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Energy storage plays a crucial role in decarbonizing the global energy system, particularly in the heating sector,
which accounts for nearly 50 % of global energy demand. However, a significant challenge remains in balancing
supply and demand from renewable energy sources. High-Temperature Aquifer Thermal Energy Storage (HT-
ATES) presents a promising solution by enabling seasonal energy storage and shifting thermal loads efficiently.
The successful implementation of HT-ATES requires a comprehensive understanding of both subsurface
geological conditions and surface constraints to identify optimal storage sites. This study introduces a favor-
ability assessment framework for HT-ATES systems across the Swiss Molasse Plateau (SMP), utilizing spatial
multi-criteria play-based analysis (SMCPBA). Two key geological targets—the Cenozoic Molasse and Upper
Mesozoic formations—are assessed alongside energy system criteria to pinpoint high-potential areas for future
development. The findings highlight major urban centers such as Geneva, Lausanne, and Zurich as prime
candidates due to their significant heat demand. However, broad-scale estimations necessitate higher-resolu-
tion data and site-specific feasibility studies for accurate assessment and implementation. The scalability of
this methodology makes it applicable to various geographic contexts, supporting targeted pilot projects and
feasibility assessments. Advancing HT-ATES technologies through refined methodologies and practical appli-
cations will contribute to Switzerland’s sustainable energy transition and long-term energy resilience.

can offer flexibility to the energy system by economically storing ther-
mal energy, for instance, in hot water tanks or the subsurface.

1. Introduction

The European heating and cooling sector is transitioning towards a
more efficient, clean, and sustainable energy supply. Heating and
cooling comprises half of the EU’s energy, with 75 % generated from
fossil fuels and nearly half from gas (Fleuchaus et al., 2018). The
building sector is undergoing decarbonization by implementing solu-
tions such as energy efficiency improvements and increased use of
renewable energies, while the industry sector will moving in the same
direction. However, industrial users will continue to produce a large
amounts of waste heat and cold (Papapetrou et al., 2018), which could
be used in the nearby buildings, through district heating and cooling
networks (DHCN). District heating networks (DHN) provide 9 % of the
EU’s heating (European Commission, 2016) and can integrate renew-
able electricity (through heat pumps), geothermal and solar thermal
energy, waste heat and waste incineration plants. Additionally, DHNs
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As a part of its Nationally Determined Contributions (NDCs),
Switzerland has committed to lower its GHG emissions by 50 % in 2030
(from a 1990 baseline) and targets GHG per-capita emissions of 1-1.5
tons CO2 equivalent (CO2e) by 2050 (United Nations, 2015). Despite
these environmental goals, space heating in Switzerland is still heavily
relies on fuel oil, which represented 42 % of the heat demand in 2016, as
well as natural gas (26 % of heat demand) (Narula et al., 2019).
Decarbonizing the Swiss heating supply is key to meeting its environ-
mental targets and district heating networks can strongly contribute as
they provide the possibility to integrate diverse heat sources combining
renewable energy sources and fossil fuels. The industry sector generates
large quantities of Industrial Excess Heat (IEH), part of which can be
recovered and used for a variety of applications (Zuberi et al., 2018),
while the part that cannot be recovered is considered waste. The
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recovery and use of IEH is affected by challenges including its occur-
rence in different forms, non-continuous availability, the need for heat
transfer, and the distance between excess heat source and sink (Forman
et al., 2016), which make IEH still an under-utilized source (Persson
etal., 2014; Lu et al., 2016). Low-grade IEH is mostly available between
30 and 100C, but heat in this temperature interval is often difficult to
re-use in industrial processes. DHNs may utilize IEH, with different DHN
technologies being suitable for different temperature levels (Miro6 et al.,
2016).

Four generations of District Heat Network (DHN) technologies are
generally identified (Lund et al., 2014). First and second-generation
systems date pre-1980s and used steam or pressurized water as heat
carrier at over 100C. Most current systems are of the third generation
(3 G) and circulate pressurized water at medium to high temperature
(80-100C) and are therefore referred to as High Temperature District
Heat net- works (HTDH). New, fourth generation (4 G) carry water be-
tween 30 and 70C. Future developments are leading to 5th generation
networks which will be able to handle both heating and cooling appli-
cations with water supply temperature between 0C and 30C. These
networks will enhance sector coupling between electrical and thermal
grids in a smart energy system and utilize low-temperature indigenous
heat sources such as geothermal energy and seasonal underground
thermal energy storage systems (Buffa et al., 2019).

Several studies have been carried out recently on the potential of
district heating networks and future developments by integrating waste
heat, but little has been investigating on the impact of the proximity
between supply and consumers on an economic perspective. Therefore,
a critical element of such analysis is the estimation of feasible waste heat
delivery distances. Underground Thermal Energy Storage (UTES) sys-
tems encompass a set of daily to seasonal storage solutions including
Aquifer Thermal Energy Storage (ATES), Borehole Thermal Energy
Storage (BTES), Mine Thermal Energy Storage (MTES) and Pit Thermal
Energy Storage (PTES (Fleuchaus et al., 2018, 2020; McClenahan and D.,
2015; Kallesge et al., 2019; Lee, 2013). While there are more than 3000
low temperature (< 25°C) ATES systems coupled to a heat pump across
the world, the number of medium to high temperature (25-90°C) sys-
tems is rather limited (Fleuchaus et al., 2018; Kallesgpe et al., 2019). Both
technical risks (Fleuchaus et al., 2020; Schout et al., 2014; Rosenbrand
et al., 2014) and legal aspects (Haehnlein et al., 2010; Mirjolet et al.,
2021) are currently the main barriers for HT-ATES deployment.

Underground Thermal Energy Storage (UTES) systems encompass a
set of daily to seasonal storage solutions including Aquifer Thermal
Energy Storage (ATES), Borehole Thermal Energy Storage (BTES), Mine
Thermal Energy Storage (MTES) and Pit Thermal Energy Storage (PTES
(Fleuchaus et al., 2018, 2020; McClenahan and D., 2015; Kallesge et al.,
2019; Lee, 2013). While there are more than 3000 low temperature (<
25°C) ATES systems coupled to a heat pump across the world, the
number of medium to high temperature (25-90°C) systems is rather
limited (Fleuchaus et al., 2018; Kallesge et al., 2019). Both technical
risks (Fleuchaus et al., 2020; Schout et al., 2014; Rosenbrand et al.,
2014) and legal aspects (Haehnlein et al., 2010; Mirjolet et al., 2021) are
currently the main barriers for HT-ATES deployment.

Previous efforts for planning of ATES systems focused on optimal use
of the subsurface (Bloemendal et al., 2018), minimization of negative
interference between multiple systems (Rostampour et al., 2019) and
increasing well density by optimal placing in urban settings (Beernink
et al., 2022). At a larger screening scale, world potential analysis has
outlined areas with deviating building energy demand and suitable
subsurface conditions (Bloemendal et al., 2015), while at a smaller
spatial scale, subsurface constrained dimensioning has been used to
quantify possible HT-ATES contribution to the energy mix, economic
performance and COy emissions avoidance (Daniilidis et al., 2022). A
methodological framework for initial HT-ATES potential screening that
integrates energy demand, energy distribution systems, subsurface
characteristics as constraints, and economic analysis is currently lacking
in scientific literature.
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This study focusses in particular on High Temperature (>25C) ATES
systems (Kallesge et al., 2019) which commonly use 2 or more wells for
extracting cold water from an aquifer, exchange heat with an excess heat
source and inject the heat into the same aquifer (Fig. 1). This storage
phase is followed by a production period where the flow direction of the
wells in inverted creating a series of charging/discharging cycles over
the year on a daily to seasonal basis (Fig. 1). These aquifers are volumes
of rock characterized by porosity and permeability conditions suitable
for efficiently storing and recovering heat. They can consist of uncon-
solidated sand units, porous rocks such as sandstones or limestones with
primary porosity and permeability limestones with primary porosity and
permeability, or tight rocks with enhanced porosity and permeability
conditions associated with fracturing processes.

One of the main challenges for HT-ATES implementation is identi-
fying suitable sites compatible with the proximity between an excess
heat source, heat demand, distribution systems, and favorable subsur-
face storage conditions. Due to the variability and spatial distribution of
the above characteristics, the identification of target sites for HT-ATES
implementation requires the application of Spatial Multi-Criteria Play-
Based Analyses (SMCPBA). This approach combines the concepts of 1)
spatial multi-criteria analysis commonly used for decision-making pro-
cesses (Boggia et al., 2018; Lombardi and Ferretti, 2015; Ferretti, 2011;
Malczewski, 2006; Moghaddam et al., 2014) and 2) play fairway anal-
ysis (PFA) which focuses on subsurface criteria. SMCPBA has been
applied in the ore deposits, as well as the hydrocarbon industry for de-
cades to understand the nature and architecture of the subsurface and to
identify mineral deposits and hydrocarbon reservoirs respectively
(Royal Dutch Shell, 2013; Doust, 2010; Hallett and Clark-Lowes, 2016).
PFA is being applied to the geothermal sector (Valley and Miller, 2020a;
Moeck, 2014; Santilano et al., 2019; Coro and Trumpy, 2020; Meng
et al.,, 2021) mostly for power generation or large heat production
projects, and its concepts have been recently applied to LT-ATES systems
(Ramos-Escudero and Bloemendal, 2022; Bloemendal et al., 2015; Frick
et al., 2022). However, for HT-ATES only some preliminary screening
has been produced in the framework of the ERA-Net GEOTHERMICA
HEATSTORE project (Guglielmetti et al., 2021) revealing the potential
of the application of PFA applied to HT-ATES, but also its limitations due
to the scattered and often scarce data availability, not combined with
surface criteria, to assess the technical favorability. Surface and sub-
surface criteria can be combined with economic evaluations as demon-
strated by recent studies (Daniilidis et al., 2022; Birdsell et al., 2021), to
allow the evaluation of the mutual effects of excess heat, heat demand
and subsurface performances on the Levelized Cost of Heat (LCOH),
hence identifying the optimal combination of criteria to ensure that an
HT-ATES system is techno-economically viable.

In this work, we develop a framework to integrate surface and sub-
surface criteria aiming at evaluating the spatially distributed favor-
ability for HT-ATES systems, based on Swiss data, where a large interest
in developing aquifer thermal energy solutions present. We use an
SMCPBA to comprehensively combine surface and subsurface aspects.
The choice of focusing on the SMB and in particular on two geologic
lithostratigraphic units (the Cenozoic sediments and the Upper Mesozoic
carbonates) was driven on by two factors: i) the majority of the heat
demand and IEH are located in the SMB region and ii) the large avail-
ability of subsurface data cover this study region. The framework serves
as baseline for other UTES solutions and heat storage applications.

2. Methods
2.1. Assessment framework

The assessment of the favorability for High-Temperature Aquifer
Thermal Energy Storage (HT-ATES) development is a complex geo-
spatial multi-criteria problem. To address this, a Spatial Multi-Criteria
Proximity-Based Analysis (SMCPBA) was employed. This method in-
tegrates energy system criteria with geological play elements that
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Fig. 1. - Schematic representation of ATES systems loading (left) and unloading (right) cycles.

influence subsurface targets, which are critical for HT-ATES

implementation.

2.2. SMCPBA approach

The primary approach highlights that the spatial relationship be-
tween surface and subsurface criteria is crucial for the success of a High-
Temperature Aquifer Thermal Energy Storage (HT-ATES) system. To
evaluate the suitability of HT-ATES across a study area, it’s important to
assess how these criteria vary spatially. This is achieved using a Prox-
imity analysis in Geographic Information Systems (GIS), which helps
determine the relationship between a location and its surrounding fea-
tures by measuring distances and spatial relationships.

Using proximity analysis in our study has two main benefits:

1. It helps identify areas where surface and subsurface criteria are close
enough to meet the necessary spatial relationship.

2. It allows us to determine areas where there is sufficient subsurface
data to reliably understand the conditions, as well as areas where
there is more uncertainty due to lower data density.

In this analysis, we measured the spatial relationships between
datasets of the same type using Euclidean distance, with a grid resolu-
tion of 100 m x 100 m, dictated by the availability of subsurface data. To
ensure consistency across different datasets, we standardized the grids
before conducting the analysis.

2.3. Data quality and analysis

Due to varying nature and quality of subsurface data, the accuracy of
constraints provided by each dataset for reconstructing subsurface ar-
chitecture can differ significantly. For example, 2D seismic data may
vary in accuracy based on acquisition parameters, techniques used,
survey goals, lithological heterogeneities, and fluid saturation.

A Proximity-Adjusted Preference (PAP) (Meng et al., 2021;
Ligmann-Zielinska and Jankowski, 2012) approach was applied to a
weighted linear overlay technique (Malczewski, 2006, 2000). This
approach uses a relative preference scale, assigning weights to each
input criterion. The final criterion ranking is then adjusted by distance
measures, producing a gradient from favorable to unfavorable sites. The
inputs were weighted using a combination of the Analytic Hierarchy
Process (AHP) method (Saaty, 1980; Yalcin and Kilic Gul, 2017; Tinti
et al., 2018) and expert elicitation assessment, where experts contrib-
uted weights based on their domain expertise (Knol et al., 2008).

The favorability index I(x;) was calculated for each criterion using
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the formula:

I(x;) = xw# @
Where I(xij) is the favorability index, x/ij is the selected criterion and w is
the weight.

The overall favorability index combines then all the individual in-

dexes by the following weighted average scheme.

Z?:l I (‘xl}) #
n
Y W
Where I(xij) is the favorability index, X'ij is the selected criterion, n the

total number of the criteria included in the calculation and w is the
weight.

@

I fay

2.4. Favorability framework

The overarching framework implemented in the favorability assess-
ment is shown in Fig. 2. All these steps have been implemented in the
open-source GIS-based software (QGIS). It combines the analysis of
surface criteria, a play-based analysis for the subsurface with, fault
characterization, subsurface constrained dimensioning and Levelized
Cost of Heat (LCOH) calculations. The results are a set of maps with a
resolution of 100 m x 100 m, which was selected based on the original
IEH and heat demand grids cell size.

2.5. Surface criteria

Surface criteria are classified in three categories, spatially distributed
over the SMB on a grid with resolution 100x100m, i) industrial excess
heat ii) heat demand density (HDD) and iii) thermal networks (TN)
(Fig. 3).

IEH data were retrieved the study carried out by Zuberi et al. (2018),
that calculated the spatially distributed net excess heat from all
manufacturing industrial sources in Switzerland at different tempera-
ture levels (low temperature <120°C, medium temperature 120-380°C,
and high temperature >380 °C). This study identified that large amount
of excess heat (equivalent to 50 %) is lost at temperatures below 150C
and is difficult to re-use in industrial processes but is suitable for use in
DHNs. Therefore, only the spatial distribution of the low temperature
IEH data were used in this study for the SMCPBA, and a storage tem-
perature of 90 was set. Higher storage temperatures might have negative
effects on subsurface elements because excessive temperature difference
between reservoir ambient temperature and injected fluid with associ-
ated impacts on groundwater quality, mineral dissolution/precipitation
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Fig. 2. Overarching framework for the assessment of favorability in the SMP. TN: Thermal Network, IEH: Industrial Heat Excess, HD: Heat Demand, ST: Stress
Tendency, DT: Dilation Tendency, VM: Von Mises Stress, LCOH: Levelized Cost of Heat.

and scaling/corrosion for the equipment and distribution network
(Fleuchaus et al., 2020; Sondierbohrungen Bottstein et al., 1985). The
TN dataset publicly available for Switzerland (Bundesamt fiir Energie
BFE, 2022) includes district heating, local heating or district cooling
networks systems that supply thermal energy from a large variety of
energy sources including geothermal, biomass, waste heat from
municipal incinerators, fossil fuels, to a number of separate buildings. Of
most interest for thermal networks is the heat demand from residential
and commercial buildings, since the vast majority of such buildings can
be served by low temperatures ranging from around 12°C to maximum
90°C. Heating and cooling demand data used for this study (Swiss
Federal Office of Energy, 2022) are composed by the combination of
residential and commercial demands. The demand for heat and cooling
is a key element in the strategic planning of thermal networks. Building
a thermal network is only viable if sufficient sales turnover can be
generated from heat and/or cooling. In strategic planning, heat demand
is used to identify large, interconnected areas that may be appropriate
for a thermal network and areas with a heat density of at least 700
700MWhey-1leha-1 are considered suitable (Office fédéral de I'énergie
OFEN, 2022).

2.6. Play-based analysis of subsurface criteria

The Swiss Molasse Basin (SMB) is the western-central part of the
norther Alpine foredeep basin and it extends for over 300 km from
Geneva at the SW to Lake Constance to the NE. The SMB is composed by
four main lithostratigraphic units. From top to bottom these are: the top
1) Quaternary and 2) Cenozoic sediments, the 3) sedimentary cover
composed respectively of Mesozoic carbonate units and 4) the crystal-
line basement including Permo-Carboniferous troughs at the bottom
(Fig. 4).

This study focusses on two main reservoirs being the fractured Upper
Mesozoic carbonates and the Cenozoic sediments which are considered
the main subsurface targets for HT-ATES at present owing to the shallow
depth and reliable understanding of their architecture at the basin scale
due to subsurface exploration activities (active seismic and exploration
boreholes) carried out in the past decades (Sommaruga et al., 2012;
Gander, 2004). The former is composed of shallow marine Jurassic to
Late Cretaceous sediments with a total thickness between 400 and
2500 m. Due to the petrophysical characteristics of the Mesozoic
carbonated (Table 1), properties such as permeability may locally be
enhanced, where fault structures cut the sequence, making fault
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corridors in the Upper Mesozoic the main target for our study (Carrier
et al., 2017; Clerc et al., 2015; Moscariello et al., 2020). The latter is
composed by the Cenozoic Clastic layers derived from the rising of the
Alps and composed by a variety of marine to continental clastic sedi-
ments (Sommaruga et al., 2012). These sediments, reach a maximum
thickness of more that 6000 m at the Alpine front, with a strong het-
erogeneous lithology, and architectural elements that occur in different
facies associations being composed by alternation of fine-grained clays
and marls (low to high porosity but very low permeability, aquicludes),
coarse-grained conglomerates and sandstone (high porosity and
permeability, potential aquifers) and, rarely, carbonates at the base.
Fault structures cut across the entire basin and can be classified between
normal faults, reverse faults, thrusts faults and strike-slip faults. A series
of several-km long N-S and NW-SE regional strike-slip faults formed
resulting in the lateral compartmentalization of the undeformed thick
succession of Mesozoic and Cenozoic sediments. The role of high-angle
faults (normal and strike-slip) in increasing the petrophysical and hy-
draulic properties of the Mesozoic sequence is proven by direct obser-
vations from deep wells (Schmassmann, 1990; Sondierbohrungen
Bottstein et al., 1985; Kupfer, 2005) and several studies aimed at iden-
tifying potential targets for CO2 sequestration and deep geothermal
projects (Moscariello et al., 2020; Chevalier et al., 2010; Guglielmetti
et al., 2022).

A play analysis approach (Moeck, 2014; Coro and Trumpy, 2020;
Lautze et al., 2017; Play-fairway analysis for deep geothermal resources
in Switzerland,.) was applied to identify and weight the subsurface el-
ements potentially suitable for hosting an HT-ATES by combining
datasets to yield a consistent ranking of the study area in terms of
favorability or probability maps. Required subsurface elements for a
viable development of HT-ATES system are subsurface temperature, the
geometry and hydraulic properties of the fluid-saturated reservoirs.

We focus on the reconstruction of the depth and thicknesses of the
two main reservoirs, on the population of the identified volumes with
temperature, petrophysics, thermal and hydraulic properties distribu-
tions from literature source (Gander, 2004; Chevalier et al., 2010;
Guglielmetti and Moscariello, 2021) which are summarized in Table 1.

Geologic data as surfaces limiting the main geologic units and main
fault corridors are available from the GEOMOL 3D geologic model of the
Swiss Molassic Plateau (Allenbach et al., 2017; Guglielmetti et al.,
2022). Lithostratigraphic unit contacts are available as elevation grid
data and were converted into depth and thickness maps (Fig. 5).

Temperature distribution data for the main geologic horizons and
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depths of the isotherms 60-100-150C are available from the tempera-
ture distribution model of the SMB (https://viewer.swissgeol.ch/). This
temperature model is derived from a finite-elements modelling method,
assuming purely conductive heat flow which is constrained mostly by 31
vertical temperature profiles and the horizon surfaces from the Seismic
Atlas of the Swiss Molasse Basin (Sommaruga et al., 2012). The available
surface and temperature data were used to compute the average
geothermal gradient distribution to produce the grids for the depth of
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the 25C, 60C and 90C isotherms, and temperature distribution at the
Base Cenozoic and Base Upper Mesozoic (Fig. 6).

Our conceptual model (Fig. 7) is defined by the upper boundary of
our model is set by the 25C isotherm, which is the threshold temperature
separating between low-temperature and high-temperature ATES.
Additionally, it complies to the Swiss regulatory framework (SIA 384/7,
2015), which applies only to Low-Temperature (LT) ATES that normally
correspond to shallow groundwater wells (less than 400 m deep) where
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Table 1

Petrophysical and thermal properties of the Cenozoic and Upper Mesozoic across the SMB.

Geological Unit Density (kg/m?) Porosity (%)

Permeability (mD)

Temperature (°C) Thermal Conductivity Volumetric Heat

(W/m-K) Capacity (J/kg-K)
Min Max Avg Min Max Avg Min Max Avg Min Max  Avg Min Max  Avg Min Max  Avg
Cenozoic 5 2730 2500 2 20 9 0.01 650 163 25 95.5 475 247 860.2
Upper Mesozoic 2500 2750 2700 0.5 10 525  0.02 1.8 09 25 96.4 65,5 228 327 281 817 849 832.9

the groundwater has a temperature below 25C. The lower boundary of
our model has been set on two criteria: 1) the Base of the Upper Malm
which is limited by the Effingen Member formation, commonly
considered as an aquiclude across the SMB (Chevalier et al., 2010; Do
Couto et al., 2021) and 2) by the 90C isotherm as it’s the maximal in-
jection temperature considered in this study (Fig. 7).

The Cenozoic sediments and faults structures across the SMB exhibit
a complex nature and architecture. According to (Gander, 2004; Keller,
1992) the fine to coarse-grained sediments composing the entire Ceno-
zoic sequence vary between 10 % and 90 %. However, detailed infor-
mation about the distribution of the different lithologies distribution
within the Cenozoic Molasse across the entire SMB is not available at
present, as it is currently impossible to evaluate little (decimeter to
decameter) lateral and vertical lithological and geometrical variations at
the regional scale. To partially fill this knowledge gap, we performed a
simple analysis of available borehole stratigraphy or reports from
boreholes information retrieved from literature (Ferreira de Oliveira,
2020; Charollais et al., 2007; Nawratil de Bono et al., 2018) to get a first
appraisal of the aquifer/seal ratio. Over the 214 data analyzed, the
majority (87 samples) fits in the 76-100 % class, 65 samples are in the
51-75 % class, 39 in the 25-50 % class and 23 in the 0-25 % class.

To produce the 3D thermal and geologic models we used two types of
datasets: 1) exploration well data and 2) 2D seismic data. Fig. 8 shows
the spatial distribution of the different datasets and differentiates the
different data according to the a their quality as assessed by
(Sommaruga et al., 2012). Borehole data were split into wells con-
straining the thermal model and those used to calibrate the 2D seismic
data. Considering the 3D surfaces defined previously (i.e. 25C, 60C, 90C,
Base Cenozoic and Top Lower Malm) we performed proximity analysis
to evaluate the data reliability for the different stratigraphic units. To
appraise the data quality of the interpreted seismic profiles, we adopted
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the ranking previously suggested (Sommaruga et al., 2012), resulting in
three quality levels: i) best, ii) moderate and iii) poor (Fig. 8).

2.7. Fault characterization

Secondary permeability due to the presence of fractures and faults is
very important to assess potential aquifer response (Moeck et al., 2009;
Siler et al, 2017; Ferril et al, 2020). In addition, the relation between
stresses and structures is known as an important parameter to assess
fracture and fault transmissivity (Barton et al., 1995). We use here the
analyses of Valley and Miller (2020b) to assess the impact of faults. This
work includes the simulation of a credible stress state using finite
element simulation (see Valley and Miller, 2020b for details) and the
computation of three indicators related to fault and fracturing: 1) slip
tendency, 2) dilation tendency and 3) Von Mises stresses.

Slip tendency is the ratio of shear stress to normal stress on a fault
surface (Morris et al., 1996) and is a relative indicator of fault stability:

3

The dilation tendency T4 of faults and fractures is largely controlled
by the normal stress,and is define as:

(61 —0n)

T
¢ (61 —03)

= 4

Slip and dilation tendency are computed on the faults surfaces of the
GEOMOL model and the impact of fault was then evaluated using a
distance to fault criteria (see Valley and Miller, 2020 for details) with
zero impact when the faults are distant of more than 1 km. Von Miss
stresses are used here as an indication of rock mass fracturing intensity.
These three indicators where then combined as a single index (see
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Fig. 6. A-C: Depth of the 25C, 60C and 90C isotherms; D-E: Temperature distribution at the base of the Cenozoic sediments and on the top of the Lower
Malm carbonates.

Fig. 11). 2.8. Subsurface constrained HT-ATES capacity

For the evaluation of the HT-ATES capacity, we use the previously
published equations from (Birdsell et al., 2021) and petrophysical values
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North South

— o

Top Bedrock

Fig. 7. Conceptual model of the subsurface of interest along a hypothetical N-S
oriented cross-section across the SMB (horizontal and vertical dimensions not in
scale). T: targets of interests for HT-ATES in the Cenozoic sediment and Upper
Mesozoic carbonates.

from Table 1 to compute the mass flow rate for the unconfined and stress
confined cases:

((ppfc/).f + (1 - (/))prcp.r) <(a1L)2h>
m= (5)
C/,fAt

Where m is the mass flow rate (kg/s), ¢ is porosity (-), py, p, is fluid and
rock density (kg/m3), C,¢, C,is fluid and rock heat capacity (J/(kgK)),
a,is the ratio of volume available for heat extraction (taken as unity), L is
half the well spacing (m), h is aquifer thickness (m), At is the time in-
terval (sec).

_ 2aps(kh)

my=—2>——>
uln <§)

where m; is stress constrained mass flow rate (kg/s), py. p, is fluid and

c (6)
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rock density (kg/m>), k is aquifer premeability (m?), ¢ is considered
stress level (Pa), p is fluid viscosity (Pa s),), L is half the well spacing (m)
and D is wellhydraulic radius. The well spacing used is 141 m, equal to
the diagonal of a 100 m x 100 m area as used for the subsurface data.
The nominal capacity is calculated as:

P =1Q(pr1CosnTh — PrcCoseTe) 7

where Q is volume flow rate (m3/s), pf‘hand Pre is fluid density of hot and
cold well respectively (kg/m?), C, s> Cpsis fluid heat capacity of the
hot and cold well (J/(kgK)), Ty and T, is temperature of the hot and cold
well (K) taken as 90°C and 30°C respectively and 7 is the recovery ef-
ficiency (-).

The capacity of supplying the stored thermal energy to the heat de-
mand (HD), was calculated as the ratio between HDD and the amount of
stored thermal energy that can be recovered from the HT-ATES. Re-
covery efficiency is the ratio between the recovered amount of energy
and the injected amount of energy. To estimate the efficiency we use the
modified Rayleigh number as suggested by (Barton et al., 1995).:

ph>5\/knk, AT
BV

Where p is the average density between the injected fluid and the aquifer
ambient temperature (kg/mg), kn, ky is the horizontal and vertical
permeability respectively taken to be equal (m?), AT is the temperature
difference between injected temperature and the aquifer temperature
(K), 7 is the average viscosity between the injected fluid and the aquifer
ambient temperature (Pa s) and V; is the volume injected annually (m3).
The efficiency is the defined as:

Ra" =1634 ®

£ = AelBRD) ©)

with
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Fig. 8. The datasets used for the 3D thermal and geologic models of the SMB include temperature data and 2D seismic data. Of the 29 wells analyzed, all reached the
25°C isotherm, 20 reached the 60°C isotherm, and 12 reached the 90°C isotherm. The 2D seismic data, acquired in Switzerland from the 1960s to the present, vary in
quality. The best quality data, representing only 4 profiles (92 km or 2 % of the total), exhibit good lateral continuity and clear stratigraphic reflections. The majority
of the data, classified as moderate quality, include 190 profiles (3458 km or 80 % of the total) with decent lateral continuity, though reflections are less clear. The
poor quality data consist of 69 profiles (808 km or 18 % of the total) with low to poor lateral continuity and difficult-to-recognize stratigraphic reflections.
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Lastly, we compare the subsurface-constrained HT-ATES capacity to
the HDD, to classify share that HT-ATES can provide, according to:

IEH*m*e

HT — ATES share =
S share DD

10$)
Equal or higher values signify a good match between capacity for
stored heat and heat demand.

2.9. Techno-economic model

The Levelized Cost of Heat (LCOH) considers a charge/discharge
period of 120 days annually and twenty years of operation time, similar
to previous work (Daniilidis et al., 2022). The efficiency of heat recovery
from the HT-ATES systems is assumed based on previously published
simulation data. The pumping requirements for the HT-ATES system
were computed according to:
p_ T Pa

pump —

(1)

”PH'"P

where ¢ is volume flow rate (m3/h), N,, is the number of wells, Py is
reference pressure taken as the minimum stress component at the
aquifer and 7, is the pump efficiency.

Drilling costs were computed with the use of an analytical formula
based on the drilling cost per depth provided of the Netherlands (TNO,
2018), adjusted to fit the few data points for drilling costs available for
Switzerland:

Cwer = 1480000 +1150Z +0.32* 12)

where Z is the measured depth. The Capital Expenditures were
computed according to:

CaPEXf = CyeuNy + Cfacilitim + Z)::O CpumprR[ (13)
where G, is the well drilling cost, Cyqciiies is the cost of the surface
facilities required for the ATES system, Cpynp is the cost of the pump,
N,, is the number of wells drilled and R is the time instance at which the
pumps are replaced. Operation Expenditures were computed according
to:

OpEx = OpExy,Y . . CapEx+ > S PrumpElyrce (14)
where OpEx,, is the OpEx as a percentage of CapEx per year and Elyc. is
the electricity price. The Levelized Cost of Heat (LCOH) is computed
according to:

s CapEx, + OpEx, + CH,
LcoH - —— (Ltr) as)
Sy
t=0 (1 + r)t

where CH; is the charge heat cost, r is the discount rate, t is the elapsed
number of time periods, E; is the energy extracted during time period t
and n is the total number of periods considered in the analysis. The in-
puts used for the economic assessment are summarized in Table 2.

3. Results and discussion

Results are presented for surface and subsurface criteria, followed by
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Table 2

Input values for the economic analysis. To account for operational variability,
further studies could refine this approach by incorporating dynamic efficiency
variations and scenario-based cycle modeling. However, for first-order
screening, the adopted assumptions provide a reasonable approximation con-
strained by available data.

Input Value Units
Pump efficiency 50 %
Charge/discharge period 120 d/yr
HT-ATES storage efficiency Cenozoic 50 — Mesozoic 70 %

Project lifetime 20 yrs
Electricity price 120 CHF/MWh
Waste heat price 35 CHF/MWh
Drilling cost Eq (7). CHF per well
Pump cost 500 kCHF
Facilities cost 10 % of CapEx
Pump replacement 5 yrs

OpEx percent of CapEx 3 %/yr
Discount rate 10 %/yr

the techno-economic indices and finally combined in the aggregated
favorability.

3.1. Surface Criteria

3.1.1. Proximity Analysis

The proximity analysis displayed in Fig. 9 highlights that thermal
networks are the most limiting factor for HT-ATES development, with
favorability highest in densely populated urban areas where these net-
works are established. While a heat transmission distance larger than
10 km is technically possible, the 10 km threshold has been shown to be
cost effective for the temperature level used in this study (Kavvadias and
Quoilin, 2018), and is deemed reasonable for an urban setting. Industrial
excess heat is generally available, though certain regions, particularly in
the southern central and eastern parts, have lower favorability due to
sparse industrial activity. Heat demand is the least restrictive criterion,
with many areas exceeding the set threshold, indicating broad favor-
ability across the study area.

These patterns are influenced by the correlation between thermal
networks and population density, as networks are typically found in
urban areas with concentrated heat demand and infrastructure. While
industrial heat sources are more scattered, heat demand is widely
distributed, making it the least limiting factor. The findings suggest that
the success of HT-ATES systems heavily depends on the presence of
thermal networks, with priority given to areas with established net-
works. Regions lacking these networks may require infrastructure
development to enhance feasibility, highlighting the need for targeted
investment in expanding thermal network.

3.1.2. Data Integration into the SMCPBA

Following the proximity analysis, data integration into the SMCPBA
framework was carried out, following the methods previously discussed.

The spatial distribution of the surface favorability criteria is depicted
in Fig. 10. Overlaying the proximity of thermal networks, heat demand,
and industrial excess heat, we identified regions where these surface
criteria converge. We observe a significant influence of heat demand on
the spatial distribution of favorable areas. Areas with dense populations,
such as urban centers like Geneva, Lausanne, or Zurich, exhibit high
surface favorability scores due to their greater heat demand. It is also
essential to acknowledge of the impact of weighting in the MCA
framework. The selection of criteria weights involves inherent un-
certainties and trade-offs, reflecting the diverse perspectives and ob-
jectives of stakeholders involved in the decision-making process. It is
also important to note that the weights that have been used to generate
these maps represent one possible scenario based on expert judgment
and stakeholder consultation. However, alternative weighting schemes
may yield different results, underscoring the need for sensitivity analysis
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Fig. 10. Favorability maps of the surface criteria.
towards a robust decision-making framework. interaction between structures and the stress field. We assess this by
calculating indicators such as slip tendency and dilatation tendency by
3.2. Subsurface Criteria corroborating a stress estimate with the structures present in our model.
Our stress estimation model is relatively simple and essentially in-
3.2.1. Fault Analysis cludes gravity and tectonic deformation acting mainly on the stiffness
Our analyses focus on secondary porosity and permeability, essen- contrasts of the different lithologies. Beyond the gradual increase in
tially due to the presence of fractures and faults. The results presented in ~ Stress magnitude with depth, variations in the stress field and differen-
Fig. 10 therefore focus solely on capturing this secondary porosity and tial stress enhancement are therefore mainly linked to stiffness contrasts.
permeability. In fractured media, permeability is influenced by the Our results highlight significant contrasts between faults, with faults
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showing significant or less significant dilatation and slip tendencies
depending on their orientation (Fig. 11A and B). Sub-vertical, strike-slip
faults appear to have the most favorable characteristics. Thrust faults, on
the other hand, appear less favorable overall, at least those linked to the
Alpine front at the south end of the Molasse basin. The hydrogeological
characteristics of this alpine front remain largely unknown. On the other
hand, the shallower thrust faults in the northeastern part of the Molasse
basin, linked to the Jura folds, appear to be quite favorable in terms of
their tendency to slip and dilate.

In the context of our study, Von Mises stresses are used as an indi-
cator of the intensity of fracturing in the massif. In our results (Fig. 11C),
the Von Mises stresses show relatively little contrast. This is due to the
fact that the horizon chosen for our analyses is located in a single li-
thology and therefore does not benefit from the stiffness contrasts that
would enable significant variations in stresses to develop. These results
can be compared with those of Valley and Miller (2020), which cross
several lithologies and thus show more contrast in terms of Von Mises
stresses.

In summary, the aggregated favorability calculated on these three
indicators (Fig. 11D) essentially captures the presence of strike-slip
faults in the western part of the Swiss Plateau and the presence of
strike-slip and thrust faults in the northeastern part. It should also be
noted that these results are dependent on the quality and homogeneity
of the structural model, in this case the GEOMOL structural model
(Allenbach et al., 2017). The apparent low favourability in the south-
eastern part of the molasse basin may be the result of incomplete data.
Faults may not have been mapped as exhaustively as in the western part
of the basin. More local studies are therefore needed to specify the
presence and nature of faults, in order to propose a more accurate
assessment of the favorability of possible heat storage sites.

Energy Reports 14 (2025) 85-102

3.2.2. Play-based criteria

The play-based subsurface criteria results are depicted in Fig. 12. The
depth of the 25C isotherm ranges between 300 m and 500 m and is
shallower in the central part of the data domain, dipping more strongly
towards the southwest, while the north-east direction exhibits a more
gradual increased in the isotherm depth (Fig. 12A). The depth of the
base Cenozoic ranges from ~350 m on the north-west part of the data
domain dipping towards the south-east to depths of up to ~1800m
(Fig. 12B). Similarly, the depth of the base Upper Mesozoic contact dips
towards the south-east to depths of up to 2000 m (Fig. 12C). The
thickness map for the Cenozoic and Mesozoic intervals follows the depth
trend with greater thickness towards the south-east (Fig. 12D&E); here
the Cenozoic reaches depths of up to ~1000 m, while the Mesozoic up to
2000 m. The geothermal gradient exhibits a with very high gradients of
up to 100C/km in the central part of the data domain, while the gra-
dients below 40C/km are present over the largest part of the study area
(Fig. 12F). The combination of depth and geothermal gradient results in
the temperature distribution the base of the Cenozoic, Mesozoic and the
base of our model at 2000 m b.g.l. (Fig. 12G, H & I). For the base
Cenozoic and Mesozoic contacts, the temperature correlates strongly
with depth, with a slight positive anomaly in the central part of the data
domain, dictated by the increased geothermal gradient. The tempera-
ture distribution at the base of the model is mostly a function of the
geothermal gradients, as here the depth is the same throughout, at
2000 m b.g.l.

3.2.3. Subsurface constrained HT-ATES capacity

Subsurface constrained HT-ATES capacity for the Cenozoic is mostly
controlled by the aquifer thickness, with thicker aquifers leading to
higher capacity (Fig. 13a). An additional increase in capacity is present
with deeper systems, as this allows the use of higher flow rates that still
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Fig. 11. Fault analysis results. A. Dilation tendency rating. B. Slip tendency rating. C. Von Mises stress rating and D. Aggregated favourability for the three indicators.
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Fig. 12. Play-based subsurface criteria, A: Depth of the 25C Isotherm; B: Depth of the Base Cenozoic; C: Depth of the Base Upper Mesozoic; D: Thickness of the
Cenozoic sequence; E: Thickness of the Upper Mesozoic carbonates; F: Geothermal gradient distribution; G: Temperature distribution at the base of Cenozoic; H:
Temperature distribution at the Base of the Upper Mesozoic; I: Temperature distribution at 2000 m b.g.l. (figures produced from data retrieved from https://viewer.

swissgeol.ch/).

remain below the minimum stress value, that is mostly depth controlled.
The cumulative distribution shows roughly two order of magnitude
difference between the min and the mean subsurface properties values,
while the difference is closer to one order of magnitude between the
mean and the max aquifer properties (Fig. 13b).

Similarly, the Mesozoic capacity is also constrained by the combi-
nation of thickness and aquifer depth (Fig. 14a). Contrary to the

Cenozoic sediments, the maximum thickness for the Mesozoic is limited
due to the depth of our model (see Fig. 7) and the 90 C isotherm,
resulting in maximum capacity values that are less than half those of the
Cenozoic. The cumulative distribution of subsurface constrained ca-
pacity exhibits a consistent difference of circa two orders of magnitude
between min, mean and max values (Fig. 14b).
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Fig. 13. Cenozoic HT-ATES charge capacity for the mean subsurface values (a) and respective cumulative distribution for all the input parameter values (b).
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Fig. 14. Mesozoic HT-ATES charge capacity for the mean subsurface values (a) and respective cumulative distribution for all the input parameter values (b).

3.2.4. Levelized Cost of Heat

The techno-economic results for the Cenozoic targets show the most
favorable locations are situated in the northern and central parts of the
SMB, with LCOH values < ~150 CHF/MWh (Fig. 15). The least favor-
able locations for the Cenozoic targets are in the South and Southwest
regions of SMB with LCOH values above > 150 CHF/MWh.

The LCOH decreases as a function of subsurface constrained capacity
for both Cenozoic and Mesozoic sediments (Fig. 16). This decrease
reached an optimum level at about ~65 MW of charge capacity for the
Cenozoic and ~30 MW for the Mesozoic, after which the LCOH is
increasing making the storage project less economically viable. This
optimal point is controlled by the combination of stress and aquifer
thickness, which together control the maximum flow rate that can be
used and therefore the charge capacity (see also (Daniilidis et al.,
2022)). The underlying reason for this LCOH increase can be attributed
to increased drilling depth required for deeper and thicker aquifers. For
comparable capacity, lower LCOH values are achieved when a higher
COP is reached, which is controlled by the aquifer properties and the
respective stress-constrained rate. The highest COP values do not align
with the lowest LCOH, as a certain capacity is also needed to achieve
competitive LCOH values.

3.2.5. Subsurface data integration into the SMCPBA
For the subsurface criteria we focused on the absolute values of key
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parameters rather than their spatial relationships. Specifically, high
values in Slip Tendency (ST), Dilation Tendency (DT), and Von Mises
Stress (VM), combined with a low value for Levelized Cost of Heat
(LCOH), are indicative of more favorable areas.

Each criterion was assigned a weight to reflect its relative importance
in determining overall favorability.

The subsurface favorability maps for each reservoir were generated
based on the calculated scores. These maps are displayed in (Fig. 16).
The favorability map for the Cenozoic reservoirs (Fig. 16B) indicates
that the northern part of the SMB area exhibits the highest favorability,
shown in darker green. This suggests that this region possesses the
optimal combination of high ST, DT, and VM values along with low
LCOH, making it the most promising for HT-ATES development.

Similarly, the favorability map for the Mesozoic reservoirs (Fig. 17A)
also highlights the northern part of the SMB area as the most favorable
zone. However, it is important to note that the data for the Mesozoic
reservoirs are more limited compared to the Cenozoic reservoirs. Despite
this limitation, the available data still point to the northern SMB as
having significant potential for HT-ATES development.

By comparing the favorability maps for both Cenozoic and Mesozoic
reservoirs, it becomes evident that the northern SMB area consistently
shows higher favorability.
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Fig. 15. LCOH maps. A: Mesozoic reservoir; B: Cenozoic reservoir.
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Fig. 17. Subsurface favorability combining fault characterization and LCOH calculations. A: Mesozoic reservoir; B: Cenozoic reservoir.

3.2.6. Aggregated Favorability for the SMB

To achieve the aggregation, data reliability was also carefully
defined and incorporated into the analysis following the methodology
presented earlier (Fig. 2). Subsurface reliability map is presented in
Fig. 18, communicates that the regions such as northern Zurich, Lau-
sanne and Geneva exhibit the highest reliability for subsurface assess-
ments, making them the most favorable areas for HT-ATES
implementation due to the dense coverage of high-quality seismic data
and significant well penetration. These regions stand out with darker
green shading, indicating strong data reliability. In contrast, areas in the
southern and southeastern parts of the study area, and to some extent
around Bern, show lower reliability due to the presence of poor-quality
seismic data and fewer well penetrations, suggesting higher uncertainty
and the need for additional data acquisition in these regions.

The map depicted in Fig. 19 presents the aggregated favorability for
High-Temperature Aquifer Thermal Energy Storage (HT-ATES) by
combining surface criteria, subsurface criteria, and data reliability for
Mesozoic and Cenozoic reservoirs (Fig. 19A and B respectively).
Fig. 19A, focusing on the Mesozoic reservoir, shows that areas with the
highest favorability, indicated by darker green shades, are primarily
located around Zurich, Geneva, and Lausanne. These regions combine
optimal surface conditions, favorable subsurface characteristics, and
high data reliability, making them the most promising for HT-ATES
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development within the Mesozoic layers. The Mesozoic reservoir in
these areas likely provides the necessary geological conditions, such as
adequate depth and thermal properties, which are critical for efficient
thermal energy storage.

Fig. 19B depicting the favorability for the Cenozoic reservoir shows
here that favorability is also concentrated around Zurich and Geneva,
with significant areas extending toward Bern. The broader distribution
of favorability in the Cenozoic reservoir suggests that while the optimal
conditions are somewhat more widespread, these areas might not have
the same level of reliability or subsurface suitability as those in the
Mesozoic reservoir. However, they still offer substantial potential for
HT-ATES, especially where data reliability is moderately high. This
suggests that both reservoirs present viable options for HT-ATES, with
the Mesozoic being more constrained to highly favorable zones, while
the Cenozoic offers a broader but slightly less certain opportunity.

It is also important to note that low favorability areas enhanced by
these maps, does not necessarily indicate that the reservoir is unsuitable
for heat storage. Instead, it may reflect a lack of sufficient exploration
data. Therefore, these maps can also be valuable tools for identifying
areas where future exploration campaigns should be targeted to better
assess the potential of these reservoirs.
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Fig. 19. Aggregated favorability maps. A: Mesozoic reservoir; B: Cenozoic reservoir.

3.3. Discussion

Critical considerations have be addressed and are discussed to ensure
the robustness and applicability of the results:

3.3.1. Optimistic Estimations vs. Specific Location Analysis

The GIS-based analytical estimations provide an initial assessment,
that cannot substitute location specific studies. For instance, the prox-
imity analysis used a consistent 10-kilometer radius to assess thermal
networks, heat demand, and industrial excess heat, which seems
acceptable for initial screenings. However, specific geological and hy-
drological conditions at individual sites can significantly vary especially
the Cenozoic reservoir which is known to be more heterogeneous than
the Mesozoic reservoirs (Clerc et al., 2015). This fact could alter the
feasibility and performance of HT-ATES systems. Thus, while the results
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indicate high potential in areas like Geneva, Lausanne, and Zurich,
detailed site-specific analyses are necessary to validate these findings
and ensure realistic estimations.

3.3.2. Resolution limitations and data gaps

The study is using a 100 m x 100 m raster gridding across the entire
Swiss Molasse Plateau and assumes homogeneous subsurface properties
within each grid point. This coarse resolution, while valuable for an
initial screening, does not capture finer-scale variations particularly
relevant for the subsurface heterogeneity that are essential for precise
decision-making. The methodology is particularly useful for high-
lighting regions with high potential, guiding subsequent detailed studies
to develop accurate development plans. Additionally, it helps identify
areas deemed unfavorable, prompting further exploration to address
data gaps and uncertainties. This can uncover new opportunities in



L. Guglielmetti et al.

regions initially overlooked due to insufficient data, enhancing the
overall understanding of HT-ATES feasibility across the Plateau.

3.3.3. Methodological scaling

The scalability of the methodology is a significant strength, allowing
it to be adapted to various data resolutions and geographic extents. In
regions with detailed subsurface data, the approach can be downscaled
for finer-grained analysis, whereas an upscaled methodology might be
necessary for areas with less comprehensive data to maintain analytical
robustness. This flexibility ensures the methodology’s applicability
across different contexts and datasets, enhancing its utility and
accuracy.

3.3.4. Further investigation of low-hanging fruits

The MCA has identified several high-potential areas for HT-ATES
development, particularly in the northern Swiss Molasse Plateau.
These areas, characterized by favorable conditions such as high heat
demand, proximity to thermal networks, and industrial excess heat
availability, represent "low-hanging fruits" for further investigation.
Prioritizing these regions for detailed feasibility studies and pilot pro-
jects can provide valuable insights and expedite the practical imple-
mentation of HT-ATES systems, offering tangible examples of their
viability (reference needed). More detailed, site-specific studies can
further elaborate on possible environmental impacts, as those are
significantly affected by local conditions and the detailed operation
profile of HT-ATES.

3.3.5. Scalability and transferability

The scalability and transferability of the study presented here
depend on several key factors. Geological conditions play a critical role,
as aquifer properties, thermal conductivity, groundwater flow, and the
regional geothermal gradient determine the feasibility and efficiency of
heat storage (aquifer properties, thermal conductivity, hydrogeological
conditions, geothermal gradient). The spatial data resolution and den-
sity also influence model accuracy, with data availability, spatial het-
erogeneity, and interpolation techniques affecting the reliability of site
assessments (data availability, spatial heterogeneity, interpolation
methods). Additionally, energy demand and infrastructure must be
considered, including the proximity of heat consumers, existing district
heating networks, and regional regulatory frameworks that impact
system implementation (proximity to heat consumers, existing thermal
infrastructure, regulatory frameworks).

Beyond physical and infrastructure-related aspects, technical and
economic considerations shape the feasibility of HT-ATES deployment.
Heat loss mechanisms, storage cycle efficiency, operational costs, and
adaptability to different energy sources determine the economic
viability of such systems (heat loss mechanisms, storage cycle efficiency,
investment and operational costs, adaptability to different energy
sources). Furthermore, environmental and social factors such as
groundwater contamination risks, public acceptance, and land use
conflicts must be assessed to ensure sustainable deployment (ground-
water contamination risks, public acceptance, land use and competing
interests). Lastly, the computational and modeling framework must
support robust multi-criteria decision-making, scalable GIS-based anal-
ysis, and effective uncertainty management to ensure reliable results in
different spatial contexts (multi-croteria decision analysis weighting,
scalability of computational models, uncertainty management).
Addressing these factors ensures that the approach remains adaptable to
different regions while maintaining accuracy and practical relevance.

4. Conclusions

To conclude, the spatial multi-criteria analysis (MCA) for HT-ATES
systems across the Swiss Molasse Plateau offers a comprehensive
assessment of heat storage potential. The results indicate high potential
in urban centers such as Geneva, Lausanne, and Zurich, driven by
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significant heat demand. However, the optimistic nature of these broad-
scale estimations highlights the need for detailed, site-specific analyses
to ensure feasibility and performance accuracy.

The study’s reliance on low-resolution data underscores the impor-
tance of higher granularity in future research to improve decision-
making precision. The methodology’s scalability allows for adaptation
to various data resolutions and geographic contexts, making it a versa-
tile tool for HT-ATES assessment. Identifying high-potential areas for
further investigation provides clear targets for pilot projects and
detailed feasibility studies.

The reproducibility of this approach across different scales and re-
gions demonstrates its potential to advance HT-ATES technologies.
Future work should focus on refining the methodology with higher
resolution data, conducting detailed site-specific analyses, and vali-
dating findings through practical implementations. These steps will
ensure the effective deployment of HT-ATES systems, contributing to
sustainable energy solutions in Switzerland and beyond.

As the world moves towards more sustainable and renewable energy
solutions, the development and implementation of HT-ATES systems
represent a promising frontier. The insights gained from this study can
serve as a foundation for future research and practical applications,
paving the way for innovative energy storage solutions that can enhance
the efficiency and reliability of thermal energy systems. Embracing these
advancements will not only contribute to energy sustainability but also
support the broader transition to greener energy infrastructures.
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