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Abstract
The existing heat in the earth can be considered as an abundant source of clean energy. Geothermal applications have 
extracted this resource via various approaches, such as petro- and hydrothermal systems or heat pumps. In recent years, 
thermal energy storage systems (ATES), which balance the temporal mismatch of the energy demand and supply were 
widely developed, primarily in the Netherlands. Herein we compared the fully elastic thermo-hydro-mechanical response 
of two different geothermal systems: a hydrothermal doublet and a high-temperature (HT) ATES triplet, both located in 
the karstified and faulted Malm aquifer in the north of Munich (south of Germany). Both systems have a negligible impact 
on the pressure field of the Malm reservoir due to its high permeability. The geomechanical responses at the scale of the 
reservoir are primarily governed by thermoelasticity, with only minor poroelastic effects due to low pressure variations. In 
our linear elastic constitutive framework, the cyclic injection and production of the HT-ATES triplet lead to slightly lower 
stress-field perturbations than the continuous operation of the hydrothermal doublet under the investigated operating condi-
tions. As a result, lower fault destabilization and smaller induced displacements were computed in the HT-ATES scenario. 
These differences are attributed to the cyclic thermal loading and reduced cumulative thermal perturbation associated with 
the storage operation. Additionally, the heterogeneity of the reservoir, represented by differences in the permeability of the 
layers, has a notable impact on both thermal recovery and the fault stability in the HT-ATES triplet.
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𝑘𝑘	� Permeability tensor
𝜂𝜂	� Fluid dynamic viscosity
𝜌𝜌	� Fluid density
𝑔𝑔	� The gravitational acceleration
𝑒𝑒	� Heat energy
𝐹𝐹𝑇𝑇 	� Heat fluid flux
𝑞𝑞𝑇𝑇 	� Heat source
ℎ	� Specific enthalpy of phase
𝜆𝜆	� Thermal conductivity tensor
𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑖𝑖 	� The effective stress tensor

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑖𝑖 	� Total stress tensor

𝛼𝛼	� Biot coefficient
𝛿𝛿𝑖𝑖𝑖𝑖	� Kronecker delta tensor
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖	� Elasticity tensor of the solid skeleton (drained 

version)
𝜀𝜀𝑖𝑖𝑖𝑖	� Infinitesimal strain tensor
𝜀𝜀𝑒𝑒𝑖𝑖𝑖𝑖𝑘𝑘	� Elastic strain tensor
𝜀𝜀𝑡𝑡𝑡𝑖𝑖𝑖𝑖 	� Thermal strain tensor
𝛼𝛼𝑇𝑇 	� Linear drained thermal expansion coefficient

Nomenclature
ATES	� Aquifer thermal energy storage
HT-ATES	� High-temperature aquifer thermal energy 

storage
THM	� Thermo-hydro-mechanical
m	� Fluid mass
𝑣𝑣𝑆𝑆 	� Velocity of the solid skeleton
F	� Flux
q	� Source term
𝑣𝑣	� Darcy velocity
𝑃𝑃	� Pore pressure
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𝑇𝑇	� Temperature
𝛥𝛥𝑇𝑇	� Temperature change
u	� Displacement vector
𝑡𝑡𝑖𝑖/𝒕𝒕𝑒𝑒𝑒𝑒𝑒𝑒	� Effective traction vector
𝑛𝑛𝑖𝑖/𝒏𝒏	� Unit normal vector
𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑁𝑁 	� Effective normal stress

𝜏𝜏 	� Shear stress
𝑆𝑆𝑇𝑇	� Normalized slip tendency
𝐶𝐶	� Cohesion value
𝜇𝜇	� Friction coefficient
Well H	� Hot well in HT-ATES triple
Well C	� Cold well in HT-ATES triple
Well B	� Buffer well in HT-ATES triple
Well P	� Production well in hydrothermal doublet
Well I	� Injection well in hydrothermal doublet
Homo.	� Homogeneous
Extr.het.	� Extremely heterogeneous
Mod.het.	� Moderately heterogeneous
BC	� Boundary condition
IC	� Initial condition
𝑆𝑆𝐻𝐻 	� Maximum horizontal stress
𝑆𝑆𝑡	� Minimum horizontal stress
𝑆𝑆𝑣𝑣	� Vertical stress
LOT	� Leak-off test
𝑃𝑃	� Pressure
EOS	� Equation of State
𝑇𝑇 (𝑧𝑧)	� Temperature as a function of depth
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒	� Temperature at the surface
𝑧𝑧	� Depth
G𝑇𝑇	� Geothermal gradient
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒	� Temperature at the surface
𝑃𝑃 (𝑧𝑧)	� Pressure as a function of depth
𝑧𝑧0	� Depth of the water table
𝜖𝜖	� Thermal recovery efficiency
𝑇𝑇𝑜𝑜𝑠𝑠𝑡𝑡 (𝑡𝑡)	� Produced temperature form Well H over time
𝑇𝑇𝑠𝑠𝑒𝑒𝑠𝑠	� Reservoir temperature
𝑇𝑇𝑖𝑖𝑖𝑖 (𝑡𝑡)	� Injected temperature over summer period
DAS	� Distributed acoustic sensing

Introduction

With the increasing global demand for energy and the cor-
responding rise in greenhouse gas emissions, efficient and 
reliable renewable energy generation is essential for a sus-
tainable future (Jacobson et al. 2017; Hassan et al. 2024; 
Solangi and Magazzino 2025). Geothermal systems are a 
significant resource for abundant clean energy (Barbier 
2002; Chamorro et al. 2012). Energy production from 
hydrothermal systems (Moeck 2014) and storage applica-
tions (Lee 2010) are both proven to enable CO2-free power/
heat generation. The South German Molasse Basin stands 

out as a premier region for geothermal power generation uti-
lizing hydrothermal resources (Cröniger et al. 2022). This 
prominence is largely due to the highly productive Upper 
Jurassic Malm aquifer, which serves as a key target for 
deep, > 1.2 km, geothermal applications (Wadas et al. 2023). 
These units, reaching thicknesses of up to 600  m, com-
prise limestones and dolomites. These carbonate sediments 
exhibit facies variations and have undergone multiphase 
karstification (Wolfgramm et al. 2007) making the reservoir 
hydraulics primarily controlled by the karst network (Quinn 
et al. 2006; Hörbrand et al. 2025). The lithospheric bending 
caused by the Alpine Orogeny further influenced the reser-
voir's characteristics, promoting extensive normal faulting 
(Wolfgramm et al. 2007; Mraz 2019). The aforementioned 
factors exert a significant influence on the spatial distribu-
tion of hydraulic properties within the Malm aquifer (Kon-
rad et al. 2021; Fadel et al. 2022; Hörbrand et al. 2025).

One geothermal project within the Molasse Basin expe-
rienced a premature thermal breakthrough, jeopardizing 
the long-term sustainability of heat extraction (Fadel et al. 
2022). Such thermal breakthroughs are mainly caused by 
challenges associated with cold water plume migration from 
the injection well into the reservoir. The continuous injection 
of cold water creates a progressively expanding cold front, 
potentially reaching the production well and compromising 
system efficiency (Li et al. 2016). Although sensitivity anal-
yses can assess the impact of individual parameters—such 
as reservoir geometry, flow rate, well spacing, and perme-
ability—on overall performance, accurately predicting ther-
mal breakthroughs remains a complex task that necessitates 
extensive numerical modelling (Kong et al. 2017; Aliyu and 
Chen 2017; Shi et al. 2023).

Integrating an aquifer thermal energy storage (ATES) 
concept into existing hydrothermal doublets within the 
Molasse Basin presents a promising optimization strategy 
to enhance system performance and reduce operational 
risks. While existing normal faults in the Molasse Basin can 
significantly accelerate thermal breakthroughs in hydro-
thermal doublets (Jahanbakhsh et al. 2016), their impact 
on ATES schemes is comparatively less relevant (Dashti et 
al. 2024). The high-temperature, c. 40  °C higher than the 
ambient temperature (Heldt et al. 2023), HT-ATES concept 
leverages the Malm aquifer to store surplus heat generated 
during summer months, effectively bridging the temporal 
mismatch between geothermal production and district heat-
ing demand (Dickinson et al. 2009; Wang et al. 2024). HT-
ATES shows long-term reliability, with properly maintained 
systems delivering stable heating for decades (Bloemendal 
et al. 2014; Fleuchaus et al. 2018; Mahon et al. 2022; Shah 
et al. 2024). These benefits make HT-ATES an attractive 
and sustainable solution for district heating and cooling in 
municipalities such as Munich, Germany.
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Figure  1 shows the conceptual difference between 
the HT-ATES triplet and hydrothermal doublet. In the 
HT-ATES triplet, three wells are used: a bidirectional 
hot well, which injects hot fluid into the reservoir during 
summer and produces it during winter; a cold well, which 
reinjects the cooled fluid (produced from the hot well) into 
the reservoir; and a buffer well, which produces ambient-
temperature reservoir fluid. The concept behind triplets is 
well documented by Bloemendal et al. (2022), van Esch et 
al. (2025), and Hörbrand et al. (2023). In the hydrothermal 
doublet, only two wells are used: a production well, which 
continuously produces ambient-temperature reservoir 
fluid, and an injection well, which continuously reinjects 
the same fluid after heat extraction. Because the doublet 
operates continuously in a single direction at each well, 
rather than cyclically as in the triplet, it induces a larger 
cumulative thermal perturbation around the wells, as 
illustrated schematically in Fig. 1.

A crucial challenge in HT-ATES engineering is the 
dynamic response of the underground media, since ther-
mally and hydraulically induced stress changes can affect 
both the operational performance of the system leading to 
thermal breakthrough and the mechanical stability of pre-
existing faults, raising the possibility of induced seismicity 
(Wesselink et al. 2018). Thermal changes induced by the 

operations alter the mechanical properties of the rock, while 
the hydraulic behaviour also undergoes a complex inter-
play with these human-induced (thermal and mechanical) 
modifications (Lei et al. 2021). Therefore, a comprehen-
sive understanding of the thermo-hydro-mechanical (THM) 
processes is essential (Ghassemi 2012; Parisio et al. 2019; 
Stober et al. 2023; Vaezi et al. 2025). However, quantify-
ing THM processes in geothermal applications presents a 
significant scientific challenge (Zareidarmiyan et al. 2020; 
Jin et al. 2022). The inherent complexity arises from the 
strong inter-dependencies between thermal transport, fluid 
flow, and deformation of the rock matrix. Analytical solu-
tions for THM problems are often scarce or nonexistent, 
and replicating the complex interactions (within the res-
ervoir) through experimentation proves equally challeng-
ing (Cui and Wong 2022). Compounding these challenges 
are the prohibitive costs and extensive time requirements 
associated with experimental investigations (Pandey et al. 
2018). These limitations (time, safety, technical constraints, 
cost, etc.) render numerical modelling as a more practical 
approach for exploring THM coupling effects (Habibi et al. 
2023). However, developing robust THM models for sub-
surface simulations also remains highly challenging due to 
the complexities of multiphysics interactions and the pres-
ence of discontinuities e.g., fractures or karst.

Fig. 1  Schematic comparison of the operational principles of the HT-
ATES/storage triplet and the classic hydrothermal doublet. Red and 
blue indicate the thermal perturbation induced by injecting hot and 
cold water, respectively; yellow indicates reservoir fluid at ambient 
temperature. In the triplet, the hot well operates bidirectionally (arrows 
in both directions), injecting hot fluid in summer and producing it in 
winter. The cold well operates unidirectionally, reinjecting the cooled 
fluid produced by the hot well. The buffer well produces ambient-

temperature reservoir fluid to maintain mass balance. In the doublet, 
the production well continuously produces ambient-temperature fluid, 
while the injection well continuously reinjects the cooled fluid after 
heat extraction. The induced thermal plumes are shown schematically 
and not to scale; the larger plumes around the doublet's wells reflect its 
continuous, single-direction operation, in contrast to the cyclic opera-
tion of the triplet.Adopted from Bloemendal et al. (2022) and Hör-
brand et al. (2023)
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The present study adopts a THM framework based on 
single-phase, fully saturated flow coupled with linear elastic 
mechanics. This framework is appropriate for a first com-
parative assessment of the relative geomechanical response 
of the two operational schemes. Coupled THM modelling 
of geothermal reservoirs, thermally induced stress perturba-
tions, and slip-tendency analysis are all individually well 
established. However, a direct comparison of their geome-
chanical response, specifically the fault stability, between a 
hydrothermal doublet and an HT-ATES triplet in the faulted 
Malm reservoir has not yet been addressed. This compari-
son matters because the two schemes differ in their thermal 
loading pattern: continuous for the doublet, cyclic for the 
triplet. Yet their relative impact on fault stability in the Malm 
reservoir has not been systematically quantified. This study 
addresses that gap through a suite of THM simulations. We 
aim to enhance the understanding of THM processes in the 
context of different geothermal applications (hydrothermal 
doublet and HT-ATES triplet), with a particular focus on the 
influence of uncertainties in the permeability distribution 
within the reservoir. Using a common geological framework 
representative of the faulted Malm aquifer near Munich, we 
evaluate whether the HT-ATES triplet poses a lower risk 
of fault destabilization than the conventional hydrothermal 
doublet. We first compare the two schemes under a homo-
geneous reservoir assumption. We then extend the analysis 
to two simplified heterogeneity scenarios, since karstifica-
tion as a well-documented feature of the Malm reservoir can 
strongly influence the THM response of the system. This 
allows to assess how such heterogeneity affects both the 
heat recovery and fault stability, beyond what the homoge-
neous case alone can capture.

Methodology

This study uses the open-source finite element simulator 
PorousFlow within the MOOSE framework (Wilkins et al. 
2021; Lindsay et al. 2022). The PorousFlow module enables 
fully coupled THM simulations. Of these capabilities, the 
present study activates only fully saturated, single-phase, 
single-component fluid flow, coupled with heat transport 
and linear elastic mechanics. Permeability evolution, mul-
tiphase behaviour, and multicomponent transport are not 
activated in the present model. At the modelled depths 
(1470–2000  m), the hydrostatic pressure substantially 
exceeds the saturation pressure of water at the maximum 
simulated temperature (140  °C, for which the saturation 
pressure is c. 0.36  MPa (Wagner and Pruß 2002)). The 
fluid therefore remains well within the liquid stability field 
throughout the domain, and boiling, flashing, or vapour-
phase formation are not expected to occur, even locally near 

the injection wells. The relevant equations for the THM 
simulations of this study are described in detail below.

Fluid flow

To solve the hydraulic field in a THM simulation, Porous-
Flow uses mass conservation that is described by the conti-
nuity equation as already elaborated by Wilkins et al. (2021):

∂𝑚𝑚
∂𝑡𝑡 + 𝑚𝑚∇ ⋅ 𝑣𝑣𝑆𝑆 +∇ ⋅ 𝐹𝐹 𝐹 𝑞𝑞 𝐹 𝐹� (1)

where 𝑚𝑚 is the fluid mass, 𝑣𝑣𝑆𝑆  is the velocity of the solid 
skeleton, 𝐹𝐹 represents the flux, and 𝑞𝑞 is the source term. 
The coupling to the solid mechanics in PorousFlow is done 
via the 𝑚𝑚∇ ⋅ 𝑣𝑣𝑆𝑆  part of the equation. The changes in poros-
ity and permeability of the solid skeleton (through stress 
or strain changes) also facilitate the coupling. In this study 
permeability is held constant while porosity is updated at 
each time step. PorousFlow can handle multi-phase and 
multicomponent flow (Wilkins et al. 2021), however we 
assumed that the pore space is fully saturated with a single 
fluid component (water) for the sake of simplicity. Conse-
quently, only advective transport of fluid mass is consid-
ered, while molecular diffusion and mechanical dispersion 
are neglected because no dissolved species are simulated. 
The general mass flux may be expressed as

𝐹𝐹 𝐹 𝐹𝐹𝑠𝑠𝑎𝑎𝑣𝑣𝑒𝑒𝑠𝑠𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 + 𝐹𝐹𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑� (2)

where the second term (𝐹𝐹𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖𝑑𝑎𝑎𝑖𝑖𝑠𝑠𝑑𝑑𝑒𝑒𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖) represents 
molecular diffusion and mechanical dispersion. Since the 
present study considers a fully saturated single-component 
fluid without solute transport, this contribution is neglected, 
and the mass flux reduces to Darcy advection:

𝐹𝐹𝑠𝑠𝑎𝑎𝑣𝑣𝑒𝑒𝑠𝑠𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 𝐹 𝜌𝜌𝑣𝑣 𝑣 𝐹𝜌𝜌𝑘𝑘𝜂𝜂 (∇𝑃𝑃 + 𝜌𝜌𝑔𝑔)� (3)

where 𝑣𝑣 is the Darcy velocity, 𝑃𝑃 is the pressure of each spe-
cific phase (one fully saturating phase in our case), 𝑘𝑘 is the 
permeability tensor, 𝜂𝜂 is the fluid dynamic viscosity, 𝜌𝜌 rep-
resents fluid density, and 𝑔𝑔 is the gravitational acceleration 
vector.

Heat flow

PorousFlow assumes a local thermodynamic equilibrium 
for the liquids and solid phases. Heat transport is repre-
sented separately through fluid advection and thermal con-
duction. The energy conservation for heat is described by 
the continuity equation:
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∂𝑒𝑒
∂𝑡𝑡 + 𝑒𝑒∇ ⋅ 𝑣𝑣𝑆𝑆 +∇ ⋅ 𝐹𝐹𝑇𝑇 𝐹 𝑞𝑞𝑇𝑇 𝐹 𝐹� (4)

where 𝑒𝑒 is heat energy, 𝐹𝐹𝑇𝑇  represents the heat fluid flux, 
and 𝑞𝑞𝑇𝑇  is a heat source. Rock grain density, the specific 
heat capacity of the rock, and the internal energy of the 
fluid phase are used to calculate the heat energy (𝑒𝑒). The 
𝑒𝑒∇ ⋅ 𝑣𝑣𝑆𝑆  term of the equation, and changes in porosity and 
permeability of the solid skeleton enable the coupling to 
solid mechanics. PorousFlow generally supports coupling 
between solid mechanics and flow through stress- or strain-
dependent porosity and permeability formulations. In the 
present study, porosity is actively updated as a function of 
stress and strain during the simulations, while permeabil-
ity is held constant throughout. The mechanical-to-hydrau-
lic coupling therefore occurs through two channels: the 
𝑚𝑚∇ ⋅ 𝑣𝑣𝑆𝑆  term in Eq. 1 and the resulting porosity changes. 
The changes in porosity affect the fluid and heat energy stor-
age terms (Eq. 1 and 4) without altering permeability.

The heat flux is a sum of heat conduction and convection 
with the fluid:

𝐹𝐹𝑇𝑇 𝐹 𝐹𝜆𝜆∇𝑇𝑇 + ℎ𝑇𝑇𝑠𝑠𝑎𝑎𝑣𝑣𝑒𝑒𝑠𝑠𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖� (5)

where ℎ is the specific enthalpy of phase (water in our sin-
gle-phase assumption) and 𝜆𝜆 is the thermal conductivity 
tensor, which in PorousFlow is a function of the thermal 
conductivities of the fluid and rock phases.

Solid mechanics

PorousFlow leverages the available functionalities from 
other MOOSE modules in order to handle solid mechanics 
and the coupling with fluid and heat flow. The evolution of 
porosity with pressure, strain, and temperature is fundamen-
tal to the coupling between flows and solid mechanics. The 
effective stress tensor is calculated as

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑖𝑖 𝐹 𝜎𝜎𝑡𝑡𝑜𝑜𝑡𝑡

𝑖𝑖𝑖𝑖 + 𝛼𝛼𝛿𝛿𝑖𝑖𝑖𝑖𝑃𝑃� (6)

where 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑖𝑖  represents the effective stress tensor, 𝜎𝜎𝑡𝑡𝑜𝑜𝑡𝑡

𝑖𝑖𝑖𝑖  is the 
total stress tensor, 𝛼𝛼 is the Biot coefficient, and 𝛿𝛿𝑖𝑖𝑖𝑖 is the 
Kronecker delta tensor. Then, the elastic constitutive law 
(McTigue 1986) links the deformation of the porous solid to 
the effective stress tensor:

𝜀𝜀𝑒𝑒𝑖𝑖𝑖𝑖𝑘𝑘 𝐹 𝜀𝜀𝑖𝑖𝑘𝑘 𝐹 𝜀𝜀𝑡𝑡𝑡𝑖𝑖𝑘𝑘 � (7)

𝜀𝜀𝑡𝑡𝑡𝑖𝑖𝑖𝑖 𝐹 𝛿𝛿𝑖𝑖𝑖𝑖𝛼𝛼𝑇𝑇𝛥𝛥𝑇𝑇� (8)

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑖𝑖 𝐹 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝜀𝜀𝑘𝑘𝑘𝑘 𝐹 𝜀𝜀𝑡𝑡𝑡𝑘𝑘𝑘𝑘 )� (9)

where 𝜀𝜀𝑒𝑒𝑖𝑖𝑖𝑖𝑘𝑘 is the elastic strain tensor, 𝜀𝜀𝑖𝑖𝑖𝑖 is the total strain 
tensor, 𝜀𝜀𝑡𝑡𝑡𝑖𝑖𝑖𝑖  represents the isotropic thermal strain, 𝛼𝛼𝑇𝑇  is the 
linear drained thermal expansion coefficient, 𝛥𝛥𝑇𝑇 is the tem-
perature change defined as 𝑇𝑇 𝐹 𝑇𝑇𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠𝑒𝑒, and 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the 
elasticity tensor of the solid skeleton (drained version), which 
is inverse of the drained compliance tensor. The infinitesimal 
strain tensor is composed of the displacement vector (𝑢𝑢):

𝜀𝜀𝑖𝑖𝑖𝑖 𝐹 1
2 (

∂𝑢𝑢𝑖𝑖
∂𝑥𝑥𝑙𝑙

+ ∂𝑢𝑢𝑙𝑙
∂𝑥𝑥𝑖𝑖

)� (10)

The total infinitesimal strain tensor is obtained from the dis-
placement vector as given in Eq. 10. For the adopted linear 
thermoelastic formulation, the elastic strain is obtained by 
subtracting the isotropic thermal strain from the total strain 
as presented in Eq. 7.

All nine stress components and unit normal vectors to 
each face of the mesh are calculated as auxiliary variables in 
PorousFlow. Based on Cauchy’s law, the effective traction 
vector (𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖  or 𝒕𝒕𝑒𝑒𝑒𝑒𝑒𝑒) acting on a surface can be calculated 
based on the effective stress tensor and unit normal vector 
(𝑛𝑛𝑖𝑖 or 𝒏𝒏) (Zoback 2007):

𝒕𝒕𝑒𝑒𝑒𝑒𝑒𝑒 𝐹 𝝈𝝈𝒆𝒆𝒆𝒆𝒆𝒆 • 𝒏𝒏𝒏 i.e., 𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 𝐹 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖𝑖𝑖 𝑛𝑛𝑗𝑗� (11)

which in a matrix form is

[
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒1
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒2
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒3

] 𝐹 [
𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
11 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

12 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
13

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
12 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

22 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
23

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
13 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

23 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
33

] • [
𝑛𝑛1
𝑛𝑛2
𝑛𝑛3

]� (12)

Then, the effective normal stress acting on the normal sur-
face (𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

𝑁𝑁 ) can be calculated as the dot product of the trac-
tion vector and unit normal vector:

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑁𝑁 𝐹 𝑛𝑛𝑖𝑖𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

𝑖𝑖𝑖𝑖 𝑛𝑛𝑗𝑗� (13)

which in a matrix form will be

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑁𝑁 𝐹 [

𝑛𝑛1
𝑛𝑛2
𝑛𝑛3

] • [
𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
11 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

12 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
13

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
12 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

22 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
23

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
13 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

23 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
33

] • [
𝑛𝑛1
𝑛𝑛2
𝑛𝑛3

]� (14)

The following equation also gives the magnitude of the 
shear stress (𝜏𝜏 ) acting on each surface:

𝜏𝜏 𝐹 √(𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 ) 𝐹 (𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒
𝑁𝑁 )

2� (15)

The governing equations above constitute a coupled THM 
formulation in the specific sense that changes in temperature, 
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pressure, and stress/strain are solved simultaneously and 
influence one another within each timestep. This should 
be distinguished from more general THM frameworks 
that additionally incorporate multiphase or multicompo-
nent flow, permeability and porosity evolution, or inelas-
tic mechanical behaviour (e.g., plasticity, damage, fracture 
propagation). The present study adopts a saturated, single-
phase thermo-poroelastic formulation with linear elastic 
mechanical behaviour, which we consider appropriate for 
the comparative assessment presented here but which does 
not capture the additional processes listed above.

In this study, the ratio between the shear and effective 
normal stress is used to define the normalized slip tendency 
(𝑆𝑆𝑇𝑇) value as

𝑆𝑆𝑇𝑇 𝐹 𝜏𝜏
𝜇𝜇𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒

𝑁𝑁 + 𝐶𝐶 � (16)

where 𝜇𝜇 is the friction coefficient and 𝐶𝐶 is the cohesion 
value and is considered to be 0 in this study (conservative 
approach). Accordingly, the effective normal stress and 
shear stress are derived directly from the effective traction 
vector. The pore-pressure contribution is already incorpo-
rated in the effective stress according to the adopted Biot 
effective-stress formulation and is therefore not applied 
separately in the fault-stability calculation. ST values equal 
to or greater than the cut-off (1.0) indicate exceeding the 
friction (slip) criterion. Although Earth and atmospheric 
tides can induce measurable subsurface strain (Zhang et 
al. 2019), these effects are not considered in this study, as 
their magnitude is minor relative to the operation-induced 
thermo-hydro-mechanical perturbations at the investigated 
depth range.

Model description

A 3-D synthetic geological model inspired by the northern 
Munich Malm reservoir in the Molasse Basin forms the 
core of the numerical study. While this model is designed 
to represent the reservoir in the northern part of Munich, 
it does not correspond to a specific site. In this region, the 
geothermal gradient is assumed to be 35 K km−1 giving the 
Malm reservoir a temperature of 80–85 °C. This allows for 
a high temperature difference during storage (55–60  °C 
when injecting at 140 °C), which is important for thermal 
recovery. Furthermore, the connection to district heating 
networks and a high-temperature heat source are available 
in this region (Hörbrand et al. 2023). The top of the Malm 
reservoir in the area of interest is 1470 m below the mean 
sea level. As the area of interest is not covered by seismic 
data, we constructed a synthetic structural model by using a 

real fault, which is part of the “Markt-Schwabener-Verwurf” 
and was interpreted from the GRAME seismic cube. The 
GRAME project involved the acquisition of an extensive 
3-D seismic survey across southern Munich in 2015/2016, 
representing one of the largest urban geothermal seismic 
campaigns conducted in Europe. This seismic exploration 
covered an area of approximately 170 km2 in the southern 
part of the city and was specifically designed to image the 
deep hydrothermal reservoir hosted within the Upper Juras-
sic (Malm) carbonate formations at depths of around 3 km. 
The resulting high-quality seismic dataset formed the basis 
for an updated 3-D geological model of the Munich subsur-
face, improving the understanding of reservoir architecture, 
faults, and potential fluid pathways, and significantly reduc-
ing exploration uncertainty (Bruss et al. 2018).

Based on this structural framework, we introduced a 
normal fault with varying dip angles and strikes into the 
model developed in this study. From a hydraulic perspec-
tive, since systematic evidence does not indicate enhanced 
permeability along faults in the Malm aquifer (Hörbrand et 
al. 2025), we implemented the fault with neutral permeabil-
ity. As this study lacks site-specific data on transmissivity 
within the fault core or damage zone, the conclusions of 
Hörbrand et al. (2025) on the fault permeability are adopted 
as ground truth. The hydraulic impact of the fault is instead 
represented by juxtaposing layers of differing permeability 
across the fault plane.

To generate the complex fault surface in the mesh 
(Fig. 2a and b), the new surface fitting functionality of the 
Gmsh software (Geuzaine and Remacle 2009; Dashti et 
al. 2023) is used in this study. The fault geometry and off-
set are calculated in the geological model. Then, a grid of 
points representing the fault surface is imported into Gmsh 
to reconstruct and mesh it. The unstructured mesh of the 
model is composed of tetrahedral elements. In the mesh, the 
element size gradually increases from 2 m around the wells 
to 600 m at the boundaries of the model. The fault surface is 
also refined due to its importance in the THM simulations. 
In total, the model contains 104′591 nodes and 470′882 
elements.

The lateral extension of the model is large enough 
(18  km × 16  km) to avoid possible boundary effects. Ver-
tically, the model extends over 4  km with three main 
units: the cap rock, six reservoir layers, and the basement 
(Fig. 2a). The topmost reservoir layer is assumed to be 30 m 
thick while the other 5 layers have a fixed 100 m thickness, 
resulting in a Malm reservoir with a thickness of 530  m. 
The chosen thicknesses for the confining cap rock and base-
ment ensure that the results are independent of the top and 
bottom boundaries. Two different applications, i.e. exploita-
tion schemes, are developed in this study: a classic hydro-
thermal doublet and a triplet HT-ATES system. These two 
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operational setups are compared in terms of their poten-
tial impact on the fault stability over a 10-year simulation 
period.

For our HT-ATES application, three vertical wells are 
positioned in close proximity to the fault (Fig.  2). In this 
triplet setting there is one hot well (“Well H”), one cold well 
(“Well C”), and one buffer well (“Well B”). Well H is bidi-
rectional, injecting hot fluid at 140 °C during the 6-month 
‘summer period’ and producing fluid during the following 
6-month ‘winter period’. Well C operates unidirectionally, 
injecting fluid at 50 °C only during the winter period. The 
hot water temperature, 140  °C, is selected based on the 
heat provided from the steam district heating network of 
Munich. Chosen cold water temperature, 50 °C, is the mini-
mum reinjection temperature based on the requirements of 
the hot water district heating network. During the hot fluid 

injection phase in Well H (summer), the unidirectional Well 
B is used to produce reservoir fluid to maintain mass bal-
ance within the model. As elaborated by Hörbrand et al. 
(2023), the triplet layout with the third well, Well B, brings 
thermal and chemical benefits. Well B in the summer period 
produces the ambient fluid from the reservoir (with a tem-
perature of 80–85 °C), which should be heated to 140 °C 
before being injected into the Well H. In this sense, the 
triplet can be understood as an "enhanced geothermal dou-
blet," producing both geothermal and stored thermal energy. 
Well C is therefore not made bi-directional, since its role 
is receiving cooled water during winter period. A chemi-
cal benefit applies when CO₂ is used for scale inhibition: 
unlike a doublet, where progressively hardened water is 
reproduced each cycle and demands an ever-increasing CO₂ 
dose, the triplet ensures Well H always receives fresh heated 

Fig. 2  a) The 3-D mesh generated for the simulations in the Molasse 
basin. The cap rock is not shown to have a better view of the designed 
triplet. The location of the Well H is highlighted by red arrows in the 
middle of the model. The yellow upward arrow shows the location of 
the Well B. The blue downward arrow denotes the location of the Well 
C. For the hydrothermal doublet only Well P and Well I are active, 
which are placed exactly at the location of the Well H and Well C, 
respectively. b) A closer view into the implemented normal fault with 

changing dipping angle and orientation. The complexity of the fault 
surface results in the variation of fault-well distances highlighted by 
a yellow patch and arrows making an orthogonal connection between 
Well C to the fault surface. The orthogonal distance between top of the 
Well C and fault surface is 178 m, while it decreases in the middle part 
reservoir. The orthogonal distance between top of the Well H and fault 
surface is 112 m and variates along the reservoir
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water each period produced from Well B (see Hörbrand et 
al. (2023) for more details). To implement the injection and 
production of heat and mass in the model, the Dirac Ker-
nel in PorousFlow is applied at mesh nodes. In our Porous-
Flow implementation, each well is represented by a series 
of Dirac point sources distributed along the entire 530  m 
reservoir interval, with a spacing of 1 m between adjacent 
points. Consequently, mass and thermal energy are injected 
into or extracted from the reservoir along the full length 
of the well represented by 530 points. The MOOSE con-
trol system is used to dynamically update the operational 
mode of the bidirectional well. In this setup, the flow rate for 
both injection and production is set at 150 l s−1. The simu-
lation covers a 10-year period, divided into 20 alternating 
six-month summer and winter periods. During the summer 
period, hot water is injected into Well H; during the winter 
period, Well H is switched to production mode. The simula-
tion begins with a summer period (0.0 to 0.5 year) and ends 
with a winter period (9.5 to 10.0 years). MOOSE allows for 
gradual time-step increases within each period, with the step 
size ranging from 1 h to 10 days. This method ensures better 
numerical convergence when the operational mode of the 
well transitions.

In the classic hydrothermal doublet, two wells are posi-
tioned within the model. The design of these wells is similar 
to the HT-ATES triplet, but without Well C. All the wells 
are embedded within the 530  m thick Malm reservoir. In 
this configuration, one well is designated as the production 
well (“Well P”), which continuously produces fluid, while 
the other is the injection well (“Well I”), injecting cold fluid 
at 50 °C. Well P can be considered as an alias for Well H but 
with a different operational mode. While Well H injects hot 
(140 °C) fluid for 6 months and is in production mode within 
the next 6-month period, Well P continuously produces the 
ambient reservoir fluid. Well I is located at the same posi-
tion as Well C but with a continuous injection pattern rather 
than a cyclic one. Both wells have an injection/production 
flow rate of 150 l s−1. The simulation duration for the hydro-
thermal doublet is also set to 10 years, with a time-stepping 
similar to the HT-ATES simulation. The hydrothermal dou-
blet and the HT-ATES triplet serve different engineering 
objectives and follow different thermal loading histories. 
This distinction should be considered when interpreting the 
comparative results.

For both the HT-ATES and hydrothermal applications 
the fluid flow is modeled using temperature- and pres-
sure-dependent properties of water based on the IAPWS-
IF97 formulation (Cooper and Dooley 2007). Specifically, 
the Water97FluidProperties model is employed, which is 
based on an Equation of State (EOS) for water to consis-
tently describe its thermophysical properties. This approach 
enables accurate evaluation of key fluid properties, including 

density, viscosity, and enthalpy, over the range of pressures 
and temperatures relevant to geothermal reservoir condi-
tions. The use of this EOS ensures a realistic representation 
of fluid behavior in the coupled thermo-hydro-mechanical 
simulations.

For both applications, the initial condition (IC) and 
boundary condition (BC) strategies are the same. Depth-
dependent functions are defined to set the initial conditions 
for pressure and temperature:

𝑇𝑇 (𝑧𝑧) 𝐹 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒 + 𝑧𝑧 𝑧G𝑇𝑇� (17)

where 𝑇𝑇 is the temperature, 𝑧𝑧 denotes the depth and G𝑇𝑇 the 
geothermal gradient assumed to be 35 K km−1 in this study. 
For the pressure, the IC is calculated based on the following 
function (assuming a hydrostatic equilibrium):

𝑃𝑃 (𝑧𝑧) 𝐹 (𝑧𝑧 𝐹 𝑧𝑧0) 𝑧 𝜌𝜌 𝑧 𝑔𝑔� (18)

where 𝑧𝑧0 represents the depth of the water table (c. 10 m 
for the Molasse basin), 𝜌𝜌 is the density of the fluid and 𝑔𝑔 
denotes the gravitational acceleration.

The displacement values in three directions are set to 0 at 
the initial condition. To reach the equilibrium, simulations 
are run for 1 year without any production and injection.

The same depth-dependent temperature and pressure 
functions are applied as BC for both variables. The pres-
sure BC is set on the four side faces of the model, while 
the temperature BC is applied on six faces, excluding the 
top and bottom surface of the model. With this approach, 
MOOSE a depth-dependent function to calculate the tem-
perature BC at the six faces of the model. The displace-
ment and stress BCs are set based on the stress regime in 
the Molasse Basin which is fully elaborated by Ziegler and 
Heidbach (2020). A strike-slip regime with 0° N (Reinecker 
et al. 2010; Ziegler and Heidbach 2020) as the direction 
of the maximum horizontal stress (𝑆𝑆𝐻𝐻) is chosen in this 
study. Therefore, the maximum amount of stress acts on 
the y direction while in the z and x directions, the medium 
(𝑆𝑆𝑉𝑉) and minimum (𝑆𝑆𝑡) stress are set, respectively. For 
a rock density of 2′300 kg m−3, the 𝑆𝑆𝑉𝑉  gradient is set to 
22.6 kPa m−1. The 𝑆𝑆𝑡 value in this study comes from the 
formation integrity and leak-off tests (LOT) in the tertiary 
units, as LOT data is not available for the Malm itself. 𝑆𝑆𝑡 
was thus determined to 19.6  kPa  m−1. In the absence of 
data on the friction angle and 𝑆𝑆𝐻𝐻 , we assumed a critically 
stressed crust, following the calculation method of Zoback 
(2007), which calculates 𝑆𝑆𝐻𝐻  as a function of pressure (𝑃𝑃), 
𝑆𝑆𝑡 and the friction coefficient (𝜇𝜇) of the fault:

(𝑆𝑆𝐻𝐻 𝐹 𝑃𝑃)
(𝑆𝑆𝑡 𝐹 𝑃𝑃) 𝐹 ((𝜇𝜇2 + 1)

1
2 + 𝜇𝜇)

2
� (19)



1 3

Page 9 of 22    404 Environmental Earth Sciences          (2026) 85:404 

In this study, 𝜇𝜇 is assumed to be 0.6, which is a typical value 
for the faults in the underground that lack any measurement 
(Zoback 2007). A 34.6  kPa  m−1 rate has been calculated 
for the 𝑆𝑆𝐻𝐻  gradient in our study. The displacement BC is 
applied by fixing one face of the model while applying the 
corresponding stress on the opposite face. For example, 
in the y direction, the back side of the model is fixed at 
zero displacement, while a stress value is applied on the 
front side. The stress values in each principal direction 
are defined using a depth-dependent linear function. The 
stress magnitude is calculated based on the rock density 
and a direction-specific coefficient that represents the stress 
regime. In this study, the coefficient is set to 1.54 for the 
y-direction (corresponding to the ratio between 𝑆𝑆𝐻𝐻 ​ and 𝑆𝑆𝑡​
), while values of 1.0 and 0.77 are assigned to the z- and 
x-directions, respectively. A “homogeneous case” with a 
simplified homogeneous reservoir is developed to investi-
gate the general THM response of the hydrothermal dou-
blet and HT-ATES triplet.

The parameterization of the homogeneous case follows 
the studies of Egert et al. (2022), Bohnsack et al. (2021), 
and Potten (2020) and is presented in Table 1.

In addition to comparing the THM response of the two 
applications, the influence of heterogeneous permeability 
distributions on heat recovery and fault stability is inves-
tigated for the HT-ATES triplet. Table 2 presents the per-
meability differences across two heterogenous cases. The 
heterogeneity scheme and permeability values of each 
layer are synthetic and were constructed as representa-
tive end-member scenarios, informed by the general 
range and spatial pattern of karst-related permeability 
heterogeneity reported by Hörbrand et al. (2025), rather 
than derived directly from a specific field dataset. The 
wide permeability range adopted between the moderately 
and extremely heterogeneous cases (spanning more than 
three orders of magnitude) was chosen to bracket a plau-
sible range of karst-related heterogeneity, from moderate 
to severe, rather than to represent a single most-likely 
field configuration. In the homogenous case the perme-
ability of the six reservoir layers is identical and already 
mentioned in Table 1. The total flow rate in the topmost 
(30  m thick) reservoir layer of the homogenous case is 
8.5 l s−1 while each of the lower five (100 m thick) lay-
ers has a flow rate of 28.3 l s−1, resulting in a total flow 
rate of 150 l s−1. The injection and production flow rates 
are also adapted according to the heterogeneity pattern 
of the reservoir layers. In the homogeneous case, each 
of the six layers has a flow rate determined solely by 
thickness, assuming constant permeability throughout 
the 530 m of the Malm reservoir. In contrast, the hetero-
geneous cases result in higher flow rates in the sections 

of the wells located in more permeable layers. While all 
three cases maintain the same total flow rate of 150 l s−1, 
the distribution varies significantly. In the extremely 
heterogeneous case, the top layer accounts for only 5% 
of the reservoir's total volume but receives 45% of the 
injected/produced fluid. Hydraulically, this is comparable 
to the permeable karstic zones described by Hörbrand et 
al. (2025), although we have simplified its geometry into 
a single horizontal layer. These heterogeneity schemes 

Table 1  Model parametrization scheme including material properties, 
operational conditions, geometric information, and simulation settings 
of the homogeneous case. Rock parameters are compiled from Egert et 
al. (2022), Bohnsack et al. (2021), and Potten (2020)
Parameters and units Values
Simulation time [year] 10
Friction coefficient (μ) [-] 0.6
Orthogonal distance to 
the fault [m]

Well H/Well P 112
Well C/Well I 178

Injection temperature 
[°C]

Well H 140 
(summer)

Well C/Well I 50 (winter)
Flow rate [l s−1] Injection 150

Production 150
Permeability [m2] Reservoir 1.48 × 10−12

Cap rock and basement 9.8 × 10−17

Porosity [-] Reservoir 0.023
Cap rock and basement 0.01

Specific heat capacity 
[JKg−1 K−1]

Cap rock 2800
Reservoir 2700
Basement 2500

Thermal conductivity 
[Wm−1K−1]

Cap rock 2.1
Reservoir 2.5
Basement 3.2

Young modulus [GPa] Cap rock 25
Reservoir 53
Basement 63

Poisson ratio [-] Cap rock 0.36
Reservoir and basement 0.29

Table 2  Reservoir layers with their thickness, permeability, and flow 
rate (Q) for different cases named as: the extremely and moderately 
heterogeneous cases
Layer Thick-

ness 
[m]

Case
Extremely Heterogeneous Moderately 

Heterogeneous
Permeability [m2] Q [l 

s−1]
Permeability 
[m2]

Q [l 
s−1]

Res 1 30 1.18 × 10−11 67.9 4.9 × 10−12 28.3
Res 2 100 2.81 × 10−12 53.7 3.4 × 10−12 65
Res 3 100 1.48 × 10−12 28.3 1.48 × 10−12 28.3
Res 4 100 9.8 × 10−15 0.02 1.48 × 10−12 28.3
Res 5 100 9.8 × 10−15 0.02 9.8 × 10−15 0.02
Res 6 100 9.8 × 10−15 0.02 9.8 × 10−15 0.02
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offer insight into the more realistic processes governing 
the THM response of the Malm reservoir compared to the 
homogeneous parametrization.

Results

Thermo-hydraulic response of the reservoir

Figure  3a shows the thermal plumes, both hot and cold, 
with depth-dependent radii around Well H and Well C after 
10 years of operation for the homogeneous case of the HT-
ATES triplet. Due to the temperature-dependent density 
effect, the injected hot fluid accumulates on top, while the 
denser cold fluid descends within the reservoir. The radius 
of the cold plume around Well C is larger than the hot plume 
around Well H, because Well C is not used for production, 
allowing the injected fluid to propagate further into the res-
ervoir. Well I in the hydrothermal doublet operates through-
out the year, unlike the 6-month periods of the HT-ATES 
triplet, resulting in a more extensive cold front around Well 
I (Fig. 3b). Meanwhile, Well B in the HT-ATES triplet and 
Well P in the hydrothermal doublet remain unaffected by 
temperature changes, as they only extract the ambient res-
ervoir fluid. Under the specific well spacing, permeability 
distribution, operational conditions, 10-year simulation 
duration, and several other modelling assumptions consid-
ered here, the hydrothermal doublet simulation does not 
show thermal breakthrough.

Figure  3c shows the temperature signal along the line 
introduced in Fig. 3a, labeled as top and bottom depending 
on depth. The top curves correspond to a depth of 1485 m, 
located at the top of the reservoir, while the bottom curve 
in Fig. 3c correspond to the data from a depth of 1980 m, 
located at the bottom of the reservoir. Comparing the two 
depths shows that the cold front extends significantly far-
ther at the bottom of the reservoir, while the hot plume does 
at the top. For example, after the last hot water production 
phase, the temperature at Well H reaches 132 °C at the top 
of the reservoir, compared to only 118  °C at the bottom. 
This asymmetry reflects the density contrast between hot 
and cold water as the buoyant hot water accumulates prefer-
entially near the top of the reservoir, while the denser cold 
water sinks and spreads along the base.

Due to the high transmissibility of the reservoir, the pres-
sure changes resulting from production and injection opera-
tions are minimal. The pressure perturbation near Well I 
is slightly greater than that near Well P, primarily due to 
temperature effects. After 10 years, the simulated pressure 
difference ranges from −0.1 to + 0.1 MPa (Fig. 3d). The pres-
sure difference is measured as the difference between the 
IC pressure and operation-induced pressure perturbations. 

For example, at the exact location of the wells, the pres-
sure after 10  years of operation is 0.1  MPa either higher 
(in case of injecting fluid) or lower (in case of producing 
fluid) that the pressure value of the same spot at the IC. The 
pressure changes are nearly identical for the HT-ATES and 
hydrothermal doublet, therefore only the 3-D view of the 
hydrothermal doublet is presented.

Mechanical response of the reservoir

The mechanical response of the two applications differs, 
primarily due to the propagation of the cold front. Changes 
in effective stress along the direction of maximum horizon-
tal stress (north) are depicted in Fig. 3e and f. Similar to the 
temperature distribution, the affected volume around Well C 
in the HT-ATES triplet is larger than that around Well H. The 
injection of cold fluid causes contraction of the porous matrix 
(thermoelasticity) and increases pressure (poroelasticity), 
leading to a reduction in effective stress around Well C. In con-
trast, around Well H, the matrix expands due to thermoelas-
ticity, resulting in an increase in effective stress. A maximum 
increase of 13 MPa in effective stress in the y/north direction 
is observed near Well H after the last winter period. For the 
hydrothermal doublet, the affected volume around Well I is 
larger than that around Well C of the HT-ATES triplet. The 
absolute change in effective stress magnitude increases from 
17 MPa near Well C of the HT-ATES triple to 18 MPa near 
the Well I of the hydrothermal doublet. During the 6-month 
resting period at Well C, the advancement of the cold front 
is stopped and the rate of temperature change diminishes. 
As a result, the thermally induced contraction slows down or 
ceases, and the stress state begins to partially recover toward 
its initial condition. This transient response is attributed to the 
redistribution of the effective stress, particularly near the top 
of the reservoir, where reduced cooling can locally result in 
expansion (limited reddish area next to Well C in Fig. 3e). 
The negligible pressure difference (see Fig. 3d) indicates that 
poroelastic effects have an insignificant impact on the geo-
mechanical response of the reservoir, with thermoelasticity 
being the dominant factor. Although pressure perturbations 
propagate rapidly and over large distances within the reser-
voir, their magnitude remains small in this case, resulting in 
only minor poroelastic stress contributions. This is further 
supported by the absence of noticeable mechanical changes 
around Well B, where pressure effects are present but insuf-
ficient to induce a significant geomechanical response. The 
very high permeability of the Malm reservoir (1.48 × 10−12 
m2) is the main reason behind the negligible poroelasticity.

Displacement values are calculated for both applications 
as a result of the effective stress changes. Similarly to stress, 
displacement is calculated in three directions. Figure  4 
shows the magnitude of displacement in the z-direction for 
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Fig. 3  Temperature changes (ΔT) after 10 years of operation for the 
HT-ATES triplet (a) and the hydrothermal doublet (b). The time for the 
triplet corresponds to the last hot fluid production, i.e. the last winter 
period. The locations of the hot, cold, and buffer wells are highlighted 
via arrows and their names (Well H, Well C, and Well B) in subplot a. 
Dimension and orientation of the next 3-D visualizations remain the 
same as presented in subplot a. c) The dashed cross-section line in sub-
plot a is used to plot the temperature values versus the distance between 
Well H and C of the HT-ATES and also Well I and P of the hydrother-
mal doublet. The solid black and red curves represent the temperature 
across the top of the reservoir (1485 m) after 0.5 and 10 years of the 

HT-ATES operation, respectively. The solid blue curve represents the 
temperature across the bottom of the reservoir (1980 m) after 10 years 
of the HT-ATES operation. The dash black and red curves represent 
the temperature across the top of the reservoir (1485 m) after 0.5 and 
10 years of the hydrothermal doublet operation, respectively. The loca-
tions and names (Well P and Well I) of the production and injection 
well are also highlighted in subplot b. d) Pressure changes (Δ P) after 
10 years of operation in the hydrothermal doublet. Changes of effec-
tive stress in the y direction (Δ stress yy) or north after 10 years of the 
operation for the HT-ATES triplet (e) and the hydrothermal doublet (f)
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the HT-ATES triplet and the hydrothermal doublet, with data 
extracted from the top of the reservoir. The trace of the plotted 
data is along the cross section line shown in Fig. 3a. Due to 
the alternating operational mode of the HT-ATES, displace-
ment varies across the operational phases of Well C and H. At 
Well H, displacement decreases from month 6 (0.5 years) to 
month 12 (1 year) as the well withdraws the injected heat dur-
ing this 6-month winter period. In this scenario, Well C exerts 
a greater influence on displacement magnitude compared to 
Well H, as the cold water is not withdrawn from the reservoir. 
After 10 years of operation, the displacement at the top of Well 
H (HT-ATES) is 8 mm. At the same time, the computed dis-
placement at Well C is 19 mm. The expansion caused by posi-
tive temperature changes near Well H leads to uplift, while the 
matrix contracts at Well C due to the injection of cold fluid 
that leads to subsidence. Between years 9.5 and 10, the dis-
placement at Well C changes only slightly compared to the 
corresponding change at Well H. This asymmetry arises from 
the different operational modes of the two wells. Well C oper-
ates unidirectionally and by year 9.5 it has already undergone 
nine prior injection cycles, and the surrounding stress field 
has approached a quasi-steady state, such that the additional 
perturbation induced during the tenth cycle is comparatively 
small. Well H, in contrast, is bidirectional: between years 9.5 
and 10 it operates in production mode (winter period), which 
reduces its geomechanical impact during this interval relative 
to the previous 6-month period between years 9.0 and 9.5.

In comparison, the classic hydrothermal doublet exhib-
its a greater absolute impact on displacement than the 

HT-ATES scenario at the location of the Well I (28  mm) 
versus the location of the Well C (19 mm). At Well P, the 
doublet shows negligible displacement, shown as a dashed 
line in Fig. 4, since Well P only produces reservoir fluid at 
ambient temperature and therefore has no thermoelastic 
impact. The observed volumetric expansion is attributed to 
the temperature change itself rather than to the injected fluid 
mass, since the associated pressure changes remain small.

Within the adopted linear elastic constitutive framework, 
the model cannot capture cumulative or path-dependent 
effects such as fatigue, damage accumulation, or thermo-
mechanical degradation across cycles. Therefore, the elastic 
response depends only on the instantaneous stress and tem-
perature state, not on loading history. The lower displace-
ment at the HT-ATES triplet therefore does not reflect any 
cyclic conditioning or degradation-limiting mechanism. 
Instead, it reflects the reduced cumulative thermal perturba-
tion associated with intermittent operation. Notably, Well I 
of the hydrothermal doublet injects twice the volume of cold 
water injected by Well C of the triplet. The higher displace-
ment around Well I is therefore driven by this larger injected 
volume, not solely by the choice of geothermal concept.

To assess the potential of fault stability, a slip tendency 
analysis was conducted. This analysis is based on highly 
conservative assumptions, namely that the Malm aquifer 
is critically stressed and shares the same elastic properties 
as the overburden units. The wells, particularly Well C, 
are intentionally positioned in close proximity (178 m) to 
the most critical section of the fault. This placement aims 
to enhance understanding of the THM processes, as fault 
destabilization would otherwise be negligible. However, 
in realized geothermal projects within the Malm reservoir, 
injection well trajectories are typically designed to avoid 
critical fault regions to minimize risks.

The first notable point is that the fault surface, with its com-
plex geometry (spatially varying strike and dip), exhibits a wide 
range of normalized initial slip tendency values between 0 to 
0.76 (Fig. 5a). The highest values are found in areas where the 
fault surface is oriented with a 30° angle to the maximum hori-
zontal stress (y direction), i.e., the northward orientation.

A closer examination of the normalized slip tendency 
changes after 10 years of operation in both the HT-ATES 
triplet and hydrothermal doublet is presented in Fig. 5b and 
c, respectively. In the HT-ATES system, the fault surface is 
primarily influenced by Well C, with a lesser impact from 
Well H. In the hydrothermal doublet, Well P does not perturb 
the normalized slip tendency due to the lack of any tempera-
ture changes and the negligible influence of poroelasticity. 
The maximum increase in the normalized slip tendency is 
calculated to be 0.137 adjacent to the Well I. The increased 
normalized slip tendency for the hydrothermal doublet 
is mainly concentrated in the deeper sections of the fault 

Well H/P

Well C/I

Fig.  4  Displacement variation for different cycles of the HT-ATES 
triplet and the hydrothermal doublet along the dashed cross-section 
line in subplot Fig. 2a. For the hydrothermal doublet, only one time 
slot is plotted due to the monotonic behaviour of the system, i.e. con-
tinuous increase of the subsidence at the Well P location throughout 
time. Locations of the Well H (for the HT-ATES)/P (for the hydrother-
mal doublet) and Well C (for the HT-ATES)/I (for the hydrothermal 
doublet) are marked by black arrows
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surface due to the accumulation of the cold plume in deeper 
parts and also the shorter distances between the fault surface 
and Well I. The red patch in Fig. 5c highlights this maxi-
mum increase of the normalized slip tendency. For the HT-
ATES triplet, the increase in the normalized slip tendency is 
lower, with a maximum change of + 0.03. The higher risk of 
the hydrothermal doublet is due to the continuous injection 
of the cold water rather than a cyclic operation. For both 
applications, the changes after 10 years do not lead to fault 
destabilization as the normalized slip tendency remains sig-
nificantly below the threshold (1.0).

The normalized slip tendency perturbation exhibits a mir-
rored pattern adjacent to each well: a primary zone of destabi-
lization (or stabilization) directly around the well is bordered 
by a narrow zone of opposite sign. The alternating positive and 
negative changes in normalized slip tendency surrounding the 
wells are a consequence of the localized thermoelastic stress 

redistribution. Heating induces thermal expansion of the sur-
rounding rock, increasing compressive normal stresses in the 
immediate vicinity of the Well H while reducing them in adja-
cent regions to satisfy elastic equilibrium. Conversely, cooling 
causes thermal contraction, reducing normal compression near 
Well C/I and producing compensating increases in compression 
farther away. Because the normalized slip tendency is defined 
as the ratio between shear stress and effective normal stress, 
these opposing perturbations in the normal stress generate the 
observed mirrored pattern of increased and decreased slip 
tendency on either side of the thermally affected zone.

The impact of heterogeneity

Figure  6 shows the differences in the thermal recovery 
efficiency (𝜖𝜖) across the three reservoir parametrizations 
used for the HT-ATES simulations. The thermal recovery 

Fig. 5  a) Normalized slip tendency 
(ST) distribution on the fault 
surface at the initial condition. 
Normalized ST changes (Δ ST) in 
a zoomed part of the fault at the 
end of the simulation, i.e.10 years 
of operation, for the HT-ATES trip-
let (b) and hydrothermal doublet 
(c). The scale of the subplot a is 
different from b and c, due to the 
different range of values. Wells are 
visualized and labeled accordingly
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efficiency is an important parameter for the thermal perfor-
mance of heat storage systems and is defined as the ratio 
between total extracted and stored energy:

𝜖𝜖 𝐹 ∫ (𝑇𝑇𝑜𝑜𝑠𝑠𝑡𝑡 (𝑡𝑡) 𝐹 𝑇𝑇𝑠𝑠𝑒𝑒𝑠𝑠) 𝑑𝑑𝑑𝑑
∫ (𝑇𝑇𝑖𝑖𝑖𝑖 (𝑡𝑡) 𝐹 𝑇𝑇𝑠𝑠𝑒𝑒𝑠𝑠) 𝑑𝑑𝑑𝑑

� (20)

where, 𝑇𝑇𝑜𝑜𝑠𝑠𝑡𝑡 (𝑡𝑡) is the produced temperature form Well H 
over time, 𝑇𝑇𝑠𝑠𝑒𝑒𝑠𝑠 is the reservoir temperature (85  °C in our 
case), 𝑇𝑇𝑖𝑖𝑖𝑖 (𝑡𝑡) is the injected temperature over summer period 
in Well H (140 °C). While the nominator of the equation is 
a true integral, the denominator is a fixed value as 𝑇𝑇𝑠𝑠𝑒𝑒𝑠𝑠 and 
𝑇𝑇𝑖𝑖𝑖𝑖 (𝑡𝑡) are constant.

The conventional hydrothermal doublet was not included 
in this analysis. The temperature data refer to the top of the 
Well H. While heat recovery improves throughout the stor-
age operation, it varies among the three cases. In the homo-
geneous case, with the highest recovery improving to c. 90% 
after 10 years, the hot fluid is injected and produced across the 
entire thickness of the permeable reservoir (totaling 530 m). 
Such a high reservoir thickness allows for better heat accu-
mulation and storage over time. In contrast, the two hetero-
geneous cases significantly limit the available storage space. 
The heat recovery in the heterogeneous cases shows notice-
able heat losses compared to the homogenous case with a c. 
10% lower efficiency. The high transmissibility of the reser-
voir causes heat to be transported away from the wells via 
advection. In the extremely heterogeneous case, heat loss in 
the uppermost reservoir unit leads to a reduced heat recovery.

Figure  7 illustrates the impact of heterogeneity on the 
normalized slip tendency of the fault surface after 10 years 
of operation. Compared to the homogeneous case, both 
heterogeneous cases show a slightly greater impact on 
normalized slip tendency. While the maximum increase in 
normalized slip tendency is calculated to be 0.03 for the 
homogeneous case, it increases to 0.04 for both the mod-
erately and extremely heterogeneous cases. This higher 

impact in the heterogeneous cases is attributed to a higher 
amount of the total flow occurring in the uppermost part 
of the reservoir. While Fig. 7a shows the uniform change 
of the normalized slip tendency along the homogeneous 
reservoir, two different heterogeneity patterns resulted in 
different distribution of the normalized slip tendency. The 
figure also shows an irregular distribution of the normalized 
slip tendency changes, which is caused by both the distance 
between the fault and the wells, as well as the petrophysical 
properties of the six reservoir layers. In the homogeneous 
case, with uniform permeability and flow rate distribution, 
the changes in normalized slip tendency closely correspond 
to the distance between the wells and the fault surface (see 
Fig. 5b and Fig. 7a). In the extremely heterogeneous case, 
the uppermost layer has the highest permeability and flow 
rate, but it is also farther from the fault surface compared 
to the other layers, as the fault is slanted (see Fig.  2b). 
Despite this higher distance, the increase in normalized slip 
tendency in the uppermost layer (Fig. 7a) suggests that the 
stress changes due to the strong cooling of this layer over-
compensates the larger distance.

In the moderately heterogeneous case, the in normalized 
slip tendency changes are concentrated in the middle part 
of the reservoir, although the uppermost layer has the high-
est permeability. The depth shift of the red patch, with a large 
normalized slip tendency increase, can be seen in Fig. 7b and 
c. This is caused by two effects: firstly, the fault is closer to 
the deeper part of the reservoir and the permeability contrast 
is only moderate. Secondly, due to density-driven convection, 
the cold plume migrates towards the bottom of the reservoir, 
which means that the uppermost zones receive less thermal 
perturbation. Therefore, shifting the highly transmissible 
zones to the deeper layers of the Malm reservoir can enhance 
the risk for specific sections of the fault surface.

Near Well H of both cases, the thermal expansion 
increases the normal stress, reducing the normalized slip 
tendency (blue patch in Fig. 7b and c). The depth of the blue 

Fig. 6  Temperature and heat 
recovery efficiency evolution 
over 10 years of hot fluid injec-
tion and production at Well H 
location. Temperature data are 
extracted from top of the Well H. 
The temperature curves for the 
homogeneous (Homo.) case and 
the extremely (Extr. het.) and mod-
erately (Mod. het.) heterogeneous 
cases are plotted by blue, red, and 
green curves, respectively. The 
heat recovery efficiency scatter 
plots for the homogeneous case 
and the extremely and moderately 
heterogeneous cases are plotted 
by blue, red, and green circles, 
respectively
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patch, indicating the decreased normalized slip tendency, does 
not change from extremely to moderately heterogeneous cases 
due to the accumulation of the hot plume at the top of the reser-
voir. Although the extremely heterogeneous case injects more 
heat into the uppermost 30-m layer of the reservoir, the heat 
accumulation or reduction in normalized slip tendency.

shows no significant difference to the moderately hetero-
geneous case.

Long-term thermo-hydro-mechanical response

Under the investigated assumptions, the normalized slip 
tendency remained below the threshold throughout the 
10-year simulation period, even under conditions of strong 

heterogeneity and unrealistically short distances between 
the wells and the faults. However, the increasing normal-
ized slip tendencies caused by the propagation of cold water 
around Well C over time could pose risks for the long-term 
operation of HT-ATES projects. An additional simulation 
with a 50-year duration was conducted to extend the pro-
cess understanding towards a longer-term, scenario-based 
assessment of fault stability analysis for HT-ATES opera-
tions. For these long-term simulations, the extremely het-
erogeneous HT-ATES case was selected, as it combines 
the highest permeability and flow rate contrast among the 
investigated scenarios.

The cold front propagation over time around well C (of 
the HT-ATES triplet) is visualized in Fig. 8. Over time, the 

Fig. 7  Normalized slip tendency 
changes after 10 years of the stor-
age operation in the homogenous 
(a), extremely (b) and moderately 
(c) heterogeneous cases. The scale 
remains the same in three subplots. 
Two wells, Well H represented 
by a bidirectional arrow and Well 
C represented by a unidirectional 
arrow, are labeled accordingly. The 
same data is used to plot subplot a 
and Fig. 5b
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cold front extends into the permeable section of the Malm 
reservoir. In the extremely heterogeneous case, only 230 m 
of the 530 m thick Malm formation is effectively utilized 
as a reservoir. The injection rate in the lower part of the 
reservoir is very low, and only a slight temperature anomaly 
can be detected around the injection points. In this 50-year 
simulation, the typical inverse funnel-shaped cold plume, 
as shown in Fig.  3b, does not form due to the strongly 
increased permeabilities of the three uppermost reservoir 
layers. By the end of the 50 years, the cold front reaches 
the fault surface. However, on the fault surface the increase 
in the normalized slip tendency remains below the criti-
cal threshold (Fig.  9a). Although the temperature signals 
(both cold and hot) have already reached the fault surface 
(Fig. 8b) the thermoelastic impact is not substantial enough 
to reactivate the fault. After 50 years of operation, the maxi-
mum normalized slip tendency reaches 0.9 in the most criti-
cal sections of the fault surface. Compared to the 10-year 
simulations, the additional 40 cycles of cold water injection 
increased normalized slip tendency change from 0.04 to 0.2. 

The alignment of the temperature and normalized slip ten-
dency patterns on the fault surface (Fig. 9a and b) highlights 
the significant role of thermoelasticity in the Malm reser-
voir. The density-driven accumulation of both cold and hot 
plumes is also evident (see Fig. 9b) on the fault surface after 
50 years of HT-ATES operation.

Discussion

This study compares the geomechanical response, specifi-
cally the fault stability analysis, of a hydrothermal doublet 
and an HT-ATES triplet operating in a faulted Malm reser-
voir. In both applications, thermoelasticity is identified as 
the dominant factor governing the dynamic geomechanical 
response of the reservoir, with poroelastic effects remaining 
minor due to the high permeability of the Malm aquifer and 
the correspondingly small pressure perturbations. For the 
operating scenarios considered here, the HT-ATES triplet 
induces smaller THM perturbations than the hydrothermal 

Fig. 8  Cold front propagation after 
25 (a) and 50 (b) years of simula-
tions. The fault trace is plotted as a 
black dashed line. The slice is per-
pendicular to the y direction, hence 
the distance between the fault trace 
and Well C is 186 m, which is 
slightly higher than the orthogonal 
distance. The extension of the 2D 
slice is 1000 m × 530 m
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doublet, due in part to its cyclic thermal loading and lower 
cumulative thermal disturbance. Since thermoelasticity is 
the primary factor in reservoir deformation and fault stabil-
ity, a smaller temperature difference between the ambient 
matrix and the injection fluid limits the associated thermal 
stress perturbations and slip-tendency changes.

The magnitude of the predicted displacement is con-
sistent with the order of magnitude reported in previous 
studies (Birdsell and Saar 2020; Stricker et al. 2024). Most 
published investigations focus on surface deformation mea-
sured using satellite-based geodetic techniques, whereas 
the displacements reported here correspond to the reservoir 
depth. Stricker et al. (2024) demonstrated that thermoelas-
tic deformation attenuates rapidly away from the thermally 
affected zone because heat propagation is spatially limited. 
Consequently, the displacements computed in the present 
study are expected to have potentially a limited expression 
at the ground surface, particularly given the negligible poro-
elastic contribution associated with the high permeability of 
the Malm reservoir. The maximum predicted vertical dis-
placement of 28 mm at a depth of 1470 m does not, by itself, 
necessarily imply mechanical integrity issues; however, a 
dedicated well integrity assessment would be required to 
quantify its implications for the well system. Such displace-
ment magnitudes are well within the resolution of conven-
tional downhole monitoring techniques, including borehole 

strainmeters (DeWolf et al. 2015) and borehole extensom-
eters (Gholinia et al. 2022).

The thermal expansion of the heated matrix (e.g., near 
Well H of the HT-ATES triplet) predominantly increases 
normal stress, thereby reducing the normalized slip ten-
dency and stabilizing the reservoir. In contrast, cooling in 
the vicinity of Well C (of the HT-ATES triplet) or Well I 
(of the hydrothermal doublet) has a destabilizing effect. The 
onset of fault destabilization in the vicinity of the cold/injec-
tion wells can be observed as reduced injection pressure or 
increased injectivity in real operation (Zhou et al. 2009; 
Koh et al. 2011; Gan and Elsworth 2014).

The investigation of heterogeneity scenarios reveals that 
thin zones of elevated permeability, such as those caused 
by karstification, pose a risk to the mechanical stability of 
faults. In these cases, stress changes reach the fault more 
quickly and with greater intensity. While such zones are typ-
ically advantageous as they have the capacity for high injec-
tion flow rates without any significant pressure increase, 
our simulations showed they can induce significant local-
ized stress changes in small areas of the fault. However, the 
magnitude of potentially induced seismicity is expected to 
remain limited due to the restricted extent of critical areas 
(Shapiro et al. 2007).

Beyond the simulation results presented here, these find-
ings carry broader engineering implications for the planning 

Fig. 9  Normalized slip tendency 
(a) and temperature (b) change 
on the fault surface after 50 years 
of HT-ATES operation. Well H 
and C are labeled and represented 
with bi and uni-directional arrows, 
respectively
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and monitoring of deep geothermal projects, particularly 
near populated areas such as Munich. Matrix failure often 
produces acoustic emissions, which can be detected by a 
seismic monitoring network (Stanchits et al. 2015) like 
distributed acoustic sensing (DAS) (Lindsey et al. 2020). 
Decades of experience with intense injection/production 
operations in the hydrocarbon industry provide valuable 
insights into deploying such networks effectively (van der 
Baan et al. 2013). All major seismic events in the Munich 
area have been recorded in proximity to (cold) injection 
wells (Megies and Wassermann 2014; Seithel et al. 2019), 
suggesting the vicinity of cold wells as a plausible location 
for such monitoring, although the present study does not 
itself model or evaluate monitoring network design. Com-
puted effective stress changes and induced displacement in 
this study underscore the broader need for geomechanical 
risk assessment during the planning of any deep geothermal 
project.

Limitations

The comparison presented in this study should be inter-
preted in the context of the investigated operational sce-
narios. The HT-ATES triplet and hydrothermal doublet 
serve different engineering purposes and are characterized 
by fundamentally different thermal loading histories. While 
the hydrothermal doublet continuously extracts heat from 
the reservoir, the HT-ATES system operates cyclically with 
alternating injection and production phases. Consequently, 
the lower THM perturbations observed in the HT-ATES 
case may partly reflect the reduced cumulative thermal load-
ing associated with cyclic operation rather than an intrinsic 
advantage of HT-ATES technology. A rigorous compari-
son of the two concepts would require normalization with 
respect to delivered thermal energy, storage capacity, or 
equivalent economic and operational objectives.

Given the high computational demands of numerical sim-
ulations for coupled THM processes, the simulation period 
was constrained to 10 injection and production cycles (i.e., 
10  years) for the homogeneous and moderately heteroge-
neous cases. As a result, operational decision-making will 
not be derived from these short-term simulations. However, 
to facilitate the transfer of improved process understand-
ing to the long-term safe operation of HT-ATES, an addi-
tional simulation was conducted over a 50-year period for 
the extremely heterogeneous case. All of the scenarios are 
based on conservative assumptions to assess the necessary 
distance from fault systems to ensure geomechanical stabil-
ity throughout the operational lifespan of HT-ATES.

The present work focuses on the THM response of HT-
ATES systems under a prescribed thermal loading scenario. 
The continuous availability of a heat source capable of 

providing injection temperatures of 140 °C is not evaluated, 
as techno-economic assessment of heat supply lies beyond 
the scope of this study. The selected injection temperature 
represents a plausible operating condition for HT-ATES 
systems coupled to industrial waste heat streams, geother-
mal resources, concentrated solar thermal plants, or surplus 
renewable energy converted to heat (Heldt et al. 2024; Dob-
son et al. 2025).

The present study adopts an equivalent porous-medium 
representation of the Malm reservoir. Although this 
approach captures the large-scale THM response relevant 
to the comparative assessment, it cannot explicitly resolve 
preferential flow through karst conduits or discrete frac-
tures. Instead, the influence of karstification is approxi-
mated through heterogeneous permeability distributions 
containing localized high-permeability zones. While this 
representation reproduces the first-order effects of hydraulic 
heterogeneity, explicit modelling of karst conduits or dis-
crete fracture networks could lead to different local flow 
paths, thermal breakthrough behaviour, and stress perturba-
tions. Furthermore, only two deterministic heterogeneous 
configurations were investigated. Reservoir heterogeneity 
is one of the principal factors identified in this study. How-
ever, it remains unclear how strongly the reported thermal 
recovery and fault stability results depend on the specific 
permeability distributions considered here. Alternative het-
erogeneity patterns such as stochastic permeability fields, 
discrete fracture networks, or fault-controlled preferential 
flow paths could lead to different outcomes. Such models 
would provide a valuable extension of the present work.

The adopted numerical framework is based on a saturated, 
single-phase thermo-poroelastic formulation with a linear 
elastic mechanical constitutive law. Consequently, the model 
does not capture irreversible or nonlinear processes that may 
become relevant under repeated thermal cycling, includ-
ing plastic deformation, thermal softening, fatigue, damage 
accumulation, fracture propagation, or constitutive memory 
effects. This limitation should be considered when interpret-
ing the cumulative effect of repeated thermal cycles over the 
simulated 10- and 50-year periods, as such processes could 
progressively alter the mechanical response in ways not rep-
resented by a purely elastic formulation. Permeability is also 
held constant throughout the simulations. Thermo-mechan-
ically induced changes in permeability for instance through 
matrix deformation or damage near the wells or fault are not 
represented. Such changes could influence both the hydraulic 
and geomechanical response computed here.

Because thermoelasticity was identified as the dominant 
factor governing the geomechanical response, the robust-
ness of the reported stress perturbations, displacements, and 
slip-tendency changes depends strongly on the modelling 
assumptions (Sect. "Model Description"). This dependence is 
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particularly relevant given that the reported stress perturbations 
are substantially larger than the pressure perturbations, which 
underlies the conclusion that thermoelastic effects dominate 
over poroelastic effects. No dedicated parametric sensitivity 
analysis on these material properties was performed in the 
present study, hence the results should therefore be interpreted 
as conditional on the adopted thermoelastic parameter set. A 
systematic sensitivity analysis of these parameters (Table 1) 
would be a valuable extension of this work.

Herein, the numerical model represents a synthetic geo-
logical configuration inspired by the faulted Malm reservoir 
in northern Munich, rather than a site-specific model cali-
brated to a particular setting. While this approach is appro-
priate for the comparative assessment presented here, the 
transferability of the specific quantitative results (e.g., slip-
tendency magnitudes, displacement values) to a specific 
site should be made with caution. Site-specific applications 
would require calibration against local geological, hydrau-
lic, and geomechanical data.

Conclusions and outlook

In the scope of the presented study, the geomechanical responses 
of a classic hydrothermal doublet and an HT-ATES triplet have 
been compared using coupled numerical simulations, based 
on a synthetic geological model and a set of specific model-
ling assumptions. Under these conditions, thermoelasticity was 
identified as the dominant factor influencing the dynamic geo-
mechanical response of the reservoir in both applications.

For the specific scenarios considered in this study, HT-ATES 
generated smaller THM perturbations, due in part to its cyclic 
thermal loading and lower cumulative thermal disturbance. 
Compared to the typical conditions of a conventional hydrother-
mal doublet, the operation of a HT-ATES system leads to lower 
displacements and risk of fault destabilization as investigated 
herein. After 10 years, the displacement at the Well H is 8 mm, 
lower than the displacement observed at Well C (19 mm) or 
Well I of the hydrothermal doublet (28 mm).

The highly complex orientation of the fault surface in the 
model results in a wide range of normalized slip tendency 
values, varying from 0 to 0.76 under the initial conditions. 
The hydrothermal doublet leads to perturbations in the nor-
malized slip tendency, which are 4x higher (0.13 versus 
0.03), compared to the HT-ATES triplet.

The examination of heterogeneous scenarios with thin 
zones of elevated permeability has shown a complex inter-
play between cooling front propagation and fault distance, 
which stresses the need for THM simulations. In general, 
high permeability zones, to be assumed as karstified units, 
increase the risk of the cold front reaching the fault faster 
than in homogeneous simulations.

Under our modelling assumptions and simplifications, 
the long-term (50-year) simulation also did not result in 
fault destabilization in the extremely heterogeneous case. 
However, the increase in the maximum normalized slip ten-
dency changes from 0.04 to 0.2, highlighting the impact of 
additional cold water injection cycles.

This study also accentuated the importance of fault geom-
etry by evaluating the influence of the distance between the 
fault surface and the wells. It demonstrated that small zones 
of the fault exhibit elevated normalized slip tendencies due 
to their orientation to the stress field. However, fault inter-
pretation and interpolation are inherently subject to uncer-
tainty. Unlike the deterministic model used in this study, a 
broader range of geological models, developed based.

on different interpolation algorithms, could be employed 
to account for a wider variety of potential geometries.

Future work should perform energy-normalized com-
parisons to provide a more rigorous assessment of the rela-
tive THM impacts of HT-ATES and hydrothermal doublets. 
To fully assess the potential risks, the simulations should 
account for the possibility of fracturing (exact time, loca-
tion, and extent) and plastic deformation of the matrix. Mod-
elling the wells as three-dimensional volumes, rather than 
as 0-D points, and coupling them into the reservoir model 
would enable a more accurate assessment of well stability.
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