’s ratio, and density, are upscaled from
the well locations to the entire model domain. The Kriging interpolation method is used to
populate the 3D geomechanical model. The precision is of course decreasing away from
the wells, but the model fits well with overall trends.
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represent north direction [10].

Further details regarding the model setup, population of the model from 1D MEMs,
history match, etc., are explained in our previous publication [10]. The starting point of the
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further modelling study in the following sections is the state after the replenishment phase,
achieved by a history match of the production and pressure data from the production and
subsequent shut-in phases, respectively.

4. Modelling
4.1. Modelling Scenarios

The following section describes the dynamic fluid flow models setup for future sce-
nario testing cases designed for short-term (weekly) gas storage operations. The pressure
profile of different future testing scenarios can be coupled with and incorporated into the
THM model. The concept for these scenario tests is to evaluate geomechanical stresses on
the reservoir due to pressure changes with intensive injection/production cycles. There
are various models with different short-term cases that have been considered. German
data for excess electricity throughout 2017 have also been considered in one case to address
the issues of renewable energy aspects. This case implies that the excess of power energy
(electricity) in Germany can be stored in underground gas storage with the power-to-gas
(PtG) concept, and then the stored gas can be reused for power generation (gas-to-power)
when needed. All the cases are summarized in Table 1. The starting pressure point of
these future scenario testing cases is the end point pressure of the replenishment phase,
i.e., ~15.8 MPa.

Table 1. All modelling scenarios with input parameters. WBHP is well bottom hole pressure, WGIR
is well gas injection rate, and WGPR is well gas production rate.

Modelling
Scenarios Subdivisions Input Parameters

WBHP
upper limit

(MPa)

WBHP
lower limit

(MPa)
WGIR

(m3/day)
WGPR

(m3/day)

Short-term
(weekly)

cases

Case A
(with

water-cut
5 m3/day)

With
three wells

(two vertical
wells,

one horizontal
well)

18.8 13.8 100,000 100,000

Case B
(without
limited

water-cut)

With
three wells

(two vertical
wells and

one horizontal
well)

18.8 13.8 100,000 100,000

Real-
world
cases

Case C
(with

water-cut
5 m3/day)

With one well 18.8 13.8 100,000 100,000

Case D
(without
limited

water-cut)
With one well 18.8 13.8 100,000 100,000

Short-term scenario cases represent weekly storage operations. The scenario scheme
has been designed to compensate for the excess power produced in a season and to store
power-to-gas energy into same underground gas storage. A short-term cycle consists of
phases of one week of injection, one week of shut in, two weeks of production, and one week
of shut (1wkInj-1wkShut-2wkProd-1wkShut) for one year. During the injection week, gas
is injected into the reservoir, which builds up field pressure (but again limited by 18.8 MPa,
the upper limit of WBHP); then, one week of shut in maintains the pressure, followed by a
two-week production phase to withdraw gas, which drops the field pressure (lower limit
constraint to 13.8 MPa), and again a shut in phase to maintain the well bore pressure.
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4.2. Case A

There are three wells considered for this scenario: two wells are vertical wells (X2
and X6), and one is a horizontal well (H1). All the wells have been considered to have
the same short-term weekly schedule as discussed above. This case comprises the same
schedule as discussed above, but the well water production rate (WWPR) is limited to
5 m3/day to take into consideration the economic aspects of operating the gas storage.
The commercial storage industry limits the water production rates to minimize operating
costs and enhance economic returns. Therefore, this aspect has also been considered in
this case study. The gas rate for injection and production both is 100,000 m3/day. Bottom
hole pressure is constrained by an upper limit of 18.8 MPa and a lower limit of 13.8 MPa in
cases of injection and production, respectively. The water cut-off is again 5 m3/day in the
production phase to limit the production of water from each well.

The FPR profile for this case is shown in Figure 2. The progressive oscillation cycles of
FPR are injection (upward) and production (downward) phases. The overall upward trend
of FPR from its initial pressure of ~15.39 MPa represents the buildup pressure with each
passing schedule cycle.
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Figure 2. Field pressure (FPR) profiles of all three wells (X2, X6, and H1) with schedule 1wkInj-
1wkShut-2wkProd-1wkShut for one year.

The upward trend of FPR throughout the schedule year is due to the well water
production rate (WWPR) (Figure 3d), and as a result, the field pressure is not stabilized
in such a short time span. To maintain material balance in this scenario, the injection rate
should be lowered to the actual production rates of each cycle.

The comparison of the properties of all three wells is summarized in Figure 3. The
WBHP of X6 reaches the maximum limit of 18.8 MPa at the end of each injection cycle
and drops back to ~15 MPa at the end of the production phase. The WBHP of X2 also
shows similar behaviour but at a lower pressure; e.g., it varies between 16 MPa and 17 MPa
at the end of each injection phase and drops back to the same level of ~15 MPa. The
WBHP behaviour of H1 is however different from that of both X2 and X6. It reaches a
maximum value of 16 MPa at the peak injection time and drops to the lowest level of
~14 MPa (Figure 3a). The WGPR behaviour of all three wells is similar with respect to
linear increases with each increasing cycle. However, the rates are completely different for
each well. The WGPR of well X2 ranges within ~10,000–11,000 m3/day during the initial
cycles but reaches up to 18,000 m3/day at the end of the schedule. Contrarily, the WGPR
of well X6 ranges within ~5000–6000 m3/day during the initial cycles but reaches up to
~9000 m3/day at the last cycle. An entirely different behaviour of WGPR is exhibited by
well H1, showing ~50 m3/day during the initial cycles but reaching up to ~1100 m3/day at
the end of the schedule year (Figure 3b).



Energies 2023, 16, 3389 10 of 29

Energies 2023, 16, x FOR PEER REVIEW 10 of 30 
 

 

 
Figure 2. Field pressure (FPR) profiles of all three wells (X2, X6, and H1) with schedule 1wkInj-
1wkShut-2wkProd-1wkShut for one year. 

The upward trend of FPR throughout the schedule year is due to the well water pro-
duction rate (WWPR) (Figure 3d), and as a result, the field pressure is not stabilized in 
such a short time span. To maintain material balance in this scenario, the injection rate 
should be lowered to the actual production rates of each cycle. 

 
Figure 3. Well properties comparison of the three-well case scenario with the short-term schedule 
1wkInj-1wkShut-2wkProd-1wkShut for one year. X2 and X6 are vertical wells, and H1 is the hori-
zontal well: (a) well bottom hole pressure (WBHP) of all wells; (b) production gas rates (WGPRs) 
for all three wells; (c) injection gas rates (WGIRs) for all three wells and; (d) well water production 
rate (WWPR) for all the wells. 

The comparison of the properties of all three wells is summarized in Figure 3. The 
WBHP of X6 reaches the maximum limit of 18.8 MPa at the end of each injection cycle and 
drops back to ~15 MPa at the end of the production phase. The WBHP of X2 also shows 
similar behaviour but at a lower pressure; e.g., it varies between 16 MPa and 17 MPa at 
the end of each injection phase and drops back to the same level of ~15 MPa. The WBHP 
behaviour of H1 is however different from that of both X2 and X6. It reaches a maximum 
value of 16 MPa at the peak injection time and drops to the lowest level of ~14 MPa (Figure 
3a). The WGPR behaviour of all three wells is similar with respect to linear increases with 
each increasing cycle. However, the rates are completely different for each well. The 

Figure 3. Well properties comparison of the three-well case scenario with the short-term schedule
1wkInj-1wkShut-2wkProd-1wkShut for one year. X2 and X6 are vertical wells, and H1 is the horizontal
well: (a) well bottom hole pressure (WBHP) of all wells; (b) production gas rates (WGPRs) for all
three wells; (c) injection gas rates (WGIRs) for all three wells and; (d) well water production rate
(WWPR) for all the wells.

The WGIR profile of each well is completely different from the profile of the WGPR;
the WGIR of well H1 shows the highest WGIR rates among other vertical wells (X2 and X6).
The WGIR of H1 reaches to the maximum rate of 100,000 m3/day. The WGIR of well X2
and X6 reach a maximum of 40,000 m3/day and 50,000 m3/day, respectively (Figure 3c).

The comparison shows that the horizontal well allows more gas injection and less gas
production than the vertical wells and vice versa.

Results

The modelling results of this case are presented in the form of pore pressure and
effective stress changes of the top layer of the reservoir. Two-time steps have been selected
for the analyses of changes in pore pressure and effective stresses acting on the reservoir.
Time step t1 (16 December 2020) represents the lowest pressure during the production
phase of the schedule cycle, and t2 (23 December 2020) indicates the maximum injection
pressure. The fluctuations in pore pressure and effective stress on the reservoir during t1
and t2 are the main results of this model.

Figure 4 shows the locations of three wells, which are denoted by H1, X2, and X6.
The pore pressures at t1 and t2 for the well H1 are ~15.0 MPa and ~15.3 MPa, respectively,
whereas the effective stress values are ~29.3 MPa at t1 and about 29.0 MPa at t2. There is a
difference of about ~0.3 MPa for both pore pressure and effective stress from t1 to t2.

The vertical wells X2 and X6 are close to each other; therefore, the differences in the
change in pore pressure and effective stress at these well locations are negligible. The values
of pore pressure at both well locations at t1 and t2 are about 15.4 MPa and ~15.7 MPa,
respectively. The effective stresses at t1 and t2 are ~28.5 and ~28.2 MPa, respectively, at
both well locations. There is an increase in pore pressure of ~0.3 MPa from t1 to t2 and a
decrease in effective stress of about 0.3 MPa.
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Figure 4. Pore pressure (Pp) and effective stress (Se f f ec) changes from t1 (16 December 2020) to t2
(23 December 2020) in the short-term case with three wells (X2, X6, and H1) with a water cut-off rate
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t1 to t2. The color scale is in MPa. (a) is pore pressure at time t1; (b) is pore pressure at time t2; (c) is
effective stress at time t1; (d) is effective stress at time t2.

4.3. Case B

Three wells are considered for this scenario, two of which are vertical wells (X2 and
X6), and one is a horizontal well (H1). All wells are assumed to have the same short-
term weekly schedule as described above. WGIR and WGPR both have same value of
100,000 m3/day; however, they are constrained by the upper limit of BHP of 18.8 MPa and
the lower limit of BHP of 13.8 MPa in the cases of injection and production, respectively.

The FPR profile for this case is shown in Figure 5. The progressive oscillation cycles of
the FPR are injection (upward) and production (downward) phases. The general trend of
the FPR remains within the limits of ~15.85 MPa and ~15.375 MPa during the injection and
production phases, respectively.

The comparison of the properties of all three wells is summarized in Figure 6. The
WBHP of X6 reaches the maximum limit of 18.8 MPa at the end of each injection cycle and
falls back to ~13.8 MPa at the end of the production phase. The WBHP of X2 also shows
almost similar behaviour. However, the WBHP behaviour of H1 is different from both X2
and X6. It reaches a maximum value of 17.4 MPa at peak injection time and drops to the
lowest level of ~13.8 MPa (Figure 6a). The WGPR behaviour of all three wells is similar
in terms of linear increase with each increasing cycle. However, the rates are completely
different for each well. The WGPR of well X2 is ~12,000–16,000 m3/day during the initial
cycles but reaches up to 24,000 m3/day at the end of the schedule. In contrast, the WGPR
of well X6 varies between 14,000 and 15,000 m3/day during the initial cycles and reaches
up to 22,000 m3/day at the end of the last schedule cycle. The WGPR of well H1 is entirely
different from the other two wells because it shows ~400–500 m3/day during the initial
cycles but reaches up to ~70,000 m3/day at the end of the schedule year (Figure 6b).
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Figure 6. Well properties comparison of the three-well case scenario with short-term schedule 1wkInj-
1wkShut-2wkProd-1wkShut 1 year. X2 and X6 are vertical wells, and H1 is the horizontal well:
(a) well bottom hole pressure (WBHP) of all wells; (b) production gas rate (WGPR) for all three wells;
(c) injection gas rate (WGIR) for all three wells and; (d) well water production rate (WWPR) for all
the wells.

The WGIR profile of each well is completely different from the WGPR profile; the
WGIR of well H1 shows the highest WGIR among the other vertical wells (X2 and X6).
The WGIR of well H1 reaches the maximum value of 100,000 m3/day. The WGIRs of
wells X2 and X6 reach maximum values of 44,000 m3/day and 45,000 m3/day, respectively
(Figure 6c). The comparison shows that the horizontal wells allow for higher WGIR and
WGPR than the vertical wells under the same WBHP conditions.

The WWPR of well X2 allows a maximum rate of 5 m3/day throughout schedule
year, and the WWPR of well X6 also remain constant over the schedule year with a rate of
10 m3/day, while the WWPR of well H1 remains higher, within the range of 250 m3/day
to 310 m3/day (Figure 6d).
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4.3.1. Results

The modelling results of this case are presented in the form of pore pressure and
effective stress changes of the top layer of the reservoir. Two time steps with the greatest
fluctuations in pore pressure have been selected. Time step t1 (9 December 2020) corre-
sponds to the lowest pore pressure point, and t2 (23 December 2020) corresponds to the
highest pore pressure point of the schedule cycle. The fluctuation in pore pressure and the
effective stress on the reservoir during time t1 and t2 are the main results of this model.

Figure 7 shows the locations of three wells, which are denoted by H1, X2, and X6.
These three wells are the operating wells for this scenario. The main changes in pore
pressure, along with the effective stress, occur around these wells. The pore pressures at
t1 and t2 for well H1 are ~15.5 MPa and ~15.4 MPa, respectively, whereas the effective
stress values are ~29.1 MPa at t1 and about ~28.7 MPa at t2. There is a difference of about
~0.4 MPa for both pore pressure and effective stress at t1 and t2.
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Figure 7. Pore pressure (Pp) and effective stress (Se f f ec) changes from t1 (9 December 2020) to t2
(23 December 2020) in the short-term case with three wells (X2, X6, and H1) without a water cut-off
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t1 to t2. The color scale is in MPa. (a) is pore pressure at time t1; (b) is pore pressure at time t2; (c) is
effective stress at time t1; (d) is effective stress at time t2.

4.3.2. Real World Cases

The excess of electricity produced [32,33] in Germany could be stored in underground
gas storage by converting the power energy into gas (Power-to-Gas). PtG is a process of
generation of a gas with high energy density through the electrolysis of water. The first
intermediate product is power-to-hydrogen, which can be converted into synthetic methane
gas power-to-methane in a subsequent methanation process that requires injection of CO2.
In this way, the same seasonal underground gas storage can also be used as a battery for
excess energy in a calendar year. Figure 8 shows Germany’s data on excess electricity
produced in calendar year 2017. It can be seen from the data that, during the summertime
(from March till August), electricity produced from renewable sources, such as wind and
solar, increases enormously. The combined wind energy (onshore and offshore) shows high
variation during the first and fourth quarters of the year, meaning this high variation of
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electricity production from renewable sources can be stored (power-to-gas) and reused
(gas-to-power) in cases of excesses and shortages of electricity, respectively.
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Figure 8. Data show the consumption of total electricity in Germany, along with electricity produced
from renewable energy sources (such as wind, either offshore or onshore, and solar) in calendar year
2017 [32,33].

These scenarios have been performed on well X6. The schedule is based on the data
shown in Figure 8. The baseline of 10 GW is the shut-in period. Greater than the 10-GW
baseline is considered to have an excess of electricity that can be used as injection periods
for power-to-gas storage, and less than the limit of 10 GW is a shortage of electricity. These
periods have been considered for the production of gas for gas-to-power conversion. These
data [32,33] on excess electricity from Germany have been used to conduct two short-term
real world case schedule cases: one with limited water cut-off and one without limited
water cut-off.

4.4. Case C

This scenario has been performed on vertical well X6. The schedule timeline of one
year has been adopted from Figure 8. The well water production rate (WWPR) is restricted
to 5 m3/day (Figure 9c). The FPR eventually increases in this case to up to 15.72 MPa with
slight variations during the gas production cycles. Gas injection succeeds to maintain the
pressure, and it increases from ~15.39 MPa and reaches approximately ~15.72 MPa at the
end of the one-year period (Figure 9a). The variability in WBHP is directly proportional
to the gas production cycles. As shown in Figure 9a, as the gas production increases, the
well bottom-hole pressure decreases even as the gas injection continues. The maximum
WBHP reaches a value of 18.8 MPa, the minimum WBHP reaches a value of 14.4 MPa, and
these maximum and minimum pressure values represent injection and production cycles
(Figure 9b). The well gas injection rate (WGIR) varies during the year, having a minimum
injection rate of approximately 32,000 m3/day and a maximum rate of about 66,000 m3/day.
In contrast, the well gas production rate (WGPR) has minimum and maximum values of
4300 m3/day and 19,000 m3/day, respectively (Figure 9d). The lower WGPR compared
to the WGIR is due to the limited WWPR, which does not allow the well to produce at a
higher WGPR.
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Figure 9. The fluctuation in electricity produced in Germany from renewable sources in 2017 is
modelled into a future scenario testing case with limited water cut-off (5 m3/day). The excess of
energy can be stored in UGS and can be used when needed. This schedule is helpful to understand
in which month of the year energy can be stored as gas in UGS and in which month of the year this
energy can be utilized when shortage occurs: (a) field pressure (FPR) profile for these cycles; (b) well
bottom hole pressure (WBHP) of well X6; (c) well water production rate (WWPR) for well X6; and
(d) well gas injection rate (WGIR) and well gas production rate (WGPR) for well X6.

Results

The modelling results of this case are presented in the form of the pore pressure and
effective stress changes in the top layer of the reservoir. Two time steps have been selected
for the conclusion of the results for this model. Time step t1 is the starting point of the
schedule case, i.e., 1 January 2020, and t2 is the end schedule point (31 December 2020).
The pore pressure at the well X6 location is about 15.2 MPa at t1 and increases to about
15.8 MPa at t2; simultaneously, the effective stresses at well X6 is about 28.6 MPa, and it
decreases to about 28.0 MPa at time steps t1 and t2 (Figure 10). There is an increase of
0.6 MPa in pore pressure and decrease of 0.6 MPa in effective stress at the top surface of
the reservoir layer near well X6 from t1 to t2.
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Figure 10. Pore pressure (Pp) and effective stress (Se f f ec) changes from t1 (1 January 2020) to t2
(31 December 2020) in the short-term case with one well (X6) with a water cut-off rate of 5 m3/day
and a random schedule. The arrows show the location of the maximum observed fluctuation in Pp

and Se f f ec from t1 to t2. The color scale is in MPa. (a) is pore pressure at time t1; (b) is pore pressure
at time t2; (c) is effective stress at time t1; (d) is effective stress at time t2.

4.5. Case D

This scenario has been performed on vertical well X6. The schedule timeline of one
year has been adopted from Figure 8. There was no water cut-off rate limit set in this
scenario; hence, the maximum water production rate (WWPR) increases up to 43 m3/day
and remains less than 20 m3/day throughout the production and injection period of one
year, respectively (Figure 11c). The FPR is sustained in this case by gas injection and
increases to up to a maximum value of 15.62 MPa with slight variation during the gas
production cycles in the one-year period (Figure 11a). The alteration in WBHP is directly
proportional to the gas production cycles without a water cut-off limit. As shown in
Figure 11b, the WBHP reaches a maximum value of 18.8 MPa and a minimum value of
approximately 13.8 MPa. The well gas injection rate (WGIR) varies during the year, having
a minimum injection rate of approximately 32,000 m3/day and a maximum rate of about
60,000 m3/day, whereas the well gas production rate (WGPR) has minimum and maximum
values of 16,000 m3/day and 40,000 m3/day, respectively (Figure 11d).

Results

The modelling results of this case are presented in the form of pore pressure and
effective stress changes of the top layer of the reservoir. Two time steps have been selected
for the conclusion of the results for this model. Time step t1 is the starting point of the
schedule case, i.e., 1 January 20, and t2 is the end schedule point (31 December 2020). The
pore pressure at the well X6 location is about 15.1 MPa at t1 and increases to about 15.7 MPa
at t2, whereas the effective stress at well X6 is about 28.7 MPa, and it decreases to about
28.1 MPa at time steps t1 and t2. There is an increase of 0.6 MPa in pore pressure and a
decrease of 0.6 MPa in effective stress at the top layer of the reservoir around well X6 from
t1 to t2 (Figure 12).



Energies 2023, 16, 3389 17 of 29Energies 2023, 16, x FOR PEER REVIEW 18 of 30 
 

 

 
Figure 11. The fluctuation of electricity produced in German from renewable sources in 2017 is mod-
elled into a future scenario testing case without limited water cut-off. The excess of energy can be 
stored in UGS reservoirs and can be used when needed. This schedule is helpful to understand 
which month of the year�s energy can be stored as gas in UGS and in which month of the year this 
energy can be utilized when shortages occur: (a) field pressure (FPR) profile for these cycles; (b) well 
bottom hole pressure (WBHP) of well X6; (c) well water production rate (WWPR) for well X6; and 
(d) injection (WGIR) and production (WGPR) gas rates for well X6. 

Results 
The modelling results of this case are presented in the form of pore pressure and 

effective stress changes of the top layer of the reservoir. Two time steps have been selected 
for the conclusion of the results for this model. Time step t1 is the starting point of the 
schedule case, i.e., 1 January 20, and t2 is the end schedule point (31 December 2020). The 
pore pressure at the well X6 location is about 15.1 MPa at t1 and increases to about 15.7 
MPa at t2, whereas the effective stress at well X6 is about 28.7 MPa, and it decreases to 
about 28.1 MPa at time steps t1 and t2. There is an increase of 0.6 MPa in pore pressure 
and a decrease of 0.6 MPa in effective stress at the top layer of the reservoir around well 
X6 from t1 to t2 (Figure 12). 

Figure 11. The fluctuation of electricity produced in German from renewable sources in 2017 is
modelled into a future scenario testing case without limited water cut-off. The excess of energy can
be stored in UGS reservoirs and can be used when needed. This schedule is helpful to understand
which month of the year’s energy can be stored as gas in UGS and in which month of the year this
energy can be utilized when shortages occur: (a) field pressure (FPR) profile for these cycles; (b) well
bottom hole pressure (WBHP) of well X6; (c) well water production rate (WWPR) for well X6; and
(d) injection (WGIR) and production (WGPR) gas rates for well X6.

Energies 2023, 16, x FOR PEER REVIEW 19 of 30 
 

 

 
Figure 12. Pore pressure (𝑃 ) and effective stress (𝑆 ) changes from t1 (1 January 2020) to t2 (31 
December 2020) in short-term case with one well (X6) without a water cut-off rate of 5 m3/day with 
a random schedule. The arrows show the location of the maximum observed fluctuation in 𝑃  and 𝑆  from t1 to t2. The color scale is in MPa. (a) is pore pressure at time t1; (b) is pore pressure at 
time t2; (c) is effective stress at time t1; (d) is effective stress at time t2. 

The summary of all the results is compiled in Table 2 to have better understanding of 
pore pressure and effective stress changes of all future testing cases with time (t1 to t2). 

Table 2. Summary of results for all future test scenarios. The sign + in the pore pressure changes 
indicates a positive change or an increase in pore pressure from time step t1 to t2, while the sign—
in the changes in effective stresses denotes a decrease in magnitudes of effective stresses for time 
step t1 to t2. These two quantities are inversely proportional to each other and are expressed in MPa 
and KPa for a better understanding of the changes. 

Modelling 
Scenarios Subdivisions Results 

  
Pore pressure 

changes Δ𝑃  

Effective stress 
changes 𝛥𝑆  

Short-term 
(weekly) cases 

Case A 
With three wells 

(two vertical wells, 
one horizontal well) 

+0.3 MPa 
+300 KPa 

−0.3 MPa 
−300 KPa 

Case B 
With three wells 

(two vertical wells, 
one horizontal well) 

+0.4 MPa 
+400 KPa 

−0.4 MPa 
−400 KPa 

Real-world 
cases 

Case C With one well 
+0.6 MPa 
+600 KPa 

−0.6 MPa 
−600 KPa 

Case D With one well +0.6 MPa 
+600 KPa 

−0.6 MPa 
−600 KPa 

  

Figure 12. Pore pressure (Pp) and effective stress (Se f f ec) changes from t1 (1 January 2020) to t2
(31 December 2020) in short-term case with one well (X6) without a water cut-off rate of 5 m3/day
with a random schedule. The arrows show the location of the maximum observed fluctuation in Pp

and Se f f ec from t1 to t2. The color scale is in MPa. (a) is pore pressure at time t1; (b) is pore pressure
at time t2; (c) is effective stress at time t1; (d) is effective stress at time t2.
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The summary of all the results is compiled in Table 2 to have better understanding of
pore pressure and effective stress changes of all future testing cases with time (t1 to t2).

Table 2. Summary of results for all future test scenarios. The sign + in the pore pressure changes
indicates a positive change or an increase in pore pressure from time step t1 to t2, while the sign—in
the changes in effective stresses denotes a decrease in magnitudes of effective stresses for time step t1
to t2. These two quantities are inversely proportional to each other and are expressed in MPa and
KPa for a better understanding of the changes.

Modelling
Scenarios Subdivisions Results

Pore pressure
changes

∆Pp

Effective stress
changes
∆Se f f ec

Short-term
(weekly) cases

Case A
With three wells

(two vertical wells,
one horizontal well)

+0.3 MPa
+300 KPa

−0.3 MPa
−300 KPa

Case B
With three wells

(two vertical wells,
one horizontal well)

+0.4 MPa
+400 KPa

−0.4 MPa
−400 KPa

Real-world cases
Case C With one well +0.6 MPa

+600 KPa
−0.6 MPa
−600 KPa

Case D With one well +0.6 MPa
+600 KPa

−0.6 MPa
−600 KPa

5. Thermal Analysis

The same dynamic model has been used for thermal analyses. Since long-term injection
would impact the thermal changes in the reservoir significantly, a long-term seasonal case is
used to analyse the temperature changes within the reservoir if a foreign gas is injected into
it. Therefore, six months of gas injection and six months of gas withdrawal are considered
in this modelling case. The initial reservoir temperature is ~45 ◦C, and the foreign gas
temperature is 25 ◦C. Two cycles have been considered to analyse the temperature changes
during these injection/production operations. Gas is injected into the reservoir for the first
half year and produced in the second half of the year. Two wells, X2 and X6, are considered
to analyse the temperature changes around the well bore vicinity. The bottom hole pressure
(WBHP) for both wells is set to an upper limit of 18.8 MPa and a lower limit of 13.8 MPa in
case of the injection and production phases, respectively. These pressure limits are set in
place to avoid fault reactivation or fracture-inducing phenomena during the injection phase,
as well as to avoid sand production or contraction of the reservoir during the production
phase. The WGIR and WGPR are set to 100,000 m3/day for both wells.

Thermal stresses are the stresses that occur due to the change in temperature in the
system, i.e., original temperature minus final temperature. If foreign gas is injected into
the underground gas reservoir, the temperature in the reservoir changes, which causes
thermal-related stress changes in the reservoir. The relationship of temperature changes
and thermal stress is expressed by the following equation [34]:

St = E ∗ αt(Tf − T0) = E ∗ αt(∆T), (11)

In the above equation, St is thermal stress, E is the Young’s modulus, αt is the thermal
coefficient, Tf is the final temperature of the reservoir, T0 is the original temperature of the
reservoir, and ∆T is the temperature difference in the reservoir. Less ∆T causes less thermal
stress in the reservoir and vice versa.

The following section describes the results, i.e., temperature changes with injection
of colder foreign gas (25 ◦C) into the reservoir (i.e., about 45 ◦C) through space and time
with seasonal cyclic injection/production phases. The top view of the reservoir surface is
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shown in the figure at different time steps (Figure 13). Two injection/production cycles
with four-time steps have been selected to show thermal changes in the reservoir with
injection and production phases. Time step t1 (1 January 2020) is the pre-operational history
temperature of the reservoir at wells X2 and X6 (Figure 13a). Time step t2 (1 July 2020)
represents the end of the injection time of colder foreign gas (25 ◦C), which is injected for
the first half of 2020 (Figure 13b). Time step t3 (1 January 2021) is the end of the production
period of the cycle (Figure 13c), and t4 (1 July 2021) is again the end of injection phase of
the second cycle (Figure 13d).
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Figure 13. Temperature changes around wells X2 and X6 by injecting colder foreign gas at different
time steps (t1, t2, t3, and t4). Time steps t1, t2, t3, and t4 correspond to 1 January 2020, 1 July 2020,
1 January 2021, and 1 July 2021, respectively. The arrows show the exact location of significant
temperature differences during injection/production phases. The colour scale is in ◦C, whereas the
arrows with N indicate a northward direction. (a) is temperature at time t1; (b) is temperature at time
t2; (c) is temperature at time t3; (d) is temperature at time t4.

The reservoir temperature is 45 ◦C at time step t1, which is the pre-operational tem-
perature. The temperature decreases to about 43 ◦C at well X6 and 42.5 ◦C at well X2 at
time step t2 after constant injection of colder gas (25 ◦C), with a well gas injection rate
(WGIR) of 100,000 m3/day for six months. The temperature increases to about 43.5 ◦C and
~43 ◦C at wells X6 and X2, respectively, at time step t3. There is only about a 0.5 ◦C increase
in temperature from t2 to t3. Temperatures at well X6 and X2 decrease to about 41.5 ◦C
and 42 ◦C, respectively, again in the second cycle of injection at t4. Thermal changes are
minor and occur only at the vicinity and around the well locations. The thermal effects
on the stress are not significant in the reservoir even after injection of 100,000 m3/day
of colder gas for about a half year. This outcome shows that the thermal changes in the
short-term cases are negligible for analysing the geomechanical stresses on the reservoir in
storage operations.

6. Potential Fault Reactivation Analyses
6.1. Model Setup

Fault reactivation is the possibility of failure in geomechanical assessment of the
reservoir, which can risk operational safety, cause micro seismicity within and around
reservoirs, and provide a leakage path for gas to escape. Fault reactivation occurs when
the shear stress acting on the fault planes exceeds the shear strength of the fault. The
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Mohr–Coulomb failure criterion relationship of pore pressure and the principal stresses of
this case study reservoir (lies in normal stress regime) are expressed by this equation [35]:

Pp =
1
α
[
1
2
(Sv + Shmin) +

1
2
(Sv − Shmin) cos 2θ − 1

2
(Sv − Shmin)

sin 2θ

µ
], (12)

where α is the Biot coefficient (assumed 1), Sv is the vertical and maximum principal stress,
Shmin is the minimum horizontal stress, θ is the angle between the dip line of the fault and
the Shmin direction, Pp is the critical pore pressure, and µ is the coefficient of friction.

These analyses include the calculation of the critical pore pressure with the aim
of observing possible differences in pore pressure required for fault reactivation. The
pore pressure derived from the history matching scenario is multiplied by a fixed factor
controlled by gas rates until fault reactivation occurs. The upper limit of the BHP is removed
to obtain a higher pore pressure. The factors used for this operation are 1.15, 1.25, and 1.5
(Figure 14). It is then possible to evaluate pressure changes in the reservoir required to
reactivate the fault, as well as the safe storage capacity of the reservoir.
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Figure 14. Pressure profiles for the history matching scenario and scenarios multiplied by fixed
factors (Pp , Pp X 1.15, Pp X 1.25, and Pp X 1.5) controlled by gas injection rates until fault
reactivation occurs.

Figure 14 shows different pressure profiles based on distinct gas injection scenarios.
The Pp (history match pressure) curve exhibits a maximum value of ~16.2 MPa with
gas injected at a rate of 100,000 m3/day for one year, whereas to reach a pressure value
1.15 times the actual history match pressure case, 175,000 m3/day of gas are injected for
1 year. The pressure increased up to 18.6 MPa. In case Pp X 1.25, 240,000 m3/day is injected
to reach a pressure of about 20.25 MPa. Similarly, in case of Pp X 1.5, a gas volume of
560,000 m3/day is injected (for one year), which increases the pressure up to 24.3 MPa.

6.2. Results

The results of this section are based on the model setup explained in the above section.
The methodology follows the different cases in which the initial reservoir pore pressure
is multiplied by a factor of 1, 1.15, 1.25, and 1.5, corresponding to pore pressure values of
~16.2 MPa, ~18.6 MPa, ~20.25 MPa and ~24.3 MPa, respectively. The results display the
oblique view of the topmost layer of the reservoir (Figure 15). The Mohr circles correspond
to the well X6 location near the main fault (Figure 15). Two time steps have been considered
for all the cases: t1 (1 January 2020) is the starting time step, and t2 (1 January 2021) is the
end time step of the schedule year.
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Figure 15. The computation of fault reactivation for initial pore pressure multiplied by a factor of
1 (a), 1.15 (b), 1.25 (c), and 1.5 (d) is shown on the left side. White boxes show the cells with stress
states exceeding the failure criterion (arrows show northward direction). On the right side of the
figure are the shear stress Ss vs. normal stress Sn diagrams, showing the Mohr–Coulomb failure
criterion at the well X6 location (which is nearest the main fault of the reservoir). Time steps t1 and
t2 correspond to the starting (1 January 2020) and final (1 January 2021) time steps of the tested
cases, respectively. The increase in pore pressure leads to a decrease in effective stresses, causing the
corresponding Mohr circle to shift to the left. If the failure line is finally touched, plastic straining
and—in case of a fault zone—fault reactivation occur.

Fault reactivation is observed already at Pp X 1.25 (~20.25 MPa) (Figure 15b), at which
the corresponding Mohr circle has just touched the tensile failure line. The amount of
failure in the cells becomes more prominent as pore pressure increases to greater than the
pore pressure factor of 1.25 (i.e., Pp X 1.5), and it causes the corresponding Mohr circles to
move further left (Figure 15c,d). The increase in pore pressure causes decreases in effective
stress, causing the Mohr circles to move to the tensile failure line. Thereafter, the material
enters the plastic regime; therefore, in case of failure, fault reactivation occurs.
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6.3. Safe Injection Rate for Safe Storage Capacity

The pore pressures for fault reactivation for the different scenarios calculated in the
numerical modelling analysis provide an estimate of the pressure at different injection rates.
The injection rate (in terms of volume rate) to achieve a perfect history match (16.2 MPa)
is about 100,000 m3/day, and fault reactivation is already observed at Pp times 1.25, i.e.,
about 20.25 MPa at an injection rate of 240,000 m3/day. With the determination of the
critical pore pressure, it is also possible to derive an upper limit for the injection rate to
be selected for injection processes. By considering the highest safety margin, the injection
rate between 100,000 m3/day and 150,000 m3/day would be the considered safe injection
rate for safe storage for the case study reservoir. A gas injection rate greater than this
threshold value can have a significant impact on the risk management and operational
setup of underground gas storage.

6.4. Storage Capacity of Power-to-Gas and Gas-to-Power

Regarding the storage capacity of power-to-gas technologies, the case study reservoir
can store 881,600 kWh/d up to maximum of 1,322,400 kWh/d of power from renewable or
other resources with respect to the conversion of a natural gas volume of 100,000 m3/day
to a maximum of 150,000 m3/day, respectively. Power-to-gas and gas-to-power convertible
units are summarized in Table 3.

Table 3. Power-to-gas and gas-to-power convertible units.

m3 Natural Gas kWh Power

1 8.816
0.113 1

7. Discussions
7.1. Hydraulic Model

The results of the hydraulic model show variations in gas saturation at different
phases during short-term injection-production cycles. Figure 16 shows that the injection-
production cycle increases the gas saturation during the later cycles, as more gas is produced
with increasing cycles until convergence is reached. This outcome indicates the adoption of
high-speed multicycle injection-production in UGS with time. This characteristic of UGS
indicates the increase in gas-containing pore space with time and explains encroachment
of gas flow continuously into the ground water zone for production in the pore throat
development area, as the injection-production cycle increases. Meanwhile, under the
wetting function, the water film is concentrated in the small pore space compared to the
larger pore space; the storage space occupied by the formation of water and dead gas zones
is released by the gas execution. Further analysis of the data shows notable findings on the
correlation between the time and the amplitude of the gas saturation increase, as shown in
Figure 16.

During injection and production cycles, gas saturation increases from ~35% to ~50%
from the first cycle to the sixth cycle. Therefore, it appears that, during multi-cycle injection
and production in the pre-UGS gas zone, the pore gas storage space in reservoirs with
low permeability generally increases sharply, as evident from the correlation between low
permeability and high initial water saturation (according to [6]). Moreover, the higher the
relative quantity of liquid phase that is continuously transported and dried during high
velocity development, the greater the increase in gas saturation.
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The gas injection production capacity tends to improve in the UGS gas zone when gas
production is increased during the injection production cycle. Further investigation of the
UGS gas zone shows that the degree of gas production also increases with the injection-
production cycle, but the degree of gas production varies according to the different physical
properties and connectivity of the pore spaces [6]. Strong seepage is observed in reservoirs
with high permeability, and the gas production and degree of gas recovery are also high
under the same injection-production conditions [6].

The gas saturation first decreases in the pre UGS phase and then increases significantly
during multi-cycle injection and production, showing the decrease in gas saturation and
gas storage space when the gas-drive water zone (gas-water zone, where gas saturation is
more dominant) is converted into gas storage. Due to the intrusion of lateral and bottom
water, part of the gas storage space is occupied by water during the slow exploitation
phase, and a capillary trap for the gas-containing space is also created. Further data show
that higher permeability causes water to penetrate, leading to an even greater reduction
in gas saturation. During the multi-cycle injection and production phase in UGS, there is
no water encroachment, or the part where water encroachment occurs is displaced in the
initial gas injection phase of gas storage into the gas-drive water zone. In contrast, under
the influence of high velocity injection and production cycle extraction, residual water is
produced that is like that in the gas zone before UGS [6]. The experimental analysis shows
that the gas-drive water zone is the main expansion zone of the UGS, as the storage space
and storage capacity are greatly increased in this gas-drive water zone [6].

The variation of gas saturation in the gas-drive water zone shows the same trends
compared to both the trend in the single core experiment and the trends of average gas
saturation in the parallel multicore experiment. However, in the multicore parallel experi-
ment, the reduction in gas saturation caused by water encroachment is relatively small [6].
The distinctive feature of reservoir heterogeneity, a formation with high permeability, has
a great impact on the water body as it promotes water intrusion, while formations with
medium and low permeability are less affected by water intrusion. During high veloc-
ity injection and production, the gas preferentially percolates into the high permeability
formation, resulting in gas saturation recovery in the high permeability reservoir.

The gas permeability of the reservoir may also decrease due to clay minerals in the
reservoir, which may expand when they encounter water, thereby occupying the pore space.
For this reason, gas production and gas content are relatively low in the first injection and
production cycle. Meanwhile, the gas recovery level and gas production level are low due
to lower vertical permeability [6]. Furthermore, gas production and injection increase with
increasing permeability.

The transition of the reservoir characteristic of the gas-water transition may indicate
that water intrusion is caused not only by exploitation of the gas field but also by the
gas storage cycle in the operational phase. In general, the gas saturation decreases both
in operational zones of the reservoir and in the gas-water zone. However, the effects of
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physical properties and heterogeneity, wettability, and capillary pressure of the reservoir
make the production mechanism of multicycle injection complex. The relationship between
gas and water in the gas-water transition zone tends to be rational, and the gas saturation
tends to plateau during multicycle injection production [6]. Alternatively, residual gas
and trapped gas are effectively reduced due to the back-and-forth movement of gas and
water through the gas-containing spaces, but the changes in gas saturation are small
throughout the reservoirs. Conversely, in high-speed injection and production, water is
still continuously transported into the pore throat for production, but in gas storage, the
main discharge concerns water in the large pore throat because it is difficult to displace
water in the micropores. For this reason, gas saturation tends to plateau in the gas-water
transition zone. Due to the reduction in water intrusion energy, gas saturation increases
slightly in the subsequent phases of injection and production operations.

These results show that low gas saturation and poor recovery are observed in the
gas-water transition zone of UGS and that effective exploitation of the gas-water transition
zone is affected by reservoir heterogeneity [6]. Therefore, the effective utilization of the
gas-containing pore space under the high-speed injection and production conditions of gas
storage is significantly different from the utilization of the gas reservoir. For that reason,
the optimal design of UGS capacity and calculation of gas storage parameters should be
founded on the effective utilization of the gas-containing pore space, as well as on the
effective pore space of the reservoir structure in different zones [6].

7.2. THM Coupled Modelling

The geomechanical approach presented in this paper allows for characterization,
from a geomechanical point of view, of the target reservoir in a very understandable
way. The coupled simulation of one-way flow and geomechanics (VISAGETM) focuses on
understanding the variation in effective stresses due to pressure changes associated with
gas injection into the subsurface reservoir. In other words, the focus is on the pore pressure
changes during operation. The VISAGETM model is created directly from the geological
model and can therefore be considered more accurate in terms of geometry compared to
another finite element model, such as an ANSYSTM model. The material properties in
the VISAGETM model are scaled up from borehole logs, and their population contains
information about the original vertical and horizontal variations. The VISAGETM simulator
treats faults as 3D cells with different material parameters in relation to the surrounding
rock. The output of the VISAGETM model is continuous through space, and the presence
of faults can be detected by an abrupt change in depth at the point of displacement, even
if the horizon is technically not present at that point. Therefore, VISAGETM is used for
ECLIPSETM-VISAGETM coupling to build a coupled THM model to achieve the desired
geomechanical results.

THM coupled modelling involves coupling of static geomechanical model with dy-
namic fluid (hydraulic) modelling. The geomechanical stresses of the reservoir change in
space and time when coupled with pore pressure, either from reservoir history or from
future testing scenarios. In general, these dynamic models are based on the concept of
effective stress to characterize the effects of pore pressure changes on reservoir and caprock
integrity, as well as fault stability. Simplified geomechanical models rely mainly on the con-
cept of effective stress to distinguish the effects of pore fluid changes on reservoir integrity
and fault stability. Terzaghi [36] proposed this effective stress concept for soil systems. The
result of the increase in pore fluid pressure is equal to the decreased effective stress on the
rock mass, and conversely, this concept implies that the effective stress experienced by the
rock framework is due to the changes in fluid pressure, with the absolute magnitudes of
the principal in situ stresses themselves remaining unaltered.

From a classical point of view from Terzaghi [36], changes in vertical stress can be
predicted as the effective vertical stress increases and decreases during withdrawal and
injection, while the reservoir stress path effect can clearly distinguish the changes in the
effective minimum horizontal stresses. As a result of the increased fluid pressure, the Mohr
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circle drifts to the left, in turn reducing the diameter of the circle, implying that the fault is
under a lower differential stress. The theoretical viewpoint consolidates only the concept of
effective stress, and the assumption can be made that the stress path during compression is
parallel to the failure envelope rather than towards it [2]. A steeper stress path during the
injection process is the result of a small Poisson’s ratio, a large Biot coefficient, a large shear
modulus, and a shallower reservoir, further causing drift away from the failure envelope.

At the case study reservoir, reactivation of the fault with increasing fluid pressure
would not be possible if the stress path could be assumed to be exactly linear to higher
fluid pressures. The magnitude of the stress path in the reservoir is an absolute criterion to
ensure that the faults are not tapered by pressurization or depressurization. Furthermore,
this linear extrapolation of the stress path is obviously only suitable for moderate fluid
pressure levels. During pressurization of the system, there are some points at which the
horizontal stress becomes the maximum principal stress instead of the vertical stress. This
outcome shows that, in the absence of stress path effects, the stress path changes and moves
towards the failure criterion.

One of the main aspects of the THM modelling results is the deformation within and
outside of the reservoir formation because of injection and withdrawal of fluid/gas in
reservoirs. Pressurization and depressurization cause deformations in both the reservoir
and the overburden, which are part of the effective results of geomechanical modelling.
During overpressure or underpressure, the elastic or non-elastic expansion or contraction
of the rock mass causes such deformations. The reactivation of faults and the integrity of
the rock may be affected by deformations within the reservoir. In addition, deformations
associated with reservoir depletion can also pose a serious problem in terms of casing
collapse and can become a major obstacle to subsequent drilling [37].

The main risks related to pressurization and depressurization of a field during injec-
tion and withdrawal periods, respectively, are fault reactivation and associated permeable
leakages. During gas injection and production phases, reactivation of the fault and asso-
ciated permeable pathways is one of the main risks associated with pressurization and
depressurization. The classical fault model would predict that, as the fault approaches
shear reactivation, there will be an increase in fluid pressure that would reduce the effective
normal stress on the fault. However, the stability of the fault is significantly affected by the
progression of reservoir stresses through the effects on horizontal stress magnitudes. As
discussed in the above section, the simulation results of the THM model predict decreases
in effective stresses but increases in pore pressure in various short-term storage cases. If
this difference in effective stresses and consequently in pore pressures is very small, no
significant stress perturbations would occur. However, if this difference is large, i.e., if the
pore pressure in the reservoir is large, then there is a high probability of fault reactivation
with increasing pore pressure, as described in the above regarding the various fault reac-
tivation cases. Fault reactivation occurs in the reservoir already at 1.25 times the initial
pore pressure of the reservoir, indicating that the Mohr circle reaches the failure line at
this pressure.

Distinguishing deformations above and at the surface of the reservoir is also important
for surface monitoring and for potential reactivation of faults in the reservoir section. These
deformations (either elastic or sometimes plastic) occur due to contraction and expansion
of the rock mass during over-pressuring and under-pressuring phases. Over- and under-
pressuring of reservoirs are directly related to large amounts of gas injection and production
rates, respectively. For this reason, the upper (18.8 MPa) and lower (13.8 MPa) limits of
bottom hole pressure (BHP) are considered, which do not allow the pressure to rise or drop
below the designated pressure limits. The deformation caused by this over-pressuring
and under-pressuring of reservoirs could initiate fault reactivation and may affect caprock
integrity. The significant drop in reservoir pressure due to rapid depletion may damage the
casing and induce drilling complications for newly planned wells in the reservoir [37].

This study does not include a sensitivity analysis to determine the stress field or
displacement of the ground surface when elastic properties vary. Due to the poor correlation
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between the mechanical properties of the rock and the porosity in the individual wells,
there can be considerable variation in the construction of the static geomechanical model,
which can affect the distribution of the mechanical properties, rather than the magnitudes.
In contrast, the successive calibration of the sonic logs and the mechanical tests themselves
appear to have close correlations, demonstrating their accuracy. However, it is possible that
the actual values for Poisson’s ratio and Young’s modulus may differ slightly from those
used in the modelling. There are several studies have already been performed on these
parameter studies and the effects of parameter variation on geomechanical stresses and
ground surface displacement [38]. Chen (2012) modelled the pressurization of a reservoir
at 600 m of depth by 1 MPa using Young’s modulus and Poisson’s ratio values close to our
case study reservoir. This modelling study suggests reducing the stiffness of the reservoir;
i.e., reducing the value of Young’s modulus from 5 GPa to 3 GPa, the vertical displacement
increases from 0.08 to 0.12 mm [38]. Similarly, a reduction in the Poisson ratio from 0.3
to 0.2 results in an increase in the ground surface displacement from 0.11 to 0.13 mm [38].
It should be borne in mind that the sensitivity of these parameters is highly dependent
on several different factors, including the depth and size of the reservoir, the stress field,
and the properties attributed to the surrounding formations [38]. However, the work
presented by Chen gives a rough idea of the types of variations that might be expected
from such modelling.

8. Conclusions

THM modelling provide important results for short term gas storage, e.g., conversion
of the former gas field to a storage site with short-term (weekly) injection-production
schedules. There have been three cases tested for future scenarios with short-term oper-
ations. German surplus energy data from renewable energy sources (such as wind and
solar energy) from 2017 have also been incorporated into these future testing cases to
implement PtG technology on former gas reservoirs to meet Germany’s future energy
demand. The operating volumes in these cases are controlled by the upper (18.8 MPa) and
lower limits (13.8 MPa) of well bottom hole pressure (WBHP). The results of the coupled
THM modelling of these cases show that the maximum difference in pore pressure and
subsequently effective stress is observed to be 0.6 MPa among all tested cases.

Fault reactivation analyses are performed on the THM models, which evaluate various
gas injection scenarios without any upper limit of WBHP. The quantified stresses are then
examined against Mohr–Coulomb failure criterion to estimate fault stability. This goal is
achieved by including faults with specific properties in the 3D geomechanical model. The
stress state of the 3D cells with fault properties exceeding the shear failure line is observed
against different gas injection volumes. Fault reactivation occurred at the gas injection rate
of 240,000 m3/day, yielding a value of critical pore pressure. This critical pore pressure
was observed to be 1.25 times the original pore pressure, which is equivalent to the WBHP
value of 20.25 MPa. With the determination of pore pressure, it is also possible to estimate
an upper limit of the gas injection rate for safe storage operation, which in this case study
is observed to be in the range between 100,000 and 150,000 m3/day.

In this study, the critical pore pressure is calculated at the well location, whereas
the reference location for further studies can be anywhere in the reservoir, and the high
permeability of the reservoir can reduce possible differences in the reference sites. Analysis
of the case study numerical modelling results shows that a 4-MPa increase in pore pressure
would be sufficient to trigger fault failure.

Thermal stresses depend merely upon the thermal-dynamic processes in the system.
Therefore, one case (seasonal) has been tested for thermal stress analysis using the same
THM model. The original reservoir temperature is 45 ◦C, and the injected gas temperature
is set at 25 ◦C. The thermal changes are small (0.5 ◦C) and occur only near and around
the wellbore. The thermal effects on stress are not significant in the reservoir, even after
injecting 100,000 m3/day of colder gas for about half a year. This outcome suggests that
the thermal changes in the short-term cases are negligible to be considered in the analysis
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of geomechanical stresses in the reservoir during storage operations. This finding is due to
the low operating volumes and short time cycles for injection production (weekly schedule)
in short-term cases.

In terms of storage capacity of PtG technologies, the case study storage can store up to
maximum of 1,322,400 kWh/d of electricity from renewable or other resources, converting
the maximum gas volume of 150,000 m3/day. This amount of energy storage can at least
contribute to Germany becoming a greenhouse gas neutral country (GHGND) in 2050,
corresponding to an energy demand of 1600 TWh of electricity.

The entire workflow outlined and tested in this study is not site specific but generally
applicable to any gas storage in a porous medium including methane, CO2, and hydrogen.

Perspectives

The modelling schemes described in this study provide a thermal-hydraulic-geome-
chanical assessment consistent with the observational data presently available. This THM
modelling study can be used to assess borehole stability, which can be achieved by analysing
the hydraulic and mechanical limits of the borehole walls. Another application of the model
can be a fully coupled model, in which geomechanical and hydraulic models are coupled
in such a way that both can receive and process the required parameters simultaneously
(explained in the last paragraph). This modelling study can also serve as a benchmark for
the use of UGS as a seasonal battery for PtG technologies. In this way, the excess energy
can be stored as gas in the UGS and later converted back into electricity when needed.

The rock properties of the reservoir have an important influence on the estimated
amount of subsidence. For future modelling, it would be useful to conduct detailed
rock mechanics experiments with representative samples from the deposits in the region.
It is important to have as much reliable data as possible on vertical elevation changes
in the region to test different hypotheses related to subsidence. Such data could come
from repeated surveys of existing first-order contour lines, GPS, or InSAR observations.
In addition, sensitivity analyses or parameter studies to determine the stress field or
displacement of the ground surface as elastic properties vary would be useful to understand
the reservoir behaviour in response to changes in, for example, Young’s modulus or
Poisson’s ratio.

THM modelling in this study uses a one-way coupling simulation approach. The
coupling between dynamic fluid flow and geomechanical simulation can improved by
adopting two-way or even fully coupled simulations. Such a simulation means that
not only the pore pressure is passed from the fluid flow model to the geomechanical
model, but also properties from the geomechanical model, such as porosity, permeability,
and rock compressibility, are passed back to the fluid flow model to obtain continuously
updated accurate modelling results. Two-way and fully coupled simulation approaches
would also be useful to analyse ageing effects in reservoirs due to long- and short-term
storage operations.
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