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Research Papers

Insights from a coupled thermo-hydro-mechanical analysis of a layered 
high-temperature thermal energy storage reservoir

Jonny Rutqvist a,*, Yingqi Zhang a, Andres Alcolea b, Raymi Castilla b, Peter Meier b,  
Patrick Dobson a

a Lawrence Berkeley National Laboratory, CA, Berkeley, USA
b Geo-Energie Suisse AG, Zurich, Switzerland
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A B S T R A C T

Coupled thermal-hydraulic-mechanical (THM) modeling is applied to investigate the performance of a seasonal 
high-temperature aquifer thermal energy storage operation based on data and conditions from current site in
vestigations at the Geostorage Forsthaus pilot project in Bern (Switzerland). The model includes subhorizontal 
sand lenses of various lengths and dips that are embedded in a low permeability clay matrix. Thermal energy 
storage is simulated by seasonal injection and withdrawal of hot (up to 90 ◦C) water from a main well, with 
reservoir pressure regulated by two auxiliary wells at a distance of about 70 m from the main well. The results 
show how targeted injection into deeper permeable storage formations, along with active deep well pressure 
control, can effectively minimize geomechanical impact and the potential risk of damaging subsurface storage 
and sealing formations, or even surface facilities. With such pressure control, the subsurface mechanical re
sponses are dominated by thermal strain and stress, which can be monitored with subsurface fiber optics. The 
study demonstrates how coupled THM modeling can be applied for the design of a safe and efficient thermal 
energy storage operation, and how subsurface fiber optic monitoring can be applied for performance confir
mation, allowing for more confident operational forecasting.

1. Introduction

High-temperature aquifer thermal energy storage (HT-ATES) refers 
to the temporary storage of thermal energy in aquifers at high temper
atures (i.e., >60 ◦C) ([1–4]). The main advantage of HT-ATES compared 
to low-temperature ATES (<30 ◦C) is that the higher temperature allows 
the recovered heat to be used directly for heating purposes, and makes 
the system suitable for more applications, including industrial processes 
and district heating, without or with less need for additional heat pumps 
to increase the temperature [2]. Another advantage of HT-ATES is that 
more energy per cubic meter of water can be stored and retrieved (i.e., 
higher heat content), enabling lower water mass flow rates to achieve 
the desired energy supply rate. HT-ATES can be particularly favorable in 
connection with energy sources that are not controlled by immediate 
energy demand, such as waste residual heat from power plants and 
renewable energy sources like geothermal [2,4]. However, injecting hot 
fluids into the subsurface could induce significant geomechanical 
changes [5,6]. In HT-ATES, there are concerns that geomechanical 

changes could lead to potential damage to the storage and sealing for
mations and subsurface wells, as well as excessive ground surface uplift 
[7–10]. These geomechanical changes are driven by strongly coupled 
thermal-hydraulic-mechanical (THM) processes that are best analyzed 
with numerical modeling.

Coupled THM numerical modeling can be used to predict the per
formance of an HT-ATES system before implementation and to help 
understand the key factors influencing the system [7,9–14]. Site char
acterization data, when available, can constrain the model to reduce 
prediction uncertainties and refine the design to reduce risks. Moni
toring data collected during operation can be used to calibrate the model 
to further reduce uncertainty in model predictions. Eventually, such a 
calibrated, site-specific model can be used to evaluate the system per
formance and help adjust storage operations to optimize performance 
[10,11,15]. Unlike most conventional geothermal energy reservoirs, 
these systems rely on localized permeable structures in porous media 
rather than extensive preferential fracture flow paths [12]. The trans
missivity of such localized permeable structures is critical to the 
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economic viability of an HT-ATES site, particularly when optimizing 
storage capacity under geomechanical constraints [10,11].

The objective of this study is to apply coupled THM modeling to 
analyze the performance of an HT-ATES operation in a shallow layered 
reservoir and to investigate methods for monitoring such an HT-ATES 
system. The THM analysis includes evaluation of geomechanical re
sponses caused by temperature and pressure changes and strategies to 
design the system to minimize the potential risk for damaging the sys
tem. Potential damage could involve fracturing or shearing that may 
lead to damaged wells or excessive fluid migration beyond the reservoir 
and ground uplift. Previous coupled THM modeling and field observa
tions of analogue underground engineering activities, such as 
geothermal energy operations, typically show that temperature changes 
dominate local stress and strain near the wells, while fluid pressure can 
quickly impact larger volumes and can therefore dominate large-scale 
deformations and ground surface uplift. This has been found associ
ated with geothermal energy operations with water injection [16], 
carbon storage injection [17], as well as for HT-ATES [7,9,14]. Ther
mally driven ground surface deformations could also occur but typically 
require heating near the ground surface, such as for shallow thermal 
energy storage caverns [18], steam-assisted hydrocarbon production [5]
or near-surface ATES [13]. Thus, the depths and spatial extent of 
induced pressure and temperature changes are important factors that 
can impact the design and performance of shallow HT-ATES systems.

For a realistic case of a relatively shallow HT-ATES, this study uses 
data and conditions from current site investigations at the Geostorage 
Forsthaus pilot project in Bern, Switzerland [19,20,12,21]. The plan at 
Geostorage Forsthaus Bern is to store waste heat from a waste incineration 
plant, a wood-fired power plant, and a combined cycle gas and steam 
power plant for seasonal usage, up to a storage temperature of 120 ◦C. 
The stored heat would then be fed seasonally into the urban district 
heating network [22].

The targeted thermal energy storage reservoir at Geostorage Forsthaus 
Bern is located within the Lower Freshwater Molasse (USM), which be
longs to the Swiss Molasse Basin, a thick Tertiary sedimentary sequence 
[19,23]. At the project site the USM is overlain by Quaternary uncon
solidated deposits (gravels, sands, clays) more than 150 m thick [20]. 
The USM consists of alternating layers of sand lenses embedded in clay, 
resulting in permeable horizontal channels and low vertical perme
ability [19,20,22,23]. A detailed 3D geologic structural framework 
along with associated rock properties have been developed from the 
coring, geophysical logging and injection testing along three wells that 
have been drilled at the site to date [12,21]. The drilling program 
involved comprehensive coring, logging, and geochemical sampling. 
Advanced logging techniques, including gamma ray, neutron, and re
sistivity logs, were employed to determine porosity distribution and 
water content. Hydraulic testing was conducted at various depth in
tervals, enabling a local assessment of transmissivity [21]. Additionally, 
injection testing was conducted, comprised of a three-month long-term 
circulation test, as well as shorter step-rate tests, accompanied by strain 
measurements obtained from optic fibers cemented along the wells [21]. 
Apart from key hydraulic and thermal properties, this data set includes 
some geomechanical data such as uniaxial compressive strength (UCS) 
of claystone, silt and fine to very coarse sandstone. The sediments at the 
site are discontinuous with uncertain lateral extent of individual 
permeable sand lenses. This uncertainty has led to the development of 
two different geologic models representing, in terms of system perfor
mance, pessimistic and optimistic scenarios, with longer extent of in
dividual sand lenses in the optimistic case.

A conceptual model of the prospective Geostorage Forsthaus Bern 
storage operation is shown in Fig. 1 with a main well and auxiliary wells 
[22]. The main well will be used to store and recover thermal energy in 
the form of hot (up to 120 ◦C) water at flow rates up to 90 m3/h. The 
auxiliary wells will be used to regulate the flow at the storage boundary, 
maintaining the designed aquifer reservoir pressure and connecting the 
reservoir to the surface system. The auxiliary wells also function to pull 

and push the heat plume from and to the main well during heat storage 
and recovery. The ideal concept is that the underground storage for
mation, the wells, and the surface facilities will act as a closed circula
tion system.

A key aspect of this modeling study of the Geostorage Forsthaus Bern is 
to consider the realistic geometry of permeable sand lenses embedded in 
low permeability clay layers and to understand how these geological 
units respond mechanically to the thermal and hydraulic loading. 
Finally, the modeling study aims at investigating how these mechanical 
responses of the layered storage formation can be utilized to monitor the 
subsurface performance of the system and how to minimize the potential 
risk for damaging the subsurface system.

2. Model setup

The THM modeling is conducted with the TOUGH-FLAC simulator 
for multiphase fluid flow, heat transfer, and geomechanics [24,25]. The 
simulator is based on the coupling of TOUGH3, a multiphase flow and 
heat transport simulator [26], and FLAC3D, a geomechanical simulator 
[27]. TOUGH-FLAC has previously been extensively applied for analysis 
of coupled THM processes in various high temperature applications, 
including high-temperature nuclear waste disposal, geothermal energy, 
and underground thermal energy storage [16,18,28].

The reliability of the TOUGH-FLAC simulator in solving coupled 
THM processes relevant to HT-ATES has been substantiated through 
rigorous verification against analytical solutions (e.g., [24,29,30]). 
Furthermore, the model has been validated against empirical THM 
laboratory and field data, including in-situ rock heating experiments in 
argillaceous clay laboratories where temperature, pore pressure, stress, 
strain, and fracture deformations were closely monitored (e.g., 
[31–35]). Additionally, previous studies have successfully validated the 

Fig. 1. Conceptual reservoir model for the Geostorage Forsthaus Bern pilot 
project, located beneath the Energiezentrale Forsthaus (EZF) power plant, 
showing sandstone lenses embedded within a matrix composed of marl and 
claystone [22]. The main well will be used to inject and extract thermal energy 
in the form of hot water, while the two auxiliary wells will induce fluid cir
culation and maintain the designed reservoir pressure.
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model against observed ground-surface uplift (e.g., [16,17,36]). These 
established benchmarks provide high confidence in the model's ability 
to simulate the thermal and pressure-induced impacts on reservoir 
deformation, potential fracturing, and surface uplift evaluated for the 
Geostorage Forsthaus Bern site in this study.

In the simulations of the Geostorage Forsthaus Bern, the EOS1 fluid 
equation of state module is applied in TOUGH3 for accurate pressure 
and temperature-dependent fluid properties [26]. EOS1 handles pure 
water in liquid, vapor (gas) or two-phase conditions, with fluid prop
erties calculated from the International Formulation Committee (1967) 
steam table. Important coupled THM processes considered in this 
TOUGH-FLAC modeling of the Geostorage Forsthaus Bern are hot water 
transport with buoyancy, thermal conduction and advection with the 
liquid water, heating and thermal expansion of the formations, as well as 
pressure-induced changes in effective stress.

Fig. 2 shows the three-dimensional model geometry representing the 
optimistic geological structural model with relatively continuous sand 
lenses, some of which connect the main well and the two auxiliary wells. 
As observed, the layering is explicitly included in the THM model with 
various types of sandstone layers (fine, medium, and very coarse) 
embedded within a low permeability clay matrix. The main well and one 
auxiliary well (Aux1) honor the well trajectories of two existing wells at 
the site, whereas a second auxiliary well (Aux2) was artificially added to 
ensure sufficient hydraulic connectivity within the most permeable sand 
lenses, enabling the simulation of an HT-ATES system.

To reduce the overall computational cost, the reservoir model uses a 
coarser discretization than the geological model, resulting in some 
diminished and/or partly isolated thin sand layers (consistent with the 
conceptual sedimentary architecture). The TOUGH-FLAC THM model of 
dimensions 1246 × 1296 × 280 m consists of about 200,000 elements 
with cuboid elements of 5 m horizontal side length and vertical thick
ness of 2 or 5 m in a 200 × 250 × 280 m volume around the wells 

(Fig. 2). Element sizes gradually increase towards the lateral boundaries 
to further optimize computational efficiency. Following the same 
rationale, the Quaternary sediments overlying the USM are not included 
in the THM model, but included in the FLAC3D mechanical model for 
calculating ground surface uplift. The sand layers are not exactly hori
zontal, as observed in the horizontal cross section at − 475 m that in
tersects several inclined sand lenses and the three wells. The wells are 
explicitly modeled in the TOUGH flow and heat transport simulator, 
with a well radius of 0.11 m, for the connection area with the formation 
elements it intersects.

The permeability distribution derived from site investigations is 
shown in Fig. 2, with sandstone permeability ranging from 5 × 10− 15 m2 

to 1 × 10− 13 m2, correlated with porosities ranging from 0.13 to 0.17. 
However, initial simulations indicated that to sustain the target injection 
flow rate of 90 m3/h, the permeability of the main sand layers con
necting the wells must be increased by about one order of magnitude, to 
3.3 × 10− 13 m2, to avoid excessive reservoir overpressure. At the site, 
this could potentially be achieved through formation stimulation tech
niques, though their implementation is beyond the scope of the present 
THM modeling study. Other important rock properties include thermal 
conductivity, set to 3.5 W/mK for the saturated sandstone and 2.2 W/ 
mK for clay layers after interpretation of fiber optic temperature pro
files, and a standard thermal expansion coefficient of 1 × 10− 5 ◦C− 1 

applied uniformly across all layers.
Mechanical properties such as sediment stiffness and strength were 

estimated from mechanical test data available after site investigations. A 
large number of uniaxial compressive strength (UCS) tests were con
ducted on core plugs taken from cores of the main well and Aux1. 
Young's modulus (E) was estimated using empirical relations with UCS 
[37]. For a coarse sandstone with a UCS of approximately 25 MPa, the 
Young's modulus was estimated to be about E = 5 GPa. For a shale, E = 5 
GPa would correspond to a UCS of about 20 MPa. Chang et al. [37] also 

Fig. 2. Cross-sections of the 3D THM model showing the permeability distribution inferred from site investigations: (1) a vertical plane through the main well and (2) 
horizontal plane at − 475 m depth.
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developed empirical relations linking strength to porosity and/or 
gamma ray log responses. Gamma ray values in logs from the Geostorage 
Forsthaus Bern range from about 25 to 75 API, with an average value 
around 50 API, which, according to Chang et al. [37], correspond to an 
internal friction angle of 40◦. Since there are no indications of major 
differences in stiffness and strength between the different sediments, E 
= 5GPa and an estimated Poisson's ratio of 0.3 were applied to all model 
layers. The measured UCS and estimated internal friction angle are then 
used to evaluate the potential for compressive (shear) failure of the 
sediments, while the potential for tensile failure was evaluated by 
comparing fluid pressure to the least compressive principal stress.

The potential for shear or opening along weaker bedding planes is 
considered in a mechanical constitutive model that accounts for aniso
tropic strength along weak horizontal planes. Indeed, step-rate tests 
with fiber optic strain measurements, described in Meier et al. [21], 
revealed geomechanical responses in individual horizontal sublayers 
within the 5 m sandstone unit. These weak bedding units exhibited 
opening when the injection pressure reached approximately 11.5 MPa, 
which is close to the lithostatic stress. In the modeling, these weak 
bedding layers are not explicitly represented but are implicitly 
accounted for in a continuum constitutive model, specifically a strain- 
softening/hardening ubiquitous-joint model [27]. This model allows 
bedding or weak zone opening or shearing to initiate wherever the 
Coulomb friction or tensile strength criteria are met, which can repre
sent weak sublayers within sandstone units or weak bedding planes 
within shale units. In these simulations, the weak planes are modeled 
with zero tensile strength and zero cohesion, and a low friction angle of 
20◦. For comparison, the Opalinus Clay at the Mont Terri Laboratory 
(Switzerland) has been characterized with bedding plane properties of 
0.5 MPa tensile strength, 2.2 MPa cohesion, and a friction angle of 23◦

[38]. This suggests that the selected weak plane properties are conser
vative in terms of the risks of tensile and shear failure along weak planes.

The initial conditions of temperature, fluid pressure, stress, and their 
depth dependencies were established through an initial vertical equi
librium simulation. A geothermal gradient of 30 ◦C/km was assumed, 
with a fixed average temperature of 12.25 ◦C at the ground surface 
[19,20]. A hydrostatic pressure gradient was applied, assuming the 
groundwater table at the ground surface. Initial stresses were assumed 
isotropic and calculated from the weight of the overburden, considering 
an average sediment density of 2300 kg/m3. Under these assumptions, 
at the depth of the injection (around 500 m), the initial temperature is 
27.3 ◦C, the initial fluid pressure is 4.9 MPa and the initial isotropic 
stress is 11.3 MPa. The boundary conditions of the lateral and bottom 
boundaries are no fluid and heat flow along with zero displacement 
normal to the boundaries. The top boundary at 240 m depth have fixed 
pressure and temperature, and is free to move mechanically.

A large number of modeling scenarios and sensitivity studies were 
first carried out to understand the system performance, leading to the 
selection of a representative case scenario for the study presented in this 
article. As described above, to achieve the target injection rate of over 
20 l/s (72–90 m3/h), an enhanced permeability, i.e., 3.3 × 10− 13 m2 is 
assigned to the deeper sandstone lenses (i.e., below − 410 m depth). 
Second, targeted casing perforations are applied to these highly 
permeable formations. By targeting the perforation and injection on the 
permeable formations below − 410 m, the resulting mechanical changes 
are confined to depth, thereby minimizing the risk of damaging shallow 
sealing formations and reducing ground surface uplift. Third, strict 
pressure control is applied to both injection and withdrawal wells, 
limiting the reservoir pressure to minimize the potential for formation 
damage.

The simulations of the Geostorage Forsthaus Bern operation are con
ducted considering yearly (365 days) loading-unloading cycles, with 
217 days (about 7 months) of loading and 148 days (about 5 months) of 
unloading. During loading, water at 90 ◦C is injected into the main well 
while equivalent amounts of water are produced from the two auxiliary 
wells. During unloading, water at 50 ◦C is injected into the auxiliary 

wells while hot water is produced from the main well. In our simula
tions, pressure was controlled at both injection and production wells, 
and the resulting flow rates were calculated. The injection pressure 
during loading is set to approximately 2.3 MPa above hydrostatic in the 
main well while the pressures at the auxiliary wells are maintained at 
1.5 MPa below hydrostatic, resulting in a pressure difference of about 
3.8 MPa between the main injection well and the auxiliary wells. During 
unloading the pressures are set 2.3 MPa above hydrostatic in the aux
illary wells while maintained at 1.5 MPa below hydrostatic in the main 
well. With this injection schedule, the bottom-hole pressure at about 
490 m depth peaks at about 7.3 MPa during injection, which is sub
stantially lower than the 11.3 MPa lithostatic stress, thus avoiding the 
risk of formation fracturing.

3. Simulation results

The TOUGH-FLAC simulation results are presented in the following 
subsections, focusing on thermal energy storage performance, THM 
response, and monitoring of the storage operation.

3.1. Thermal energy storage performance

Fig. 3 shows the simulated thermal energy storage performance over 
a 10-year seasonal operation. In the main well, a flow rate exceeding the 
targeted 20 kg/s is achieved during the loading periods, while a rate 
close to 20 kg/s is maintained during unloading (Fig. 3a). Significant 
thermal breakthrough occurs in the auxiliary wells during loading, with 
temperatures reaching up to 75 ◦C, before decreasing to 50 ◦C during 
unloading, when injection takes place in the auxiliary wells (Fig. 3b). 
The heat delivered during each annual unload period exceeds 6 MWth 
(Fig. 3c).

Fig. 3d shows the roundtrip efficiency corresponding to the heat flow 
(i.e., thermal power) in Fig. 3c. The roundtrip efficiency is defined as the 
ratio of energy recovered to the energy injected into the storage system 
during each annual cycle [39]. Heat fluxes (Eq. 10 of [40]) are model 
outputs, which are integrated over the loading/unloading periods to 
determine energy into and out of the storage system over an annual 
cycle. The roundtrip efficiency is calculated twice, considering the heat 
flow in/out of the main well only (i.e., the energy recovered through the 
main well to the energy injected through the main well), and consid
ering all wells. The gradual increase in efficiency over time indicates 
that progressively less energy is lost to the system, a behavior commonly 
observed in thermal energy storage analyses. This increase is more 
pronounced during the first few years and flattens in later years as the 
system gradually warms and approaches a pseudo-steady state. For the 
main well only (which represents the primary performance of the heat 
storage and recovery system), the efficiency levels off at 55%, whereas 
when considering all wells, over 90% of the injected heat is recovered.

3.2. THM performance

Figs. 4 through 6 present thermal, hydraulic and mechanical re
sponses along the vertical cross section through the main well (Fig. 2). 
Results are shown at 0.6 years (end of the first loading cycle), 1.0 years 
(end of the first unloading cycle), 9.6 years (end of the 10th loading 
cycle) and 10.0 years (end of the 10th unloading cycle).

Fig. 4a shows the temporal fluctuations of temperature within the 
heated zone and its progressive expansion over the 10-year seasonal 
storage operation. After 0.6 years, injection of 90 ◦C water has heated a 
rock volume extending laterally about 100 m within the most permeable 
sandstone lenses near the bottom of the main injection well. By the end 
of the subsequent unloading cycle (i.e. at 1 year), the temperature in 
these previously heated zones cools to approximately 50 ◦C, reflecting 
the injection of cooler water in the auxiliary wells. At 9.6 and 10.0 years, 
the heated volume has further expanded both vertically and laterally, 
indicating cumulative heat propagation and storage development with 
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each annual cycle.
Pressure increases at the injection wells and decreases at the 

extraction wells, resulting in cyclic pressure fluctuations throughout the 
reservoir (Fig. 4b). Owing to the applied pressure control, these varia
tions remain moderate, less than 2 MPa above or below the initial hy
drostatic pressure. The maximum reservoir pressure at depth reaches 
around 6 MPa, which is substantially below the estimated lithostatic 
stress of about 11 MPa at reservoir depth, indicating that the operation 
remains well within safe mechanical limits.

The volumetric strain distribution shown in Fig. 5a exhibits a strong 
spatial correlation with the temperature distribution in Fig. 4a although 
some additional strain occurs due to pressure changes adjacent to the 
wells. The largest volumetric strains occur within high temperature 
areas, which expand progressively over time. The volumetric strains 
cause vertical expansion, leading to the vertical displacements illus
trated in Fig. 5b. The vertical displacement increases over the 10-year 
period to a maximum of 30 mm at the top of the heated zone at about 
− 400 m depth. This displacement attenuates upward to less than 10 mm 
on top of the model at − 240 m depth, translating to only a few milli
meters of potential ground surface uplift.

Fig. 6 shows the simulated distributions of principal effective 
stresses. A maximum compressive effective stress of up to 10 MPa de
velops within the high-temperature zones (Fig. 6a), which remains well 
below the measured UCS of about 20 MPa. Furthermore, the minimum 
compressive effective stress remains in compression throughout the 

simulation and does not approach tensile conditions (Fig. 6b). These 
results indicate that the considered injection schedule does not induce 
either shear or tensile failure in the matrix or weak bedding planes. 
Thus, the analysis indicates elastic mechanical responses and therefore 
insignificant permanent deformations to the formation.

3.3. Monitoring the system performance

The modeling results show a strong impact of temperature and 
thermal expansion on subsurface mechanical deformations, particularly 
on volumetric strain. The simulations also indicate that a small amount 
of ground surface uplift will occur. However, in a heterogeneous system 
with complex layering and variable permeability, it can be challenging 
to attribute such surface uplift to specific subsurface strain zones. In this 
context, subsurface strain measurements may provide a more effective 
means of directly monitoring mechanical responses within the layered 
formation.

For an HT-ATES with injection temperature of 90 ◦C and pressure 
fluctuations of a few MPa, the model simulations show that subsurface 
strain is dominated by thermally-induced strain and stress changes. The 
dominance of thermally induced strain is evident in Figs. 4a and 5a, 
which show a strong spatial correlation between temperature and 
volumetric strain along the vertical plane through the main well. A 
similar close correlation is also observed on the horizontal plane at 
− 475 m (recall Fig. 2), corresponding to the main heat storage zone 
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(Fig. 7).
Fig. 8 shows the temperature and the dominant vertical strain along 

a line parallel to the main well, representing the formation itself. The 
results reveal again a very close correlation between temperature and 
strain. For example, in areas reaching 90 ◦C, the calculated vertical 
strain is +0.5–0.6 × 10− 3. Considering that this corresponds to a 60 ◦C 
temperature increase during the first load cycle and applying a thermal 
expansion coefficient of 1 × 10− 5 ◦C− 1, the vertical thermal strain can 

simply be estimated as εz = 60 × 1 × 10− 5 = 0.6 × 10− 3, which is 
consistent with the numerical results in Fig. 8. Just above the heated 
zone (above − 400 m) a slight negative strain (i.e., compression) occurs, 
caused by compaction in response to the adjacent thermal expansion. 
Similarly, negative strain is observed in a clay layer at − 440 m at 0.6 
years. However, this compression is no longer present at 10 years due to 
the more homogeneous temperature distribution over time.

The observed close correlation between local temperatures, i.e. in 

Fig. 4. Vertical cross-section showing simulated (a) temperature and (b) pressure distributions at the end of the 1st and 10th load and unload cycles.

Fig. 5. Vertical cross-section showing simulated (a) volumetric strain and (b) vertical displacement at the end of the 1st and 10th load and unload cycles.
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regions where heat is stored, and vertical (or volumetric) strain high
lights the benefit of using subsurface fiber optic continuous measure
ments of temperature and strain to monitor the system. Since these 
measurements should reflect temperature and strain in the formation, 
rather than those inside the wells, running fiber optics in the well casing 
cement of the main well, or along a dedicated slim-hole monitoring well 
may be considered, such as the one illustrated next to the main well in 
Fig. 1.

To investigate a failure scenario induced along weak bedding planes, 
a simulation was conducted under very high injection pressure. The 
results are presented in Figs. 9–11. In this case, the injection pressure 
was intentionally set so high that the formation pressure exceeded the 

initial vertical stress (approximately 11 MPa in the reservoir). The 
simulation results show that parting (opening) of the weak bedding 
planes occur within the first day of injection near the top of the storage 
zone (Figs. 9b and 11a). With continued injection, opening of the weak 
bedding planes also develops in the lower sections of the storage zone, 
with clearly identified localized strain increments observed by day 30 
day (Fig. 10c). While areas reaching 90 ◦C exhibit a background vertical 
strain of 0.5–0.6 × 10− 3, the localized bedding strains show no corre
lation with the temperature profile. This decoupling suggests that the 
localized bedding openings are primarily driven by high pressure 
exceeding the lithostatic stress (Figs. 9c and 10c). During production, if 
injection were to continue with the same high pressure in the auxiliary 

Fig. 6. Vertical cross-section showing simulated (a) maximum compressive principal effective stress and (b) minimum compressive effective stress at the end of the 
1st and 10th load and unload cycles.

Fig. 7. Horizontal plane at − 475 m depth showing simulated (a) temperature and (b) volumetric strain.
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wells, extensive opening of weak bedding planes would likely occur, 
particularly in the uppermost sections of the storage zone (Fig. 11c). 
Such plastic tensile strain would lead to significant permanent de
formations to the formation. Nevertheless, the use of continuous fiber- 
optic strain and temperature monitoring would allow for the detection 
of such localized openings within a day of injection, enabling timely 
preventative actions, such as reducing injection pressure.

4. Discussion

This numerical modeling study was conducted using data and con
ditions from the current site investigation at the Geostorage Forsthaus 
pilot project in Bern, Switzerland. Following an initial screening and 
sensitivity analyses, an optimal scenario was simulated that incorporates 

sand layers with extended lateral extent and sufficient permeability to 
connect a main heat storage well with two auxiliary wells. Such 
enhanced permeability could potentially be achieved through tradi
tional reservoir stimulation techniques. The modeled scenario honors 
the complex layering inferred from site investigations and provides in
sights relevant to shallow, high-temperature heat storage in layered 
sedimentary formations.

In terms of efficiency, a 55% roundtrip efficiency for the main well 
alone may appear low, but this is within the range reported in the 
literature for other HT-ATES sites [2,41], and in generic mathematical 
models [1]. Several design modifications could be considered to 
improve efficiency, such as adjusting injection temperature and/or in
jection flow rate, adding one or more auxillary wells, or modifying the 
spacing of the auxiliary wells. The fact that the coupled THM analysis for 

Fig. 8. Temperature and vertical strain of the formation along the main well at 0.6, 1.0, 9.6 and 10 years.

Fig. 9. Results after 1 day of very high pressure injection with profiles of (a) temperature, (b) pore pressure, and (c) vertical strain in the formation along the 
main well.
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this case shows that the induced stresses remain far below levels that 
could cause mechanical damage implies that it would be possible to 
safely inject at higher temperature and/or flow rates if desired.

The modeling demonstrates that confining targeted perforation and 
injection to the deeper permeable reservoir sections, combined with 
strict pressure control, effectively minimizes the risk of mechanical 
formation damage and limits ground surface uplift. Our base-case 
simulation with pressure control indicates a maximum vertical expan
sion of 30 mm at the top of the heated storage zone at − 400 m, which is 
significantly attenuated to less than 10 mm at − 240 (Fig. 5b) and results 
in approximately 4 mm ground surface uplift. A 4 mm ground surface 
uplift would be unlikely to cause damage to surface infrastructure. By 
comparison, some previous modeling studies have predicted uplifts 
exceeding 5 cm [9,14,23]. In those cases, which did not consider strict 
pressure control as in our study, surface uplift was primarily attributed 
to reservoir pressure changes. With pressure control, induced thermally 

induced strains and stresses dominate subsurface mechanical responses, 
even providing additional confinement and stability to the formation. 
Over time, as heat diffuses through the low-permeability clay layers, 
stresses become spatially more homogenous, reducing shear stress and 
increasing a uniform confining stress. This enhanced confinement 
lowers the potential for shear along layer interfaces and reduces the risk 
of pressure-induced fracturing.

Overall, this study demonstrates the value of coupled THM modeling 
for designing and optimizing energy storage operations, while mini
mizing the risk of undesired mechanical changes. The results indicate 
that downhole fiber optic temperature and strain monitoring can be an 
effective tool for evaluating system performance. Calibrating the model 
against early-time monitoring data can further support long-term fore
casting and allow assessment or optimization of different operational 
scenarios, such as higher injection rates and/or temperatures. Such 
comparison with site-specific monitoring data will also provide the 

Fig. 10. Results after 30 days of very high pressure injection with profiles of (a) temperature, (b) pore pressure, and (c) vertical strain in the formation along the 
main well.

Fig. 11. Results of very high pressure injection showing location of weak plane plastic tensile strain and signifying weak bedding tensile opening after (a) 1 day, (b) 
30 days and 0.6 years, and (c) 1.0 years. Note that the weak planes remained constant from 30 days to 0.6 years and are therefore identical as shown in (b).
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ultimate model validation to further reduce model uncertainties. Under 
normal operation, subsurface strain is expected to closely correlate with 
temperature, so deviations from this expected behavior could indicate 
unwanted mechanical changes, including potential hydraulic fracturing 
or opening of weak bedding planes. In such a case, further detailed in
vestigations may be conducted and preventative measures applied to the 
injection schedule. Additional monitoring options include fiber optics 
with distributed acoustic sensing (DAS) for detecting acoustic emissions, 
providing early warning of potential damage to the formation. These 
measures can be complemented with surface deformation monitoring to 
confirm that no fluid migration occurs through the storage overburden.

This study is limited to the geomechanical performance of the 
reservoir, while features such as wellbore integrity, potential sand pro
duction, and geochemical issues are not included. Analysis of wellbore 
integrity would require a separate model with detailed discretization of 
the well assembly and its completion, accounting for interfaces and in
teractions with the formation sediments (e.g. [28]). Considering stress 
concentrations around a well, some mechanical inelastic yielding could 
be expected at the borehole walls in contact with the perforated casing, 
which in turn might result in minor sand production. Geochemical 
modeling of the Geostorage Forsthaus Bern site, including precipitation 
or dissolution of calcite and dolomite, is reported in Diaz-Maurin and 
Saaltink [22] and Vidal and Saaltink [42] and is beyond the scope of the 
present study. The modeling performed in this study was further limited 
to homogeneous properties within each sand layer and the clay matrix, 
using average properties. However, the analysis accounts for significant 
anisotropy in mechanical strength properties by incorporating hori
zontal weak beddings with zero tensile strength and low shear strength. 
Furthermore, a pronounced anisotropy is also captured in the thermal 
and hydraulic results by representing the subhorizontal layering with 
high permeability in the sandstone layers. To achieve a feasible scenario 
with a sufficient circulation rate for storage operations, the permeability 
was increased. As supported by Meier et al. [21], who reported similar 
findings based on observations at offset wells in the USM, such high 
permeability values are not unrealistic and are, in fact, anticipated in 
this context.

5. Conclusions

The objective of this study was to apply coupled THM modeling to 
analyze the performance of a high-temperature aquifer thermal energy 
storage (HT-ATES) system in a shallow, layered reservoir and to inves
tigate methods for monitoring such a system. For a realistic case, the 
study is based on data and conditions from current site investigations at 
the Geostorage Forsthaus pilot project, in Bern (Switzerland). The main 
findings, relevant to the coupled THM performance and monitoring of 
HT-ATES in layered formations, are: 

• Targeted casing perforation and injection into deeper storage sedi
ments confines mechanical changes at depth, thereby limiting im
pacts on shallow seals and reducing ground surface deformation.

• Reservoir pressure control through extraction wells is an effective 
method to maintain low reservoir pressure changes, thus minimizing 
the risk of damage to the storage formation and also limiting ground 
uplift.

• With strict pressure control, subsurface mechanical responses are 
dominated by thermal expansion, resulting in a strong correlation 
between local temperature and strain that can be utilized for accu
rate monitoring of the subsurface storage system.

• Fiber optic temperature and strain monitoring is a viable option to 
tracking system responses and detect deviations from normal 
thermal-elastic behavior, which could indicate imminent damage to 
the storage formation.

Overall, this study demonstrates the value of coupled THM modeling 
for designing and optimizing HT-ATES operations and performance 

while minimizing the risk of unwanted mechanical changes. The current 
model, based on the Geostorage Forsthaus pilot project in Bern, shows 
stress changes well below levels that could cause formation damage, 
indicating that scenarios with higher injection flow rates and tempera
tures could be safely explored, provided that strict pressure control and 
real-time fiber optic monitoring are maintained.
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