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Abstract: Fractured media are seldom considered viable for storing excess thermal energy
seasonally, compared to the more commonly used porous aquifers, due to their heterogeneity, lower
storage capacity, and potential for unpredictable flow paths. This study employs COMSOL
Multiphysics to create a numerical model of a fractured granite reservoir located below the Bedretto
underground laboratory. The energy efficiency of both single-well and doublet systems was
evaluated over 25 cycles, each comprising four 91-day phases: injection, storage, production, and
resting. Results indicated that the single-well system was more efficient, with energy efficiency
increasing with the flow rate. For an injection temperature of 60 °C, the system achieved energy
efficiencies of up to 59.3% and 67.7%, after 10 and 25 cycles, respectively, aligning with porous
Aquifer Thermal Energy Storage (ATES) system efficiencies at this temperature. Exploration of
electricity production using water injected at 120 °C revealed it to be uneconomical and ineffective.
However, the most promising use of the retrieved water was found to be direct ground heating for
a greenhouse. This technology offers a potential alternative for thermal energy storage in regions
lacking suitable porous aquifers, although identifying appropriate locations with the necessary
geological characteristics may present significant challenges.

Keywords: thermal energy storage; fractured reservoir; seasonal heat storage; numerical model

1. Introduction

Reducing greenhouse gas emissions is a key objective for many governments, including the EU
[1] and the UN [2]. In line with this goal, Switzerland aims to achieve net-zero emissions by 2050, as
set by the Federal Council [3]. Achieving this target will require the introduction of new technologies
to the energy market alongside existing renewable sources. Given that heating and cooling buildings
account for 40% of global fossil fuel consumption, they are significant contributors to greenhouse gas
emissions [4-7]. One promising solution to reduce energy consumption and greenhouse gas
emissions is surplus thermal energy storage. This method addresses the seasonal imbalance in energy
demand and supply, particularly in regions with moderate climates [4]. During the summer,
buildings often experience a surplus of heat, while in winter, there is a significant heat shortage.
Seasonal energy storage efficiently reduces energy consumption during periods of heat shortage,
such as in winter. However, despite its potential, this energy storage method remains underutilized
in Switzerland [8].

An appropriate method for heat storage must be selected based on factors such as storage
capacity, storage duration, and supply and demand temperatures [8]. Underground Thermal Energy
Storage (UTES) is an effective solution for long-term heat storage due to its high storage efficiency
[9,10] and large storage capacity [8]. UTES can be divided into two categories: open-loop and closed-
loop systems.

Open-loop systems are known as aquifer thermal energy storage (ATES) systems. These systems
leverage natural groundwater flow within aquifers to store and retrieve thermal energy [8]. Closed-
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loop UTES, on the other hand, are referred to as borehole thermal energy storage (BTES) systems [8].
In these systems, a network of boreholes is drilled into the ground and filled with a heat transfer fluid
that circulates to store and retrieve thermal energy [8]. Other types of thermal energy storage include
Pit Thermal Energy Storage (PTES), Tank Thermal Energy Storage (TTES), and Cavern Thermal
Energy Storage (CTES), where heat and cold are stored in dug pits filled with gravel and water,
thermally stratified storage tanks, or naturally occurring cavities, respectively [8]. Among these
methods, ATES stands out for its superior storage capacity, making it an ideal choice for large-scale
applications where substantial amounts of thermal energy need to be stored and retrieved efficiently
[11].

The concept of ATES originated in the mid-1960s in Shanghai, initially developed for industrial
cooling in the textile industry [8,12]. The first of several experiments involving ATES for storing
higher temperatures (> 40 °C) took place in Neuchatel in 1974 [8,13]. These early attempts faced
numerous challenges, including scaling and clogging of wells and heat exchangers, well corrosion,
buoyancy flow or thermal breakthrough, imbalance between stored heat and cold, and the swelling
of clay minerals [8]. Since these problems were easier to resolve in low-temperature (LT) ATES
systems (< 40 °C) and after several failed test experiments in high-temperature (HT) ATES systems,
the focus was shifted towards LT-ATES [8]. Today, the Netherlands leads in the deployment of LT-
ATES systems with around 2,500 installations, followed by Sweden with approximately 220 systems
[8]. Only about 1% of the ATES systems worldwide are HT-ATES [8].

In general, LT-ATES systems are commonly used in commercial and public buildings and
operate in cyclic modes with injection, storage, and production phases, usually providing direct
cooling and indirect heating [8]. The well layouts typically consist of doublets or multi-doublets, with
storage temperatures ranging from 5 °C to 25 °C. These systems are usually implemented in shallow,
porous aquifers, more frequently unconfined than confined, at depths ranging from 10 to 100 meters
[8].

Despite the predominant use of shallow, low-temperature reservoirs, there is growing interest
in exploring deeper storage options. Indeed, in Switzerland, the previous limitation of heating the
subsurface by more than 3 °C was lifted in 2023, which now allows for a greater development of the
technology throughout the country [14]. For instance, the Forsthaus project in Bern, Switzerland is a
high-temperature heat storage project set to take place in sandstones at a depth of 500 meters [15].

Storing thermal energy at greater depths offers several advantages. The higher temperature of
the rock at these depths allows for the injection of water at higher temperatures, which reduces heat
loss and increases the amount of heat to be stored. This makes the storage system more efficient and
capable of maintaining higher energy outputs. One of the most critical parameters in evaluating the
performance of an ATES system is the energy efficiency. This is expressed as the ratio of the extracted
thermal energy to the injected energy considering the undisturbed aquifer temperature [16].
Similarly, retrieval ratio is determined by the same principle, but uses the temperatures of the
injected- and retrieved-water relative to the aquifer temperature [17].

Several factors control the efficiency of an ATES system, with the most critical process in high-
temperature ATES projects being density-driven flow interacting with ambient groundwater [18].
Other general factors contributing to heat losses include heat conduction, dispersion due to mixing
at the thermal front, and hydrogeological heterogeneities that affect heat distribution [19]. These
processes are less significant and more predictable in porous aquifers compared to fractured rock
reservoirs and to the authors’ knowledge, no Fractured Thermal Energy Storage (FTES) systems have
been implemented. However, since a large part of Switzerland’s underground is composed of
fractured crystalline rocks, it is crucial to consider this type of storage to achieve Switzerland’s net-
zero emissions target by 2050.

Some theoretical studies have investigated heat transport and storage in fractures, revealing the
complexity of such systems. De La Bernardie et al. [20] identified three main parameters controlling
the transport and exchange of heat between water and rock in fractured media: the cumulative
surface area of the fractures, the cumulative volume of the fractures, and the volume of rock
effectively accessible during the thermal storage process. Furthermore, research by Klepikova et al.
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[21] demonstrated that effective hydraulic transmissivity plays a crucial role in thermal transport
within a single fracture. Similarly, Zhou et al. [22] found that the fracture-rock matrix system is highly
sensitive to factors such as fluid flow velocities, thermal dispersivity, and the matrix’s thermal
conductivity. Therefore, for geothermal heat storage to be effective, the storage periods must closely
align with the water transit time through the fracture network, depending on the fracture volume
and fluid flow rates [20].

To address these challenges and harness the potential of FTES, the Bedretto underground
laboratory in Switzerland has been established as a test site for conducting experiments on thermal
energy storage in fractured crystalline rocks. This facility provides a unique opportunity to study and
develop FTES systems in a controlled environment, contributing valuable insights into optimizing
storage efficiency and overcoming the complexities associated with fractured media. The laboratory
is equipped with multiple boreholes that cross several faults of interest for this project, allowing for
comprehensive data collection and analysis.

Before conducting real-world experiments, a preliminary study using numerical modeling is
being undertaken. This study leverages extensive data on faults and fractures acquired through
previous experiments. The objective is to determine the energy efficiency of key faults using
numerical modeling and to investigate the impact of different flow rates and temperatures on system
efficiency. Additionally, the study will compare the efficiency of two well configurations: a single-
well system and a doublet system. The efficiency will be analyzed using a base case where an energy
storage cycle consists of four phases: injection, storage, production, and resting. Each phase of the
cycle corresponds to a season: injection in summer, storage in autumn, production in winter, and
resting in spring. This approach will be applied to the most transmissive fractures and faults to
maximize efficiency. Moreover, the potential applications for the extracted energy will be explored,
including district heating and greenhouse farm heating. These applications complement the study by
Halter et al. [23], which proposed a district heating system for the village of Bedretto, utilizing tunnel
water to supply heat pumps for residents. An economic analysis for electricity production will also
be conducted to evaluate the feasibility and relevance of generating electricity using FTES.

2. Site Characterization

The Bedretto tunnel, constructed between 1971 and 1982, is a 5.2-km-long gallery which served
to construct the Furka railway tunnel [24]. The tunnel has a northwest to southeast orientation and
exits on the Furka tunnel on the north-west end and to the Bedretto valley on the south-east end
(Figure 1). The Bedretto valley is in the Swiss Alps, in the canton of Ticino, close to the border with
Italy. In this gallery, there is an underground research facility for deep geothermal energy, known as
the Bedretto Underground Laboratory for Geosciences and Geoenergies (BULGG), belonging to the
Swiss Federal Institute of Technology (ETH) in Ziirich. The measurement system within the tunnel
is denoted in tunnel meters (TM), beginning at the south portal with TM 0. The main part of the
laboratory is located between TM 2000 and 2100, under about 1 km of overburden. In this section,
several boreholes have been drilled — two for stimulation and seven for monitoring [25] — which
are the central part of the study. A detailed description of the underground facility can be found in
Ma et al. [26].
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Figure 1. Topographic map of the Bedretto valley with the Furka railway tunnel and the Bedretto
tunnel displayed in red [27,28]. Coordinates correspond to the Swiss Grid (CH1903+).

2.1. Geology at the Laboratory

The Bedretto tunnel crosses various geological formations of the Gotthard massif, including the
Tremola series, the Val Nalps gneiss complex of the Prato series, and the Rotondo granite [29], as
illustrated in Figure 2. In the laboratory, Rotondo granite is characterized as an equigranular granite
composed of quartz, alkali feldspar, plagioclase, and biotite [29]. This granite exhibits a range of
fracture patterns, with some areas remaining intact with isolated fractures and others being highly
fractured [25].

Significant permeable zones have been identified within these formations, which will be detailed
in Section 3.1. These zones are particularly suitable for heat storage due to their ability to facilitate
the injection and extraction of thermal energy. The combination of intact and fractured granite, along
with the identified permeable zones, enhances the potential for efficient thermal energy storage in
this geological setting. For more detailed information on the geology of Bedretto, refer to Rast et al.
[29].
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Figure 2. Geological cross section along the Bedretto tunnel (after [29-31]). The first unit on the
southeast side of the tunnel is made of the gneisses and schists of the Tremola series, followed by the
gneisses and schists of the Prato series to the northwest and by the Rotondo granite.
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2.2. Injection and Production Boreholes

In the laboratory, between TM 2000 and TM 2100, two stimulation boreholes (ST1 and ST2),
and seven monitoring boreholes (MBs) were drilled on the southwestern tunnel wall at an angle of
approximately 45° [25]. This study focuses on the stimulation boreholes, ST1 and ST2, which have
lengths of 399 m and 349 m, respectively, and a diameter of 21.6 cm [25]. These boreholes are open
holes equipped with packers and/or geophone strings [25]. Hydraulic testing in the different intervals
of the packers in the MB and ST boreholes provided transmissivities ranging between 10-'' m?/s and
10-¢ m?/s, with higher values in intervals containing a high density of fractures [25]. More detailed
descriptions of the boreholes and the faults/fractures can be found in Hertrich et al. [25], Plenkers et
al. [32], Broker et al. [33], and Gholizadeh et al. [34].

3. Methodology

We employed COMSOL Multiphysics to simulate fluid flow and heat transfer in the faults and
fractures intersected by the stimulation boreholes ST1 and ST2. COMSOL Multiphysics is a numerical
solver that models coupled physical processes through finite element (FEM) analysis, solving partial
differential equations across various physics domains [35].

A base case scenario was established to determine the energy efficiency of the storage system
and for further analyses. The energy storage operation cycle comprises four phases: injection, storage,
production, and resting, each lasting 91 days to correspond with the four seasons of the year. The
injection phase takes place during the warmest months, from June to August, when hot water
consumption is minimal. Conversely, the production phase occurs from December to February,
aligning with peak heat demand. This cycle repeats over a 25-year period, reflecting the average
operational lifetime of an ATES system [36].

Two well configurations were selected in the most transmissive structures crossed by the
injection and production boreholes, ST1 and ST2: a doublet system and a single-well system. The
doublet system involves injecting water into ST1 and producing it from ST2, with the wells connected
by multiple fractures and faults. The single-well system operates within a fault in ST1. Injection
temperatures were set at 60 °C, the maximum achievable by a heat pump, and 120 °C, to explore the
potential for electricity production. To create a hydraulic gradient between the wells of the doublet,
the injection and production of water take place simultaneously during the entire duration of the
injection and production phases. During the production phase of the doublet system, water injected
into ST1 is sourced from the tunnel water circulating at TM 2000, maintaining a temperature of 16.8
°C. It is assumed that the mass of water produced from the well is the same as the one injected.

To assess the influence of the injection rate on energy efficiency, three injection rates were
selected for both the single-well and doublet systems: 3 kg/s, 4 kg/s, and 5 kg/s. These rates were
chosen based on previous experiments and the estimated minimum principal stress magnitude in the
reservoir, ensuring they are unlikely to induce hydraulic fracturing.

In addition to determining the energy efficiency of the storage system, other analyses using the
produced water were conducted, including transportation to a usage site and a cost analysis for
electricity production. These additional analyses were performed considering the greatest injection
rate used, 5 kg/s, which we assume is equal to the production rate.

3.1. Reservoir and Fracture Setup

The reservoir model used in this study, along with the corresponding generated mesh, is shown
in Figure 3. As shown in the figure, this model includes the two stimulation boreholes, ST1 in blue
and ST2 in orange intersected by various faults and fractures represented as planar structures. The
reservoir is represented by a 250 m x 220 m x 340 m granitic domain, the properties of which appear
in Table 1. The structure of the tunnel, located at the top of the wells, was excluded from the mesh.
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Figure 3. Reservoir model, including the wells ST1 (injection, in blue) and ST2 (production, in orange)

as well as seven main faults along with the generated mesh shown in two view angles.

The well ST1 is equipped with a multipacker system and is divided into 14 intervals. The well
ST2 is cased, cemented, and perforated at specific depths [37,38]. The two most transmissive fault
zones intersected by ST1 are found in packed Intervals 8 and 13 and are used in this case study for
injection as part of the numerical model. The measured depth of Interval 8 spans between 186.7 m
and 216.8 m in ST1, crossing the major permeable fault zone at 208.2 m. Interval 13 in ST1 spans from
103.4 m to 121.7 m, crossing the major permeable fault zone at 107.5 m. Geophysical logs and previous
injection experiments [34,39,40] indicate that fractures/faults within each interval exhibit comparable
transmissivity, allowing us to assume uniform transmissivity across all fractures/faults within the
same interval. Previous experiments have shown that water injected into Interval 8 of ST1 reaches
ST2, likely at a depth of 211.8 m and 285.7 m [37,38,41]. On the other hand, the connection between
the two wells does not occur in Interval 13 of ST1. Therefore, Interval 8 in ST1 is used for a doublet
system with ST2 as production well, and the main fault of Interval 13 is modeled as a single-well
system, serving for both injection and production of hot water from the same interval.

Given the dip and strike angles of the principal fault in Interval 8 in ST1, it is unlikely that
injected water will exit through the same fault at Site ST2. Consequently, the model has incorporated
separate faults, identified from geophysical data, which likely channel water toward ST2. As a result,
three fractures connecting ST2 to the faults of Interval 8 in ST1 were included. These fractures,
intersecting ST1 at depths between 170.8 meters and 185.2 meters in Interval 9, serve as crucial
hydraulic conduits also linking Intervals 8 and 9. They were selected based on experimental data
demonstrating their high transmissivity within these intervals [40]. While other fractures might also
enhance transmissivity, quantifying their contributions precisely remains difficult. In essence, the
model facilitates the injection of water into ST1’s most transmissive fault in Interval 8, which then
migrates to ST2, reaching depths of 211.8 m and 285.7 m through the interconnected faults in Interval
9. Given the initially low transmissivity of the faults at ST2, it is assumed that stimulation will
enhance the fractures’ transmissivity by an order of magnitude before operational cycles begin, thus
optimizing the wells for water production without inducing excessively low pressures. The
transmissivity of Intervals 8, 9, and 13 in ST1 are 1.1 x 10-¢ m?/s, 8.4 x 107 m?/s, and 2.3 x 108 m?/s,
respectively [40]. The transmissivity of the faults at ST2 are 1.6 x 107 m?/s at 211.8 m and 7.7 x 107
m?/s at 286.7 m, respectively [37].

The properties of the faults and fractures including the permeability values are presented in
Table 1. The permeability of each fracture/fault was calculated based on the ratio of their aperture,
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estimated based on the geophysical logs, to the length of their respective intervals, and its
transmissivity. The permeability is determined from the transmissivity using the relation in Equation
1 [42]:

T U

k=—x— 1
w o gpPw )

where k is the permeability (m?), ¢ is the transmissivity (m?/s), w is the width of the fracture (m), m is
the dynamic viscosity (Paxs), g is the gravitational acceleration (m/s?), and r« is the density of the
water (kg/m3).

Table 1. Properties of the fractures and faults used in the COMSOL Multiphysics numerical model
[33,34,38-40].

Intersection depth

Borehole - Interval fracture/fault in well Purpose  Azimuth/Dip Width (m) Pern:eazl;nhty
(m) i
T1 - Interval 13 107.5 Injectionand 33 79 7 13 150x103
Production
ST1 - Interval 9 180.8 Flow path 311.9/40.2 0.005 8.48 x 1014
ST1 — Interval 9 182.3 Flow path 332.6/59.4 0.022 8.48 x 1014
ST1 - Interval 9 183.2 Flow path 317.8/68.2 0.010 8.48 x 1014
ST1 - Interval 8 208.2 Injection 319.1/60.3 0.694 2.16x 1018
ST2 211.8 Production 331.0/64.8 0.554 3.94 x 10-13
ST2 285.7 Production 350.7/78.2 0.175 5.91 x 1012

The parameters of the Rotondo granite, the fault material, and temperature dependent
properties of the water are shown in Table 2.

Table 2. Parameters used for the COMSOL Multiphysics model of heat injection and storage [35,43—
45]. The numbers in the formulas used to calculate the properties of the water were rounded to four
digits for presentation purposes. For the complete numbers, refer to [35].

Material properties
Granite (Reservoir) Faults Water
(1.0335 x 10-°x T3) — (1.3395 x 102 x T?)

Density (kg/m?3) 2606 1200 +(4.9693 % T) + 4322571
Specific heat it (12010.1471 — 80.4073 x T?) + (0.3099 x
pectiic neat capacity 790 790 T2) - (5.3819 x 10 xT3) + (3.6254 x 107
(J/(kgxK)) x T4)
Thermal conductivity 3 3 " 0.8691 + (8.9488 x 10-3 x T?) — (1.5837
(W/(mxK)) x 105 x T2) + (7.9754 x 10 x T?)
1.3780 - 0.0212 x T* + 1.3605 x 104 x T2
Dynamic viscosity (Paxs) - - -4.6454 x 107 x T> + 8.9043 x 10-10 x T*
-9.0791 x 10-13 x T> + 3.8457 x 10-16 x T®
Connected porosity (%) 1.36 - -
Total porosity (%) 1.75 - -
Permeability (m?) 3.64x10-18 Table 1 -

The compressibility of the fractures (c:) was also included in the model, calculated from the
specific storage, assumed as 10-6 m-! for faults [46-48], with Equation 2 [49]:
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Where c: is the compressibility of the fracture (Pa-1), Ss is the specific storage (m™), r the density
of the rock, g the gravitational acceleration (m/s?), and f the porosity of the fracture. The
compressibility for the medium (c:) used in the numerical model is 7.98 x 10-1° (Pa-'). The rock matrix
inside the fault is nevertheless assumed to be incompressible.

A temperature gradient was applied to the model using temperature values recorded by
installed fiber optics in ST1 on April 15, 2024, ranging from 17.63 °C at the top of ST1 (wellhead) to
25.55 °C at the bottom of the borehole. A constant radius of 100 m is assumed for all fractures/faults
included in the model. The granitic rock domain was extended vertically in the model to include the
upper part of the fault in Interval 13, reaching above the wells. A constant temperature, matching the
top temperature recorded in ST1, was applied from the top of the model to the wellhead. The
temperature values were linearly extrapolated below ST1 wellhead. The natural heat flux from the
bottom of the model was assumed negligible and thus not included, mainly due to the relatively short
time scale of this case study. A pressure gradient was also applied using recorded pressure values,
linearly extrapolated from the ST1 wellhead depth to the bottom of the model, ensuring 1 atm at the
wellhead. The pressure from the top of the model to the depth of ST1 wellhead is assumed constant
at 1 atm. The model boundaries were set to constant pressure according to the ST1 pressure profile
versus depth.

3.2. Energy Efficiency

The energy efficiency of the storage system is calculated using Equation 3 below [16]:

D = EExt

3
Enmi ©)

Where F represents the energy efficiency, Eext and Enj are the extracted and injected energy
respectively, calculated here in MWhu (“th” stands for thermal) per cycle and relative to the
undisturbed temperature of the system.

3.3. Water Flow in Pipes

The water extracted from the wells should be conveyed to its end-user location through
insulated pipes. Properties of pipes from companies like Jansen, exemplified by the JANSEN bianco
model [50], were selected for the quantitative analysis of the system. These pipes are made of
polyethylene and insulated with a layer of polyurethane (PU) foam, which has a thermal conductivity
of 0.03 W/(mxK) [50]. The chosen pipe has a diameter of 11 cm and an insulation thickness of 3 cm, a
standard configuration that balances effective insulation with manageable heat loss due to friction.
The pipes are assumed to be buried, so advection of heat on the outside of the pipe is not considered
in Equation 4 when calculating the temperature loss.

The temperature inside the tunnel, used in Equation 4, is determined based on measurements
from the existing fiber optic system installed along the tunnel, which continuously records tunnel
temperature. The external temperature of -4 °C represents the regional average between December
and February, crucial for the same equation [51]. The temperature loss during the hot water flow will
be calculated for the most efficient system, either the single-well or doublet, as identified in the
following section. Two locations are considered for the usage of the water: Bedretto village, 1.6 km
from the tunnel’s south portal, and a hypothetical greenhouse farm, 200 m from the tunnel portal.

The temperature loss can be calculated using Equation 4 [52]:

T, L) = T + (TeO - Tt) exp|—

K XL
] 4)

Qwater X Cp,w

d0i:10.20944/preprints202408.0418.v1
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Where T.(L) is the temperature (K) of the fluid inside the pipe at a distance L (m), T is the outside
temperature (K), Te is the initial temperature of the fluid (K), K is the heat transfer coefficient of the
pipe (W/(mxK)), L is the length of the pipe (m), Quatr is the mass flow rate (kg/s), and Cpv is the specific
heat capacity of the water (J/(kgxK)).

The heat transfer coefficient of the pipe (K) is calculated with Equation 5 [52]:

_ 27T/1PU—Foam
T d+2s (5)
(=7~

Where [pu-ron is the thermal conductivity of the polyurethane foam insulation (W/(mxK)), d is
the pipe diameter (m), and s is the insulation thickness (m).

3.4. Calculation of the Thermal Energy in Water

The thermal energy contained in a certain amount of water can be calculated using Equation 6
[53]:

P(Wy) = Cp,w X Qwater X AT (6)

Where Cpw is the specific heat capacity of water (J/kg/K), Quater is the mass flow rate (kg/s), and
DT is the temperature difference of the water before and after a heat exchange process (K), such as
through a heat pump or with the surrounding fractures. The power P is expressed in Wi.

Equation 6 is used to determine the thermal energy that can be converted to electricity in case of
injection of 120 °C water, as described in Section 3.5.

3.5. System Efficiency Analysis

To evaluate the effectiveness and economic viability of the heat storage system, we use the
temperature of the water extracted from the production wells in cases of two injection temperatures:
60 °C and 120 °C.

3.5.1. Injection Temperature of 60 °C

For water injected at 60 °C, this scenario assumes using a solar panel installation outside the
tunnel to power a heat pump and a plunger pump at TM 2000, both utilizing tunnel water. The
temperature loss of the water retrieved from the production well after the transportation will be
estimated using Equations 5 and 6, considering its end-use location, whether for greenhouse heating
near the south portal of the tunnel or for district heating in the village of Bedretto, located 1.6 km
from the south portal. The benefits of this investment, including solar panels, a heat pump, and water
transport infrastructure, will be compared to using the tunnel water for district heating as described
by Halter et al. [23] and to the potential for hypothetical greenhouse farm heating. This comparison
is discussed qualitatively in Sections 5.3 and 5.4.

3.5.2. Injection Temperature of 120 °C

For the 120 °C injection scenario, an additional electrical boiler is necessary to heat the water
from 60 °C to 120 °C. To ensure a continuous supply of hot water during both day and night in the
summer, it is assumed that some of the electricity generated during the day is stored in batteries for
use at night.

During the production phase, if the produced water temperature exceeds 80 °C—such as when
water is injected at 120 °C—an Organic Rankine Cycle (ORC) engine will be used to generate
electricity, with an anticipated net efficiency of 3-5% [54]. The temperature of the water after passing
through the engine is assumed to be 30 °C. The cost of electricity generated by the ORC engine,
considering the necessary investment, will be compared to the grid electricity price in Bedretto, which
is CHF 0.28 (Swiss Francs) per kWhe as of 2024 [55]. The total investment and operating costs,
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including pumping power as presented in Equation 7, will be divided by the total electricity
produced over a 25-year period —the average lifespan of an ATES system [36] —to estimate the price
per kWhe generated.

The investment costs required for heating the water and for electricity production are estimated
to range between kCHF 450 and kCHF 550 [56-60]. This investment comprises a solar panel
installation capable of providing electricity for the heat pump, the plunger pump for the injection of
the water, and the electrical boiler simultaneously. The investment also includes the heat pump, the
electrical boiler, and the ORC engine. Given that the boreholes and equipment such as the pumps are
already in place, their exclusion from the estimation of electricity costs highlights the existing
infrastructure’s significant contribution and underscores Bedretto’s unique opportunity for this
project.

During the rest of the year, energy consumption will be supplied by the grid. Therefore, the
energy required by the pumps to produce water must also be considered for the calculation of the
electricity production costs. This energy can be estimated using Equation 7 [61] as follows:

rXp,XgXh

PUWe) = —3 25706

Xt )

Where r is the pumping rate (m3/h), r« is the density of the water (kg/m?), g is the gravitational
acceleration (m/s?), & is the well depth (m), and / is the overall pump efficiency, chosen to be of 60%
[62]. The power P in this formula is expressed in kWe. The production is considered non-interrupted
during the production phase of the cycles.

3.6. Numerical Modeling of Heat and Fluid Flow

The COMSOL Multiphysics numerical model employs governing equations for fluid flow and
heat transfer in fractured porous media to simulate the reservoir behavior and the propagation of the
thermal front within the faults and the intact rock. The coefficients used in these equations assume
an isotropic medium, which simplifies the representation of the physical properties in the model. In
the model, fracture flow is handled by treating fractures as having no thickness in the mesh, with the
fracture aperture mathematically implemented in the numerical differential equations. The model
simplifies fracture representation without considering rock deformation mechanics, justified by the
model’s objectives, computational feasibility, and the primary goal of understanding thermal
processes in such reservoirs rather than mechanical interactions within the rock mass. Jin et al. [63]
found that the effect of rock mechanics on porosity due to temperature changes was negligible in
their numerical model, supporting this approach. Therefore, rock deformation modeling is omitted
in this study to maintain focus on fluid dynamics and thermal behavior in fractured porous media.
Moreover, the model assumes no background groundwater flow, implying a negligible natural
gradient that would otherwise influence the movement of injected water. Additionally, heat loss
through the borehole walls during the injection and production phases was not considered, under
the premise that it would have a minimal impact on the overall heat transfer within the system.

The fluid flow in fractures is governed by the time-dependent Darcy’s law, which is described
by the Equation 8 as follows [35,64]:

d
a (eppw) + VX (pwu) = Qm (8)

Here, € represents the porosity of the medium, rw is the density of water, u is the Darcy velocity
representing the flow rate per unit area through the porous medium, and Q» is a source term
representing mass sources or sinks, such as the injected water. The first term on the left side of
Equation 8, d/0t(ey1w), accounts for the change in water mass per unit volume over time within the
porous medium and the second part, Mpwu), represents the divergence of the water flux, accounting
for the spatial distribution and movement of water flow within the medium. The Darcy velocity u is
calculated as follows using Equation 9 [35,64]:
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k
u=-7 (Vp — pwg) ©)

where k is the permeability of the medium, m is the dynamic viscosity of the fluid, /p is the pressure
gradient, and g is the acceleration due to gravity [35,64]. The Darcy velocity equation combines these
parameters to describe how the fluid flows through the porous medium, considering both the
pressure-driven flow and the gravitational effects [35,64].

The heat transfer in porous media is governed by Equation 10 [35,65]:

oT
(pCP)effE + pWCp,Wu X VT +V X q= QV + Qp + de + Qgeo (10)

Here, (rCy)qr represents the effective heat capacity of the medium, Gy« is the specific heat capacity
of water, /T is the temperature gradient, g is the heat flux vector, Qv are the volumetric heat sources
or sinks, Qp is the heat source due to phase changes, Qu« is the heat from viscous dissipation, and Qg
is the geothermal heat source [35,65]. Equation 10 describes how heat is transferred within the porous
medium, considering conduction, advection, and other heat sources or sinks [35,65]. The heat flux
vector q is computed as follows with Equation 11 [35,65]:

q = —kesfVT (11)

with ke as the effective thermal conductivity of the medium. Equation 11 describes the rate of heat
transfer through the porous medium due to conduction, where ks represents the effective ability of
the medium to conduct heat [35,65].

3.7. Meshing and Sensitivity Analysis for Optimal Size Selection

We employed linear tetrahedral elements for simulating fluid flow and heat transfer within the
rock matrix, and linear triangular elements to model fluid flow and heat transfer within fractures.
The mesh size is a critical parameter that influences the number of degrees of freedom in the model,
directly affecting the precision of the simulation results, such as the temperature distribution along
fractures, faults, and at the production well. A finer mesh size increases the number of degrees of
freedom, thereby enhancing accuracy/resolution but also significantly increasing computation time.
Therefore, a sensitivity analysis was performed to find an optimal balance between the number of
degrees of freedom, the computational efficiency, and result precision. In this sensitivity analysis, we
varied the mesh size for the faults/fractures measuring the water temperature at the production well
in ST2 at the measured depth of 288.7 m after 90 days of continuous injection at a rate of 5 kg/s and
an injection temperature of 120 °C. Additionally, we examined the impact of relative tolerance, a
parameter that specifies the acceptable level of relative error in the simulation results. A smaller
relative tolerance yields higher resolution results but requires greater computational effort. Overall,
the aim of this analysis is to ensure that the model parameters are optimized, avoiding unnecessary
computational load, while maintaining the desired precision of the simulation.

4. Results

4.1. Mesh Sensitivity Analysis

Figure 4 illustrates the impact of mesh size on the accuracy of the numerical model for heat
storage. Mesh sizes for faults and fractures were varied using predefined settings in COMSOL
Multiphysics, ranging from ‘coarser’ to ‘finer’. A relative tolerance of 102 was selected for the mesh
size sensitivity analysis presented in Figure 4.

Our results demonstrate that mesh size significantly influences the accuracy of the temperature
readings at the monitoring point. Additionally, the effect of relative tolerance on result accuracy was
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evaluated, varying it between 10 and 102, with no observed changes in the recorded temperature.
Consequently, a relative tolerance of 102 was chosen for the remainder of the study.

The accuracy of the results, measured as the normalized temperature at the production well ST2
at a depth of 288.7 m (where 0 corresponds to the smallest temperature recorded and 1 to the
maximum), improves rapidly with decreasing mesh size and eventually stabilizes (Figure 4). A
reasonable balance between mesh size and computational time, indicated by the green diamond in
Figure 4, was selected for our simulations. Smaller mesh sizes in the fault and fracture structures are
concentrated around the edges, wells, and intersections of these structures.

1

O
09 r
08 r
07 r
06
05 r
04 r
03 r

Normalized temperature [-]

@ Mesh sizes used for comparison

- Mesh size used in the study and
for the relative tolerance analysis

10° 10°

Degrees of freedom
Figure 4. Mesh size sensitivity analysis. All the markers are parameters used for comparison, while
the green diamond corresponds to the parameter used in the study. The temperature was measured
in the production well ST2 at a depth of 285.7 m after 90 days.

4.2. Heat Storage Model

The numerical results of the heat storage are shown in Figure 5, illustrating two view angles of
the temperature distribution in the faults at the end of the fifth production phase, corresponding to
an injection rate of 5 kg/s at a temperature of 60 °C.

Figure 5a displays the injection well during the production phase, where tunnel water is injected
at 16.8 °C during the colder seasons to create a pressure gradient between the two wells. The
production well of the doublet system is in ST2 at the measured depth of 285.7 m. Figure 5b shows
the second production well of the doublet system, located at a depth of 211.8 m, during the
production phase. It also depicts the injection well of the single-well system, where the warm water
appears to flow toward the left of the fault. Notably, heat storage was performed simultaneously in
both wells.
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Figure 5. Temperature distribution in the system at the end of the production phase of the fifth cycle

in two view angles (a) and (b).
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Figure 6 illustrates the temperature distribution in cross-sections of the granite domain and
faults around the injection wells for both the single-well and doublet systems. Temperature diffusion
into the surrounding rock is evident around the injection wells of both systems, extending several
tens of meters radially, though without significantly impacting each other.

50 0 -50 -100 -150 -150 -100 -50 0 50  Temperature (“C)
40

Injection/Production Well

Single-Well System

ross sectiona
planes 35

1400

30

Injection Well
Doublet System - 25

20

(@ (®)
Figure 6. Cross-sectional views of the model at the end of the fifth production phase, showing

temperature diffusion in the surrounding rock, with a focus on (a) the injection point of the single-
well system at y =-33 m and (b) the injection point of the doublet system at y =-79.5 m.

4.3. Breakthrough Time in the Doublet System

The breakthrough time, defined as the time required for the injected thermal front to reach the
production well ST2 at depths of 211.8 m and 285.7 m (i.e. when the temperature starts to increase),
was determined for three injection rates (3 kg/s, 4 kg/s, and 5 kg/s) and two injection temperatures
(60 °C and 120 °C). Temperature evolutions at the production well were monitored over a period of
1000 days during continuous warm water injection. The results are depicted in Figure 7 for the
production point at 211.8 m and in Figure 8 for the production point at 285.7 m:

e For an injection temperature of 60 °C: 380 days at 3 kg/s, 329 days at 4 kg/s, and 280 days at 5 kg/s
(Figure 7a).

e For an injection temperature of 120 °C: 318 days at 3 kg/s, 269 days at 4 kg/s, and 223 days at 5
kg/s (Figure 7b).

A slight decrease in temperature was observed before the subsequent increase caused by the
injected water. This phenomenon can be attributed to the downward flow of cooler water within the
fracture towards the production well, originating from higher regions influenced by the geothermal
gradient, and gravitational effects (buoyancy).
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Figure 7. Normalized temperature at the production point at 211.8 m in ST2 for the doublet system:
(a) for water injected at 60 °C and (b) for water injected at 120 °C in Interval 8 of ST1.
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Figure 8 illustrates the breakthrough times at the production point at 285.7 m:
For an injection temperature of 60 °C (Figure 8a): breakthrough occurs after 18 days at 3 kg/s, 15
days at 4 kg/s, and 12 days at 5 kg/s.

For an injection temperature of 120 °C (Figure 8b): breakthrough occurs after 10 days at 3 kg/s, 9
days at 4 kg/s, and 8 days at 5 kg/s.

Thermal breakthrough occurs significantly sooner at the production point at 285.7 m compared
to the production point at 211.8 m in the doublet system. After the 1000-day period, the temperatures
reach up to 44.1 °C for an injection temperature of 60 °C and a flow rate of 5 kg/s, and 77.0 °C for an
injection temperature of 120 °C and a flow rate of 5 kg/s. In contrast, for the production point at 211.8
m, the maximum temperatures reached are 25.7 °C for an injection temperature of 60 °C and a flow
rate of 5 kg/s, and 35.9 °C for an injection temperature of 120 °C and a flow rate of 5 kg/s.
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Figure 8. Normalized temperature at the production point at 285.7 m in ST2 for the doublet system:
(a) for water injected at 60 °C and (b) for water injected at 120 °C in Interval 8 of ST1.

4.4. Energy Efficiency

The energy efficiency for each injection rate and temperature was calculated for both the single-
well and doublet systems over 25 cycles according to Equations 3 and 6. The results for the single-
well system are shown in Figure 9a,b. A rapid increase in efficiency can be observed over the first 10
cycles, with an increase of more than 20% during this period. In the last 15 cycles, the efficiency
continues to improve but at a slower rate. It is also evident that higher flow rates result in greater
efficiency. The efficiencies after 10 and 25 cycles are 51.3.0% and 59.2%, respectively, for an injection
rate of 3 kg/s at 60 °C, 55.6% and 64.2% for 4 kg/s, and 59.4% and 67.7% for 5 kg/s. For an injection
temperature of 120 °C, the efficiencies after 10 and 25 cycles are 51.0% and 57.7%, respectively, for 3
kg/s, 55.5% and 62.6% for 4 kg/s, and 59.3% and 66.7% for 5 kg/s.
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Figure 9. Energy efficiency of the single-well system over 25 cycles at production rates of 3 kg/s, 4

kg/s, and 5 kg/s with injection temperatures of (a) 60 °C and (b) 120 °C.
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Figure 10 presents the energy efficiency over 25 production cycles for the doublet system. Figure
10a shows the results for an injection temperature of 60 °C, and Figure 10b shows the results for an
injection temperature of 120 °C. Compared to the single-well system shown in Figure 9, the doublet
system shows a smaller rate of increase in efficiency over the first 10 cycles, followed by a decrease
in efficiency towards the last cycles. The maximum efficiencies observed for an injection temperature
of 60 °C are 17.4% for 3 kg/s, 18.7% for 4 kg/s, and 20.3% for 5 kg/s. For the injection temperature of
120 °C, the maximum efficiencies are 12.6% for 3 kg/s, 15.0% for 4 kg/s, and 16.5% for 5 kg/s.
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Figure 10. Energy efficiency of the doublet system over 25 cycles at production rates of 3 kg/s, 4 kg/s,
and 5 kg/s with an injection temperature of (a) 60 °C and (b) 120 °C.

4.5. Water Flow and Temperature Loss

Figure 11a illustrates the temperature of the water and the temperature loss during its flow from
the production well at TM 2000 to the village of Bedretto (ca. 3600 m of piping distance), and Figure
11b shows the same for the hypothetical greenhouse farm (ca. 2200 m of piping distance). In both
cases presented in Figure 11, the best output scenario was chosen, namely the single-well system with
an injection rate of 5 kg/s, as mentioned in Section 4.4. The outside air temperature was set to -4 °C,
reflecting the average temperature in Bedretto between December and February [51]. The
temperature at the end destination and the temperature loss were calculated using Equations 5 and
6. The colored zones in Figure 11 correspond to the minimum and maximum values, whether
temperature or temperature loss, for each full cycle.
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Figure 11. Mean temperature loss of the water after its transport in insulated pipes (solid orange line)
and mean delivered temperature (dashed blue line) after the transport of the water produced in
buried insulated pipes to (a) the village of Bedretto (ca. 3600 m of pipe length) and (b) a hypothetical

greenhouse (ca. 2200 m of pipe length) assuming a temperature of -4 °C for the outside air temperature
[44].
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The minimum temperature of the water arriving at the village of Bedretto is 24.2 °C during the
first cycle, increasing to a minimum of 38.4 °C after 25 cycles (Figure 11a). The maximum temperature
reaching the village ranges from 38.3 °C in the first cycle to 45.3 °C in the last cycle (Figure 11a). For
the hypothetical greenhouse farm located 200 meters from the tunnel portal, the minimum
temperature of the arriving water is 26.2 °C during the first cycle and 41.3 °C during the last cycle
(Figure 11b). The maximum temperature reaching the greenhouse farm ranges from 41.2 °C to 48.7
°C over the same period (Figure 11b). The mean temperature loss is greater by 2.2 °C during the first
cycle between both locations, increasing to 3.1 °C after 25 cycles (Figure 11b).

4.6. Cost of the Electricity Produced

Temperatures exceeding 80 °C were achieved during the production phases of the single-well
system while injecting water at 120 °C. The amount of electrical energy produced was calculated
using an Organic Rankine Cycle (ORC) engine with net efficiencies of 3% and 5%, as detailed in
Section 3.5. The electrical power required for the pump, calculated using Equation 7, was subtracted,
as this power is not supplied by the excess energy produced by the solar panels.

The cost for the electricity produced was calculated only for the injection rate of 5 kg/s, as it is
the most effective. For an efficiency of the ORC engine of 3%, the energy produced is estimated to
reach 22.60 kWe for a flow rate of 5 kg/s. For an efficiency of 5%, the energy produced is estimated to
be 43.50 kWe.

The pumping costs for the injection/production rate were calculated for the single-well system
over a period of 25 years. The electricity cost to pump the water from the well is estimated at kKCHF
134.5 for the flow rate of 5 kg/s.

The range of prices is based on the assumed efficiencies of the ORC engine, which vary between
3% and 5%. The price ranges from 0.25 to 0.47 CHF/kWhe for an initial investment of kCHF 450, and
from 0.29 to 0.55 CHF/kWhe. for an initial investment of kCHF 550. A summary table of the prices
appears in Table 3.

Table 3. Ranges of electricity prices for the single-well system and a production rate of 5 kg/s.

Electricity costs in CHF/kWhe
Investment Costs

450 kCHF 550 kCHF
3% 047 0.55
ORC engine efficiency 50;0 0.25 0.29

5. Discussion

In the field of thermal energy storage, porous aquifers are the standard reservoir type [8].
Notable examples of ATES systems include the Oslo airport in Norway [66], the Hospital of
Zwammerdam in the Netherlands [67], and the Shinshu University in Japan [68]. To the author’s
knowledge, there are no existing thermal energy storage systems in fractured media worldwide.
Several factors motivate the preference for porous aquifers over fractured media. Porous aquifers can
contain substantial volumes of water —often several hundreds to thousands cubic meters [69] — and
have a more regular and predictable shape and permeability compared to fractured media.
Additional advantages of porous aquifers include easier location selection due to their larger
reservoir size, which facilitates installations close to consumers, and simpler methods for identifying
suitable reservoirs. However, fractured media, with their abundance in the Earth’s crust, could still
offer viable energy storage solutions in regions where porous aquifers are not available, as will be
discussed below.

The following discussion will address the efficiency of thermal energy storage in a specific case,
the fractured rock volume in the Bedretto Laboratory investigated by numerical modeling. We will
compare the efficiencies of two different well configurations and explore potential applications for
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the heat extracted during the production phase. Finally, the viability of this alternative storage
method will be evaluated for this specific user case.

The Bedretto user case has several advantages over a not yet developed field, which needs to be
considered in general. The exclusion of borehole drilling costs and existing equipment from the cost
estimations at Bedretto underscores the substantial contribution of the pre-existing infrastructure,
emphasizing Bedretto’s unique opportunity for this project. Furthermore, water is readily available
in the tunnel, flowing in a channel towards the south portal, and can be utilized for injection. All
following discussions apply to this specific user case and can be different for any real-world scenario.

5.1. Limitations of the Numerical Model

The numerical model developed in this study has several inherent limitations due to the
assumptions and simplifications made during its construction. These limitations, while necessary for
maintaining computational feasibility and focusing on the primary goal of understanding thermal
processes in fractured reservoirs, introduce certain constraints on the model’s applicability and
accuracy in representing real-world scenarios.

Firstly, the model assumes an isotropic medium, while geological formations often exhibit
anisotropic characteristics with properties that vary in different directions. Although our focus on
flow in more permeable fractures may mitigate some impact of this assumption, it still presents a
limitation. In the model, fracture flow is represented by mathematically implementing the fracture
aperture in the numerical differential equations. This approach simplifies the complex geometry and
connectivity of fractures, potentially oversimplifying the actual fluid pathways.

Additionally, the model does not account for rock deformation mechanics, concentrating instead
on fluid dynamics and thermal behavior. Laboratory-scale experiments have demonstrated that
circulating water in granite fractures with micrometer-range apertures for durations averaging 100
hours can result in a 20% to 75% decrease in aperture size due to thermal effects [70]. Although these
apertures are smaller than those considered in this study, this suggests that thermal dilation should
be examined further. However, it also implies that flow in high-temperature fractured systems may
be restricted to the largest fractures, potentially limiting water loss from the system.

The assumption of no background groundwater flow implies a negligible natural gradient,
which simplifies the model but may not accurately reflect the actual hydrogeological conditions. In
real-world scenarios, natural groundwater flow can significantly influence the movement of injected
water, affecting both the distribution of thermal energy and the efficiency of the storage system.

Moreover, the model does not consider heat loss through the borehole walls. While this
assumption helps streamline the model, in practical applications, heat loss through borehole walls
can contribute to thermal dissipation, potentially affecting the efficiency of heat storage and retrieval.

Overall, while the numerical model contains multiple assumptions, it still provides valuable
insights into the thermal behavior and fluid dynamics of fractured porous media.

5.2. Well Disposition and Energy Efficiency

The results from Sections 4.3 and 4.4 indicate that in the doublet system, it takes 8 to 18 days for
the injected water temperature to reach the production well at 285.7 m and a minimum of 229 days
at 211.8 m, creating an offset in the cycle phases. This offset may explain why the efficiency curve
does not increase over time as it does for the single-well system. Additionally, during the production
phase, colder water is injected to create a pressure gradient, which cools the previously heated
reservoir and mixes with the warmer water. The doublet system also experiences significantly greater
heat loss along the faults compared to the single-well system, as demonstrated by the energy
efficiencies. This increased heat loss is due to the greater distance that water travels per cycle in the
doublet system, allowing more heat transfer to the surrounding rock. Furthermore, using the single-
well system appears to be more effective for reducing heat losses and achieving higher energy
efficiencies in the Bedretto case. However, scenarios exist where a configuration with two or more
wells might be advantageous. In highly transmissive faults, larger water volumes could be injected
with proportionally less heat loss, leading to higher energy efficiencies. Further stimulation


https://doi.org/10.20944/preprints202408.0418.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 August 2024 doi:10.20944/preprints202408.0418.v1

18

operations within the reservoir could enhance transmissivity and improve heat storage efficiency.
Additionally, the results indicate that a shorter distance between the production points contributes
to a smaller breakthrough time, which should be considered when planning the drilling of the wells.

It is important to note that the background hydraulic gradient was not considered in the
numerical simulation. If significant, this gradient could substantially affect the results by causing hot
water to flow away from the well during the storage period. In Bedretto, according to the numerical
model, there is a possibility that the temperature breakthrough could reach the tunnel intersecting
the fault in Interval 13, resulting in permanent heat loss. This effect would be even more pronounced
in more transmissive fractures, leading to lower recovery factors.

Injection rates also play a significant role in energy efficiency, with higher flow rates leading to
greater efficiencies. This finding suggests that creating such storage systems in larger reservoirs could
maximize efficiency. The numerical model shows that in the best-case scenario—an injection rate of
5 kg/s at 60 °C in the single-well system —efficiency starts at 31.4% for the first cycle and reaches
59.4% and 67.7% after 10 and 25 cycles, respectively. Additionally, the energy efficiency is not
significantly different for the two different injection temperatures, showcasing similar ranges of
values. Additionally, the energy efficiency is not significantly different for the two different injection
temperatures, showcasing similar ranges of values, and thus being promising for high temperature
FTES. For comparison, energy efficiencies for a single-well system in a modeled porous aquifer in the
Bucharest region, Romania, are 40% for the first cycle and increase to 70% over the first 10 years of
operation for a similar injection rate of 60 °C [16]. Moreover, this aquifer has an at-rest temperature
of 20 °C, close to that of the Rotondo granite reservoir, making it a good comparison. Therefore, the
Rotondo granite reservoir shows promising potential, and further stimulation operations in the
reservoir volume are expected to increase the efficiency of heat storage even further by enhancing
transmissivity.

Typical recovery efficiencies for ATES systems between 30 °C and 60 °C range from 60% to 80%,
while those with higher temperatures (> 60 °C) typically range from 40% to 70% [18]. The energy
efficiency in the fractured reservoir for initial injection temperatures of 60 °C and 120 °C therefore
falls within these ranges, although on the lower end for the 60 °C injection temperature and only after
11 cycles. It is important to note that the trajectory and placement of boreholes within the Bedretto
reservoir volume were initially designed for reservoir monitoring and stimulation purposes. Further
modeling and characterization are anticipated to identify more optimal locations for the boreholes,
thereby enhancing operational efficiency even further. Although the current results for heat storage
in a typical fractured reservoir are already optimistic, improvements in well placement and reservoir
stimulation indicate that heat storage in fractured media has great potential as an alternative to ATES.

5.3. District Heating

One of the suggested potential usages for the retrieved hot water from the reservoir is district
heating in the village of Bedretto. However, certain limitations exist. Firstly, transporting the water
3.6 km from its source to the village results in significant temperature losses, as shown in Section 4.6,
further decreasing the system’s energy efficiency. Moreover, there are considerable logistical
challenges involved. Halter et al. [23] suggest that tunnel water could be sourced directly and
transported to the village through buried pipes for use in individual heat pumps for house heating.
This initial investment, estimated at around kCHF 800, would require substantial contributions from
the state and connection fees from residents to be amortized [23].

Additionally, transporting water extracted from the reservoir after storage would necessitate
additional insulated pipes to prevent mixing the warm extracted water with the tunnel water, if it
was used as a complement to the district heating system using tunnel water. This would add further
costs to the already high investment and require additional financial contributions to amortize over
the system’s lifetime. The extracted water’s temperature and quality may not be sufficient for direct
use, necessitating an additional heat exchange process. Overall, the benefits of such a system would
only marginally improve the efficiency of some heat pumps in the district heating system due to the
relatively small discharge. Furthermore, using high-temperature heat sources requires specialized
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heat pumps, complicating the system’s use and potentially necessitating mixing the extracted water
with tunnel water to lower the temperature, thus counteracting the system'’s efficiency.

The potential for utilizing the fracture thermal energy storage system for cooling should also be
considered; however, given that summer temperatures in the area rarely exceed 24 °C [51], the need
for district cooling is minimal. Nonetheless, this consideration remains relevant for similar future
applications in such reservoirs.

5.4. Greenhouse Heating

An alternative usage for the warm water extracted from the storage system is greenhouse farm
heating. One option is to directly heat the ground by circulating warm water through thermally
conductive metallic pipes buried around the crops. This method can maintain stable temperatures
around the crops, potentially eliminating the need for air heating for certain cool season crops such
as lettuce or spinach [71].

At an altitude of 1470 meters and located in a remote area, Bedretto benefits from significantly
less air pollution compared to urban environments, potentially reducing harvest losses by up to 15%
[72]. While the cooler climate may pose challenges for some vegetables, Bedretto still supports the
cultivation of a diverse range of crops including beetroot, carrots, cucurbits, cabbage, spinach, onions,
and potatoes [73]. Furthermore, the greenhouse structure effectively addresses common altitude
farming challenges such as wind and snow [74]. Unlike many high-altitude farming regions, Bedretto
enjoys ample water availability directly at the tunnel’s exit [74], alleviating the typical constraint of
water scarcity.

Constructing a greenhouse near the tunnel portal would significantly reduce heat loss to the
outside air compared to transporting the water to the village of Bedretto, as shown in Figure 11. This
setup guarantees a minimum temperature of 30-35 °C during the first cycles and 35 °C after the fifth
cycle, reaching more than 45 °C. In this configuration, the heat extracted in winter could be used for
direct heating, while a heat pump utilizing the tunnel water’s heat could provide warmth during
other cooler parts of the year.

Although this alternative is more cost-effective than a district heating system, it still requires
substantial initial investments to heat the water in summer before its injection. Directly using the
tunnel water year-round would considerably reduce initial costs, limiting the investment to just a
heat pump and piping system.

5.5. Electricity Production

Given that the water temperature in the production well of the single-well system exceeded 80
°C, electricity generation was considered as a potential application. However, the initial investment
required for heating the water and converting the heat to electricity using an ORC engine was found
to be higher compared to the amount of electricity produced. The estimated cost ranged from 0.23 to
0.51 CHF/kWhe. In the best-case scenario, the cost of producing a kWhe with the technology used in
this study went below the current price in Bedretto of 0.28 CHF/kWhe, which is at an all-time high in
2024 [55]. However, the grid price for a kWhe includes various costs, such as network utilization and
taxes, meaning the energy cost alone is 0.091 CHF/kWhe [55]. This disparity implies that energy
companies may hesitate to invest in this technology due to production costs that exceed market
prices. Therefore, private investors who can utilize the energy produced independently of the grid
might find this investment more suitable. Nevertheless, the constraints of this storage technology
could potentially prevent electricity costs from falling within the lower end of the estimated range,
as detailed in Section 5.5.

While this alternative incurs fewer losses during the transport phase compared to transporting
heat via water, there are additional significant losses inherent in the electricity generation process.
The proposed plan involved using solar panels to generate electricity to heat the water before
injection, with an efficiency of between 15% and 20% [75]. Once retrieved, the thermal energy would
then be converted into electricity using an ORC engine with a net efficiency of 3-5%, typically used
for waste heat. The results indicate that such a system not only produces electricity that is too
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expensive to be competitive but also is inefficient in terms of energy use. Therefore, exploring
alternatives that minimize the number of energy conversions between thermal energy and electricity
is advisable.

5.6. Viability of the Technology

The numerical model demonstrated promising results for the energy efficiency of the system,
particularly for the single-well configuration. Efficiency increased rapidly, reaching 59.3% after ten
years for the three injection rates at a temperature of 60 °C and reaching up to 67.7%, making it
comparable with standard porous ATES systems. Typical recovery efficiencies for ATES systems
between 30 °C and 60 °C range from 60% to 80%, while those with higher temperatures (> 60 °C)
typically range from 40% to 70% [18].

While the utilization of the recovered thermal energy is currently limited by the geographic and
demographic characteristics of the Bedretto region, this technology has the potential to be more viable
when implemented closer to densely populated areas, where district heating could be the primary
application. Indeed, ATES systems can achieve low payback periods of 8.7 years, and even shorter,
down to 5.6 years, when also used for cold storage [61].

However, several challenges must be addressed to determine the overall viability of this
technology. Firstly, the initial investment costs for a new system, including expenses for exploration,
drilling boreholes, and purchasing equipment, are likely to be higher than for porous ATES systems
due to the complexity of fractured reservoirs. Additionally, identifying suitable fractures/faults is
inherently complicated. The fractures need to be sufficiently transmissive but not excessively so, to
prevent the water from dissipating. Furthermore, the natural hydraulic gradient must be minimal to
ensure water remains within the desired section of the reservoir. Geophysical studies alone may not
be sufficient to locate optimal fractures, necessitating the drilling of exploratory boreholes.

A potential solution to overcome these challenges and increase both capacity and energy
efficiency is to stimulate the fractures to enhance their transmissivity. Further stimulation operations
within the reservoir could significantly improve heat storage efficiency by increasing the flow rate
and reducing heat losses.

To design the system adequately, detailed characterization of faults is essential, including
determining their geometry and aperture. There is, however, always the risk of undiscovered
fractures that could impact the system’s performance. Moreover, there is a significant risk that water
could be lost in overly conductive faults, reducing system efficiency and reliability.

While the storage capacity of fractured rock systems is relatively small, increasing the distance
between wells to enhance capacity results in longer heat travel times to the production well, leading
to more heat loss. The optimal scenario would involve boreholes intersecting multiple faults and
fractures, creating efficient pathways for water between wells. Alternatively, deploying several
single-well systems within the same borehole might be advantageous.

Furthermore, in an optimized system, the distance between injection and production wells can
be defined based on operational parameters, particularly the duration of the different phases of heat
storage and recovery. In such cases, there could be a possibility that the energy efficiency of a doublet
system might be even higher than that of a single-well system. This suggests that with careful
optimization and strategic planning, the potential benefits of using fractured rock for thermal energy
storage could be significantly enhanced, offering a viable alternative to porous ATES systems.

6. Conclusions

This study investigated the potential of faults and fractures in crystalline rock for seasonal heat
storage and proposed applications for the use of the retrieved water. Using COMSOL Multiphysics,
we developed a numerical model of a granite reservoir, specifically the BULGG underground
reservoir, incorporating several permeable fault/fracture planes to simulate fluid flow and heat
transfer.

The results demonstrated relatively good energy efficiency, particularly in the single-well
configuration, with efficiencies exceeding 59% after ten years and reaching up to 67.7%. These values
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suggest that fractured rock can be a viable medium for thermal energy storage. However, the
efficiency in this site-specific case could be further optimized by stimulating the fractures to enhance
their transmissivity and allowing for greater flow rates. While our chosen site provided promising
results, other locations may also suit the purpose depending on their geological characteristics.

For future developments of fractured storage systems, the usage of the retrieved water should
be as close as possible to the end-user to avoid thermal losses during transport. Moreover, electricity
production from the stored thermal energy could be viable if a significant excess of energy was
produced during the summer. However, the current efficiency levels suggest that this application is
not ideal unless the system can be further optimized to improve economic feasibility.

Several challenges must be addressed to realize the full potential of this technology. High initial
investment costs, including those for exploration, drilling boreholes, and purchasing equipment,
pose a significant barrier. Identifying suitable fractures is also inherently challenging, requiring faults
with high but not excessive transmissivity and minimal background hydraulic gradients to prevent
the injected water from dissipating. These challenges are not unique to this technology and are
common in any ATES system.

Despite these challenges, the potential benefits of using fractured rock for thermal energy
storage, especially in regions lacking suitable aquifers, make it a promising area for further research
and development. This site-specific case demonstrated the efficiency of such systems for one example
setup. To further explore the possibility of this specific system, a more detailed model is needed,
including the whole reservoir volume and different operational parameters with various storage
scenarios.

Future studies should focus on refining exploration techniques and improving fault
characterization to develop strategies that mitigate water loss and thermal dissipation. Additionally,
investigating the assumptions made in this study, such as the effects of rock deformation, natural
groundwater flow, and heat exchange between the fluid and borehole walls, is crucial. These factors
become particularly significant due to the periodic changes in injection fluid temperature, which can
influence the overall efficiency and feasibility of the thermal storage system.
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Nomenclature

d Diameter of the pipe (m)

Cy Specific heat capacity at constant pressure (J/(kgxK))
ct Compressibility of the fracture (Pa™)

CHF Swiss franc
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Ewi  Energy injected (MWhw)
Eex  Energy extracted (MWh)

g Gravitational acceleration (m/s?)
h Well depth (m)
k Permeability of the porous medium (m?)

ket Effective thermal conductivity of the porous medium (W/(mxK))
K Heat transfer coefficient of the pipe (W/(mxK))

L Distance from the point of reference (m)

p Pressure gradient (Pa/m)

q Heat flux vector (W)

Quater  Mass flow rate (kg/s)

Qv Volumetric heat sources or sinks (W/m?3)

Qg0 Heat sources or sinks due to geothermal effects (W/m?3)

Om Source or sink of mass (kg/m?/s)

Qp Heat sources or sinks due to fluid-porous matrix interactions (W/m?3)
Qw  Heat sources or sinks due to geothermal effects (W/m?3)

r Pumping rate (m3/h)

s Thickness of the foam layer (m)

Ss Specific storage (m™)

Te Temperature of the fluid in the pipe at a distance L (K)

Tt Outside temperature (K)

Teo Temperature of the fluid in the pipe at the reference point (K)
Temperature (K)

u Darcy velocity (m/s)
w Width of the fracture (m)
€p Porosity of the porous medium (-)
f Porosity (-)
F Energy efficiency (-)
h Pump efficiency (-)
l Thermal conductivity (W/(mxK)
m Dynamic viscosity of the fluid (Paxs)
r Density (kg/m?)
t Transmissivity (m?/s)
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