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Abstract

The energy sector is undergoing a major transition aimed at reducing or eliminating fossil
fuels in favour of renewable sources such as solar, biomass, wind and geothermal energy. In
the case of geothermal energy, the use of geostructures is expanding due to the possibility
of thermally activating them by integrating heat exchangers; thermally activated tunnels
(energy tunnels) are a representative application. Thermal activation of tunnels offers
strong potential owing to their large contact area with the ground, an essential advantage
underpinning this feasibility study. This work assesses the technical and economic fea-
sibility of thermally activating the Liefkenshoek railway tunnel (Belgium) by evaluating
both the exploitable geothermal potential and the project’s profitability. To this end, an
analytical heat transfer model was developed and tested under different conditions. The
analysis also accounts for variations in several key parameters: the inlet temperature of
the heat transfer fluid, its flow rate through the exchanger, and the air temperature inside
the tunnel. The results indicate that water saturated sand yields the highest geothermal
potential, and under specific conditions, an exploitable potential of 27W/m2 was identi-
fied. Finally, the economic assessment indicates that, under suitable operating conditions,
the project is economically viable, with the heat production cost remaining significantly
lower than the typical selling price observed on district heating networks. This work,
therefore, contributes to the valorisation of existing infrastructure within the energy tran-
sition and recommends the systematic integration of thermal activation in future tunnel
construction projects.
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Chapter 1

Introduction

1.1 Context
The energy sector is undergoing a transition that relies on changes in the distribution
of various primary energy sources used in the economy to reduce or eliminate the share
of fossil fuels, namely coal, oil, and natural gas [1]. The legal framework supporting
this energy transition is the 2015 Paris Agreement under the COP, which, in Article 2,
sets the goal of limiting the global average temperature rise to below 2°C compared to
preindustrial levels [2]. Furthermore, each country is responsible for defining an energy
policy that aligns with this goal. According to IRENA [3], the six main areas where Eu-
ropean energy policies and decisions must be made and implemented are: exploiting the
strong synergies between energy efficiency and renewable energy; designing an electricity
grid in which renewable energy plays a significant role; increasing the use of electricity in
transport, buildings, and industry; supporting innovation throughout the system; aligning
socioeconomic structures and investments with the transition; and ensuring fair redistri-
bution of the costs and benefits associated with the transition. Regarding renewable
energy, there has been a significant deployment in recent years, and in 2023 it accounted
for 24.5 % of the European Union’s energy consumption [4]. In Europe in general and
Belgium in particular, renewable energy sources are: wind energy, hydropower, solar en-
ergy, geothermal energy, chemical energy, and biomass [5]. It should be noted that various
technologies for exploiting each of these sources exist and are already being utilized, with
geothermal energy being the focus of this work.

1.2 Geothermal energy and geostructure
Geothermal energy, in the thermodynamic sense, refers to the internal energy of geologi-
cal materials such as rock, groundwater, and magma that constitute the Earth [6]. This
energy primarily originates from the radioactive decay of elements such as uranium, tho-
rium, and potassium within the Earth’s mantle. It is transferred from regions of high
internal energy to those of lower internal energy in the form of heat. Depending on the
depth and temperature of the resource, geothermal energy can be classified into three
categories [7]:

• Shallow geothermal energy (< 400 m): It is a very low enthalpy energy source that
can be harnessed. The temperature range is from 2°C to 30°C.

• Medium geothermal energy(< 3000 m): It is a low-enthalpy energy source that can
be harnessed. The temperature range is from 50 to 100°C.
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CHAPTER 1 1.3 State of the art

• Deep geothermal energy (>3000m): It is a high-enthalpy energy source that can be
harnessed with a temperature greater than 100°C.

Figure 1.1 illustrates the different types of geothermal energy and possible applications
(electricity generation and/or heat production).

Figure 1.1: Illustration of the different types of geothermal energy based on depth in the
ground.

A geostructure is a civil engineering structure designed to interact with the ground and
perform a mechanical role [8]. These structures include foundations, retaining walls, piles,
and tunnel linings, and they are increasingly being used for thermal purposes as well. This
is due to their large contact surface with the ground, which maintains an almost constant
temperature throughout the year. In addition, the spread of heat pump technologies that
use ground heat as a source supports the development of energy geostructures that fall
into the category of shallow geothermal energy.

1.3 State of the art
The socio-economic development of cities is accompanied by increased traffic on the roads
and a lack of space. As a result, more and more underground structures are being built,
such as underground car parks, metro tunnels, train tunnels, etc. These underground
structures are not passive because they consume electrical energy to power various devices
such as sensors, traffic lights, fans, etc. Given the increasing number and size of these
structures, the tunnelling industry is not left out of the energy transition. For decades,
studies have been conducted on the possibility of harnessing geothermal energy for urban
heating, to make tunnels energy neutral, meaning that they generate the energy they
consume. Studies have identified two geothermal energy harvesting systems in tunnels:
closed systems and open systems.

12
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1.3.1 Geothermal energy harvesting systems in tunnels

1.3.1.1 Open systems or Hydro-geothermal tunnel systems

When a tunnel is excavated in a saturated area, it acts as a drain by creating a depression.
The water infiltrates and stagnates at the level of the tunnel cavity [9]. It is necessary to
drain it to prevent disrupting the natural flow of water underground and to preserve the
tunnel’s structure. The thermal energy of the warm water drained from the rock above the
tunnel is used by open systems, instead of sending this water to cooling towers to lower the
temperature to the discharge threshold before releasing it into watercourses [10]. Figure
1.2a shows an illustration of the open system, which includes drainage pipes to move
drained water from the tunnel to the consumer, a heat pump to raise the temperature if
necessary, the consumer who will extract the contained thermal energy, and a river that
serves as a spillway.

(a) Overall principle of an open system, from drainage to final use [10].

(b) Technical diagram of the drainage system [9].

Figure 1.2: Overall principle and technical diagram of the open system.

The heat flux of this system is simply calculated as follows [10]:

Q̇ = V̇ ρwcp,w∆T

Where, V̇ is the drainage water outflow rate, cp,w is the water specific heat capacity and
ρw the water density, ∆T is the temperature difference of the drained water between its
outlet temperature and the temperature after energy extraction.

13
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1.3.1.2 Closed systems or absorber tunnel system

Tunnels have the advantage of a large contact surface with the ground and involve a sig-
nificant volume of ground for heat exchange [11]. Another approach is to use the ground’s
temperature to heat or cool a heat transfer fluid; this approach is known as the absorber
tunnel system. Figure 1.3 illustrates a closed system comprising two heat exchanger pipe
loops: one on the tunnel side and the other on the end-user side [10]. Between these
loops, a heat pump can be installed to increase the temperature as necessary, depending
on the consumer’s requirements and the ground temperature surrounding the tunnel. As
illustrated in the Figure 1.3, a heat pump is a thermodynamic system consisting of two
heat exchangers (called the evaporator and the condenser), a compressor, and an expan-
sion valve. Its operating principle involves a heat transfer fluid that evaporates at low
temperature by absorbing heat from a cold source at the evaporator. The fluid is then
compressed by the compressor, which increases its temperature through electrical work.
Finally, it releases its heat to a warmer medium in the condenser before passing through
the expansion valve to restart the cycle.

Figure 1.3: Overall principle of a closed system, with a primary loop, a secondary loop,
and an intermediate heat pump.

Heat from the ground is recovered by a heat transfer fluid, which passes through heat
exchange pipes integrated into the structure. In this way, the structure is thermally
activated while its integrity is maintained to perform its primary function. This process
is called thermal activation. Pipes are made of reticulated polyethylene (Pe-Xa) and are
capable of withstanding high pressure, high temperature, and corrosion. The thermo-fluid
is a mixture of propylene glycol and water that is capable of operating at temperatures
as low as -20°C [11]. There are two possible ways to integrate the pipes into the tunnel
structure, depending on the construction method:

• If the tunnel is excavated in a conventional manner, heat exchanger pipes are en-
closed between two layers of geotextiles, forming an energy fleece. This fleece is
then placed between the primary and secondary linings during the tunnel excava-
tion. Figure 1.4 shows an example of an energy fleece.

14
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Figure 1.4: Integration of Pe-Xa pipes into a conventionally excavated tunnel.

• If the mechanised tunnelling method is used, which involves using machines to place
precast segmental linings, the heat exchanger pipes are embedded into the concrete
during the manufacturing of the lining segments at the factory. Figure 1.5 shows
precast lining segments (Figures 1.5b, 3.3b), and the assembly in ring into the tunnel
(Figures 1.5a, 1.5d) [12].

(a) (b)

(c) (d)

Figure 1.5: Prefabricated tunnel lining segments with integrated Pe-Xa pipes, lining ring
Assembly Inside the Tunnel.

Additionally, depending on whether heat exchange occurs with the surrounding rock,
with the air inside the tunnel, or with both, the pipes are positioned either near the
interior of the tunnel or close to the ground, as shown in the Figure 1.6 [12].

15
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(a) Ground and air-side pipe. (b) Ground-side pipe. (c) Air-side pipe.

Figure 1.6: Different positions of heat exchanger pipes.

1.3.2 Some Pilot Projects

In Europe, several feasibility studies have been carried out on geothermal energy through
tunnel activation in various tunnels. Some of these studies have led to pilot projects and
even to the implementation of complete systems. Two representative examples are the
pilot project on Line 1 of the Turin metro in Italy and the Lötschberg Base tunnel in
Switzerland. A common feature among these pilot projects is that the entire length of
the tunnel is not thermally activated. Instead, preliminary thermo-mechanical studies are
conducted to identify zones with the highest potential.

1.3.2.1 Turin Metro, Line 1, Italy

Turin Metro Line 1 was inaugurated in 2006. In 2021, a new southern extension was under
construction, spanning 1.9 km with a diameter of 8m. This extension, linking Lingotto
to Piazza Bengasi, was commissioned on April 23, 2021. The tunnel was excavated to
a depth of 21.5m, positioned below the groundwater table. The tunnel lining consists
of precast concrete rings, each 30 cm thick. Each ring is composed of seven segments,
assembled in situ using a tunnel boring machine. The geological profile of the Turin
underground includes sand, gravel deposits, and cemented soil below 10m, with the water
table at a depth of 12m. The aquifer spans 23m in width and maintains an average water
temperature of 14°C [13].
As a prototype, two fully thermally activated rings, incorporating a double ground-air
configuration, were installed approximately 42m before the station entrance, with a total
length of 2.80m [14]. Numerical and experimental investigations indicate that, based
on collected data, the extractable thermal power during winter ranges between 42 and
52.5W/m2, while in summer, the injectable power varies between 60.5 and 66.4W/m2 [12].

1.3.2.2 Lötschberg base tunnel, Switzerland

The Lötschberg Base Tunnel, operational since 2007, is a 34.6 km railway tunnel connect-
ing the Bernese Oberland to the canton of Valais. It traverses the Swiss Alps, passing
through a complex geological mix of sandstones, schists, carbonates, and crystalline rocks,
with a maximum rock overburden of approximately 2 km. The tunnel drains water at a
rate of about 100 litres per second, maintaining a constant temperature of around 20°C.
The drained water is used in a cascading system: initially, it supplies a fish farm in Fruti-
gen, producing approximately 45 t of thermophilic Siberian sturgeon, 20 t of perch, and
2 to 3 tof sturgeon caviar annually [10]. Subsequently, additional heat is extracted via a
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heat pump to support a greenhouse. Before being discharged into local water bodies, the
remaining thermal energy is harnessed through a district heating network in Frutigen.

1.4 Contribution
Countries such as Germany, Switzerland, France, and Italy have already taken steps
toward the thermal activation of tunnels, carrying out feasibility studies on various sites
and even launching pilot projects. This work highlights the geothermal potential of deep
railway tunnels in Belgium. Although the exact number of such tunnels is unknown, three
stand out for their length and depth: the Liefkenshoek, Soumagne, and Diabolo tunnels.
This study focuses on the Liefkenshoek tunnel and aims to develop a simple analytical
model to represent heat exchange between the ground, the tunnel lining, and the air
inside, using basic, macroscopic, measurable parameters and a straightforward approach
to describe this exchange.

1.5 Objective and Structure of the Work
The main objective of this work is to assess the exploitable geothermal potential through
the thermal activation of the Liefkenshoek tunnel. Internal documents from TUC RAIL
provide information on the tunnel’s geometry and the lithology identified during geotech-
nical investigations before construction. However, these sources reveal a significant lim-
itation: the lack of detailed thermal soil properties such as conductivity, heat capacity,
and the undisturbed ground temperature profile. These properties are essential, as they
directly determine the amount of heat that can be extracted and thus strongly influence
the accuracy of any feasibility assessment. This leads to the following questions: What
type of geothermal system does the Liefkenshoek tunnel correspond to? How can the
necessary thermal properties be measured? How does heat transfer occur, and how can
it be modelled? Finally, how can variations in certain parameters of the developed model
impact the performance of the heat exchanger?
To address these issues, the work is organised into six chapters as outlined below:

• Chapter 2, which focuses on the tunnel case study, provides information about the
geological layers crossed by the tunnel, its energy consumption, and the interior air
temperature profile. Moreover, the information regarding the tunnel’s construction
method, executed using a tunnel boring machine (TBM) and prefabricated concrete
lining, allows the conclusion that the geothermal system corresponds to a closed-loop
system, as described in section 1.3.1.2.

• Chapter 3 presents a preliminary evaluation of the geothermal potential of the soil
using transient analytical solutions derived from the book Fundamentals of Heat
Transfer. To this end, a definition of the potential application of the geothermal re-
source, namely district heating, is first established. Then, the modes of heat transfer
are described, and the methods for measuring the required thermal properties are
explained. This chapter demonstrates that these solutions can be used to identify
soils with the highest potential. However, for increased accuracy, it will be necessary
to model the heat exchanger by accounting for the various thermal resistances and
other existing influences.

• Chapter 4 models the heat exchanger using analytical heat transfer equations under
steady-state conditions, accounting for the soil temperature, the tunnel’s internal
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air temperature, and the various thermal resistances to heat transfer. This chapter
concludes with the validation of the analytical model developed, and also analyzes
the influence of the heat transfer fluid’s flow rate, the tunnel air temperature, and
the inlet temperature of the heat transfer fluid on the performance of the heat
exchanger.

• Chapter 5 presents a concise economic assessment of the profitability and sustain-
ability of the tunnel’s thermal activation. To this end, a simplified evaluation of
the required capital expenditure and the fixed and variable operating costs is per-
formed; the total system cost and the cost of heat produced by the system are
then estimated. The chapter concludes that the decisive factor is the amount of
heat exchanged by the heat exchanger; accordingly, lower inlet temperatures are
preferred

• Chapter 6 presents an experimental protocol comprising the steps to be followed
and their descriptions, in order to transition from the feasibility study conducted to
a pilot project. This chapter also outlines future directions for extending the work
carried out here.

• Chapter 7 constitutes the overall conclusion of the study.
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Chapter 2

Liefkenshoek tunnel

2.1 Description of the Tunnel
The Liefkenshoek rail tunnel was built between 2010 and 2014. It aims to connect the
railway freight transport between the left and right banks of the Scheldt River in the port
of Antwerp. The tunnel length is around 16.2 km, and the largest part of the tunnel, which
measures around 6 km, as shown in Figure 2.1, consists of twin bored tunnels excavated
below the Scheldt River and the Port Canal. The twin tunnels are parallel, each with a
single track, an internal diameter of 7.3m and an outer diameter of 8.10m. The lining is
made of precast concrete elements, with a thickness of 0.4 m in C50/60 concrete quality.
Each tunnel ring contains 7 segments and is 1.8m wide [15]. The information concerning
the tunnel excavation method, executed using a tunnel boring machine (TBM) and precast
concrete lining, permits the conclusion that the applicable geothermal system corresponds
to a closed-loop system. Indeed, the exchanger pipes are embedded within the concrete
segments during their prefabrication.

Figure 2.1: Longitudinal profile of the Liefkenshoek tunnel.

Figure 2.2 shows the geographical location of the entire Liefkenshoek tunnel and the
surrounding areas.
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CHAPTER 2 2.2 Lithology of the site

Figure 2.2: Map showing the geographical location of the Liefkenshoek tunnel.

It should be noted that this study focuses exclusively on section 5-6, which corresponds to
the most recently constructed segment using the mechanised tunnelling method. It is also
the deepest section, exceeding 20 meters in depth, where the surrounding temperature
may reach at least 10°C.

2.2 Lithology of the site
The Liefkenshoek tunnel crosses different geological layers depending on the depth at
which it is excavated. Figure 2.3 shows the layers crossed by sections 5-6 of the tunnel [16].

Figure 2.3: Diagram of the geological layers crossed by the tunnel.

The layers through which it passes are geological formations with different characteristics
and mineralogical compositions. The main geological formations around the tunnel and
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CHAPTER 2 2.2 Lithology of the site

their description, according to the Belgian National Commission for Stratigraphy [17], are
as follows:

• Boom formation: It is a grey silty clay or clayey silt, with relatively constant
chemical and mineralogical properties. It contains glauconite granules and also
shows pyrite formed at scales from millimetres to centimetres, even decimetres, due
to the organic matter present in the clay. The thickness of this formation is around
80 m in the Antwerp region.

• Berchem formation: It is a unit of green to blackish sand, with fine to medium
grains, sometimes very rich in glauconite and containing a small amount of clay. The
average grain size ranges between 130µm and 330µm, and at its base is a gravel
bed made of dark, rounded flint pebbles. The thickness of this formation is around
30m in the Antwerp region.

• Kattendijk formation: It consists of fine to medium-fine sand, dark grey to grey-
green in colour, rich in glauconite (around 20%), mainly made up of quartz with
a slight clay content. The maximum thickness of this formation is about 15m in
the Antwerp region, and a basal gravel layer is found, made of rounded pebbles
of quartz and flint, along with shark teeth, sandstone, phosphatic nodules, and
rounded bones.

• Lillo formation: It consists of shelly sand with a clayey mix in the central part,
and several distinct shell layers. The colour ranges from grey, grey-brown to light
brown-grey. The glauconite content is relatively constant, varying between 6 and
12%. The formation is subdivided into several members, including the Oorderen
Member, Kruisschans Member, and Merksem Member. The maximum thickness of
this layer is 30m.

So, based on the different descriptions of the geological formations, the tunnel passes
through sand with varying grain sizes and colours, as well as clay, all rich in glauconite.
The cross sections obtained from internal TUC RAIL files confirm that the tunnel pri-
marily passes through sandy layers, with some occurrences of clay as well, as shown in
Figure 2.4.
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CHAPTER 2 2.3 Temperature profile

Figure 2.4: Cross-sectional view of the tunnel.

Table 2.1 provides a summary of the properties of sand and clay, depending on whether
they are dry or water saturated [18].

Rock type Thermal conductivity k [W/(m·K)] Volumetric heat capacity ρcp [MJ/(m³·K)] Density ρ [×103 kg/m³]

Effective value Recommended value

Clay/silt, dry 0.40 – 1.00 0.50 1.5 – 1.6 1.80 – 2.00
Clay/silt, water-saturated 1.10 – 3.10 1.80 2.00 – 2.80 2.00 – 2.20
Sand, dry 0.30 – 0.90 0.40 1.30 – 1.60 1.80 – 2.20
Sand, moist 1.10 – 1.90 1.40 1.60 – 2.40 1.90 – 2.30
Sand, water-saturated 2.00 – 3.00 2.40 2.20 – 2.80 1.90 – 2.30
Silica/rock, dry 0.40 – 0.90 0.60 1.60 – 2.00 1.90 – 2.20
Silica/rock, water-saturated 1.60 – 2.50 1.80 2.20 – 2.60 2.10 – 2.40
Clayey clay/clay 1.10 – 2.90 2.40 1.50 – 2.50 1.80 – 2.30

Table 2.1: Summary of the properties of the identified geological layers.

2.3 Temperature profile
The tunnel is equipped with sensors that measure air temperature and humidity inside.
This temperature can be representative of the ground temperature, due to heat exchange
between the soil and the tunnel air through the concrete. Moreover, the air temperature
inside the tunnel is also influenced by several external factors: the ambient outside air
temperature entering the tunnel, the ventilation system, and the heat generated by train
traffic; as illustrated in Figure 2.5.
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Figure 2.5: Establishment of the air temperature in a tunnel.

The collected data provided by the maintenance team covers the period from August 2014
to March 2015.

(a) Monthly average temperature. (b) Temperature measurement zone.

Figure 2.6: Monthly average temperature measured in three zones of the tunnel.

Figure 2.6 shows the monthly average temperature for three zones within the tunnel.
The observed trend, as expected, shows higher temperatures during the summer months
and lower temperatures during the winter months. The range of interior air temperature
during the winter is between 8 and 14°C. For the remainder of this study, a uniform
temperature of 11°C (median value of the interval) along the entire length of the tunnel
is assumed.

2.4 Electrical Energy Consumption of the Tunnel
As mentioned, tunnels are not passive structures; they consume electricity to operate their
equipment. Fixed equipment in tunnels in general and in railway tunnels in particular,
includes:

• Signalling lights,

• Railway system management equipment,

• Data transmission networks,

• Telecommunication devices such as radios, loudspeakers, and telephone networks,

• Lighting,

• Ventilation,
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• Drainage systems,

• Fire detection and emergency response systems.

Data on the electrical consumption in MWh for the tunnel studied in 2022 show an annual
usage of 516.981MWh. Figure 2.7b illustrates the monthly consumption profile, which
reveals significant variation throughout the year. However, this consumption tends to be
higher during winter and spring (from November to May). Additionally, the electrical
consumption of the tunnel fluctuates hourly throughout the year, as illustrated in Figure
2.7a, with noticeable peaks at specific times. The discussion with the maintenance team
explains these peaks, which are due to the use of dehumidifiers that activate when hu-
midity levels are high, as well as the ventilation system, which turns on 10 to 12 times
per day when CO levels are elevated.

(a) Electrical energy consumption per hour. (b) Electrical energy consumption per month.

Figure 2.7: Electrical energy consumption per hour and month of the tunnel in 2022.

In summary, Chapter 2 provides an overview of the Liefkenshoek tunnel, covering its
geographical context through to its annual electricity consumption in 2022. This chapter
enables a clear identification of the geological layers crossed by the tunnel, the geometry
of the tunnel and the internal air temperature, providing precise and essential data for
evaluating the geothermal potential in the subsequent chapters.
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Chapter 3

Transient evaluation of geothermal
potential

The Liefkenshoek tunnel has been studied in the previous section, from its geometry to
its annual electrical consumption, including the lithostratigraphy of the site where it is
located. The focus now is to evaluate the exploitable geothermal potential along the
tunnel. To this end, the possible use of this potential is first defined based on the classi-
fication of geothermal systems. This is followed by an assessment of the potential using
analytical heat transfer solutions, assuming a homogeneous medium in terms of both ther-
mal properties and temperature. This chapter employs transient analytical heat transfer
solutions derived from Fundamentals of Heat and Mass Transfer [19]. These solutions
consider only the soil properties and the initial temperature gradient (the undisturbed
ground temperature and the tunnel surface temperature). The aim here is to determine
whether these solutions are sufficient to estimate the geothermal potential of a thermally
activated tunnel. The evaluation of geothermal potential in a transient framework also
helps to observe how it evolves.

3.1 Application description
Geostructures in general, and tunnels in particular, fall into the category of low-enthalpy
geothermal systems due to their depth being less than 400m . In addition, in Europe,
the geothermal gradient in areas outside volcanic regions is approximately 3°C per 100m.
The ground temperature remains constant, ranging between 10 and 12°C, beyond a depth
of 10m, as shown in Figure 3.1, coming from Scientific and technical centre for the con-
struction [18]. The deepest section of the Liefkenshoek Tunnel (section 5−6) lies between
20 and 40 m below ground, and the measurements of the internal air temperature within
the tunnel support the strong assumption that the ground temperature ranges between
10 and 12°C.
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Figure 3.1: Ground temperature profile with depth.

Thus, in the best-case scenario, the outlet temperature of the heat transfer fluid is, at
most, 12°C. As a result, a heat pump is required to raise the fluid’s temperature before it
can be used. As mentioned earlier, a heat pump is a thermodynamic device that extracts
heat from a cold source and transfers it to a warmer one, using electrical work to increase
the temperature. The higher the outlet temperature of the heat pump, the greater the
electrical work required. Consequently, district heating emerges as the most viable appli-
cation, with operating temperatures ranging from 30 to 35°C for networks employing floor
or wall heating systems and from 50 to 60°C for those using radiators as heat emitters. In
contrast, electricity generation using currently available technologies requires high tem-
perature levels. However, the temperatures observed in this case are very low, and using
a heat pump or any other thermodynamic system to reach the necessary levels would
require a significant amount of energy, thereby greatly reducing the overall efficiency of
the system. As a result, electricity generation is not a viable option in this context.

A district heating network is a system that generates and distributes heat on a large or
small scale. It includes one or more thermal energy sources, a distribution network, and
substations. Regarding heat sources, production can be carried out at a single location,
known as centralised production. However, there can also be decentralised production
units that convert primary energy into distributable energy. Figure 3.2 illustrates two
examples of heating networks using geothermal energy as a heat source [20]. The first
features a large central heat pump that raises the temperature to the distribution level.
The second involves small heat pumps at each end user’s site, meaning that the network
temperature corresponds to the outlet temperature of the geothermal heat exchanger.
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Figure 3.2: District heating network with geothermal heat pump.

In the following analysis, centralised district heating at 35°C, using floor heating systems
as emitters, is considered as the target application. It is assumed that the full exploitable
thermal potential is available for use. The analysis focuses solely on the geothermal heat
exchangers and the heat pump. With the application clearly defined, the exploitable
potential can now be determined.

3.2 Transient state analytical solution
The analysis of transient heat transfer makes it possible to compare different heat transfer
configurations, as well as various soil types. In this study, the heat exchange configuration
remains unchanged; only the thermal properties of the soil vary. This analysis aims to
determine, for each ground type, how the thermal potential evolves until reaching a steady
state during heat extraction, and to identify which soil offers the best thermal potential
at steady state. Thus, the first step is to identify the heat transfer modes that take place,
followed by the use of analytical solutions to evaluate the thermal potential, and finally,
to discuss the results.

3.2.1 Heat transfer mode into the ground.

Heat transfer in the soil occurs through two main modes, namely:

• Conduction
It is the transfer of heat within a medium under a temperature gradient. It is
described by Fourier’s law q = −k∇T , where k is the thermal conductivity of the
medium. In the case of geothermal energy, the heat transfer medium is the ground,
which is a mixture of rock, water, and air. The thermal conductivity measures the
ability of that mixture to conduct heat. Another property that influences this mode
of transfer is the specific heat capacity of the rock and the density, which defines
the material’s ability to store heat. These properties can be determined:

– The thermal conductivity (k) can be determined theoretically or in the labora-
tory, based on the rock’s composition, void ratio, permeability, and by applying
the weighted average of k of the individual components of the soil. Experimen-
tally, on-site, it is determined through a Thermal Response Test (TRT), which
uses the transient line source method [7]. The test involves injecting a con-
trolled heat flux into a geothermal borehole through borehole heat exchangers,
then measuring the thermal response of the ground over time and space. The
slower the temperature of the ground increases, the higher the thermal con-
ductivity. There are also portable commercial devices, such as the Portable
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Electronic Divided Bar (PEDB), which can measure not only thermal conduc-
tivity but also specific heat capacity of a soil sample.

– The specific heat capacity(c) is measured in the laboratory on a sample using a
calorimeter, and the density (ρ)is determined based on Archimedes’ principle.

– Ground temperature(Tground) Influences heat conduction due to the existing
thermal gradient. To determine ground temperature, data from previously
drilled boreholes in the region can serve as a reference for new projects [7].
Experimentally, temperature sensors are used to measure ground temperature
at various depths as the borehole is being drilled. These data are then interpo-
lated and extrapolated to estimate the temperature at different depths within
the ground.

• Advection
Heat transfer by advection is related to the movement of fluid within the soil, which
results in a continuous recharge of heat in the ground. This mode is linked to
the flow velocity of the fluid, most often the water contained in the soil, and is
expressed as ρwcw∇(Tq), with ρw water density, cw water heat capacity, and q
Darcy groundwater velocity [21]. This velocity can be computed as the product
of porosity and the groundwater flow velocity, or measured using methods such as
tracer tests and with instruments like flow meters, current meters, and piezometers
equipped with pressure sensors, all of which are commercially available.
Figure 3.3 shows some examples of devices or measurement principles used to assess
the thermal properties of the soil, as mentioned above.

(a) Example of Thermal Re-
sponse Test(TRT) principle
[22].

(b) Example of piezometer
installation [23].

(c) Example of Portable
Electronic Divided Bar
(PEDB) [24].

Figure 3.3: Some examples of instruments and measurement principles for determining
soil properties.

Now that the modes of heat transfer in the soil and the relevant soil properties are known,
the analytical solutions governing heat transfer can be applied. It is important to note
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that, for now, the flow velocity in the soil will be considered zero, and the effect of this
parameter will be analysed at a later stage.

3.2.2 Equations

The first step is to determine the dimensionless amount of heat that can be extracted from
the ground, which is then scaled to real-world units. This dimensionless heat depends
solely on the properties of the soil, the heat transfer configuration, and the mode of
heat transfer. The configuration considered involves two-dimensional conduction, where
the ground is treated as an infinite, homogeneous medium, both in terms of its thermal
properties and initial temperature. The tunnel is modelled as a cylinder with a constant
surface temperature embedded within this medium. The formula is as follows [19]:

q∗ =
1√
πFo

+ q∗ss (3.1)

Fo =
αt

L2
c

(3.2)

α =
k

ρc
(3.3)

Lc =

(
As
4π

)(1/2)

(3.4)

As = πDoutLr (3.5)

with
• q∗: the dimensionless amount of heat,

• Fo: the Fourier number,

• t: the time interval over which the transient state is analysed, it is set to 3 years,

• Lc: the characteristic length,

• k: the ground’s thermal conductivity, equal to 2.40W/mK for water saturated sand,
1.40W/mK for wet sand, and 1.80W/mK water saturated clay (Table 2.1),

• α: thermal diffusivity coefficient of the ground,

• c: the specific heat capacity of the ground,

• ρ: density (Table 2.1),

• As: the active area, the lateral surface of the cylinder in this case,

• q∗ss: the steady-state analytical solution for heat transfer between an infinite medium
at a given temperature and a cylinder of defined length and diameter at a different
temperature. The calculation of this parameter is done by knowing the heat transfer
configuration, using shape factor S in m to calculate the heat transfer rate in watts
(Q) and then converting this value into its dimensionless form. The formulas used
are:

Q = Sk∆T (3.6)

q∗ss =
QLc

kAs∆T
=
SLc
As

(3.7)

The shape factor used in this context is taken from the VDI Atlas Heat book and
will be detailed in the Results section.
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3.2.3 Results

Figure 3.4 from the VDI Atlas Heat book shows the heat transfer configuration and the
shape factor Sr = S

r
associated with different ratios between the radius (r) and the mid-

length.

Figure 3.4: Heat transfer configuration.

Figure 3.5: Shape factor interpolation.

By linear interpolation of the existing points, the curve in figure 3.5 shows an almost
cubic trend in the shape factor Sr with respect to the ratio b/r.
Now that the method for selecting the shape factor is known, the dimensions of the
cylinder must be set or imposed. For the radius, the outer radius of the tunnel is used
2r = 8.10m. For the length, in line with the ENERTUN profile by Marco Barla [12] —
which involves activating segments and connecting them in series to form a lining ring
(ring-by-ring activation), and then connecting different rings along the tunnel’s length in
parallel— the length is therefore 2b = 1.8m
Section 2.2 identified sand and clay as the main materials encountered along the tun-
nel path, and their physical properties were listed based on values from the literature.
Moreover, internal documents from TUC RAIL on tensile tests performed on samples
taken from the study site show a water content ranging from 85% to 95%. Therefore,
the assumption of water saturated sand and water saturated clay medium is justified.
Assessing the exploitable geothermal potential is possible using the thermal properties of
these soils. The potential will therefore be evaluated by focusing on a lining ring, and
Table 3.1 provides a summary of the tunnel dimensions and lining ring.
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Dimensions Symbol Value Unit
Inner tunnel diameter Din 7.30 m
0uter tunnel diameter Dout 8.10 m
Lining thickness e 0.4 m
Lining ring axial length Lr 1.8 m

Table 3.1: Summary of tunnel ring dimensions.

Figure 3.6a shows the evolution of the dimensionless heat potential for soils composed of
saturated sand, or wet sand, and or saturated clay, as a function of the Fourier number.
The three soil types show a similar evolution as the curves overlap, which is the expected
result since the heat transfer configuration remains unchanged. The only difference lies in
the value associated with the Fourier number after 3 years. The Fourier number represents
dimensionless time. A larger Fo indicates that the transient has decayed further and the
system is closer to the steady state. Consequently, at a fixed time, the material with
higher thermal diffusivity (water saturated sand) reaches steady state conditions more
quickly than saturated clay or wet sand.

(a) (b)

Figure 3.6: Evolution of the dimensionless heat over 3 years of heat extraction.

3.2.4 Geothermal potential per surface unit

The dimensionless potential q∗ does not account for ground temperature. To include this
parameter, the heat quantity must be converted back into physical units. This requires
knowledge of the ground temperature at the depth where the tunnel is excavated. In the
previous section, the assumption of a ground temperature equal to 12°C was validated.
Furthermore, a constant temperature Ts must be imposed over the entire cylinder surface.
A value of 4°C is imposed, as it is widely referenced in the literature as the typical inlet
temperature for the heat transfer fluid. Equation 3.8 is used for resizing. The heat
quantity is expressed in W/m2, and it also shows the direct impact of the ground’s thermal
conductivity on the amount of exploitable heat, for a given temperature difference.

Qtransient =
k(Tground − Ts)q

∗

Lc
(3.8)
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Figure 3.7: Evolution of transient heat potential.

Figure 3.7 shows how the heat flux from the ground to a cylindrical surface at constant
temperature evolves. It illustrates that higher soil thermal conductivity corresponds to
greater exploitable potential. The curves also exhibit a rapid decline at the onset of
extraction, which progressively diminishes over time and approaches a steady-state con-
dition. This indicates that the transient state evolves into the steady-state solution. To
conclude, after three years of operation, a sandy soil will have a geothermal potential of
about 21W/m2, while a clayey soil will reach around 15W/m2. All of this confirms that
water saturated sand exhibits superior heat extraction performance over time, despite its
relatively rapid thermal discharge and quick approach toward steady state.
Up to this point, only the soil’s response to a temperature difference has been studied.
The next step is to take into account the configuration of the heat exchanger used to
extract this geothermal potential, as well as the different heat flows involved, since the
tunnel is a hollow cylinder.

3.3 Results validation
The validation of the results here primarily involves confirming the trend and assessing the
error introduced by this simplified method for estimating geothermal potential. Indeed,
previous studies on tunnel geothermal systems have focused on 3D numerical models to
predict the output temperature. Additionally, variations in ground temperature and soil
type from site to site complicate direct validation of results.
In this context, the soil properties of Turin are used to evaluate the geothermal potential
via the analytical solution, and the results obtained are compared with those obtained
by Marco Barla through numerical simulation. Table 3.2 lists the soil properties: the
undisturbed ground temperature is 14°C, which is 2°C higher than in the case study.
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Properties Value Unit
Porosity 0.25 –
Heat capacity of the water 4.2 MJ/m3/K
Heat capacity of the solid 2.0 MJ/m3/K
Thermal conductivity of the water 0.65 W/m/K
Thermal conductivity of the soil 2.8 W/m/K
Undisturbed ground temperature 14 °C

Table 3.2: Thermal average parameters of the Torino subsoil.

Figure 3.8 illustrates the evolution of the geothermal potential over a 30-day period.
The orange curve represents the solution obtained via the 3D model simulation, which
takes into account the tunnel environment as well as the concrete lining in which the
pipes are embedded. The blue curve, on the other hand, represents the result obtained
using the simplified analytical method. It is visible that the two curves evolve in the
same trend and remain almost parallel after 5 days. The potential estimated by the
simplified analytical method is higher than that obtained via numerical simulation, which
is the expected outcome. Indeed, the analytical solution does not account for the tunnel’s
internal environment or the various thermal resistances influencing heat transfer. The
consistent difference, corresponding to an RMSE of approximately 47W/m2, between the
two curves is therefore attributable to these neglected parameters, highlighting the need
to model the heat exchanger while considering the different heat exchanges present.

Figure 3.8: Evolution of heat potential for Turin soil.

Finally, the test carried out on Turin soil shows that the analytical solution overestimates
the amount of heat exchanged between the ground and the tunnel, because it does not
account for the various thermal resistances or the tunnel’s internal environment. However,
this simple method is very useful for comparing the geothermal potential of different soil
types, as it provides an upper bound of the geothermal potential. The following chapter
thus focuses on modelling the heat exchanger composed of polyethylene pipes embedded
in concrete. This model is developed under the assumption that heat exchange occurs
under steady-state conditions.
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Chapter 4

Steady state evaluation of geothermal
potential

Transient analysis makes it possible to determine the amount of heat transferred into the
ground under a temperature gradient, particularly when a cylindrical surface is maintained
at a constant temperature differing from that of the ground. However, in the context of
an energy tunnel, this analysis does not take into account the various factors by which the
temperature of the surface in contact with the ground is determined, namely, the tunnel’s
internal environment, the various thermal resistances that hinder heat exchange, the inlet
temperature of the heat transfer fluid, etc. Moreover, the heat transfer fluid is carried
through pipes that do not cover the whole surface of the lining. As a result, limits are
placed on the amount of heat that can be collected, in addition to the physical constraints
of heat exchange.
To take all these new factors into account, a steady state analysis is carried out. In this
analysis, a heat exchanger model is proposed, in which the different thermal resistances
and the various heat exchanges are taken into account. To carry out this analysis, the
heat exchanger is first sized. Then, the model and its assumptions are described. Finally,
sensitivity studies on certain model parameters are conducted, and the results obtained
are validated.

4.1 Heat exchanger design sizing
As mentioned earlier, the tunnel under study is excavated using the TBM method. Ther-
mal activation is therefore achieved by embedding Pe-Xa pipes into the lining, through
which a mixture of propylene glycol and water, called heat transfer fluid, is circulated.
The linings are prefabricated in a factory as segments, and depending on the tunnel diam-
eter, several segments are assembled to form a lining ring. The heat exchanger, therefore,
consists of pipes embedded within concrete segments, through which the fluid enters at
one temperature (Tin,fluid) and exits at another (Tout,fluid), as shown in Figure 4.1. The
fluid flowing through the thermally activated segment is heated by both the ground and
the air inside the tunnel through the concrete. Thus, Qair denotes the amount of heat
exchanged by convection with the tunnel’s internal air, and Qground denotes the amount of
heat exchanged by conduction with the ground. The design of the heat exchanger involves
determining the pipe dimensions and selecting the heat transfer fluid.

• Configuration and dimensions of the heat exchanger
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Figure 4.1: Configuration of Pe-Xa pipe, inlet/outlet fluid temperatures, and heat ex-
change

Figure 1.6b from Chapter 1, presented here as “Figure 4.1”, is a schematic represen-
tation of the geometry of an ENERTUN profile of a thermally activated segment
on the ground side. Based on the dimensions of the Liefkenshoek tunnel, the di-
mensions of the segment and the pipes are determined. Firstly, based on the tunnel
dimensions (see Table 3.1), the perimeter of a lining segment is calculated, knowing
that 7 are required to form a complete ring:

psegment =
πDout

7
= 3.64 m

Next, based on the technical description of the ENERTUN prototype [25], the length
of pipe per segment is estimated to be approximately 19m. Table 4.1 summarises
the sizing of a thermally activated lining segment.

Dimensions Symbol Value Unit
Pe-Xa Pipe position p 40 mm
Segment perimeter psegment 3.64 m
Pe-Xa Pipe length lp 19 m
Outer Pe-Xa pipe diameter de 20 mm
Pe-Xa Pipe thickness ep 2 mm

Table 4.1: Heat exchanger dimensions for one lining segment.

The segments thus sized are connected in series to form a loop, so that the fluid
passes through the seven lining segments to exchange heat and exits at a given
temperature, as shown in Figure 4.2. Thus, the total length of Pe-Xa pipe traversed
by the fluid when completing a lining loop is Lp = lp × 7 = 133 m.
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Figure 4.2: Representation of a thermally activated lining ring.

• heat transfer fluid
The heat transfer fluid is a mixture of water and propylene glycol. Water alone
represents the best heat transfer fluid due to its high specific heat capacity, low
viscosity, and low cost. However, to prevent bacterial growth and the freezing of
water, which occurs at 0°C in extreme conditions, propylene glycol is added to
lower the freezing point and inhibit bacterial proliferation. An additional effect
of this addition is the increase in the fluid’s dynamic viscosity. In the design of
the ENERTUN profile and related studies by Marco Barla, turbulent flow of the
heat transfer fluid has been prescribed, as heat exchange is enhanced under these
conditions due to mixing of fluid layers. Yet, higher dynamic viscosity requires
an increased flow rate to maintain turbulence. Consequently, higher flow rates are
required to achieve turbulent flow, which results in significant pressure drops and
thus requires the use of larger pumps. Furthermore, higher velocities also lead to a
lower outlet temperature, as will be demonstrated later.
Figure 4.3 illustrates the evolution of the Reynolds number for various propylene
glycol (PG) concentrations at 4°C. 0% represents pure water, while 10% denotes
water with 10% propylene glycol by volume. The figure demonstrates that the
turbulent regime (Re> 2300) is reached more rapidly for lower viscosity fluids.

Figure 4.3: Reynolds number function of flow rate of the Heat-Transfer Fluid for Different
Propylene Glycol Concentrations.
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In conclusion, the heat transfer fluid must both maintain turbulent flow and suffi-
ciently lower the freezing point according to operating conditions. Therefore, within
this study, a 10 % concentration has been chosen. This concentration aligns well
with Marco Barla’s viscosity selection, ensuring a turbulent regime at 0.38 m/s.

With the heat exchanger sizing completed, the next step involves the development of
an analytical model in which the various thermal resistances are represented. Then,
the governing equations describing the heat exchanges are established, together with the
working assumptions.

4.2 Description of the model and assumptions
The heat exchanger sized in the previous section is modelled using a thermal resistance
network, as shown in Figure 4.4.

Figure 4.4: Thermal resistance heat exchanger diagram.

The heat exchanges taking place and their associated resistances are:

• The conduction heat transfer between the ground and the outer part of the lining
is represented by Rground, followed by the conduction between the concrete and the
Pe-Xa pipe, represented by Rconcrete,out.

• The convection heat exchange between the air flowing within the tunnel and the
internal part of the lining is represented by Rconv,air, followed by the conduction
between the concrete and the Pe-Xa pipe, represented by Rconcrete,in.

• The Pe-Xa pipe is assumed to be sufficiently thin (2 mm in thickness) that the
conduction resistance between the outer wall at temperature Ts and the inner wall
(also assumed to be at Ts) can be neglected. Therefore, only the convective heat
exchange between the heat transfer fluid and the pipe’s inner wall is considered, and
is represented by hconv,fluid.

From the previous sections, it was concluded that the potential assessed here concerns the
use of urban heating with a heat pump. Consequently, the heat pump’s performance must
be evaluated. To this end, the heat exchanger model is complemented by a simple heat
pump model, which is based on the calculation of the Carnot coefficient of performance.
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Figure 4.5 presents the model of a heat exchanger directly integrated with a heat pump.
The model is derived from the thermal resistance diagram and allows the classification of
variables into inputs, outputs, and parameters.

Figure 4.5: Heat exchanger model.

• Input and output

– Tin,fluid: inlet temperature of the heat transfer fluid,

– Tout,fluid: outlet temperature of the heat transfer fluid, which is the inlet tem-
perature of the heat pump,

– COPcarnot: Carnot COP of the heat pump.

• Parameters

– Rconcret,in,Rconcrete,out: conductive thermal resistance of the tunnel lining,

– Rconv,air: convective thermal resistance of the air inside the tunnel,

– Rground: soil conduction resistance,

– hconv,fluid: convective heat transfer coefficient of propylene glycol,

– ṁfluid: flow rate of propylene glycol,

– Tground: ground temperature,

– Tair: temperature of air inside the tunnel,

– Tout,heatpump: outlet temperature of the heat pump.

The heat exchanger thus modelled, the resulting model and its equations (which are
described in Section 4.3) can be solved. The use of this model to assess the potential is
carried out under several assumptions, which are as follows:

• Steady state.
The model is formulated under a quasi-steady assumption at the exchanger scale.
The motivation is that the ground temperature field evolves on a much longer
timescale than the fluid residence time and the conduction across the lining. Tran-
sient thermal effects in the ground are therefore neglected, and the far-field ground
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temperature is fixed at 12°C while local gradients are represented through lumped
resistances (in particular Rground). The objective is to assess exchanger performance
(extracted heat rate, outlet temperature, and the resulting Carnot COP of the cou-
pled heat pump) under these steady boundary conditions. This assumption is con-
sistent with numerical and analytical results that asymptotically approach a steady
state under constant loads. Its limitation is that the slow drift of the ground (long-
term depletion/recharge and any advective effects) is not captured; hence seasonal
or multi-year behaviour must be evaluated with a transient framework.

• Uniform air temperature inside the tunnel.
The tunnel air temperature is assumed uniform both along the axis and over the
cross-section, and is fixed at 11°C. This simplification neglects axial advection of
heat, stratification, and local sources/sinks associated with ventilation cycles and
equipment; a constant convective coefficient is also adopted. Under this assump-
tion, all thermo-active lining rings are predicted to exhibit identical performance,
which may not hold under real operating conditions. The implication and potential
bias of this assumption are addressed through a sensitivity analysis with respect to
Tair(Section 4.4.3), which quantifies its effect on outlet temperature, extracted heat,
and COP.

• The outlet temperature of the heat pump is fixed at 35°C. This value is established
according to the application defined earlier, namely district heating with underfloor
heating systems as heat emitters.

• The heat transfer fluid consists of water with 10% propylene glycol, which ensures
turbulent flow even at low flow rates. In real systems, the heat transfer fluid contains
between 20% and 40% propylene glycol, depending on the climatic conditions [26].
This assumption significantly reduces the impact of fluid viscosity on performance,
and in practice, the flow may not remain turbulent.

• The inlet temperature of the fluid in the heat exchanger is fixed at 4 °C, which
is the most commonly reported value in the literature. This assumption does not
affect the validity of the model; it provides an initial reference value for performance
evaluation. Subsequently, a sensitivity analysis will be performed to assess its impact
on performance.

• About the flow rate in m/s or Kg/s, no fixed value is prescribed for it, as a sensitivity
analysis will be conducted to identify the interval that ensures turbulent flow. It is
therefore not treated as an unknown of the system.

• The convective heat transfer coefficient of the fluid is not fixed a priori, as its value
depends on the inlet temperature and flow regime considered, but it is not treated
as an unknown.

4.3 Model resolution
Once the heat exchanger model has been described, it must be solved. For this purpose,
the various model parameters are calculated or specified; then, the governing mathemat-
ical equations for heat exchange are established; and finally, the model is solved.
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4.3.1 Calculation of the model parameters

The following Figure illustrates more tunnel dimensions and the Pe-Xa pipes. The red
ring represents the position of the pipes within the lining.

The parameters to be computed are: Rground,Rconcret,in,Rconcret,out, Rconv,air,hconv.

• Rconcret,in,Rconcrete,out

The thermal resistance of the tunnel concrete lining is calculated on the inner side, in
contact with the air, and on the outer side, in contact with the ground, depending on
the position p = 0.04 m of the pipes carrying the heat transfer fluid. The calculation
of the thermal resistance is carried out as follows, with kconcrete = 2.3 W/mK [11]:

Rconcrete,out =
ln(Dout/(Dout − 2p))

2πkconcreteLr
(4.1)

Rconcrete,in =
ln((Dout − 2p− 2de)/Din)

2πkconcreteLr
(4.2)

• Rground

The thermal resistance of the ground is calculated using a shape factor related to
the geometry of the heat exchange between a semi-infinite medium and a cylindrical
surface. This shape factor is given by the figure 3.5. Furthermore, considering that
the tunnel largely passes through sand, the only soil type considered here is water
saturated sand, assumed to have a thermal conductivity of kground = 2.40 W/mK.

Rground =
1

Skground
(4.3)

• hconv, ṁfluid

Heat transfer in the heat transfer fluid occurs by convection. The convection coef-
ficient is calculated as follows:

hconv =
NUkfluid
de − 2ep

(4.4)

Re =
ρfluidv(de − 2ep)

µ
(4.5)

NU = 3.66 if Re < 2300 (4.6)

NU = 0.023R4/5
e P 0.4

r if Re >= 2300 (4.7)

Pr =
cpµ

kfluid
(4.8)
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The chosen heat transfer fluid is 10% propylene glycol. Table 4.2 provides a summary
of the thermophysical properties of the fluid as a function of temperature. These
data will then be interpolated to determine the values corresponding to the selected
inlet temperature.

T[°C] ρ [kg/m³] cp[J/(kg·K)] kfluid [W/(m·K)] Dynamic Viscosity(µ) [mPa·s]

-5 1012.96 4072.8 0.513 3.316
0 1012.42 4082.4 0.5158 3.022
5 1011.83 4064.4 0.5408 2.512

10 1010.94 4068 0.5468 2.07
15 1009.82 4071 0.5516 1.796
20 1008.48 4078.6 0.5564 1.52

Table 4.2: Thermophysical properties of propylene glycol at different temperatures.

The mass flow rate in Kg/s is calculated simply based on the fluid flow rate v in m/s,
the pipe cross-sectional area, and the fluid density. The most commonly reported
flow rates in the literature are 0.9 m/s, 0.7 m/s, and 0.4 m/s. For this study, a
sensitivity analysis will be carried out over the range from 0.05 to 2 m/s.

ṁfluid = ρfluid
π(de − 2ep)

2

4
v (4.9)

• Rconv,air

Calculating air thermal resistance requires knowledge of the tunnel’s air velocity.
According to NFPA 502, the National Fire Protection Association (NFPA) recom-
mends a minimum air velocity between 1.6 m/s and 2.5 m/s to prevent backlayering
in the event of a fire. The interview with the tunnel maintenance team made it pos-
sible to set a maximum air velocity of 5 m/s inside the tunnel. The convective heat
transfer coefficient of air is taken from an experimental study on concrete, which
shows how this value evolves with the age of the concrete and under different air
velocities [27]. For an air velocity of 4.3 m/s, the convective heat transfer coefficient
for cured concrete at 20°C is approximately hconv,air = 6.9 W/m2K.

Rconv,air =
1

hconv,air(πDinLr)
(4.10)

Parameters Unit Value
Rground K/W 0.01
Rconcrete,out K/W 0.00038
Rconcrete,in K/W 0.0034
Rconv,air K/W 0.0035
Tout,heatpump °C 35
Tground °C 12
Tair °C 11

Table 4.3: Model parameters value.

Table 4.3 provides a summary of the model parameters,including both those that are
computed and remain constant, and those that are prescribed. Tout,heatpump is derived
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from the definition of the application potential, which is district heating. Tair and Tground
are derived from assumptions and monitoring data from the Liefkenshoek tunnel site.
Since thermal resistance represents the difficulty of a medium to transfer heat, the tunnel
lining allows heat to pass through relatively easily.

4.3.2 Equations

The model involves using the logarithmic mean temperature difference (LMTD) method
to determine the amount of heat extracted by the heat transfer fluid, reconciling the
thermal fluxes from the ground and the air. The equations to solve the model are in
Table 4.4.

R1 = Rconcrete,out +Rground

R2 = Rconcrete,in +Rconv,air

Equation Name Mathematical Expression

(1)Heat flux from the ground Qground =
Tground − Ts

R1

(2)Heat flux from the air Qair =
Tair − Ts
R2

(3)Total convective heat flux Qconv = Qground +Qair

(4)Energy transferred to the fluid Qconv = ṁfluidcp(Tout,fluid − Tin,fluid)

(5)Temperature difference at inlet ∆Tin = Ts − Tin,fluid

(6)Temperature difference at outlet ∆Tout = Ts − Tout,fluid

(7)Logarithmic mean temperature difference ∆Tlm =
∆Tout −∆Tin

ln
(

∆Tout
∆Tin

)
(8)Heat transfer surface Alat = πdeLp

(9)Final convective relation Qconv = hconvAlat∆Tlm

(10)Carnot COP COP =
Tout,fluid

Tout,heatpump − Tout,fluid

Table 4.4: Model equations.

Equations 1 and 2 represent the heat exchange between the Pe-Xa surface, maintained at
constant temperature Ts, and, respectively, the ground and the air through the concrete.
Equations 3, 4 and 9 correspond to the different expressions for the heat exchanged by
convection between the heat transfer fluid and the Pe-Xa pipe. These three equations
serve to reconcile the fluxes and the various temperatures involved. Although the inlet
fluid temperature Tin,fluid is not a parameter, it must be specified as a model inlet. Thus,
the model consists of three unknowns (Qconv, Ts, Tout,fluid) for three equations, namely:

Qconv =
Tground − Ts

R1

+
Tair − Ts
R2

(4.11)

Qconv = hconvAlat
Tin,fluid − Tout,fluid

ln
(
Ts−Tout,fluid
Ts−Tin,fluid

) (4.12)

Qconv = ṁfluidcp(Tout,fluid − Tin,fluid) (4.13)
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This system of equations can be solved directly, but the computation of the logarithm on a
computer may introduce errors and instability. To address this, the system is transformed
into two equations for two unknowns system by substitution as follows:

ṁfluidcp(Tout,fluid − Tin,fluid) =
Tground − Ts

R1

+
Tair − Ts
R2

ṁfluidcp(Tout,fluid − Tin,fluid) = hconvAlat
Tin,fluid − Tout,fluid

ln
(
Ts−Tout,fluid
Ts−Tin,fluid

)
The two final equations of the model to be solved are as follows:

Tout,fluid = Ts − (Ts − Tin,fluid) exp

(
−hconvAlat

ṁ cfluid

)
(4.14)

Tout,fluid = Tin,fluid +

Tground − Ts
R1

+
Tair − Ts
R2

ṁ cfluid
(4.15)

4.3.3 Equations resolution

The final system of equations of the model (Equations 4.14 and 4.15) is established. This
system is a first-degree linear equation system that can be solved using various Python
modules.

eq1 = Tout,fluid − Ts − (Ts − Tin,fluid) exp

(
−hconvAlat

ṁ cfluid

)
(4.16)

eq2 = Tout,fluid − Tin,fluid +

Tground − Ts
R1

+
Tair − Ts
R2

ṁ cfluid
(4.17)

Equations 4.16 and 4.17 represent an alternative way of expressing the model’s system of
equations. The expressions eq1 and eq2 are residuals that are set to zero in a perfect model
or, in this case, are simply to be minimised. Furthermore, the model presents various phys-
ical constraints, which lead to the selection of constrained optimisation by minimising the
sum of the squares of the residuals. For this purpose, Python’s scipy.optimize. minimize
function is used. Figure 4.6 presents the algorithmic diagram of the optimisation proce-
dure: this diagram shows the various calculation steps, the expression of the objective
function, and the physical constraints imposed.
A simple description of the algorithmic diagram’s steps, from top to bottom, is as follows:

• The parameters and inlet temperature are initialised.

• Residuals (eq1, eq2) and objective function are expressed based on the unknowns.

• Definition of the constraints.

• Initialisation of the unknowns.

• The constrained minimisation of the objective function is performed using SciPy’s
minimize module.

• The optimisation outcome is assessed. In case the optimisation is successful, the
outlet fluid temperature and the pipe temperature are accepted. If not successful,
the model parameters and the inlet temperature are reset, and the optimisation is
retried.
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Figure 4.6: Algorithm diagram.

The description of the method used to solve the model has now been completed. The
model may be deployed, and its results studied and compared. The issue previously men-
tioned stems from the lack of accurate measurements concerning both the soil properties
and the tunnel’s internal environment. Accordingly, sensitivity studies are performed on
the model to assess the impact of certain model parameters and the inlet temperature
of the heat transfer fluid on its performance. These results will be compared with those
from other studies, in order to validate the model.

4.4 Sensitivity analysis and validation of the results
The performance indicators of the modelled heat exchanger include the Carnot COP of
the heat pump and the extracted heat quantity, both of which are influenced by the
exchanger’s outlet temperature, as shown in line 10 of Table 4.4. Furthermore, according
to Equations 4.14 and 4.15, the outlet temperature is influenced by the heat transfer
fluid’s flow rate, the internal air temperature, the ground temperature, the fluid’s inlet
temperature, etc. In this study, only three sensitivity analyses are performed, namely
the effects of the fluid flow rate, the inlet temperature of the heat transfer fluid, and the
internal air temperature within the tunnel.
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4.4.1 Sensitivity analysis on the flow rate of the fluid in the heat
exchanger.

The first sensitivity analysis focuses on the selection of the heat transfer fluid flow rate.
Equations (4) in Table 4.4 and equation 4.14 show that the mass flow rate directly influ-
ences the outlet temperature of the heat exchanger and the amount of heat exchanged.
The underlying physical quantity is the flow rate, making its selection a critical factor. A
simple approximation allows for the calculation of the residence time of the fluid in the
heat exchanger using the relation t = Lp

v
with Lp the path length in m and v is the flow

rate in m/s. Therefore, the lower the velocity, the longer the residence time in the ex-
changer. As stated earlier, the choice of heat transfer fluid was made to ensure turbulent
flow, and the sensitivity analysis over a 0.05 to 2 m/s range and Tin,fluid = 4°C shows
that heat exchange is more effective under turbulent conditions, which is evident as the
outlet fluid temperature approaches the pipe wall temperature Ts.
Figures 4.7a and 4.7d show the variation of the outlet temperature and the COP as a
function of the fluid flow rate. Both the COP and the outlet temperature exhibit a sim-
ilar trend, decreasing as velocity increases. In contrast, the amount of heat exchanged
increases with fluid velocity. This behaviour represents the expected outcome, illustrating
the trade-off between thermal efficiency (COP) and exchanged heat power.

(a) Outlet heat exchanger temperature and
time duration into the heat exchanger.

(b) Zoom 1.

(c) Zoom 2. (d) Carnot COP and the heat potential.

Figure 4.7: Evolution of the outlet heat exchanger temperature, the Carnot COP, and
the heat potential as a function of the fluid flow rate.
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At low flow rates, the flow is laminar: the outlet fluid temperature remains close to the
tube wall temperature due to the long residence time. As the flow rate increases, a dif-
ference develops between the two temperatures, as shown in Figure 4.7b. However, in
turbulent flow, despite a shorter residence time, more efficient heat exchange brings the
outlet fluid temperature close to the wall temperature once again (Figure 4.7c).
In the second part of this sensitivity study, a comparison is made between the results ob-
tained and those from other works, along with the validation of the model. The evolution
of the outlet temperature as a function of the flow rate, as obtained from the model, is
presented in Figure 4.8a together with the results from numerical simulations performed
using the FEFLOW software, within the framework of studies conducted on the Turin
metro tunnel. A similar trend is observed for both curves, which become nearly parallel
beyond 0.4 m/s. Below this velocity, the curves ares not parallel, as the model remains in
the laminar regime, whereas at the same flow rate, the numerical simulation has already
transitioned to the turbulent regime. This discrepancy is attributed to the use of different
heat transfer fluids in the two cases. Regarding the value itself, considering the differences
in ground types and various other factors, the values cannot be expected to be identical.
Table 4.5 compares the parameters common to the numerical simulation conducted on
the Turin tunnel and the analytical model developed in this study.

Parameters Numerical modelling Analytical model

Tin,fluid[°C] 4 4
Tground [°C] 14 12
Tair [°C] 13.1 11
Tunnel Diameter [m] 7.4 8.10
Lining ring axial length[m] 1.4 1.8
Pe-Xa pipe diameter [mm] 25 20
Fluid viscosity [mPa.s] 1.7 2.61

Table 4.5: Comparative summary of Turin numerical modelling and the Analytical model.

(a) Validation of the curve trend. (b) Validation of the analytical model.

Figure 4.8: Comparison of outlet heat exchanger temperature.

The validation of the model is carried out here by testing it with the identified common
parameter values. The red curve in Figure 4.8b illustrates the evolution of the outlet fluid
temperature as obtained from the model. A similar trend is exhibited by the numerical
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simulation curve. The discrepancy between the two curves can typically be attributed
to the fact that the numerical simulation accounts for several additional factors; specifi-
cally, underground flow, more complex heat exchange mechanisms, and a heat carrier fluid
whose properties are not explicitly defined. However, the root mean square error (RMSE)
observed between the two curves amounts to 0.44K, which is significantly lower than the
RMSE of 47W/m2 obtained when using the analytical solution in transient conditions.
This indicates that the analytical model in steady state aligns with the numerical simula-
tion with an accuracy of 0.54K. Such performance enables a concluding validation of the
model and its derived results. Therefore, the model may be employed for a preliminary
assessment of the exploitable geothermal potential in a feasibility study involving thermal
activation of tunnels.
Finally, the purpose of the sensitivity study is to determine the impact of flow velocity on
the exchanger’s performance, specifically to identify a velocity range that optimises heat
transfer. The transition from the laminar to the turbulent regime occurs at approximately
0.380 m/s. Consequently, the flow velocity should exceed this threshold, but not become
excessively large, as an excessively high velocity brings the outlet temperature too close to
the inlet temperature, thereby reducing the Carnot COP. Moreover, excessively high flow
velocities significantly increase pressure losses (head loss) in the circuit, requiring more
powerful and costlier pumps. Therefore, the valid velocity interval is established between
0.380 and 1m/s, a range that aligns well with the values commonly recommended in the
literature.
For the remainder of the study, a flow rate of 0.70m/s was selected, as it ensures op-
eration in the turbulent regime regardless of the temperature (higher viscosity at lower
temperatures). This also enables the achievement of a thermal potential of 1252W per
ring, corresponding to approximately 695W/m or 27W/m2 and a Carnot COP of 10.7
for an inlet temperature of 4°C.

4.4.2 Sensitivity analysis on the inlet temperature of the fluid in
the heat exchanger.

The previous sensitivity study enabled validation of the fluid velocity range; a flow veloc-
ity of 0.70 m/s was adopted for the remainder of the analysis. This phase also validated
the model by confirming the consistency of the outlet temperature evolution, and, con-
sequently, the evolution of the coefficient of performance (COP) and the amount of heat
exchanged.
Another significant parameter that affects heat transfer is the inlet fluid temperature. In-
deed, conductive heat transfer becomes more pronounced when the temperature gradient
is large (the greater the difference between the fluid and the surrounding medium, the
higher the heat flux), as described by Fourier’s law, as illustrated in Figure 4.9b. How-
ever, Figure 4.9a shows that the outlet temperature of the heat exchanger will also be
lower, resulting in a lower Carnot COP. Here, the observed variations are much greater,
highlighting the significant impact of this factor on the amount of heat extracted.
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(a) Outlet heat exchanger temperature. (b) Carnot COP and the heat potential.

Figure 4.9: Evolution of the outlet heat exchanger temperature, the Carnot COP, and
the heat potential as a function of the inlet heat exchanger temperature.

Once again, there is a trade-off between the heat pump’s performance and the thermal
potential. The nearly linear evolution of the outlet temperature, the coefficient of perfor-
mance, and the amount of heat exchanged with respect to the inlet fluid temperature is
fully consistent with expectations.

4.4.3 Sensitivity analysis on the tunnel inside air temperature.

This latest sensitivity study focuses on the inside air temperature of the tunnel. It repre-
sents a way to investigate the impact of the tunnel’s internal environment on the thermal
performance of the heat exchanger. By varying the air temperature between 7 and 16°C,
Figure 4.10a shows that the outlet temperature of the heat exchanger increases with the
air temperature inside the tunnel. Consequently, the Carnot COP also increase. Fur-
thermore, Figure 4.10b shows that the heat contributed by the air becomes increasingly
significant compared to that from the ground as the temperature rises. In this case, the
tunnel’s internal environment has a greater impact on heat transfer than the ground.
Therefore, for hot tunnels, the heat exchanger should be located on the air side. Once
again, the observed linear trend is as anticipated.
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(a) Outlet heat exchanger temperature. (b) Air and ground heat potential.

(c) Carnot COP and the heat potential.

Figure 4.10: Evolution of the outlet heat exchanger temperature, the Carnot COP, and
the heat potential as a function of the inside tunnel air temperature.

In summary, the sensitivity analysis enabled the assessment of the influence of the fluid
flow rate, inlet temperature and the air temperature inside the tunnel. This sensitivity
study determined that a velocity range of 0.380 to 1 m/s is viable for a 10% propylene
glycol-based heat transfer fluid, as it ensures turbulent flow while keeping pressure losses
minimal. Furthermore, the model was validated in two ways: (1) by comparing the shapes
of the curves obtained with those reported in the literature, and (2) by using the model
with data from another study and comparing the results with the numerical simulation
outputs of that study. For the remainder of sensitivity study, an approximately linear
evolution was observed between the outlet temperature, coefficient of performance, and
heat exchanged, on the one hand, and both the inlet fluid temperature and the tunnel’s
internal air temperature, on the other hand.
In the continuation of this study, the effect of flow velocity will be briefly presented based
on results from other studies, to assess the impact of advection, as discussed in Chapter
3, on the exploitable geothermal potential.

4.5 Effect of groundwater flow
The effect of water flow in the soil results in heat transport by advection. Analytically,
the flow velocity is taken into account through the calculation of an effective thermal
conductivity in the three directions, and the total thermal conductivity is then the product
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of these values, as follows:

kx = km + αlρwcwux (4.18)
ky = kz = km + αtρwcwux (4.19)
ke = kx × ky × kz (4.20)

Where ux is the flow velocity in the soil, ρw is the density of water, cw is its specific heat
capacity, km is the thermal conductivity of the medium without groundwater flow, and
αl(t) is the longitudinal (transverse) dispersivity. Coefficients αl and αt are determined
empirically and are always non-negative. The global analytical effect of groundwater flow
is an increase in the effective thermal conductivity of the medium. As shown in Section
3.2.4, the higher the thermal conductivity, the greater the available thermal potential.
Furthermore, the Darcy velocity q, which is used in the advective term of heat transfer,
can be used for simulation in a 3D software environment. Figure 4.11 shows the effect of
flow velocity on the influence zone of a borehole heat exchanger after 1 year of extraction.
These results are derived from a numerical 3D simulation study conducted using FEFLOW
software, focusing on the effect of the soil’s thermal properties, as well as those of the
borehole heat exchanger itself, on its performance [21].

(a) q = 10−9 m/s (b) q = 10−7 m/s (c) q = 10−6 m/s

Figure 4.11: Influence zone of the borehole heat exchanger for various groundwater flow
velocities.

It can be observed that the greater the flow, the narrower the influence zone. However, this
zone extends more downstream than upstream in the flow direction. Therefore, there is
significant overall heat dispersion and dilution, which contributes to the thermal recharge
of the ground and supports good long-term performance. This result also suggests that, in
the present case study involving a twin tunnel located 15.6 m away and with groundwater
flow perpendicular to the tunnel axis, the tunnel that meets the underground flow first
will perform better than the second.
The experimental study conducted on the Turin metro pilot project, where two thermally
activated lining rings were installed and tested, enabled the development of charts clearly
illustrating the evolution of exploitable geothermal potential as a function of groundwater
flow velocity [12]. The experimental study utilised in-situ measurements to calibrate a
numerical simulation model in the FEFLOW software and generalised its findings to other
soil types by representing them in terms of effective thermal conductivity.
Figure 4.12 is a reconstruction of t charts obtained under the assumption of groundwater
flow perpendicular to the tunnel axis. This assumption is considered valid in n the case
of the Liefenshoek tunnel, as the tunnel connects the two banks of a river. It shows
the exploitable thermal potential per unit surface area of the tunnel as a function of the
groundwater flow velocity and ground temperature.
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Figure 4.12: Thermal potential evolution as a function of groundwater flow velocity and
ground temperature.

The solid line represents a soil thermal conductivity of 2.26W/mK, the dashed line a
conductivity of 3.9W/mK, and the dotted line a conductivity of 0.9W/mK. The ef-
fect of groundwater flow, which increases the amount of extractable heat, is observable.
Furthermore, at 12°C, for a soil with thermal conductivity of 0.9W/mK, ground temper-
ature of 12°C and without groundwater flow, heat carrier fluid flow rate of 0.9m/s and
inlet temperature of 4°C, the thermal flux is 22W/m2. Under identical conditions, for
saturated sand with a thermal conductivity of 2.40W/mK, the analytical model yielded
a geothermal potential of 29W/m2, which is higher than the 22W/m2 estimated for a
soil with lower conductivity, as expected. However, this value remains lower than that
predicted by the transient analytical solution, thereby confirming once again that the
transient formulation overestimates the exploitable geothermal potential.

To conclude the assessment of the exploitable potential through thermal activation of
the Liefkenshoek tunnel, the steady-state evaluation can be considered an appropriate
approach for preliminary feasibility studies. Nevertheless, such studies alone are not suffi-
cient to justify the initiation of a large-scale project. For this reason, Chapter 6 introduces
an experimental protocol that compiles the steps required to progress from preliminary
assessments to a pilot project, and, if feasible, towards full-scale implementation. Table 1
provides a synthesis of the thermal potentials reported for other energy tunnels in Europe.

Case study Heat potential [W/m2]

Crossrail 10–30
Grand Paris Express A 15–30
Grand Paris Express B – case 2.1 50
Jenbach 18–40
Katzenberg tunnel 17–25
Turin ML1 SE 53

Table 4.6: Geothermal potential from other energy tunnel case studies.

As a reminder, the geothermal potential of the case-study tunnel was estimated to lie
between 27 and 29W/m2 for a heat transfer fluid flowing at velocities between 0.7 and
0.9m/s within the heat exchanger. In light of the results obtained for other European
tunnels, it can therefore be concluded that the Liefkenshoek tunnel possesses a significant
exploitable potential and may play a role in supporting the energy transition.
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Chapter 5

Economic feasibility

Chapter 4 presented a study on the amount of heat that can be extracted through the
activation of a lining loop, resulting in 1252W of thermal output per 1.8 m of tunnel
activation and a Carnot COP of 10.7 (heat transfer fluid flow rate of 0.7m/s and inlet
temperature of 4°C). That was a technical feasibility study. The focus now is to conduct
an economic feasibility study. The possible application, namely district heating through
a heat network, naturally emerges from the type of geothermal energy involved, which
is low-enthalpy geothermal energy. Thus, the assumptions underlying this study are as
follows:

• The length of the thermally activated tunnel is 6.10 km (3389 rings), corresponding
to the deepest section of the tunnel,

• The exploitable potential is assumed to be the same along the entire length con-
sidered, regardless of the geostructure involved, and there is no interaction between
the different lining ring,

• The district heating network includes a single large heat pump (centralised produc-
tion).

To carry out this assessment, a non-exhaustive list of the steps required for the imple-
mentation of a shallow geothermal project is presented. From this list, the steps relevant
to a tunnel lining thermal activation project are identified. Subsequently, the cost of heat
production through tunnel thermal activation will be evaluated and compared with that
of other heat production systems. The evaluation of this cost will be carried out within
the framework and under the conditions of the sensitivity study on the inlet fluid tem-
perature, to assess the impact of variations in the outlet fluid temperature on the cost of
heat production.

5.1 Step for a shallow geothermal project
The first step is to determine the quantity of equipment required to thermally activate
6.10 km of tunnel, the total heat potential, the lifespan of the projet and the interest rate:

• Total heat power between 3 and 9MW,

• Total length of PE-Xa pipes: Lt = 450.7 km,

• Total Length of Pe-Xa collectors pipes: Lcollector = 12.20 km,
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CHAPTER 5 5.2 Assessment of investment capital, fix cost, and variable cost

• The total flow rate of the heat transfer fluid is not taken into account, as the cost
of the fluid is assumed to be negligible owing to its low propylene glycol content,

• The operating time is set to τe = 3500 h/year, which is the value generally observed
for geothermal systems,

• The operational lifespan of renewable energy systems is at least N = 25 years,

• In general, energy projects are financed by banks at interest rates ranging from 3%
to d = 5%. For the purposes of this study, an interest rate of 5% is adopted to
represent the most conservative scenario. The interest rate serves as a measure of a
project’s real profitability, as it encompasses the cost of capital, risk, and the time
value of money,

• Although the Enertun profile helps minimise pressure losses, a recirculation pump is
still required. Pressure losses can be calculated using the Darcy-Weisbach equation:

∆P = f
L

D

ρV 2

2
(5.1)

= 0.3164R0.25
e

Lp
de − 2ep

ρfluidv2

2
(5.2)

= 85.3 kPa (5.3)

The pressure losses per ring are approximately 85.39 kPa. Therefore, the pump
must provide a minimum head of 8.6 m. The price range for such a pump is between
€1,900 and 6800 € [28].

Table 5.1 provides a summary of the steps involved in a shallow geothermal project. In the
case of energy tunnels, certain steps, such as drilling, can be bypassed by using existing
structures [29] [30].

Stage Estimated Cost Tunnel Energy

Preliminary study 3,500€ – 9,000€ Yes
Test drilling 75€ – 113€ per meter No
Feasibility study 3,200€ – 5,800€ Yes
Drilling and on-site connection Works 70€ – 140€ per meter No
Investment in heat pump 195€ – 645€ per kW Yes
Control and metrology system for heat Pump 100€ – 430€ per kW Yes
Installation of heat emitters 12% – 67% of investment cost Yes

Table 5.1: Estimated costs of geothermal project development stages.

5.2 Assessment of investment capital, fix cost, and vari-
able cost

This section presents an estimate of the capital investment required for a geothermal
project applied to a tunnel. As a remainder, only the primary loop, that is the one on
the geothermal heat exchanger side and heat pump, is considered in this study.
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CHAPTER 5 5.3 Evaluation of the total system cost and the cost of heat

• Purchase and installation cost of equipment. Table 5.2 presents several equipment
costs, with the highest prices being selected in order to represent the most disad-
vantageous scenario. The cost of electricity varies with the installed capacity, in this
case ranging between 7 and 10 MW; as a result, it is included among the variable
costs. By contrast, the cost of the heat pump control equipment also varies with
installed capacity, but it is not treated as a variable cost; rather, it is added to the
capital cost once the installed capacity is known.

Equipment Quantity Unit cost Total cost
Pe−Xa pipes �20 450.7 km 34.30 €/ 25 m 618411 €
Pe−Xa pipes �32 12.20 km 136 €/ 50 m 33184 €

Propylene glycol / / / /
Pump 2 6800 13600 €

Heat pump / / 95000 €
Preliminary study / / 9000 €
Feasibility study / / 5800 €

Control and metrology system for heat Pump / 430 €/ kW /
Electricity consumption for the heat pump / 0.059 €/kWh /

Table 5.2: Estimated total cost of equipment.

• The investment cost is approximately estimated at C0 = 774995+430×Prated×1000
€. The maximum value obtained is 4.82 M€,

• The fixed costs here include the maintenance costs of the heat pump, which is
around Cfix = 1800 €/year according to the French Agency for Ecological Transition
(ADEME),

• The variable costs are calculated using the following formula:

Cvar =
Prated × 1000× τe

COP
Celec

The maximum value obtained is 444,441€/year.

5.3 Evaluation of the total system cost and the cost of
heat

The total cost of a system (TSC) is calculated using the following formula:

TSC = CAPEX +OPEXfix +OPEXvar (5.4)

where:

• CAPEX: initial investment cost,

• OPEXfix: fixed operating cost,

• OPEXvar: variable operating cost.

Each of the terms mentioned above is calculated as follows:

• CAPEX = C0,
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• First, the annuity factor over the project’s operational lifespan N is calculated as
follows:

ψ =
d

1− (1 + d)−N

Subsequently, the variable and fixed OPEX are divided by the cumulative discount
factor because these are recurring costs paid annually. Dividing by this factor brings
their value back to the present.

OPEXfix =
Cfix

ψ

OPEXvar =
Cvar

ψ

It is important to note that neither fixed costs nor variable costs include the price of
primary energy, as the heat is freely extracted from the ground, effectively reducing
this cost to zero.

The cost of heat (COH) is defined as the ratio between the system’s total discounted cost
and the amount of energy produced over one year, assumed constant. This value is also
discounted using the annuity factor to reflect the present value of cost and energy flows
over the project’s lifespan.

COH =
TSC
Pratedτe

ψ

Now that the economic assumptions and formulas are established, the resulting curves as
a function of Tout,fluid can be analysed and discussed.
The highest observed TSC (Figure 5.1a) is approximately 11 M€, which represents only
about 1/76 of the construction cost of the Liefkenshoek tunnel, estimated by the European
Investment Bank to be 841 M€ [31]. Furthermore, the highest COH obseved here (Figure
5.1b) is approximately 24 €/MWh, which is considerably lower than the estimated heat
selling price on district heating networks, at around 78.2 €/MWh [32]. Overall, heat is
produced at a cost significantly lower than its current selling price, which endows the
project with strong economic viability and long-term sustainability.

Figure 5.1a illustrates that the TSC decreases as the fluid outlet (or inlet) tempera-
ture increases. Indeed, although a higher inlet temperature also results in a higher outlet
temperature, the overall thermal gradient is reduced, thereby lowering the amount of heat
exchanged. This leads to a lower installed capacity, as confirmed by Figure 5.1b, which
in turn results in a reduction in both capital expenditure and associated variable costs.
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(a) Evolution of the system’s total cost.

(b) Evolution of the cost of heat.

Figure 5.1: Evolution of the system’s total cost and the cost of the heat as a function of
the heat exchanger outlet temperature.

The COH, on the other hand, exhibits a completely different trend. Indeed, the cost
decreases until the outlet temperature reaches around 4°C, which corresponds to an inlet
temperature of approximately 1°C. Beyond this point, the heat cost begins to rise sharply.
This phenomenon is simply due to the fact that the cost is levelised over the installed
capacity. As long as the installed capacity remains relatively large, even if it decreases,
the cost also diminishes. However, when installed capacity becomes too small, the fixed
component of the investment cost remains high while the variable costs do not scale pro-
portionately with the reduced capacity. Consequently, the heat cost ultimately increases.

In summary, although the Carnot COP increases with the fluid’s outlet (and hence inlet)
temperature, Figure 5.1 demonstrates that the critical determinant for both TSC and
COH is the amount of heat collected by the heat exchanger. Accordingly, one can con-
clude that the fluid inlet temperature should be within the range of –2 to 4°C, and the
outlet temperature within 2 to 6°C, so as to optimally balance COP, TSC, and COH.
Now that the technical and economic feasibility of the thermal activation of the Liefken-
shoek tunnel has been assessed, the next step is to propose an experimental protocol to
transition from the feasibility study to a pilot project.
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Chapter 6

Experimental protocol and perspectives

The preceding chapters enabled both technical and economic feasibility studies of geother-
mal potential for the Liefkenshoek tunnel case. This tunnel predominantly traverses water
saturated sand layers. The transient analysis identified which soil types offer the high-
est geothermal potential, while the steady-state analysis quantified the heat exchanged
through thermal activation of a lining loop, under various flow rates, inlet fluid tem-
peratures, and internal tunnel air temperatures. It was concluded that the analytical
steady-state model provides a valid preliminary estimation of the exploitable geothermal
potential. It is important to note that this study, like many others, was conducted under
various assumptions about soil properties and with several simplifications. This under-
scores the necessity of experimental pilot projects to validate, correct, or calibrate the
models. Thus, this chapter presents a compilation of the steps to follow to move from
the feasibility study to the implementation of a pilot project, and finally to a larger-scale
deployment. Once these steps have been outlined, the resulting perspectives for future
studies will be presented.

6.1 Experimental protocol
The experimental protocol proposed here assumes that the tunnel site has already been
identified. The steps to be followed are:

• Ground investigation
In the context of tunnel construction, geotechnical investigations are conducted to
determine the soil composition and its properties from the surface down to tunnel
depth. These studies generally establish the geological profile of the tunnel area;
however, the physical properties (Porosity and void ratio, Degree of saturation, De-
formation modulus, Grain-size distribution, etc.) measured are principally used to
assess the mechanical and hydraulic behaviour of the soil. It is therefore proposed to
supplement the standard geotechnical investigations with the evaluation of physical
properties used to characterise the soil’s thermal behaviour, namely: Temperature
profile, thermal conductivity, specific (or volumetric) heat capacity, and thermal
diffusivity.
For an existing tunnel, the thermal properties of the surrounding soil can thus be
determined through a Thermal Response Test (TRT), or alternatively based on mea-
surements taken in areas adjacent to the tunnel. Section 3.2.1 presents an overview
of different methods used to measure thermal properties.

• Geothermal potential assessment
To evaluate the geothermal potential, the comprehensive study conducted here can
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be applied as follows:

– Firstly, for a long tunnel, based on the properties of the geological layer in
direct contact with the lining, the transient analytical solution can be used to
determine the zones of the tunnel exhibiting the highest exploitable geothermal
potential.

– Next, the heat exchanger should be modelled in steady state heat transfer,
taking into account the tunnel geometry, the heat exchanger configuration,
the heat transfer fluid, and simple heat exchange mechanisms (conduction and
convection). The model developed in this study, considering only these heat
transfer modes, achieves an RMSE of 0.54 K. It can be adapted to any tunnel
shape other than a hollow cylinder by using the hydraulic diameter and the
corresponding shape factor for the geometry used.

– A 2D or 3D model of the tunnel and the heat exchanger can be developed and
simulated using software such as FEFLOW, COMSOL, or ANSYS. As illus-
trated in Figure 6.1, this model includes the surrounding ground, the internal
tunnel air, the lining, and the Pe-Xa piping configuration inside the lining.

Figure 6.1: Example of a 3D model developed using FEFLOW

The use of 2D or 3D modelling, together with advanced simulation software,
enables the consideration of complex heat transfer mechanisms, and can be fur-
ther enhanced to incorporate distinct geological layers surrounding the tunnel.
Numerical simulation requires a much broader set of soil properties compared
to the simplified analytical model presented here. Consequently, it can be em-
ployed directly when all those properties are available. Moreover, it serves as a
valuable tool to validate, correct, or calibrate the analytical model developed
in the context of this study.

• Pilot projet
Numerical simulation alone is insufficient to draw definitive conclusions on perfor-
mance and to initiate a large-scale deployment; hence, the necessity of undertaking
a pilot project on either an already constructed tunnel or a future tunnel. A pilot
project allows for the implementation of a scaled-down system, the collection of
real operating data, and the testing of the validity and reliability of analytical and
numerical models before full-scale deployment. In other words, the experimental
data collected at the pilot project site will be used to correct and calibrate the
numerical models, which can then be extended to different operating conditions,
such as a tunnel planned in a region other than the pilot site. As an illustrative
example of a pilot project, the thermal activation of 2 to 5 lining loops—either in se-
ries or spread across multiple sections of the tunnel (whether under construction or
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already completed)—is proposed. Initially, the thermally activated lining segments
must be designed with the incorporation of sensors required for the experimental
investigation. The ENERTUN profile currently stands as the most researched and
effective configuration. These segments should then be installed in situ to enable
data acquisition. The data required to assess thermal performance are divided into
two categories: thermal performance indicators on the one hand, and structural me-
chanical performance metrics on the other. With regard to thermal performance,
the data to be collected include: the outlet temperature, the flow rate, the inlet
temperature of the heat transfer fluid, the air temperature inside the tunnel, and
the ground temperature profile.

• Full-scale deployment
Large-scale deployment represents the final stage of the project; however, it requires
a comprehensive economic feasibility assessment. In particular, the heat extracted
from the tunnel must be utilised in close proximity in order to minimise thermal
losses during transport as well as the additional costs associated with pumping
and reheating, consistent with district heating systems, where distribution losses
typically amount to approximately 10%. Accordingly, a detailed analysis of the local
heat demand surrounding the tunnel is required to define an appropriate extraction
rate. Once this rate is established, the project’s economic viability and long-term
sustainability must be evaluated.

6.2 Perspectives
The preceding section on the experimental protocol has highlighted several future research
directions regarding the feasibility of geothermal applications in deep Belgian tunnels,
with the Liefkenshoek tunnel serving as a case study. As previously mentioned, if a pilot
project exists, it can be used to calibrate numerical models that can be readily adapted
for other Belgian tunnels. From this standpoint, the future perspectives are as follows:

• The study conducted here is based solely on a simplified analytical model. To
verify the results and potentially calibrate this model, a 3D model and numerical
simulation may be implemented.

• The study conducted here focuses solely on the recently constructed section of the
tunnel, where the ground temperature remains constant at considerable depth. A
feasibility study could alternatively be undertaken on the shallower sections of the
tunnel, such as the cut-and-cover parts, by accounting for seasonal variations in
ground temperature. This more complex analysis may be conducted via numerical
simulation or by adapting the analytical model, provided that the seasonal temper-
ature profile is available.

• The study presented here does not take into account the surrounding neighbourhood
of the tunnel or its heat demands. A simple feasibility study could be conducted in
this regard to identify the type of neighbourhood (residential, industrial, etc.) and
assess whether implementing a geothermal solution in this area would be advanta-
geous.

• Finally, the ultimate future direction is, of course, to execute a pilot project to
validate and calibrate the models, thereby enabling the extension of the solution to
other existing or planned tunnels, with the goal of large-scale deployment.
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It should be noted that the structural feasibility study—aimed at assessing whether em-
bedding a heat exchanger in the concrete lining compromises the integrity or primary
function of the tunnel—is not presented here as a perspective, since it constitutes the
subject of a separate master’s thesis proposed by TUC RAIL. Nevertheless, it is directly
embedded in the proposed protocol through the integration of dedicated sensors for this
purpose.
This chapter closes the case study of the Liefkenshoek tunnel, covering aspects from its
geometry to future perspectives. The following chapter sets out the general conclusion of
this work.
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Chapter 7

Conclusion

This master’s thesis set out to assess the technical and economic feasibility of the ther-
mal activation of the Liefkenshoek railway tunnel. To this end, a thermal modelling
approach— combining analytical transient and steady state analyses— was developed,
compared with findings from other European feasibility studies, and complemented by an
economic assessment of profitability and sustainability.
The transient model showed that it tends to overestimate the exploitable geothermal po-
tential. Nevertheless, it remains useful for identifying the most promising areas along the
tunnel. The steady state model, which coupled the geothermal heat exchanger with a heat
pump, estimated an exploitable potential of about 27W/m2 when the fluid velocity in the
exchanger is 0.7m/s and the inlet temperature is 4°C. In addition, sensitivity analyses
highlighted the influence of three key parameters: the flow rate, the inlet temperature
of the heat transfer fluid, and the air temperature inside the tunnel. For the first two,
a clear trade-off emerged between heat pump performance and the exploitable heat po-
tential. The economic analysis confirmed the project’s viability: with a maximum heat
production cost on the order of 27 €/MWh, well below the current selling price observed
on district heating networks (about 78 €/MWh), thermal activation of the tunnel can be
considered economically attractive.
Overall, this work underlines how geothermal activation of existing infrastructure, par-
ticularly railway tunnels, can contribute both to the energy transition and to the energy
valorisation of built structures. However, its experimental protocol emphasises that this
energy must be utilised within the immediate vicinity: a neighbourhood study is essen-
tial, as well as a thorough economic analysis that accounts for the actual heat demand
of the closest surrounding area, the proposed production system, and the means of heat
distribution.
Looking forward, several perspectives arise. Firstly, it would be valuable to conduct nu-
merical simulations to refine the analytical model results and to incorporate additional
subsurface properties as well as complex heat exchange mechanisms not currently ac-
counted for. Subsequently, an in situ pilot project on a section of the Liefkenshoek tunnel
could be implemented to experimentally validate the expected performance and to cali-
brate the models for potential application to other tunnels in Belgium.
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Appendices

Figure 7.1: Diagram developed as part of the experimental study on the Turin tunnel[12].
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Figure 7.2: Evolution curve of the air convection coefficient on concrete as a function of
concrete age [27].
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