POLITECNICO DI TORINO
Repository ISTITUZIONALE

Recommendations for the Conceptualisation, Design and Construction of Energy Geostructures

Original

Recommendations for the Conceptualisation, Design and Construction of Energy Geostructures / Barla, M., Insana, A.,
Gjengedal, S., Jelusi, P., Loveridge, F., Prodan, I., Ryyski, G., De Sauvage, J., Szlasa, M., Maria Vieira, A., Zachert, H.,
Zlender, B.. - STAMPA. - (2026). [10.1007/978-3-032-30927-3]

Availability:
This version is available at: 11583/3015868 since: 2026-09-24T09:05:09Z

Publisher:
Springer

Published
DOI:10.1007/978-3-032-30927-3

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

10 October 2026



Marco Barla - Alessandra Insana - Sondre Gjengedal -
Primoz Jelusic - Fleur Loveridge - lulia Prodan -
Grzegorz Ryzynski - Jean de Sauvage - Marta Szlasa -
Ana Maria Vieira - Hauke Zachert - Bojan Zlender

Recommendations for
the Conceptualisation,
Design and
Construction of Energy
Geostructures

| OPEN ACCESS | &\ Springer



SpringerBriefs in Applied Sciences
and Technology



SpringerBriefs present concise summaries of cutting-edge research and practical

applications across a wide spectrum of fields. Featuring compact volumes of 50 to

125 pages, the series covers a range of content from professional to academic.
Typical publications can be:

A timely report of state-of-the art methods

An introduction to or a manual for the application of mathematical or computer
techniques

A bridge between new research results, as published in journal articles

A snapshot of a hot or emerging topic

An in-depth case study

A presentation of core concepts that students must understand in order to make
independent contributions

SpringerBriefs are characterized by fast, global electronic dissemination, standard
publishing contracts, standardized manuscript preparation and formatting guidelines,
and expedited production schedules.

On the one hand, SpringerBriefs in Applied Sciences and Technology are
devoted to the publication of fundamentals and applications within the different
classical engineering disciplines as well as in interdisciplinary fields that recently
emerged between these areas. On the other hand, as the boundary separating funda-
mental research and applied technology is more and more dissolving, this series
is particularly open to trans-disciplinary topics between fundamental science and
engineering.

Indexed by EI-Compendex, SCOPUS and Springerlink.



Marco Barla - Alessandra Insana -

Sondre Gjengedal - Primoz Jelusic -

Fleur Loveridge - Iulia Prodan -

Grzegorz Ryzynski - Jean de Sauvage -

Marta Szlasa - Ana Maria Vieira - Hauke Zachert -
Bojan Zlender

Recommendations

for the Conceptualisation,
Design and Construction
of Energy Geostructures




Authors
See next page

ISSN 2191-530X ISSN 2191-5318 (electronic)
SpringerBriefs in Applied Sciences and Technology
ISBN 978-3-032-30926-6 ISBN 978-3-032-30927-3 (eBook)

https://doi.org/10.1007/978-3-032-30927-3
© The Editor(s) (if applicable) and The Author(s) 2026. This book is an open access publication.

Open Access This book is licensed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/by-nc-
nd/4.0/), which permits any noncommercial use, sharing, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license and indicate if you modified the licensed material. You do not have permission
under this license to share adapted material derived from this book or parts of it.

The images or other third party material in this book are included in the book’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the book’s Creative
Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright holder.

This work is subject to copyright. All commercial rights are reserved by the author(s), whether the whole
or part of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Regarding these commercial rights a non-exclusive
license has been granted to the publisher.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

If disposing of this product, please recycle the paper.


https://doi.org/10.1007/978-3-032-30927-3
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Marco Barla

Department of Structural, Geotechnical
and Building Engineering

Politecnico di Torino

Turin, Italy

Sondre Gjengedal
Norwegian Geotechnical Institute
Oslo, Norway

Fleur Loveridge

School of Civil Engineering
University of Leeds

Leeds, UK

Grzegorz Ryzynski

Polish Geological Institute - National
Research Institute

Warsaw, Poland

Marta Szlasa

Polish Geological Institute - National
Research Institute

Warsaw, Poland

Hauke Zachert

Institut fiir Geotechnik
TU Darmstadt
Darmstadt, Germany

Alessandra Insana

Department of Structural, Geotechnical
and Building Engineering

Politecnico di Torino

Turin, Italy

Primoz Jelusic¢

FGPA

University of Maribor
Maribor, Slovenia

Iulia Prodan

Faculty of Civil Engineering
Technical University of Cluj-Napoca
Cluj-Napoca, Romania

Jean de Sauvage
Université Gustave Eiffel
Bron Cedex, France

Ana Maria Vieira
Geotechnics Department
LNEC

Lisbon, Portugal

Bojan Zlender

FGPA

University of Maribor
Maribor, Slovenia


https://orcid.org/0000-0002-4589-0524
https://orcid.org/0000-0002-9974-7854
https://orcid.org/0000-0002-6688-6305
https://orcid.org/0000-0002-9766-7340
https://orcid.org/0000-0002-3585-3025
https://orcid.org/0000-0003-0560-3313
https://orcid.org/0000-0001-8383-3718
https://orcid.org/0000-0002-0075-1096
https://orcid.org/0000-0002-6029-9425
https://orcid.org/0000-0003-0340-8581
https://orcid.org/0000-0002-7680-3868
https://orcid.org/0000-0003-3411-9037

Preface

The global demand for energy continues to rise, while the need for renewable energy
resources becomes increasingly vital. According to the International Energy Agency,
global energy demand is projected to increase by over 25% by 2040, driven by
population growth, urbanization, and rising living standards.

Geothermal energy is a renewable energy source that harnesses the heat from
within the ground for various purposes and can be classified into two main categories:
shallow geothermal energy and deep geothermal energy systems.

Deep geothermal energy systems tap into the higher temperatures found at greater
depths below the ground surface. These systems involve drilling deep into the ground
to access reservoirs of geothermal fluids. The heat extracted from the deep geothermal
reservoirs can be used for both electricity generation and direct heating applications.

Shallow geothermal energy (SGE), often accessed by ground-source heat pump
(GSHP) systems, utilizes the relatively constant temperature of the upper meters of
the ground surface. The principle behind GSHP is to transfer heat from the ground
into a building for heating purposes in winter and can also provide cooling in reverse
mode during summer season. Shallow geothermal systems are commonly used for
space heating, cooling, and domestic hot water heating in residential, commercial,
and institutional buildings.

In addition to the classic closed-circuit systems (geothermal probes) and open
circuits (geothermal wells), in recent decades the concept of energy geotechnical
structures (or simply energy geostructures) has spread. Energy geostructures repre-
sent an innovation in shallow geothermal systems. In these systems, the heat exchange
circuit is incorporated into structural elements mainly in contact with the ground,
with obvious cost advantages with respect to traditional closed circuit geothermal
installations.

By incorporating energy geostructures into building design and construction, we
can tap into the vast potential of renewable energy resources, contribute to mitigating
climate change, and pave the way towards a more sustainable and energy-efficient
future. Consequently, every new construction in contact with the ground that does
not include for heat exchangers to become an energy geostructure can be viewed as
a missed opportunity.

vii
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Different experiences have recently grown in Europe leading to the European
Commission to fund the COST Action TU1405 GABI (European network for shallow
geothermal energy applications in building and infrastructures) that allowed, between
2015 and 2019, networking and sharing among European experts in the field of
energy geostructures. This led to the recognition of an opportunity to begin the
development of recommendations dedicated to the design and construction of energy
geostructures at a European level. The resulting document was finalized by the
European Large Geotechnical Institute Platform (ELGIP) and its Energy geostruc-
tures Working Group in collaboration with the following COST Action CA21156
FOLIAGE (Fostering large-scale implementation of energy geostructure), active
between 2023 and 2026.

These recommendations illustrate best practice and state of the art for the design,
construction and monitoring of energy geostructures with the ambitious goal of
representing a practical and accessible guide for all public and private actors, profes-
sionals in the construction and geotechnical world and those who are interested in
learning more about energy geostructures. The recommendations have been written
with the intention of providing a tool for organic and integrated understanding of the
design process of energy geostructures which allows for the best possible approach
to studies, conceptual modelling, surveys, projects, monitoring, short- and long-term
modelling, predictions and scenarios of environmental impacts.

Designing energy geostructures for small and large projects involves several key
steps to ensure their successful implementation: investigation, design, execution and
monitoring. When designing energy geostructures, the complexity of the project,
size, and site characteristics play a crucial role in determining the design approach
and level of detail for analysis. While small projects may not require advanced
and complex numerical approaches for proper functioning during exploitation, the
success and well-functioning of big projects is directly linked to the complexity and
details considered in the design.

It should be noted here that at present there are some reference documents in
several countries (Canada, France, Italy, Switzerland, UK and USA) and the second
generation of Eurocode 7 will have an Informative Annex with general indications
on energy geostructures.

The publication of this document was supported by the European Large Geotech-
nical Institutes Platform (ELGIP) and the COST Action CA21156 FOLIAGE
(Fostering large-scale implementation of energy geostructure).

The document is structured as follows, making reference to the various design
phases (feasibility study, outlined design, final design).

Chapter 1 provides a background to the use of energy geostructures in the context
of sustainability.

Chapter 2 introduces the additional investigations and design data to take into
account for the design of energy geostructures.

Chapter 3 illustrates the tools currently available to proceed with the thermal
design of thermally activated piles, retaining structures, slabs and tunnels. These
tools are divided into methodologies aimed at a rapid preliminary evaluation and
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analytical, semi-analytical and numerical calculation methods, aimed at achieving a
greater degree of detail.

Chapter 4 deals with the topic of geotechnical design, clarifying calculation
techniques available to evaluate the effects of the variations of temperature in the
structures.

Chapter 5 is dedicated to the environmental aspects including thermal interfer-
ences and interaction among geothermal systems, while Chap. 6 is dedicated to
provide some indications for the execution and monitoring stages.

Three selected examples with their relevant data are included in Appendix.
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Chapter 1 )
Contribution of Energy Geostructures Gresho
to Sustainable Development

Abstract This chapter frames energy geostructures within the global transition to
sustainable energy systems. It highlights the environmental impact of fossil fuel
consumption and the urgent need for renewable, low-carbon solutions, particularly
in the building sector, which accounts for a large share of energy use. Energy
Geostructures (EGs) are presented as an innovative form of shallow geothermal
energy that integrates heat exchangers into structural elements such as piles, walls,
and tunnel linings. This dual functionality reduces costs and environmental impact
while improving efficiency. The chapter emphasizes the role of EGs in mitigating
climate change, reducing CO, emissions, and supporting energy-efficient urban
development.

The rise in global population and the increasing use of energy primarily from fossil
fuels have had, and continue to have, a significant impact on the environment. This
is clearly seen in climate change resulting from substantial greenhouse gas emis-
sions. In light of these concerning trends, transitioning to renewable and local energy
sources has become more critical than ever. Moreover, beyond the immediate envi-
ronmental impacts, the finite nature of fossil fuels and their unsustainable usage
further compounds the urgency of this transition.

The shift towards the use of renewable energy sources aims to lessen our contri-
bution to global warming and involves a two-fold approach. The first is mitiga-
tion, which focuses on reducing CO, emissions and directly tackling the underlying
cause of global warming. The second is adaptation, dealing with the consequences
of climate change, including addressing heat islands that disproportionately affect
urban areas.

European energy consumption continues to rise each year, with buildings
accounting for more than 30% of the total energy usage (REN21 2022). Within
this building energy consumption, space heating, cooling in residential areas, and
hot water collectively contribute to as much as 74% of the consumption (REN21
2022). Given the urgency of dealing with the climate change crisis, the development
of local and cost-effective low-carbon energy sources with minimal environmental
impact is of paramount importance.

© The Author(s) 2026 1
M. Barla et al., Recommendations for the Conceptualisation, Design and Construction

of Energy Geostructures, SpringerBriefs in Applied Sciences and Technology,
https://doi.org/10.1007/978-3-032-30927-3_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-30927-3_1&domain=pdf
https://doi.org/10.1007/978-3-032-30927-3_1

2 1 Contribution of Energy Geostructures to Sustainable Development

175.000
2020
150.000 02015
02010

125.000 || w2005

g
e
3 ©2000
g 100.000 I 005
=
> 75.000
? 5
5
— 50.000
<
=
5 25.000
0
Industrial ~ Aquaculture ~ Greenhouse Space Bathingand  Geothermal
usage pond heating heating heating swimming  heat pumps

Fig. 1.1 Comparison of worldwide direct-use of geothermal energy in GWh/yr from 1995, 2000,
2005, 2010, 2015 and 2020 (Lund and Toth 2020)

The carbon intensity of electricity has consistently decreased since 1990 in many
European countries. Within the European Union, the carbon intensity of electricity
used at low voltage dropped from 641 gCO2,/kWh in 1990 to 334 gCO2.,/kWh in
2019 (Scarlat et al. 2022). The declining carbon intensity of electricity underscores
the need to enhance the use of renewable energy sources. As this trend continues,
there is a vital push towards accelerating the transition to sustainable energy solutions.

Additionally, as electricity decarbonises, all renewable energy options connected
to heat pumps are increasingly environmentally friendly. This highlights the impor-
tance of promoting and expanding the adoption of heat pumps, considering their
positive contributions to addressing climate concerns.

SGE offers distinct advantages, including its widespread adaptability and local
availability. Notably, GSHPs outperform air-air heat pumps in terms of the Coefficient
of Performance (COP), as evidenced by Staffell et al. (2012). This performance
discrepancy arises from the greater temperature gradient achievable between the
energy source and the user. Moreover, GSHPs circumvent the challenge of releasing
excess heat into urban environments that are already overheated.

For a comprehensive understanding of current installation trends, up to date
installation information is given in Fig. 1.1 (Lund and Toth 2020).
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Fig. 1.2 a Illustration of the dual role of energy geostructures (courtesy of Foliage Cost Action)
and example photos of, b energy tunnel lining (Politecnico di Torino, Italy), ¢ energy diaphragm
wall (Politecnico di Torino, Italy) and d energy pile (courtesy of Eneren, Italy)

Geothermal energy systems, despite their vast potential, appear to be undervalued
in terms of implementation numbers when compared to other renewable sources. A
significant hurdle to their widespread adoption is the initial installation cost. This
could be significantly decreased by the adoption of energy geostructures, considering
the cost savings due to the reduced need for specific drilling and/or excavation.

Since the 1980s, the development of Energy Geostructures (EGs) has revolution-
ized the utilization of SGE. This involves harnessing the thermal potential of struc-
tural elements in contact with the ground, such as pile foundations, retaining walls,
slabs, and tunnels, by incorporating heat exchanger pipes within them (Fig. 1.2).
Essentially, these pipes can be affixed to the reinforcement cages of reinforced
concrete piles or diaphragm walls, facilitating heat exchange with the building.

EGs represent a groundbreaking advancement in geothermal energy technology,
as they repurpose structural components for a dual role as heat exchangers. This
innovative approach effectively combines structural integrity with energy harvesting
capability. This dual role, combining structural and energy harvesting functions,
yields great sustainability, as the concrete elements are already necessary for reasons
of resistance and stability.
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Fig. 1.3 CO, equivalent emissions for thermal energy production from fuels (house coal, heating
oil, petroleum and natural gases) or air source heat pumps with respect to geothermal energy
(Salciarini et al. 2025)

Moreover, EGs are closed-loop geothermal solutions, limiting the environmental
impacts sometimes associated with open-loop systems that involve induced ground-
water fluxes. Their implementation enables the harnessing of local energy, reducing
the demand for scarce green electricity, and they can be easily integrated with other
renewable energy sources.

EGs have been under development for the last decades (Brandl 2006), and their
global installations are on the rise. Di Donna et al. (2017a) and Salciarini et al.
(2026) quantified the reduction in CO, emissions attributed to energy geostructures,
and Fig. 1.3 illustrates these cumulative annual CO; savings since 1993, highlighting
the significant contribution of EGs.

Assessing economic benefits poses challenges due to data limitations; however,
available estimated payback periods for EGs typically fall between 4 and 8 years, as
seen in the case presented by Poulsen et al. (2022). This range is notably influenced
by site-specific conditions and the prevailing dynamics of the energy market.

Since Borehole Heat Exchangers (BHEs) and Energy Piles (EPs) are highly
similar technologies, it is reasonable to compare their respective costs and bene-
fits. This question becomes particularly critical in sites where the spatial constraints
are significant (and these sites generally demand substantial energy). In this context,
Di Donna et al. (2017a) conducted a comparison of the relative costs between BHEs
and EPs, which can be found in Table 1.1. The primary distinction lies in the utiliza-
tion of existing piles for EPs, whereas BHESs necessitate supplementary construction,
resulting in added costs, extended timelines, and increased environmental impact.
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Table 1.1 Comparison between cost benefit of BHEs and EPs (modified from Di Donna et al.

2017a)
Item Borehole loop Thermal pile
Diameter (m) 0.2 0.6
Heat transfer (W/m) 35 35
Number of loops One Two
Length 100 m (3500 W) 27 m x 2 No (1750 W)

Boring/installation cost

$50/m x 100 = $5000

Pile included anyway
Allow 2 h' attach loops
$270/crew time

Thermal grout

$7/m x 100 m = $700

N/A

Pipe—25 mm ID

$7/m—1 loop = $700

$7 x 2 x (27 m x 2) = $756

Spoil removal

$1000

Nil

Total installation $7400 $1026
Header pipes $1500/borehole + trenching | $1100 per pile
Grand total for 3500 W | $8900 + trenching $3226 (2 piles)

Construction work

Additional construction time
required if under footprint of
building

On critical path. Addition of loops
in piles adds no additional
construction period

80

800 T
—0—-Piles
—2—Tunnels
—0-Walls :

700

600 |

Cumlative number of installations

70

60

Cumlative number of installations

——Tunnels
—-Walls
Slabs

Fig. 1.4 Evolution of EGs installations (Salciarini et al. 2026)

Additionally, the confluence of environmental and economic benefits associated
to EGs has been a driving force in their advancement since the 1990s (as depicted in
Fig. 1.4).
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Chapter 2 )
Design Data: Site Characterisation e
and Thermal Loading Conditions

Abstract This chapter outlines the essential data required for designing energy
geostructures, focusing on ground characterization and thermal loading. It distin-
guishes between feasibility-stage assessments and detailed investigations, covering
thermal, hydrogeological, and thermomechanical properties of soils. Key parameters
include ground temperature, thermal conductivity, heat capacity, and groundwater
conditions. The chapter also discusses methods such as thermal response tests and
laboratory analyses. Thermal loading is treated as a time-dependent action influenced
by building energy demand and seasonal variations, often simplified through spatial
and temporal assumptions. Accurate site characterization is emphasized as critical
for system performance, efficiency, and long-term sustainability.

The design of Energy Geostructures (EGs) involves both energy and geotechnical
considerations. It is essential to have an adequate characterization of the ground for
both aspects, as having a proper understanding of ground conditions for EG systems
aims to determine:

e whether the ground can meet the energy demand of the intended structure or
infrastructure (e.g., Brandl 2006; Barla and Di Donna 2018; Loveridge et al.
2020);

e if the structural and geotechnical integrity of the geostructure is influenced by the
additional stresses and strains arising from cyclic temperature fluctuations (Laloui
et al. 2014; Rotta Loria and Laloui 2017; Insana 2020; Insana et al. 2020);

e the possible development of thermal plumes in the ground, which could impact
the energy efficiency of the system in the long-term, by investigating the soil
thermal properties and the hydrogeological setting.

The level of detail of the site characterization for EGs depends on the design
stage and on the relevance of the system itself. As stated in EN 1997-2, preliminary
investigations should enable the engineer to evaluate the overall suitability of the
site, estimate the potential impacts of the proposed works, and effectively plan the
follow-up design and control investigations. In general, at least two stages can be
considered for site characterization:

© The Author(s) 2026 7
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e Feasibility design: a preliminary stage for energy design which occurs at the
planning phase when the conceptual idea of the project is detailed, where the
geological and hydrogeological conditions are investigated and a first estimate
of thermal parameters is provided to assess the system’s feasibility based on the
expected building or infrastructure energy demand;

e Outlined and detailed characterisation: a detailed characterisation stage where
the final ground design parameters are established, the energy design is reevaluated
and the geotechnical design is performed.

2.1 Feasibility Design

During the feasibility or planning phase of an EGs, it is essential to conduct an initial
assessment of the on-site conditions and the thermal characteristics of the soil. The
most significant parameters for the characterization of the ground thermal behaviour
for EGs include (Vieira et al. 2022):

e the undisturbed ground temperature, denoted as Ty [K], represents the average
temperature of the surrounding ground prior to the operation of the EG system;

e the ground thermal conductivity, refers to the soil’s ability to conduct heat. It
stands as the most critical parameter for assessing the energy performance of the
EG. Soils with higher thermal conductivity facilitate greater heat transfer rates
and enable faster recovery from thermal depletions and build-ups;

e the ground thermal resistance, is a measurement of the ground-structure resistance
to heat flow;

e the ground volumetric heat capacity is the capacity of the ground to store heat. It
usually ranges from 1 to 3 MJ/(m>-K);

¢ the depth of the phreatic surface and the characteristics of groundwater flow.

At this initial stage, these parameters can be estimated based on geological
mapping, published values, case studies and expert judgement. More recently maps
of shallow geothermal potential have been developed locally for undisturbed or
thermally affected conditions, such as in dense urban areas (Baralis and Barla 2024).

Undisturbed ground temperature can be evaluated as the average temperature
at the site over the depth of the EG. For the preliminary design, the annual average
atmospheric temperature can be considered. More precision can be obtained by in situ
measurements.

Thermal conductivity and heat capacity depend on different factors, with the
most important being the water content, the porosity and the mineralogical composi-
tion. Thermal conductivity also depends on spatial arrangement of the different soil
phases. These parameters will vary with depth and different approaches can be used
to estimate average values. A preliminary estimate can be obtained by consulting
regional maps which can be found online and in the literature for several regions
(e.g. Ditlefsen et al. 2014; Ramstad et al. 2015; Geothermische Screeningstool,
https://tool.smartgeotherm.be/geo/alg). An example is the Thermomap project that
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provided 10-m average thermal conductivity values for Europe (Fig. 2.1), based on
an exhaustive compilation of available data. However, due to their scale, these maps
do not incorporate local site effects or specific conditions, which can be particularly
relevant at the project scale. Complementary information to estimate the ground
thermal characteristics can be derived from published data on thermal properties of
soils, provided that the geological setting of the considered area is known. Ranges
of values of thermal conductivity and volumetric heat capacity of soils and other
materials can be found in the literature (e.g. Farouki 1981; VDI 2010). Some repre-
sentative values are presented in Fig. 2.2. Moreover, a recent study by Dalla Santa
et al. (2020) provides an extensive compilation of thermal conductivity test results,
which constitutes a relevant database for studying this property in rocks and uncon-
solidated sediments. This database was created as part of a decision support system
project for the use of GSHP systems.

Thermal resistance can be simply expressed as the ratio of the temperature differ-
ence between the heat carrier fluid and the ground and the applied heat flux. It depends
on the number of pipes and their geometric arrangement and the physical properties
of the EGs elements. A key factor in this regard is the thermal conductivity of the
material between the heat exchanger pipes and the surrounding ground. A lower
thermal resistance implies more efficient heat transfer within the EG, contributing to
overall system efficiency. As for borehole heat exchangers (BHESs), there are several
publications in the literature providing calculation formulas for the thermal resis-
tance of different EGs, such as energy piles (Loveridge and Powrie 2013a; Claesson
and Javed 2020), tunnel linings (Shafagh et al. 2020) and diaphragm walls (Shafagh
and Rees 2019; Gupta 2024).

The position of the water table is crucial, as it determines the thermal properties of
the soil, such as thermal conductivity, and thus the efficiency of the system. Addition-
ally, groundwater flow can provide significant additional heat transfer by advection
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Fig. 2.1 Very shallow geothermal potential in terms of heat conductivity of unconsolidated
underground up to 10 m depth (Vieira et al. 2022)
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Thermal ivity A elated Density p
in W/(m-K) specific heat
Type of rock recommended capacity p-c,
value in MJ/(m>.K) in 10° kg/m®
clay/silt, dry 0,4-10 05 1,5-16 1,8-2,0
clay/silt, water-saturated 1,1-3,1 1,8 20-28 2,0-2,2
° sand, dry 0,3-0,9 04 13-16 1,8-2,2
ﬁ sand, moist 1,0-1,9 14 1,6-2,2 1,9-22
g sand, water-saturated 2,0-3,0 24 22-28 1,9-23
§ gravel/stones, dry 0,4-0,9 04 1,3-16 1,8-22
] gravel/stones, water-saturated 16-2,5 1,8 2,2-26 1,923
till/loam 1,1-2,9 24 1,5-25 1,8-23
peat, soft lignite 0,2-0,7 04 0,5-38 0,5-1,1
clay/silt stone 1,1-34 2,2 2,1-24 24-26
sandstone 1,946 28 1,8-26 22-27
o conglomerate/breccia 1,3-5,1 23 1,8-2,6 2227
§ maristone 1,8-29 23 2223 23-26
E limestone 2,0-39 27 2,124 24-27
é dolomitic rock 3,0-50 35 2,124 24-27
E sulphate rock (anhydrite) 1,5-7,7 41 20 2,8-3,0
sulphate rock (gypsum) 1,3-2,8 1,6 20 22-24
chloride rock (rock salt, potash) 3,6-6,1 54 1,2 2,1-22
anthracite 0,3-0,6 04 1,3-18 1,3-1,6
tuff 1,1 11
vulcanite, acid to e.g. rhyolite, trachyte 3,1-34 33 21 2,6
o | intermediate e.g. latite, dacite 2,0-2,9 26 29 2,9-3,0
53
- vuicante, alkaline o | ¢ g andesite, basalt | 1,3-2,3 17 2326 26-32
% plutonite, acid to granite 2,1-4,1 32 21-30 2,4-30
= | intermediate syenite 17-35 26 24 2,5-3,0
plutonite, alkaline to diorite 2,0-29 25 29 29-30
ultra-alkaline gabbro 1,7-2,9 2,0 2,6 2,8-3,1
slightly metamorphic clay shale 1,5-2,6 21 22-25 24-27
o chert 45-50 45 22 25-27
‘é marble 21-31 25 20 25-28
E g . quartzite 5,0-6,0 55 21 25-27
§ ﬁ‘;?:r;*:f;}’“': highly [ rica schist 1,5-3,1 22 2224 2427
gneiss 1,940 29 1,8-24 24-27
amphibolite 2,1-3,6 29 2,0-23 26-29
bentonite 0,5-0,8 06 ~39
@ concrete 0,9-2,0 1,6 ~1,8 ~2,0
2 [ice c10°c) 232 187 0919
E synthetics (HD-PE) 0,42 18 0,96
E air (0 °C to 20 °C) 0,02 0,0012 0,0012
S steel 60 3,12 7,8
water (+10 °C) 0,59 415 0,999
Note 1: The density of unconsolidated rock varies greatly with consolidation and water content.
Note 2: In sandstone, conglomerates and breccia, there is an especially wide range of thermal conductivities. The important factors,

in addition to the constituting material and its distribution and water saturation, are the type of binding material or matrix.

Fig. 2.2 Thermal conductivity and volume-related specific heat capacity of soils and rocks (VDI

2010)
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in SGE systems (Di Donna and Barla 2016; Di Donna et al. 2021; Claesson and
Hellstrom 2000). Its impact on geothermal system performance differs, depending
also on the ground use, i.e., on the thermal needs of the building. The groundwater
flow can be beneficial for ground source systems that do not rely on seasonal storage,
since it would recharge the heat faster or would remove the heat away (Laloui and
Francois 2009; Ma and Grabe 2010; Suryatriyastuti 2013; Loveridge et al. 2017;
Epting et al. 2020; Insana and Barla 2020). According to SIA (2005), the seasonal
heat storage becomes unfeasible when Darcy’s velocity exceeds 0.5—1 m/day. Hence,
the geological and/or hydrogeological surveys of each region should be consulted to
obtain meaningful information.

2.2 Outlined and Detailed Characterisation

Soil thermal properties and hydrogeological conditions are crucial for the proper
dimensioning of SGE systems, as they directly influence the system’s long-term
energy efficiency (Vieira et al. 2022). These factors are also key in the creation of
thermal plumes, which can form a permanent thermal zone affecting the system’s
performance. Reliable project input data (parameters), based on thorough site inves-
tigation, is essential to ensure the good operation and performance of SGE systems.
Blum et al. (2011) analysed cases (more than 1000 SGE systems installed in
Germany) focusing on the consequences of an inadequate determination of site char-
acteristics to the performance of the SGE system. They concluded that successful
planning of the operation of these systems is directly related to sufficient site investi-
gation and on data reliability. This lesson applies directly to EGs and therefore such
detailed thermal characterization is crucial. However, the evaluation of soil thermal
properties is generally not considered in routine site investigations, and additional
characterization studies are required.

Finally, the functionality and safety of EGs in the context of structural and geotech-
nical design depends on the thermo-hydro-mechanical behaviour of the geostructure
and soil-structure interaction, focusing on the relative difference in thermal expansion
and support conditions of the geostructure.

2.2.1 Detailed Thermal Characterization

The final design of the EG should be based on undisturbed ground temperature,
preferably determined with in-situ tests. A comprehensive review of methods for
determining undisturbed ground temperature can be found in Vieira et al. (2017).
Measurements can be made using either the borehole temperature measurement or
the fluid circulation method from thermal response tests (see below). In borehole
temperature measurement, the temperature distribution along the borehole depth
can be measured using a downhole temperature measurement system. A simple or
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weighted average of the measured temperature values can then be used to approximate
the undisturbed ground temperature. A variety of systems can be used to measure
downhole temperature, including wired temperature sensors, wireless submersible
probes, and fibre-optic systems. In other ways, the undisturbed ground temperature
can be determined by circulating a fluid through a closed loop ground heat exchanger
(GHE) without heating or cooling the fluid and measuring the fluid outlet temperature
from the GHE.

Ground thermal properties (thermal conductivity and specific heat) can be deter-
mined by in-situ tests or by laboratory tests. They can also be estimated by semi-
empirical models based on the relative proportions of soil phases (solid, liquid and
gas). Several expressions can be found in the literature that assume different distri-
butions and geometric arrangements (Dong et al. 2015), with parallel and serial
configurations providing lower and upper bounds on thermal conductivity, respec-
tively. According to Rees et al. (2000), the weighted geometric mean configuration
was found to be suitable for a variety of soils by several researchers. According to
them, the thermal conductivity of the soil is:

A= AL ASw e 2.1)

where A, A, and A, are the thermal conductivities of solid, water, and air, respectively,
and s =1 — n, xw = n-S; and y, = n-(1 — S;), are the respective volume fractions,
n is the porosity, and S; is the saturation ratio.

Since the heat capacity of soils is not a directional variable, it can be determined
by summing the heat capacities of the various constituents based on their volume
fractions, using:

Cp:Xs'Cs+Xw’cw+Xa'ca (2.2)

where cg, ¢y, and c, are the heat capacity of the solid phase, the water phase and the
air phase, respectively.

The Thermal Response Test (TRT) (Gehlin 2002) is an in-situ test conducted in an
already constructed GHE to determine the thermal conductivity of the surrounding
soil, the thermal resistance of the GHE, and the undisturbed initial temperature. In a
TRT, heat is injected into the ground at a constant rate in a BHE and the temperature
change of the circulating fluid is monitored. Because of the simplicity of design,
control, and implementation, this is the preferred method for estimating thermal
properties. Originally developed for vertical BHEs, TRT (Spitler and Gehlin 2015)
has been extended to energy piles (GSHPA 2012; Jensen-Page et al. 2019; IGSHPA
2025). For energy piles, the principle of the test remains the same as for BHEs, but
longer times are usually required to overcome the thermal inertia of the concrete
pile. The most up to date guidance is provided in the 2025 CSA/ANSI standard
C448 SERIES. This recommends some typical test times for overcoming the thermal
capacity of the concrete for different pile sizes. For example, a 2.5-day TRT for
300 mm diameter piles, or a test in excess of 10 days for 600 mm diameter piles. For
cases where a shorter test is desirable, then two options are suggested, either to adopt
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alternative interpretation methods with a transient component for the pile concrete,
e.g. Loveridge and Powrie (2013a), Loveridge et al. (2022), Maragna and Loveridge
(2019), or to test a small diameter borehole of the same length.

The ground thermal conductivity and the thermal resistance of the GHE, deter-
mined by the TRT, have opposite effects on the design. Using the experimentally
determined values of both parameters reduces some of the errors that would occur if
only the value of ground thermal conductivity were estimated from the tests used for
design (Javed et al. 2011). However, it is recommended that the thermal resistance
value of the GHE be calculated separately to control the experimentally determined
value. It is recommended that the thermal resistance be determined using the Multi-
pole method (Claesson and Hellstrom 2011). This is an analytical method that can
be applied to any number of arbitrarily arranged pipes in a composite area with
remarkable accuracy.

TRT has also been used to estimate the ground volumetric heat capacity. Wagner
and Clauser (2005) used synthetic TRT data, to make a parameter estimate varying
the thermal conductivity and volumetric heat capacity of soil in a finite difference
model. In addition, Christodoulides et al. (2016) proposed a method to calculate
the ground thermal diffusivity, volumetric heat capacity, and thermal resistance of a
GHE. The method was based on actual parameters used in an experiment from TRT
and the line source model. However, Austin et al. (2000) points out that the volumetric
heat capacity values estimated by TRT are not always acceptable. Therefore, it is
recommended that a value for ground volumetric heat capacity be assigned based
on knowledge of the soil present and treated as a known value. This assumption
will not have a significant impact on the final estimate of the thermal conductivity
of the soil. Although less common because they are less easy to perform, in situ
tests can also be used to determine the specific heat capacity of soils by constructing
pits approximately 1.5 m below the ground surface in and around the SGE plant
(Oladunjoye and Sanuade 2012).

It is difficult to determine the ground thermal conductivity and the GHE thermal
resistance from TRT test on EGs that are not energy piles, and this is therefore not
a common practice. However, some authors perform thermal performance tests to
determine the efficiency of EGs, e.g., for energy slabs (Lee et al. 2021), energy walls
(DiDonna et al. 2017b), and tunnel linings (Barla et al. 2019). Note that these tests do
not provide information about the ground properties. In addition, for energy tunnels
and diaphragm walls, the climate within the excavation plays an important role in
heat transfer processes that can critically affect thermal performance (Bourne-Webb
etal. 2016a; Dornberger et al. 2022; Ma et al. 2021). Therefore, a good understanding
of the expected airflow temperature and velocity is also recommended.

The results of TRT measurements can be affected if a sufficiently high ground-
water flow occurs. The increased heat transfer due to groundwater advection results
in a higher effective thermal conductivity of the ground. The advantage of TRT is
that it yields an effective ground conductivity that already accounts for the effect
of groundwater flow. However, to decouple conduction and advection effects, it is
recommended that a stepwise analysis be performed for this type of data or that a
moving line source solution be used (Diao et al. 2004; Sanner et al. 2007).
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Laboratory tests can also be used to characterize the thermal parameters of the
ground. Tests may be steady state or transient, some of which are standardized,
although not always for soil and rock applications. The main advantages of labo-
ratory tests are that they are fast, relatively inexpensive, and allow better control
of boundary conditions. However, they do not consider real field conditions, and
due to the heterogeneity and variability of the ground many more measurements
are required to obtain representative values of thermal properties (King et al. 2012).
Steady state tests (such as the divided bar for rocks) are theoretically more reli-
able, but in soils the long duration of tests may lead to moisture content changes,
meaning that transient tests are generally preferred. The needle probe (or hot wire) is
generally recommended for cohesive soils. Granular materials are more challenging
due to the need to reconstitute to field conditions. The transient hot disk (transient
plane source or its modification) is also appropriate for rocks with smooth surfaces.
Despite the limitations of laboratory testing, in contrast to or in addition to TRT, the
thermal conductivity of the different soil layers can be estimated. Distributed thermal
response testing (DTRT), with the use of fibre optic or other distributed tempera-
ture sensors within the heat exchanger, can also be applied to determine thermal
conductivity heterogeneity and particular the flow of ground water in specific hori-
zons. However, this test typically comes with increased cost and equipment needs
compared to routine TRT.

2.2.2 Detailed Hydrogeological Characterization

As mentioned above, the potential development of a thermal plume and the long-
term efficiency of the EGs highly depends on the hydrogeological conditions. Their
critical role imposes a deeply detailed characterization whose cost will be refunded
during the project by an increase of thermal efficiency. On the contrary, a poor
hydrogeological characterization is highly susceptible to induce multiyear thermal
shift and, in the end, non-sustainability of the thermal harnessing.

First of all, the geologic profile should be determined through specific geotechnical
investigations. Mechanical tests such as SPT, CPT or pressuremeter are not sufficient
since the nature of soils and rocks are important for the thermal analysis. Continuous
drilling with sampling is required and its number must be adapted to the size of the
project.

The effective porosity of the soil strongly affects the thermo-hydraulic properties
of soils and rocks. Literature provides correlations to evaluate it through granulo-
metric curves. However, attention should be dedicated to the in-situ stress conditions
as porosity does not only depend on soil/rock nature.

The hydraulic conductivity of the soil and its anisotropy must be determined.
It can be done through laboratory tests on samples or through pumping tests (e.g.
Lefranc) but in case of a heterogeneous soil, a pumping test will provide more
relevant information for the scale of the project. What is more, the back analysis of
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in-situ pumping can provide information on the anisotropy of hydraulic conductivity
(mainly due to the stratification of soil layers.

The groundwater flow characteristics must also be determined. They include
piezometric levels, hydraulic gradient and predominant flow direction. The seasonal
variations of these characteristics should be considered, especially in the case of very
shallow EGs. All these data can be extracted from available piezometric maps but
in case of a lack of information, it is crucial to install new piezometric wells and
register their level for at least one year.

In the case of energy tunnels or energy diaphragm walls, it is crucial to estimate
the perturbation they will induce in the groundwater flow characteristics since their
large longitudinal extent will generate a dam effect and then affect seepage velocity
as well as seepage direction. This drastic change of groundwater flow conditions
will impact on one hand the efficiency of heat exchange and on the other hand the
properties of induced thermal plumes.

The detailed hydrogeological characterization hereby presented will generally
lead to quite homogeneous model. However, the subsurface often present a significant
heterogeneity which can affect the thermal design of the project. It can be helpful
to add geophysical methods and/or distributed temperature sensing to increase the
spatial resolution (Hermans et al. 2014).

2.2.3 Detailed Thermomechanical Characterization

When designing EGs, it is important to ensure that geotechnical and structural limit
states are not exceeded due to the additional stresses and strains resulting from
temperature changes due to their use as heat exchangers. However, this analysis
requires some additional ground geotechnical parameters and an understanding of
how they are affected by the temperature changes, apart from the parameters used
for typical ground-structure design.

The most important soil parameters required for geotechnical design involve soil
deformability, strength, in situ stress state, stress history, overconsolidation ratio
(OCR), and water regime. There are numerous reference texts on this subject (e.g.,
Look 2007), which refer in particular to the Eurocode 7—Geotechnical Design stan-
dard. The additional information required for the design of SGE systems, in addi-
tion to that of the geostructure itself (coefficient of thermal expansion of concrete
or grout), relates mainly to the volumetric thermal behaviour of the ground, based
on the coefficient of thermal expansion of the ground, and whether there is a mean-
ingful change in the geotechnical parameters with temperature, i.e., a non-isothermal
behaviour of the soil.

The range of ground temperature changes due to the operation of a thermoactive
geostructure is relatively modest (Knellwolf et al. 2011), mostly & 20 °C (Loveridge
etal. 2017). In addition, the temperature changes in the ground generally occur close
to the EGs and with a seasonal wavelength. For these reasons, significant changes
in soil geotechnical parameters are not expected below the operating temperature of
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the EGs (Brandl 2006; Loveridge et al. 2017; Insana 2020). Nevertheless, this aspect
should be considered depending on the site-specific conditions, climatic conditions,
project complexity, expected thermal demand, and properties of the thermoactive
geostructure.

The mechanical effect of seasonal thermal loads in the thermoactive geostructure
depends on its interaction with the surrounding ground (Cekerevac and Laloui 2004;
Di Donna and Laloui 2015). A comprehensive review of the main characteristics
of soil thermomechanical behaviour associated with SGE operation and the main
trends observed in the evolution of geotechnical parameters is described in Laloui
et al. (2014).

Laloui et al. (2014) also addressed the issue of evaluating temperature variations
at the ground-pile interface and indicated that the stresses caused by temperature
variations may be negligible; however, this aspect should be further validated, and
the maximum allowable temperature variations should be considered in the standards.

The volumetric expansion of the soil is of particular importance because of its
interaction with the concrete structure (Loveridge et al. 2017). The relative expansion
between the geostructure concrete and the surrounding soil, as well as the constraints
of the geostructure, are critical factors in the stresses and strains induced in both the
concrete and the soil. They also affect the deformation of energy pile groups and the
thermally induced deformation of the soil (Rotta Loria and Laloui 2017).

The thermomechanical volume behaviour of soil is complex due to its highly
nonlinear and irreversible stress—strain behaviour and its multiphase nature. It is not
possible to define a simple soil thermal volumetric expansion coefficient (Mitchell
1993) because it depends on several aspects related to soil properties, in situ condi-
tions (effective stresses, pore water pressure, permeability, drainage conditions), and
imposed thermal loads. However, due to the difficulty of evaluating this parameter and
for simplicity, a constant value is generally assumed. Typical values for solid grains
range from 1 x 107 to 3.4 x 107 °C~! (Delage 2013), while the thermal expan-
sion coefficient of water is 27 x 10 °C~!. Due to the higher value of the thermal
volume expansion of water, positive pore pressures can be generated in clayey soils
during heating, resulting in a decrease in the effective soil stress. This effect is more
pronounced at full saturation and decreases significantly at lower saturation levels
due to the presence of air in the pores. To account for this effect, numerical modelling
of the overall soil/structure system must be performed.

2.3 Thermal Loading

In the design process of a new building, the energy designer provides the energy/
power demand profile. This needs to be used to determine the temperature change of
the fluid (the thermal design) and of the geostructure itself (used as an input to the
thermomechanical design).

Thermal loading must be considered as an action that varies over time, associ-
ated with the temperature variations to which the EG is subjected in the various
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seasonal operating modes (heat extraction for winter heating, heat injection for
summer cooling). Given the generally high thermal inertia of the structural mate-
rial in which the heat exchangers are placed, the temperature variations that occur
throughout the day (differences between day and night) can be neglected. Conversely,
these variations can gain importance in the energy performance analysis.

The actual temperature variations in the geostructure and the thermal loading
depend on the energy demand of the supplied structures and heat receivers, which
in turn depends both on the type and use of the superstructure and on the climatic
conditions of the area of interest. In current applications the temperature variation
for shallow geothermal energy extraction is usually limited to a range of 0-40 °C
(Bourne-Webb et al. 2016b; Laloui and Di Donna 2011). In some cases, higher
temperatures, up to 50 °C, can be reached, either because of a non-optimised oper-
ation or because heat is recharged in the ground from waste heat or solar panels.
Excessive lowering of the ground temperature must be avoided and a threshold value
of 2 °C should be considered as a minimal allowable temperature to which the
geostructures and the surrounding may be subjected (Brandl 2006). Lower temper-
atures could generate freezing of the soil and/or the concrete mix and its additives.
The heat carrier fluid can reach negative temperatures but only for a small timespan.
Overall, it needs to be recognised that regulation in some countries may limit ground
temperatures.

For practical design applications, it is necessary to apply a simplified thermal
loading to the geostructure, with respect to the real heat flow to which it is subject,
in terms of type, duration, amplitude.

2.3.1 Spatial Simplifications

The geostructure is subjected to a flow of heat transferred (or absorbed), which runs
through the exchanger pipe. It is necessary to make simplification choices concerning
the type of thermal loading and the location within the geostructures where to apply
it.

For the thermal design in the simplest and most common case, a uniform temper-
ature distribution is applied over the entire EG, regardless of the actual position
of the heat exchanger pipes (Saggu and Chakraborty 2015; Suryatriyastuti 2013;
Laloui et al. 2006). This simplification is acceptable when the loop is distributed
in an almost homogeneous way, as for example in energy piles. In this case, in the
absence of constraints, the geostructure will be subject to purely axial stress and
strain actions. Even though the temperature can be assumed as uniformly distributed
along the geostructure, in practice, temperature differences over the geostructure will
occur.

The thermally induced stress and strain effects arise from the difference between
the geostructure and the surrounding ground temperature, which in the first 10—
15 m from the ground surface is seasonally variable and therefore closer to the
working temperature of the heat transfer fluid. Assuming a uniform temperature of
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the shallowest portion of ground, equal to the uniform and constant value reached
beyond a certain depth, means overestimating the thermally induced stress effects.

In walls and tunnels pipes could be located on one side of the geostructure (on the
ground side in walls and at the intrados or extrados in tunnel linings). In these cases,
the temperature variation induces bending moments which would be neglected by
choosing the simplification of uniform temperature in the geostructure. An accurate
analysis would require applying the thermal loading in its real position.

In the more complex case, the heat exchanger pipe can be modelled in its real total
development. Thermal loading can be introduced by applying a temperature distri-
bution to the pipe itself, gradually varying between inlet and outlet. Alternatively, the
fluid flow inside the pipe can be modelled, assigning the flow rate and temperature to
the inlet and thus allowing the natural development of both the heat transfer process
and the thermal stresses and strains in the geostructure.

2.3.2 Temporal Simplifications

Another simplification concerns the time history of thermal loading, to be applied on
an annual basis over the operation cycle of heating/cooling. One can use a load that
reproduces real time variations, but it can be modelled by a stepwise load or a variable
sinusoidal load (Fig. 2.3). In the simplest case, a two-step thermal history can be
applied, corresponding to the heating period (with a constant minimum temperature,
in the winter months) and the cooling period (with a constant maximum temperature,
in the summer months). More often the seasonal variability is reproduced with a
sinusoidal curve, similar to the one used to represent the seasonal variability of
atmospheric temperature. The hypothesis underlying this assumption is that the heat
transfer fluid works at temperatures that are always proportional to the atmospheric
ones, over the entire annual cycle. The amplitude of the sinusoidal curve is generally
determined by the maximum summer and minimum winter temperatures expected
in the area of interest.

Different structural responses can be obtained for thermal loadings that differ
in time history. Both the simplified approaches described tend to overestimate the
thermal loading on the geostructure, as they apply maximum and minimum temper-
ature values over wider time intervals than those in which they actually occur (trying
to get aload whose average is a correct estimate would lead to consider lower extreme
values and could lead to an underestimation of potential thermal ratchetting effects).
Additionally, the two-step thermal loading induces a maximum stress variation and
lowest thermal strains at the beginning of the heating/cooling phase, when the temper-
ature difference between the geostructure and the surrounding ground is maximum.
This stress variation then tends to decrease during the operation phase (at constant
temperature), as a consequence of the subsequent heat transfer from/to the ground.
Conversely, the thermal history with sinusoidal curve induces a progressive, mono-
tonic variation in the stress—strain state of the geostructure, as the ground is subject
to a more gradual temperature variation concurrently with that of the geostructure.
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Fig. 2.3 Examples of temperature variation for different types of thermal loading functions

A more accurate analysis would require the measurement or estimation of the
actual inlet and outlet temperatures of the fluid over time, and the application of an
average temperature in between the two, in time steps small enough to correctly
reproduce their variability. A time interval of one month is usually considered
sufficient.

Several forms of thermal loading functions could be examined to assess their
influence on the thermo-active geostructure reaction.

Finally, the thermal loading must be applied over several annual cycles, to analyse
the transient effects of the process and both the short- and long-term behaviour. The
most important of these occurs when the natural conditions of the ground fail to
seasonally rebalance the system extraction or injection of thermal energy, for example
when there is no significant groundwater flow, which can thermally regenerate the
ground. Since the heat extraction in winter is usually greater than the heat injection
in summer, a gradual depletion of natural thermal energy may be generated in the
geostructures surroundings.
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Fig. 2.4 Example of hourly energy demand in an office building

Although real temperature variations are related to daily and annual heating or
cooling demands (Fig. 2.4), for design purposes, the above-described simplifications
are justified.
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Abstract Chapter 3 presents methods for evaluating and optimizing the thermal
performance of energy geostructures. It begins with feasibility assessments to
estimate energy potential and proceeds to detailed design using analytical, semi-
analytical, and numerical models. Different geostructure types such as piles, walls,
slabs, and tunnel linings are addressed with tailored approaches. The chapter explains
heat exchange mechanisms, key design parameters, and modelling techniques such
as G-functions and numerical simulations. It highlights trade-offs between model
simplicity and accuracy, recommending numerical methods for complex conditions.
Overall, the goal is to maximize energy efficiency while maintaining acceptable
temperature limits and ensuring long-term system sustainability.

Energy Geostructures (EGs) perform a dual function, one of a structural nature and the
other of an energetic nature. A preliminary assessment of the energy potential, which
will depend on the specific geostructure and site conditions, is essential to establish
the effective efficiency of the system called upon to produce thermal energy and its
sustainability, including economic sustainability.

The analysis allows one to have a rough estimate of the share of the total energy
requirement that can be covered by the EG and therefore what measures can possibly
be taken to supplement it.

After this preliminary assessment, a detailed energy analysis allows instead to
design the geothermal exchange system in order to optimize the energy yield.

Generally speaking, the energy-optimal solution is the one that maximizes the
heat exchange with the ground, while keeping the temperature changes within the
circulating fluid and the ground within acceptable limits. The efficiency of the system
is in fact estimated as the ability to vary the temperature of the heat transfer fluid,
raising it in winter heating mode or lowering it in the alternative summer cooling
mode. From an analytical point of view, the energy yield of a single exchanger tube
is calculated as the heat flow Q [J/s] which is absorbed or released by the fluid along
the tube, from inlet to outlet, equal to:

Q = mc(Tin - Tom) (31)
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Table 3.1 Requirements for the different stages of the design

Feasibility study Outlined design Detailed design

Foundation piles | Rules of thumb Analytical solutions Analytical solutions or
numerical modelling

Foundation slabs | Rules of thumb Analytical solutions or | Numerical modelling
Numerical modelling

Walls Design charts Analytical solutions or | Numerical modelling
Numerical modelling

Tunnels Design charts or Numerical modelling Numerical modelling
numerical modelling

where Tj, and T,y are the two temperature values, m is the mass flow of the fluid
[kg/s] and c is the specific heat of the fluid [J/(kg-°C)].

Equation 3.1 demonstrates that for a maximum energy yield, for given climatic
and hydrogeological conditions, parameters such as the thermal properties of the
heat transfer fluid, the flow rate in the pipes and the number and arrangement of
the exchanger pipes can be optimized. With regard to these last aspects, it will be
necessary to keep in mind the role of the thermal conditions present at the bound-
aries of the geostructure and the possible thermal interference between two or more
exchanger tubes.

The most common methods for the preliminary assessment of the energy potential
and the methods for the detailed analysis of the energy yield of the geostructure are
described below. Depending on the design analysis stage, methods to be adopted
may vary. Table 3.1 shows the most appropriate methods for the different stages of
the design.

The analysis of the geotechnical and structural aspects, in particular of the effects
induced by thermal variations on the state of stress and deformation of the EG, will
instead be dealt with in Chap. 4.

3.1 Energy Piles

3.1.1 Feasibility Study

A Feasibility Study for energy piles is a strategic step which provides a preliminary
assessment regarding the amount of renewable energy that the piles (that are needed
in a certain project for structural reasons) can offer and the associated return of
investment figures. This comprehensive study ensures that all technical, economic,
and environmental factors are carefully analysed to support informed decisions.

A feasibility study provides early-stage predictability of what clients and end
beneficiaries can expect by transforming standard foundation on piles or excavation
retaining systems of piles into energy piles, used for heating and cooling buildings.
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Conducting this study at an early stage of the project allows the project team to
explore multiple scenarios for thermal activation and select the most efficient and
cost-effective solution.

Key components of a feasibility study are outlined below:

a. Project Overview: Clearly define the project’s objectives, scope, and energy effi-
ciency ambitions. Identify the intended purpose of the energy piles and their
integration within the overall building design.

b. Site Assessment: Perform a thorough assessment of the geotechnical and hydro-
geological conditions, including soil profiles, groundwater levels, and envi-
ronmental context. Identifying soil thermal properties early (using charts and
correlations with geotechnical parameters) is needed to estimate energy perfor-
mance. This analysis will help identify any potential challenges or site-specific
advantages that may impact the overall performance of energy piles.

c. Energy Analysis: Analyse the outline energy demands of the project, including
heating and cooling requirements. Assess local temperature variations as well as
soil thermal properties, and future energy projections to understand the energy
needs that the energy piles can cover. When the piles have the capacity to meet
or exceed 100% of the building’s energy demand, multiple activation scenarios
can be proposed. In such cases, each scenario is supported by a cost—benefit
analysis to guide optimal decision-making. If the pile system alone cannot fully
cover energy needs, scenarios can be developed for hybrid systems. Options may
include integrating geothermal boreholes, raft foundations, or combining energy
piles with conventional systems (e.g., air-source heat pumps).

d. Thermo-mechanical aspects: Preliminary analysis of thermo-mechanical aspects
need to be provided in the feasibility study to help those involved in the project
have a general image and better understanding of the extent to which thermal
activation of piles may or may not affect their mechanical behaviour. This early
evaluation can be based on engineering experience and published data to estimate
expected temperature ranges, stress changes, and deformations, ensuring safe and
reliable design decisions.

e. Hydraulic sizing of the geothermal system: the full hydraulic network for circu-
lating the heat carrier fluid and connecting the primary circuit to the heat pump
needs to be designed.

f. Economic & Cost-Benefit Analysis: Perform a detailed financial analysis,
considering both investment and operational and maintenance costs. Compare
energy piles proposed systems with the other heating and cooling systems that
are considered as alternatives for the project taking into consideration different
factors and costs related to installation, exploitation and maintenance of the
systems highlighting potential long-term savings and advantages. Provide a
Return on Investment (ROI) analysis showing the estimated payback period for
each proposed scenario.
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g. Environmental Impact Assessment: Assess the environmental advantages of
using energy piles, including reductions in greenhouse gas emissions and align-
ment with sustainability targets. This may support certification efforts (e.g.,
LEED, BREEAM) as well as comply with certain local/national regulations.

h. Risk Assessment: Identify potential risks and challenges associated with the
implementation of EGs. Evaluate factors such as technical feasibility, construc-
tion complexities, and potential impacts on adjacent structures or infrastructure.
Develop risk mitigation strategies to address identified risks.

By conducting a comprehensive Feasibility Study, project stakeholders can make
informed decisions regarding the implementation of EGs, considering technical,
economic, and environmental factors. This study serves as a valuable tool in assessing
the feasibility and potential value of integrating EGs into the project’s design and
construction process. Such feasibility study is also an important input document for
the design stage.

Often at feasibility stage references from other similar projects can be mentioned,
especially projects from where monitoring data regarding the performance is avail-
able (as shown in Fig. 3.1). It can be seen that the heat exchange is generally in the
range between 20 to 100 W/m. The differences might depend on the depth of the
installation, the configuration of the pipes, the thermal load induced by the heating
system and on soil thermal and hydraulic properties and underground conditions,
especially the presence of groundwater flow.

3.1.2 Outlined and Detailed Design by Analytical Models

When analytical methods are adopted for energy piles one of two approaches are
possible: (i) separation of the temperature response within the piles and the ground;
(ii) calculation of a combined temperature response. In the former approach, the
temperature change of the fluid circulating in heat transfer pipes of the pile, ATy is
expressed as:

q
T

ATy = qR, + 5——G(r.1) (3.2)

where ¢ is the applied heat transfer rate in Watts per metre depth of the pile, R;, is the
pile thermal resistance (mK/W), A, is the ground thermal conductivity (W/mK), and
G is a function of the elapsed time 7 (s) and the radial coordinate » (m). G-functions
are generally used to describe the temperature change in the ground in the vicinity
of a ground heat exchanger (GHE) due to the applied heat transfer rate q. In Eq. 3.2,
the two terms of the right-hand side can be evaluated separately thus simplifying the
analysis. However, it is based on a steady state being present within the pile and only
accounts for transient conditions in the surrounding ground. For approach (ii) then
the heat diffusion equation is solved transiently for the pile and ground together.
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Fig. 3.1 Heat exchange per meter of pile length in real energy piles (from Cost Action Foliage,
Salciarini et al. 2026)

For consideration of a single pile, the radial coordinate in Eq. 3.2 is equal to
the pile radius r,. However, piles occur in pile groups and to account for thermal
interactions between piles it is also necessary to determine the temperature change at
other values of r, equal to the spacing between the piles. Then the overall temperature
change can be determined by spatial superposition.

Furthermore, in operation, g usually varies in time, and therefore temporal as
well as spatial superposition will also need to be applied to Eq. 3.2 (e.g. Spitler
and Bernier 2016). Because application of superposition for any number of piles
and for decades of small timesteps of thermal demand soon make the analysis time
consuming from first principles, it can be preferable to use software tools for this
task. However, the majority of these software tools are developed for use with BHEs
which have some different characteristics to energy piles, despite their superficial
similarity (e.g. typically close to axisymmetric).

G-functions play a fundamental role for analytical models on the thermal design
of energy geostructures such as energy piles. A detailed review on these G-functions
and their application to energy piles can be found in Loveridge et al. (2020b). Some
possible analytical models for application are summarised below and in Table 3.2
and reviewed with respect to their suitability. It should be noted that all models will
assume that the ground behaves as a single homogeneous and isotropic medium.
While this assumption is not always a suitable reflection of reality, it can to some
extent be dealt with through the use of averaged or lumped thermal parameters. For
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significantly layered or heterogeneous soils, however, this assumption must at least
be acknowledged since heat transfer will not be constant with depth as is explicitly
implied by this assumption. Where ground water flow is present, temperature change
will be overestimated, sometimes significantly, and recourse to more computationally
expensive numerical modelling may be required.

The simplest analytical model assumes that the pile acts as an infinitely thin,
infinitely long heat source, the so-called infinite line source (ILS) model (Carslaw
and Jaeger 1959). Since it neglects the pile geometry (diameter and length) it is
recommended to use more advanced models. The infinite cylindrical source model
represents the pile as heat source which is a hollow cylinder with a finite radius
but still neglecting its finite length, ground surface boundary conditions or the heat
capacity of the piles material (e.g. Carslaw and Jaeger 1959; Ingersoll et al. 1954). It
has been shown that this model, although being present in certain software packages,
will overestimate the temperature response for energy piles (Loveridge and Powrie
2013b). The solid cylinder model would in fact be more appropriate, further details
of which are found in Man et al. (2010).

To incorporate the ground surface boundary condition, the finite line source (FLS)
model can be used. It assumes the upper end of the GHE is bounded by a constant
temperature surface equal to the average annual air. Furthermore, it assumes undis-
turbed ground temperature, and the lower end of the pile to be embedded in the
ground. There are various analytical solutions for the FLS of which the version by
Lamarche and Beauchamp (2007) is recognised to be the fastest computationally.

While the above-mentioned models are purely analytical and determined for the
solution of the diffusion equations for different geometric conditions, there are also
empirical analytically implemented G-functions derived especially for piles, e.g.
from Loveridge and Powrie (2013a). The pile G-functions have been developed
using numerical simulation to the same surface boundary condition as the FLS model.
There are many other models available in the literature, see Fadejev et al. (2017) or
Loveridge et al. (2020b). When choosing a model, the following key criteria should
be assessed.

e case of use. Analytical models are chosen since they have faster run times than
numerical approaches. However, ease of use still varies between use cases. This
is relevant if preparing outline design calculations from first principles but is less
relevant if commercial software is used.

e pile specific geometry. Models based around line and cylindrical sources do not
capture the detail of the pile itself. This distinction means that there can be discrep-
ancies in the short-term temperature response, especially if short time step analysis
is required.

e appropriate pile head boundary conditions. Most models are either “infinite”,
assuming there is no pile head or toe and therefore temperature changes will
happen ad infinitum under constant thermal demand, or “finite” which assumes
a constant temperature ground surface and finite pile length meaning tempera-
ture change will reach a steady state in the long term under constant thermal
demand. Most piles are actually more akin to semi-infinite conditions, since
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they can be considered to have an insulated pile head where they are located
beneath a building. In this case an infinite model will overestimate the tempera-
ture change and the finite model will underestimate it. However, it is expected that
the discrepancy will be lesser for the infinite case, especially under the scenario
of varying thermal demand. Maragna and Loveridge (2019) provide an empirical
approach for a semi-infinite solution specifically for piles, derived from numerical
simulation.

e applicability to multiple piles. To be applicable to pile groups an analytical model
must be suitable for evaluation at different radial coordinates. This is possible
with purely analytical models. However, it is not straightforward with approaches
derived from the outputs of numerical simulation.

e transient pile behaviour. Only the transient radial model (Loveridge et al. 2022)
is applicable to address this aspect.

As seen in Table 3.2, there is no single analytical model which meets all of the key
criteria perfectly. The final choice of approach will therefore depend upon factors
including: the design stage, the diameter of the pile and number of pipes installed,
the aspect ratio of pile, the nature of the thermal demand, the length of the required
timesteps of analysis, and the design life required.

Beside the G-function, the thermal resistance plays a crucial role in Eq. 3.2, since
it implies a steady state condition within the pile. Although not appropriate at short
time steps (e.g. analysis with time steps of less than one day), the concept is still
useful.

By application of the multipole method Claesson and Javed (2020) have developed
an accurate expression for the thermal resistance of energy piles. In Eq. 3.3 the total
resistance is given by two terms, the first representing the resistance of the pipes and
fluid circulating within them, and the second giving the resistance of the concrete
part of the pile (R.).

rRo=Sey L S N (3.3)
PEN T 2N [\ N ) T o ‘

where N is the number of pipes installed at equal spacing around a virtual circle of
radius 7/, R,, is the thermal resistance of the plastic and fluid in a single pipe, and r,,
is the outer pipe radius. o accounts for the ground and concrete conductivity ratios
and is given by (AC — Ag)/()»c + Ag).

Claesson and Javed (2020) show Eq. 3.3 to be valid for all energy piles with a
diameter of 600 mm or more providing the pipe diameter is no more than 40 mm. Itis
also applicable to smaller energy piles, within certain pipe size and number ranges.

For analysis with time steps of less than one day using the steady state resistance
will overestimate the temperature change. In such cases a transient approach to
resistance can be taken, replacing the term gR), in Eq. 3.2, with gR, G (t) where G,
is a transient G-function giving the proportion of the steady state resistance that has
been achieved as a function of time.
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Equation 3.4 is based on curve fitting of the output of numerical simulation and
the curve fit constants a to g can be found in Loveridge and Powrie (2013a).

Alternatively, it is possible to solve the heat diffusion equations transiently for the
pile and ground domains together in a combined thermal response analyses.

A radial model where both the GHE material and the ground are solved transiently
assuming no boundary effects was proposed for borehole GHE (Claesson and Javed
2011; Claesson 2011) and tested for energy piles (Loveridge et al. 2022). This truly
analytical approach simplifies the GHE geometry to an annulus, yet does so in a way
linked to the original GHE geometry. It is very accurate for small diameter GHE like
boreholes, and sufficiently accurate for piles. Like the ILS, end effects of the GHE
are neglected, but the pile thermal capacity is accounted for fully. It has yet to be
tested for piles larger than 1800 mm.

There are also software tools available that use pre-programmed configurations
for multiple borehole GHE (Liu et al. 2021). These typically rely on underlying
models like the infinite or finite line source, or the infinite cylindrical source. They
can be used for energy piles with an understanding of their limitations. An additional
factor to consider is the layout of multiple piles. Some software programmes use pre-
selected regular arrangements for typical boreholes fields, whereas piled foundations

may have more irregular arrangements depending on the design of the structure and
positioning of the main structural components.

3.1.3 Outline and Detailed Design by Numerical Methods

In the detailed study, numerical methods can be advantageous since they can over-
come the limitations of many analytical or semi analytical models. Numerical models
can capture accurately aspects like the pipe dimensions and their location in the
pile, the heat transfer between pipe, pile and soil and soil layering (see reviews
of Mohamad et al. 2021 and Aresti et al. 2018). However, analytical models are
faster, and numerical models require in depth expert knowledge to allow accurate
predictions.

A numerical model for the analysis of the thermal performance of single energy
piles or energy pile groups should clearly avoid a long-term drift of the undisturbed
ground temperature by keeping the cumulative warming or cooling within a few
kelvins for decades, e.g. 20 years. To ensure sustainability and long-term capacity
by assessing both short-term deliverable power and long-term ground temperature
drift, the simulation has to cover multiple design years including production seasons
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and off-periods for thermal recovery. Evidence from monitored systems and cali-
brated simulations shows that, besides layered ground, seasonal balance dominates
the ultimate temperature envelope around the piles (Bernier et al. 2008; Zhang et al.
2021).

The precise representation of the soil stratigraphy has a major impact on the energy
assessment. Thermal soil parameters, possibly also reflecting anisotropy, and ground-
water conditions are first order input parameters for the individual layers. In-situ TRT
can deliver representative thermal conditions. Performing the detailed design purely
based on material properties gained from the literature, without any in-situ or labora-
tory testing, is not recommended. Careful modelling of the hydraulic parameters such
as ground water level, flow direction and velocity as well as groundwater temperature
is having a significant impact on thermal simulations (Li et al. 2022; Magraner et al.
2021).

Besides the soil properties, the consideration of realistic model boundaries is
essential for a good prediction. The numerical mesh should extend several diffusion
lengths for the simulation horizon so that the far-field boundary condition does not
contaminate results. In case of a single pile an horizontal extension around 15-20
times the diameter of the pile is appropriate, while for a group of piles an extension
of 2 to 3 times the width of the pile group can be adopted. For the vertical direction
typically at least one time the length of the pile can be used.

As thermal boundary conditions at the upper edge it is recommended to have
the most recent external temperature variation data being imposed as a Dirichlet or
Cauchy boundary condition on the surface, to obtain a temperature profile that varies
with depth. For the lower domain boundary, the temperature is usually fixed at the
undisturbed ground value and the geothermal heat flux is neglected. However, if the
domain depth shall be limited to safe computational costs, a geothermal heat flow
can be imposed (Neumann type boundary condition). The lateral boundaries of the
domain are usually considered adiabatic.

The real surface or basement conditions and the geometry of slabs or underground
structures that can act as heat sinks or sources should be modelled, although their
impact on the overall thermal response of the energy pile system is less pronounced
than the impact of soil and hydraulic conditions. Cecinato and Loveridge (2015)
demonstrated that pile spacing, the circuit configuration and the concrete conduc-
tivity have much stronger effects on thermal efficiency than, for example, a modest
increases in fluid velocity. Higher concrete-conductivity generally lowers the field
thermal resistance, while wider pipe spacing within the cage reduces thermal short-
circuiting and improves fluid temperature under load. As for other energy geostruc-
tures, it is possible to neglect the thermal diffusion in the thickness of the exchanger
tubes to save computational time and to simplify the analysis.

If possible, the 3D numerical simulations should be calibrated based on in-situ
TRT, preferably on a test pile. Parameters such as the thermal conductivity, initial
ground temperature, ground water conditions and exchanger pipes cross sectional
details may be adjusted if they are based on assumptions rather than measurements.
A robust numerical model also needs to be checked for being mesh and time-step
independent. Furthermore, such models can be used to verify computationally faster
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models like empirical or semi-empirical models which may be used for example for
parametric studies (Jensen-Page et al. 2019).

The numerical simulations allow an iteration to try to meet the target energy goals
by minimizing construction complexity and costs. As an example, within a pile group
the analysis could highlight the number and location of the piles to be activated and
the pipe circuit geometry within them.

Finally, the simulations can be used to control the limits for minimum and
maximum fluid temperature to prevent freezing or overheating while still deliv-
ering the building energy load. A near-balanced annual energy budget is preferable,
since a cumulative imbalance is the primary driver of multi-year thermal drift and
an eventual loss of thermal capacity.

The recommendations above are given for the thermal design of energy piles and
pile groups. Many of them are also applicable for thermo-mechanical coupled design
(see Sect. 4.1). Especially in the case of energy pile groups, the thermo-mechanical
interaction between active and passive piles has to be considered carefully, as shown
by Di Donna et al. (2016) or Mohamad et al. (2021).

3.2 Energy Walls and Slabs

Most design methods for planar EGs have been developed with energy walls in
mind. Energy slabs, often installed in the same solution as walls have received little
specific study. However, their geometry and boundary conditions are very similar to
the exposed part of an embedded energy wall and their heat transfer characteristics
will therefore be largely analogous. Therefore, the below deceptions, which are
developed for energy walls, can be taken to be in the most part also applicable to the
thermal analysis of energy slabs. However, care should be taken with an anisotropy
in the ground conditions that could impact the heat flow and any details where the
slabs and walls are connected.

3.2.1 Feasibility Study

A preliminary evaluation of the heat exploitable by energy walls can be given by
looking at previous existing installations. Figure 3.2 shows the heat exchanged in
winter and summer in terms of W/m? for a number of existing energy walls instal-
lations (Di Donna et al. 2017a; Salciarini et al. 2026). It can be seen that the heat
exchange is generally in the range between 10 to 50 W/m?, with some exceptions. It
is anticipated that the differences might depend on the depth of the installation, the
configuration of the pipes, the thermal load induced by the heating system and, as for
the case of energy piles, on soil thermal and hydraulic properties and underground
conditions, especially the presence of groundwater flow.
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Fig. 3.2 Heat exchange per square meter of wall surface (from Cost Action Foliage, Salciarini
et al. 2026)

An additional aspect which must be considered specifically for energy walls (and
tunnels), that is not necessary with energy piles, is the effect of temperature and speed
of the air inside the underground space (Nicholson et al. 2013; Nicholson et al. 2014;
Bourne Webb et al. 2016a; Di Donna et al. 2017b; Makasis et al. 2020; Sterpi et al.
2020). These energy geostructures will exchange heat not only with the ground, but
also with the air inside the underground space. This is discussed further in Bourne
Webb et al. (2016a) and in Makasis et al. (2020) where they show that assuming
insulated boundary conditions is a conservative choice for design. In the case of
e.g. metro station excavations which contain hot air from train breaking this might
represent an additional source of heat during winter, but a drawback during summer.
However, other excavation where there is cold, stationary air, this may represent a
reduction in heat extraction capacity.

For the analysis of the geothermal potential in this type of EGs, it is possible to
resort to literature nomograms which, summarizing the results of numerical para-
metric analyses, allow to estimate the thermal power per unit of surface, in the winter
heating and summer cooling modes, depending on the variation of some parameters:
thermal properties of the materials, speed and direction of the flow, inlet temperature
of the heat transfer fluid, duration of the process (Di Donna et al. 2021; Zannin et al.
2022). The nomograms are based on reference models and therefore their use must
be limited to projects whose functional characteristics correspond to those of these
models.

Due to the limited number of available data on operational energy walls, outline
design charts are also presented in Fig. 3.3 (Di Donna et al. 2021). The charts are
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Fig. 3.3 Extracted heat in W/m? for energy walls (Di Donna et al. 2021)

based on a 3D model of one diaphragm wall panel, with the following specific
assumptions:

the soil is saturated and groundwater flow is assumed to be perpendicular to the
wall;

the wall panel is 20 m high, 2.5 m long and 1 m wide, with an excavation depth
of 10 m on one side;

the external air temperature is taken into account and fixed to 30 °C and 2.5 °C
for summer and winter respectively;

a constant temperature boundary condition (20 °C for summer and 10 °C for
winter) is adopted for the excavation side of the wall. This assumption is more
representative of applications where high airflow persists;

pipe spacing is 50 cm, with the arrangement of the pipes following a double-U
configuration, to a depth of 19.75 m. There is a lateral cover of concrete of 0.5 cm.
Pipes are included on the soil side of the wall only;

each analysis case is run for a period of 1 month.

Based on the specific site conditions, i.e. ground temperature, soil thermal conduc-

tivity and groundwater flow velocity, the charts give to the designer a reasonable
preliminary idea on the heat that can be potentially extracted from the ground in
winter and injected during summer, expressed in Watt per square meter of the wall.
Reasonable values of heat extraction/injection range between 12 and 40 W/m?, with
maximum values reached only in the presence of significant groundwater flow and
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during summer. Note that special attention should be payed to underground water
flow direction in comparison to the wall orientation. Ground water flow along the
wall length could lead to significantly higher heat transfer. However, the complex
geometry of many underground infrastructure schemes can also lead to damming of
groundwater which would influence the local conditions.

The nature of the underground space will also affect the results. Where static
air flow conditions are present then heat transfer rates will be lower, but only by
approximately 2 W/m? on average.

3.2.2 Outlined and Detailed Design

For the thermal design of an energy wall, in addition to the methods described
above, there are some analytical and semi-analytical techniques available together
with numerical modelling.

Analytical techniques for the routine analysis of thermal performance of energy
walls are still under development. The first analytical solution based on heat conduc-
tion with the addition of a convective heat transfer boundary condition at the exca-
vation face was proposed over and under the excavation line and validated against
experimental data by Sun et al. (2013). Initial semi-analytical calculation models
based on thermal resistances, were developed and validated by Kiirten et al. (2015)
and by Shafagh and Rees (2019). A composite model based on the Dynamic Thermal
Network approach was then developed and validated by Shafagh et al. (2020), giving
the temperatures in the ground, the pipes and the excavation.

Probably the most useful approach due to its user-friendly nature, is the appli-
cation of the infinite plane source (IPS) coupled with a resistance model, recently
pioneered by Gupta (2024). This follows a similar approach to that described for
piles in Paragraph 5.1.2 whereby the heat transfer processes are split into a steady
and a transient component.

AT, = %G(xw, D) + quS(Rw) + qps(Rp + Ry) (3.5)

where g, is the planar heat flux through the wall, N is the number of times the IPS is
evaluated, A is the thermal conductivity of the ground, G(X,t) is the g-function for
the IPS, x,, is the distance from the heat transfer pipes centre line to the wall surface
where the IPS is evaluated, s is the heat transfer pipe spacing, and Rw, Rp and R¢ are
thermal resistances of the wall, pipes and fluid respectively.

The first term in Eq. 3.5 is transient and determines the temperature on the back of
the wall, and the subsequent terms the temperature difference between the wall and
the exterior of the pipes, and across the pipes respectively. Equation 3.5 needs to be
applied separately to the exposed and embedded parts of the wall and then a length
or depth averaged approached adopted to determine the average fluid temperature.
For exposed sections of the wall, the IPS is evaluated twice, once assuming heat flow
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directly to the back of the wall from a single row of pipes and once assuming heat
flow in the opposite direction which returns from the exposed face of the wall to the
back of the wall due to an assumption of insulation. For the embedded part of the
wall, heat flows into the ground to the front and back of the wall and the IPS only
needs to be evaluated once on the side closest to the single row of pipes. Further
details of this approach and expressions for calculation of the thermal resistance of
walls with one row of pipes are contained in Gupta (2024).

The IPS approach is simple to apply but is limited to certain geometries (i.e. one
row of pipes, insulated exposed face of the wall) and timescales (correction factors
are required in the long term). Considering these simplifications on the timescale of
analysis and the geometry under consideration, a numerical analysis of the specific
case of interest is recommended. This allows to simulate the heat exchange process
on the real geometry of the work and with the real working conditions.

In fact, despite the greater complexity of setting and the lengthening of calculation
times, only numerical modelling allows to grasp fully the complexity of the geometry
of the structure and the surrounding conditions, to the point of allowing, in the most
refined models, to take into account the real arrangement and method of connection
of the heat exchanger tubes, of the two- and three-dimensional effects and of any
couplings between thermo-hydro-mechanical physical processes.

The numerical analysis of the energy support structures requires at least a
two-dimensional geometry, in which a cross section of the geostructure and the
surrounding terrain is analysed, assuming flat heat diffusion conditions. If the
arrangement of the pipes along the structure is irregular and/or if the latter is not
particularly extended longitudinally with respect to the dimensions of its cross
section, it will instead be advisable to resort to a three-dimensional model of the
work.

The geometry and extent of the terrain domain to be included in the simulation
depend on the problem considered. The typical domain shape for a 2D or 3D anal-
ysis of an energy support structure will be rectangular or prismatic, respectively. The
extension (lateral and in depth) of the domain will depend on the overall simulation
time and on the thermal properties of the terrain, therefore it is recommended to
resort to a preliminary numerical experimentation to establish the best compromise
between domain dimensions and computational times. For a purely diffusive simu-
lation lasting on the order of a week, a horizontal extension equal to 15-20 times the
thickness of the energy support structure and in depth equal to 1/3 of its length could
be considered sufficient. Alternatively, the domain size can be reduced by adopting
adiabatic lateral boundary conditions in case of symmetry in the heat exchange, or
by calibrating open boundary conditions.

Typically, in the case of an extended domain, the thermal boundary conditions
to be imposed at the external boundaries of the terrain are of the Dirichlet type,
i.e. a constant temperature equal to the undisturbed value. For the lower domain
boundary, in certain cases (e.g. for very deep installations or in areas with anoma-
lous geothermal gradients) a geothermal heat flux may be imposed (Neumann type
boundary condition).
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The choice of the boundary conditions on the side of the excavation is more
complex and depends both on the conditions of use of this space and on the type of
fluid (air or water) present at the interface with the structure. In the case of bulkheads,
diaphragms or sheet piles which separate the ground from a closed underground
space, the boundary condition which represents the interface with the air may concern
the imposition of a temperature (constant or variable over time) or a convective
heat flow. The first case is typical of underground car parks (often at a temperature
similar to atmospheric temperature) or of underground stations (often at a temperature
dictated by the air conditioning system of the station itself), the second case may
concern railway tunnels where there is a significant presence of air circulation.

In the latter case the choice of the convective heat exchange coefficient is not
trivial. On the side of the excavation, a convective flow is often considered by
imposing a Cauchy boundary condition in which it is necessary to define the tempera-
ture time history (constant or variable) of the internal air and a conductance parameter
h. In this regard it is possible to find guidance in the ISO 6946 (2017) standard, where
conductance values are suggested for different types of internal and external spaces.
Typical values for h vary between 6 and 20 W/(m”K), although values of h in the order
of 50 W/(m?K) for air stream speeds of 10 m/s are suggested. A literature review
of examples of conductance selection in tunnels of various types can be found in Di
Donna et al. (2017b).

The boundary conditions at the upper boundary of the domain will also depend
on the case considered and may include a time series of temperatures similar to
atmospheric ones in the case of outdoor exposure, an adiabatic condition in the
presence of thermal insulation or a temperature equal to that of the space inside the
building bordering the simulated domain.

To accurately reproduce the heat transfer in energy walls and slabs, the initial
conditions also deserve attention. If the simplest choice is to assume, at thermal
equilibrium, an initial temperature that is constant in the domain and equal to the
undisturbed one of the ground, the accuracy of the simulations improves considerably
by imposing an initial temperature that varies with depth and is equal to that measured
in several points of the domain before the geothermal activation of the work. In the
absence of field measurements, it is advisable to resort to preliminary simulations in
which, for some annual cycles, a thermal history can be imposed on the upper (air)
and lateral (air or water) boundaries of the domain as well as an initial temperature
distribution in the ground. A simplified way, although not so effective for energy
walls and slabs, is represented by the imposition of Hillel’s analytical function (Hillel
2013) which describes a temperature profile in an infinite half-space of the ground
as a function of the atmospheric one.

Some authors have recently studied the heat transfer in thermoactive diaphragm
walls through detailed numerical models and have identified the most important
design parameters in maximizing their energy efficiency. Sterpi et al. (2020) iden-
tified the arrangement of the heat exchanger pipes and the length of the section
embedded in the ground as determining factors, concluding that the energy perfor-
mance can improve by limiting the thermal interference between the sections of pipe
carrying the fluid at different temperatures and by maximizing the heat exchange
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in the deepest section of the structure, in contact with the ground on both sides. Di
Donnaetal. (2017b) through parametric analyses have compiled aranking of the most
influential parameters in both short- and long-term functioning. The results suggest
that increasing the number of pipes for each panel is the best strategy to maximize
the energy efficiency of the diaphragm walls in the short term, while in the long-
term operation the temperature difference between the air and the ground becomes
dominant. This confirms the considerable benefit that is obtained by exploiting the
waste heat present in the underground tunnels (mainly coming from the train braking
systems) in the winter operation.

3.3 Energy Tunnels

3.3.1 Feasibility Study

A preliminary evaluation useful at the pre-feasibility or feasibility stage of the heat
exploitable in winter heating and summer cooling modes thanks to the thermal acti-
vation of a tunnel lining can be given by looking at previous existing cases which
have documented thermal exchanges generally between 10 and 75 W/m? (Di Donna
et al. 2017a; Insana 2020; Salciarini et al. 2026). The wide range of values shown in
Fig. 3.4 is mainly dictated by the specific thermo-hydrogeological conditions of the
site which, under favourable conditions (e.g. moving groundwater), can significantly
improve the heat exchange. Furthermore, like energy support structures, tunnels are
also characterized by some peculiarities linked to their particular geometry which
makes it important to evaluate the direction of the groundwater flow and the thermal
condition of the intrados (in particular, the speed and temperature of the air flow).

Given the limited data available on operational energy tunnels, it is very useful to
refer to nomograms proposed in the literature on the basis of numerical simulation
analyses. An example is reported in Insana and Barla (2020), who after validating
a numerical model on the basis of tests carried out on a prototype on site, have
provided an overall estimate of the thermal performance in a number of different
conditions in terms of direction and groundwater flow velocity, soil temperature (and
corresponding internal air temperature), total thermal conductivity of the soil. The
nomograms thus obtained, illustrated in Fig. 3.5, show the thermal power in W/m?
for the winter and for the summer case for different combinations of the parameters
indicated above.

Based on the specific site conditions, i.e. ground temperature, soil thermal conduc-
tivity and groundwater flow velocity, the charts give to the designer a reasonable
preliminary idea on the heat that can be potentially exchanged from the ground in
winter and injected during summer, expressed in Watt per square meter of tunnel
lining. Reasonable values of heat extraction/injection range between 10 and 80 W/
m?, with maximum values reached only in the presence of significant groundwater
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Fig. 3.4 Heat exchange per square meter of tunnel surface (from Cost Action Foliage, Salciarini
et al. 2026)

flow. Note that special attention should be payed to underground water flow direction
in comparison to tunnel orientation, which can significantly affect the results.

The use of nomograms must be limited to projects whose characteristics are similar
to those of the models from which they originated. The nomograms, in fact, refer to
the “Enertun” configuration of the geothermal probes, having a main circumferential
direction, perpendicular to the tunnel axis. The depth of the tunnel in the calculation
was assumed such that the influence of external air temperature fluctuations could be
neglected. The results refer to a thermal activation period of 30 days. This assumption
is conservative because it is assumed that the thermal power exchanged is higher in
the previous days. Nonetheless, it should be noted that if the thermal activation lasts
more than 30 days, especially in the absence of groundwater flow, the thermal power
will tend to decrease or, in any case, to reach an equilibrium situation more slowly and
later. In this circumstance the values obtained from the nomograms can reasonably
be assumed as mean values of powers.

Asitis possible to observe, regardless of the direction of the groundwater flow, the
best performance is obtained in the case of maximum ground thermal conductivity,
maximum groundwater flow speed, thanks to the thermal recharge mechanism which
allows the ground to return more rapidly to the initial undisturbed, and maximum
ground temperature in winter and minimum in summer. As groundwater flow velocity
decreases, thermal conductivity starts to play a role. The effect of the groundwater
flow direction is to significantly improve the energy performance in the case of
oblique and perpendicular flow.
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Fig. 3.5 Design charts for the evaluation of the geothermal potential in W/m? in winter and in
summer for different directions of groundwater flow with respect to the tunnel axis (0°, 45° and
90°) (Insana and Barla 2020; Insana 2020)

Among the most influential parameters on the quantity of exchangeable heat it is
therefore possible to mention the undisturbed temperature of the ground relative to the
fluid temperature, the hydraulic gradient combined with the hydraulic conductivity of
the ground (Darcy velocity), the direction of the groundwater flow, the air temperature
in the tunnel. Furthermore, the thermal properties of the concrete lining and of any
filling on the back must be taken into consideration, which in the aforementioned
nomograms are set at 1.5 and 2 W/(mK) respectively.
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Other design charts obtained from numerical analyses that focus more on the role
of indoor air are also available in the literature, such as those developed by Dornberger
etal. (2022) and Ma et al. (2021) which can be consulted if the role of the internal air
of the tunnel is considered to prevail with respect to the hydrogeological conditions
of the site.

It should be noted that more sophisticated evaluation tools, described in the
following Chapters (in particular numerical analyses), and a more detailed study
are instead recommended in the subsequent design phases to accurately simulate the
heat exchange process.

3.3.2 Outlined and Detailed Design

The classical line heat source and hollow cylinder model adopted for BHE and piles
are not applicable to tunnels. Research on analytical methods for energy tunnels is
currently underdeveloped. An analytical solution has been proposed by Zhang et al.
(2013). A 2D composite medium multiple line heat source model in radial coordinates
was developed and validated on TRT tests performed in Linchang tunnel, based on
the simplifying assumptions of a homogeneous rock and tunnel lining, with thermally
inert properties, radial heat transfer, negligible heat conduction in the longitudinal
direction nor in the pipes wall and heat carrier fluid by virtue of the pipes small size
compared to the tunnel domain, absence of groundwater flow. The model accounts
for the internal boundary condition via a sinusoidal varying temperature condition
determined from monitoring of road tunnels and allows to compute the heat carrier
fluid temperature. The approach has not been adopted more widely.

Less sophisticated methods, though accurate and less time demanding, are repre-
sented by semi-analytical methods which derive the thermal resistance of the tunnel
lining heat exchangers. Investigations into thermal resistance of the tunnel heat
exchangers were carried out by Shafagh et al. (2020) who evaluated the shape factors
with varying ranges of geometric parameters (tunnel lining diameter, pipes diameter,
concrete cover) to predict the outlet temperature or the heat flow rate. This approach is
even more simplified than the analytical method mentioned above, but much simpler
to adopt in routine application. It has to be reminded that thermal resistance is a
steady-state parameter and would hence lead to underestimation of energy avail-
ability. Transient methods are recommended for tunnel heat exchangers design if
possible. Therefore, although, as shown, some examples of analytical methods exist
in the literature, able to capture the thermal performance of tunnel heat exchangers,
most of the assumptions bring limitations. In response to this, it is more common for
the tunnel and surrounding ground to be treated by numerical simulation. Numerical
models solving the governing heat transfer equations are the most common tool to
deal with the analysis of thermal performance. In general, it is possible to refer to
finite element or finite difference calculation codes, constructed by adopting a TH
(Thermo-Hydraulic) or THM (Thermo-Hydro-Mechanical) formulation.
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Typically modelling is conducted in three dimensions with 1D pipes to reduce
computational effort. It is advisable to resort to a preliminary numerical trial to
establish the best compromise between domain extension and computational times.
Indicatively, a horizontal extension equal to 15-20 times the diameter of the energy
tunnel and a vertical extension equal to 810 times the same diameter could be
considered sufficient. In some cases, such as for example to simulate the entrance
to a tunnel, it is possible and useful to take into account the real elevation of the
topographic surface in the model.

In terms of model thickness, in the case of energy segments it is possible to
reproduce a certain number of tunnel rings equipped for heat exchange sufficient to
also take into account the reciprocal thermal influence between the rings in the case
of groundwater flow not perpendicular to the axis of the tunnel. If, on the other hand,
it is a tunnel built using traditional methods, the same care must be taken with regard
to the width of the activated module.

To build the model it is necessary to reproduce the correct geometry of the case
study, including the arrangement and geometry of the geothermal circuit as well
as the hydrogeological and thermal conditions of the subsoil. As for other energy
geostructures, it is possible to neglect the thermal diffusion in the thickness of the
exchanger tubes to save computational time and to simplify the analysis.

Any groundwater flow present, linked to porous media with high permeability
and considerable hydraulic gradients, and the consequent advective-convective heat
exchange can be reproduced by imposing a difference in hydraulic head as a boundary
condition, on the lateral edges of the model, which therefore determines a flow in
the direction corresponding to that observed in situ, as a function of the hydraulic
conductivity of the soil.

As thermal boundary conditions at the upper boundary, in the case of sufficiently
deep tunnels (at least 10—15 m of cover) it is possible to neglect the influence of the
external air temperature at ground level, directly imposing the undisturbed ground
temperature. Alternatively, it will be necessary to have the most recent external
temperature variation data, to be imposed as a Dirichlet or Cauchy boundary condi-
tion on the surface, in order to obtain a temperature profile that varies with depth
(heterothermic zone). For the lower domain boundary, the temperature is usually fixed
at the undisturbed ground value and the geothermal heat flux is neglected. However,
in certain cases, such as those already mentioned in Sect. 3.2.2, a geothermal heat
flow can be imposed (Neumann type boundary condition). The lateral boundaries of
the domain are usually considered adiabatic.

With reference to the boundary conditions to be imposed on the intrados of the
tunnel, the choice is more complex. Typically, the internal air is not simulated explic-
itly (i.e. there is no mesh inside the tunnel), but there are situations in which it can
be important to take this into account, such as for example in the case of the study of
alpine tunnels where the objective may also be to control the internal temperature.
The choice is therefore left to the designer. A convective flow is often considered
on the intrados by imposing a Cauchy boundary condition, defining the internal air
temperature history and a conductance parameter which can vary between 0 and 30
W/(m?K) and which basically depends by the speed of the air flow and the roughness
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of the tunnel walls as better illustrated in Sect. 3.2.2. However, it is also possible to
evaluate the application of a Dirichlet boundary condition, even if it is considered
less likely.

Asregards the initial thermal conditions in the case of sufficiently deep tunnels, it is
possible to assume a constant temperature in the domain and equal to the undisturbed
ground temperature. Otherwise, it is good practice to impose an initial temperature
that varies with depth and equal to that measured on site in several points of the
domain before the geothermal activation of the work or to reconstruct the thermal
profile through a multi-year analysis as already described for the energy support
structures.

An example of geometry and boundary conditions applied is shown in Fig. 3.6.

Modelling usually consists of several calculation phases:

e the first phase concerns the hydraulic initialization of the groundwater flow if
present and takes place in stationary conditions;

e the second phase concerns the thermal initialization and is of a transient type, with
a suitable duration (e.g. monthly if the outside air is not considered or some annual
cycles in the opposite case). This phase provides the initial thermal state due to
the ground temperature, any atmospheric temperature and temperature variations
in the tunnel;

e in the third phase the thermal activation of the system is simulated. The initial
thermo-hydraulic state is that obtained at the end of the two phases mentioned
above in the season corresponding to that of thermal activation. The analysis is
carried out by setting the temperature and flow rate at the inlet of the exchanger
tubes and calculating the outlet temperature. It will depend on the heat exchange
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Fig. 3.6 3D view of the numerical model of an energy tunnel with indication of the hydraulic and
thermal boundary conditions
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that is numerically reproduced during the analysis. By varying the inlet temper-
ature to the exchanger pipes, the analysis can allow to simulate the average
behaviour in the various activation periods of the system. For example, by setting
an inlet temperature between 24 and 28 °C, summer operation can be simulated,
when the excess heat is dispersed into the ground. On the other hand, by imposing
aninlet temperature between 3 and 6 °C, itis possible to simulate winter behaviour,
extracting heat from the ground. Finally, by cyclically varying the inlet tempera-
ture, based on the annual operating modes, it is possible to simulate the seasonal
behaviour of the system and evaluate the long-term effects.

Typically, the analyses are performed by reproducing the functioning of the
geothermal plant for a certain number of years, to analyse not only the short-term
effects, but also the long-term ones.

The thermal power exchanged can be calculated starting from the temperature
difference between the inlet and outlet of the pipes and used to determine the
geothermal potential of the stretch of tunnel in question. An example output is shown
in Fig. 3.7.

In the literature there are also cases in which the temperature entering the circuit is
set starting from the thermal load to be satisfied and from the temperatures obtained
at the outlet for each calculation step (Bidarmaghz et al. 2021).
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Chapter 4 ®)
Thermo-Mechanical Design of Energy et
Geostructures

Abstract This chapter examines how temperature variations affect the structural and
geotechnical behaviour of energy geostructures. Thermal loading induces expansion
and contraction, generating additional stresses and strains due to constraints from
surrounding soil and structural elements. The chapter explains that while ultimate
limit states are generally not critical, serviceability issues such as displacements and
stress redistribution must be assessed. It describes analytical methods and numer-
ical modelling to evaluate coupled thermo-mechanical effects. Particular attention is
given to piles, walls, and tunnel linings, highlighting interactions within pile groups
and structural systems. Overall, the chapter stresses the importance of integrating
thermal effects into standard geotechnical design.

Energy Geostructures (EGs) fulfil both a primary structural function and a secondary
energetic role. Due to the latter, thermal fluctuations occur within the structure,
inducing modifications in the stress and strain state of the structure itself. The purpose
of the thermo-mechanical analysis is to verify the occurrence of these side effects
and their compatibility with the structural function in accordance with Eurocodes. In
particular, it has been observed that thermal variations induce limited effects that, in
general, do not compromise safety with respect to the ultimate limit states (ULS) of
the structure, but may affect the serviceability limit state (SLS) (Bourne-Webb et al.,
2016b).

Thermo-mechanical effects stem from the interaction between the geostructure,
which experiences temperature fluctuations, and external constraints imposed by
various elements in contact with the structure. These encompass the surrounding
ground and other structural components, such as beams, slabs connecting piles,
tiebacks, struts, slabs connecting diaphragm walls, bolts, and anchors in tunnel
linings.

For example, the temperature variation induced in an energy pile by the heat
transfer fluid (initially colder than the pile in winter heating mode and warmer in
summer cooling mode) produces a contraction in winter and an expansion in summer.
If the pile was free, it would undergo a maximum contraction or expansion, related
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Table 4.1 Summary of tools available for thermo-mechanical design of EGs depending on the
design stage

Feasibility study Outlined design Detailed design

Foundation piles | Conservative Design charts or Analytical solutions or
estimations of maximum | analytical solutions | numerical modelling
stresses and

deformations
Foundation slabs | - Numerical modelling | Numerical modelling
Walls - Numerical modelling | Numerical modelling
Tunnels - Numerical modelling | Numerical modelling

only to the temperature variation undergone and to the material’s thermal expan-
sion coefficient. However, deformations are not completely free but are partially
prevented by the presence of external constraints, such as an embedding in a rigid
layer at the base of the pile or in a rigid superstructure at the head, or the lateral soil
itself, which frictionally restricts the movements of the pile. If the pile was perfectly
constrained at both the tip and head, shortening and elongation deformations would
be completely prevented. Consequently, the pile would undergo a maximum varia-
tion in internal stresses, tensile in the case of prevented shortening and compressive
in the case of prevented elongation. In reality, an intermediate condition between
the total absence of restraint and the degree of complete restraint exists, so that the
energy pile undergoes both thermally induced strains and thermally induced stresses.
Table 4.1 summarizes the tools available for thermo-mechanical design of EGs
depending on the design stage. The different tools are described in the following.

4.1 Energy Piles

Geotechnical design of an energy pile or a group of energy piles is performed on the
same basis as conventional piles, however with additional check of thermal stresses
developed in the piles and additional settlements of piles due to the temperature
variations. Therefore, energy piles must fulfil the requirements of ULS and SLS, as
defined in Eurocode 7 standard (EN 1997-1) with consideration of thermal loading
in addition to the classical loads.

To obtain the design load the mechanical and thermal actions are taken into
account. The permanent and variable actions are identified and the appropriate load
combinations with partial safety factors for permanent and variable loads are assigned
together with accompanying factors when two or more types of loads are applied
simultaneously.

Thermal actions could be neglected in the design of energy pile at the ULS if
sufficient ductility and rotation capacity of piles is ensured. Both mechanical and
thermal actions are considered when checking requirements of the SLS.

The main requirements that an energy pile must fulfil are:
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e The vertical stress variations caused by mechanical and thermal loads must be
considered with respect to the entire length of the energy piles, and the most
stressed section must be verified.

e The vertical displacement variations caused by mechanical and thermal loads
must be considered with respect to the head of the energy piles.

As for conventional piles, ULS design for energy piles includes the following
checks:

e Bearing capacity of pile (base and shaft capacity),
e Structural capacity of pile (axial force, bending moment, shear force).

Since one of the main requirements of the ULS is to ensure the bearing capacity
of the pile, and this is related to the shear strength of the soil, taking into account
the heating and cooling effects, should be considered in the design of the ULS for
energy piles.

The main requirements that must be satisfied when designing energy piles are
(GSHPA, 2012): pile settlement, differential settlements, axial, bending and shear
stresses, negative skin friction, axial and radial pile expansion/contraction/fixity,
thermally induced axial stresses, cyclic effect of the thermal actions and temperature
at soil-pile interface including daily/seasonal variations.

The SLS should be evaluated for the displacements expected under both externally
applied and thermal loads.

The mechanically induced and thermally induced stresses and vertical displace-
ment of the energy piles are estimated with analytical methods such as load transfer
method or with Finite Element Method (FEM). The comparison of the load-transfer
method and FEM was presented by Loveridge et al. (2020b). In the load-transfer
analysis the main disadvantage is the inability to analyse group of piles and the need
to define the appropriate head restraint boundary conditions and to take into account
the radial stresses. The main issue in FEM is to assign the material model with
constitutive relationships that adequately describe the nonlinear response of the soil
due to the mechanical and thermal actions (also see Chapter 3). FEM also enables
to evaluate the thermo-hydro-mechanical response of the ground surrounding the
energy pile and can also evaluate the cyclic effect of the temperature variations with
time. One of the main advantages of FEM is the capacity to simulate the energy piles
system with time, in an integrated way focusing on both thermo-mechanical and
thermal behaviour basing the design on an analysis that captures the performance of
the system for 5, 10, 25, 50 years.

Analytical solutions for energy piles usually assume a linear thermoelastic
behaviour for the piles, which means that their deformation and thermal proper-
ties are directly proportional to the applied loads and temperature changes. End
restraints of the pile have a significant effect on the mobilization of shaft resistance
and, consequently, on the displacement of the pile and the stresses generated in the
pile. In real projects, where energy piles play the role of a building foundation, the
head restraints are never free. The degree of restraint at the head is significantly
influenced by the loads transmitted from the building to each of the piles and the
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type of structure connecting the piles together, forming the foundation system. The
base restraint conditions however are directly impacted by the mechanical properties
of the material (soil or rock) found at the base of the pile. Therefore, a combination
between thermal induced displacements and thermal induced stressed is a realistic
assumption regarding the thermo-mechanical behaviour of energy piles.

The vertical deformation of a single energy pile and the resulting stress devel-
opment, induced by a combination of mechanical and thermal loads, are contingent
upon several crucial parameters. These include:

The stiffness of the pile and the surrounding soil.

The geometric characteristics of the pile.

The end-restraints conditions.

The thermal expansion potential of both the pile and the soil.

The duration of geothermal operation of the energy pile (i.e., the time involved).
The rate at which the loads are applied.

When a pile is heated, the concrete tends to expand; when cooled, it contracts. If
the pile head, base, or shaft friction constrains that movement, part of the thermal
strain is converted into stress. Under heating, compression generally increases, while
cooling can reduce compression and even generate tension in extreme cases.

In practical operation, an energy pile experiences temperature fluctuations linked
to seasonal heat-exchange cycles. The temperature variations recorded in various
studies along the pile shaft typically range from + 30 °C during heating to — 15 °C
during cooling. When group of piles are considered (scenario corresponding to real
cases) their individual thermal influence zones may overlap depending on their posi-
tioning (piles spacing) which may cause local ground temperatures to merge. As an
effect the effective AT around each pile may increase up to 30-40%.

Figure 4.1 explains the principle of thermal effects within the energy piles and
their influence on the thermo-mechanical behaviour of the piles. An energy pile
subjected to mechanical loading develops axial compressive strains and stresses
governed by the applied structural loads and by the interaction with the surrounding
soil through shaft resistance. When the pile is thermally loaded, a temperature
increase induces axial expansion, while a temperature decrease induces contrac-
tion; however, the thermal deformation is partially restrained by the surrounding
ground and by boundary conditions at the pile head and toe. As a consequence,
heating generates expansion within the pile, whereas cooling may induce contrac-
tion. Under combined thermo-mechanical loading, the pile response results from the
superposition of mechanically induced and thermally induced strains and stresses,
leading to a coupled behaviour characterised by redistribution of axial force and
shear stress along the pile shaft. Depending on the magnitude, sign and sequence of
thermal and mechanical actions, thermal expansion may either amplify or partially
counteract mechanical stresses, shifting the location of the Null Point and modifying
load transfer mechanisms.

Thermal expansion and contraction of the pile length produce measurable axial
strain changes (Table 4.2). In existing data from single-pile tests vertical strains may
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Fig. 4.1 Schematic illustration of thermo-mechanical behaviour of energy piles

reach up to approx. 250-300 e under heating of AT ~ 20-30 °C. The strain distribu-
tion is roughly uniform along most of the pile length. Radial expansion accompanies
axial elongation due to the Poisson effect. The typical radial strain in concrete piles
is about one third of the vertical strain. This results in a small change in pile diameter,
on the order of 0.1-0.2 mm for a 1 m pile diameter. However, while these deforma-
tions are minor structurally, they may influence the contact and interface shear stress
between the pile and soil, thereby modifying load transfer mechanisms. In the case of
energy piles groups, their positioning may determine a superposition of temperature
fields which slightly increases the average thermal strain, particularly in the upper
portions of piles. However, usually the thermally induced vertical and radial strains
remain elastic in nature.

Restraints at the pile head, toe, and along the shaft convert blocked thermal strains
into stresses. Thermally Induced Vertical Stress may reach values in the order of
1-6 MPa of stress depending on the restraints conditions. Field evidence shows

Table 4.2 Ranges of variations for energy piles

Parameter Single Pile (Typical Range) | Group Effect (Relative Change)
Temperature variation (AT) —15°C—> +4+30°C + 10-40% higher near center
piles
Vertical strain (Ag?) + 100-250 pe + 15-25%
Radial strain (Ag") + 30-80 pe + 5-10%
Vertical stress (Ac?) + 40 — + 360 kPa / °C up to + 200%
(heating)
— 15— — 180kPa/°C
(cooling)
Head displacement + 2-6 mm (free head) X 1.5-2 increase; uneven across
+ 1-3 mm (restrained) group
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actual increments between 40-360 kPa per °C during heating cycles and increments
between 15 -180 kPa per °C for cooling. Thus, over a 20 °C cycle, thermal loading
can alter axial stress by 4—7 MPa, comparable to mechanical design loads. When
multiple piles are simultaneously heated axial stresses tend to increase due to mutual
restraint and increased soil confinement. Recorded and simulated results indicate
stress magnitudes can rise by up to 100-200% compared with isolated piles especially
when pile spacing is smaller than 4 to 6 diameters of the piles.

Temperature changes also affect vertical movement at the pile head. In heating
phases, piles may develop head displacement in the range of mm (& 1-3 mm).
During cooling, contraction combines with structural load and produce additional
settlements of comparable magnitude, typically 2-5 mm that depend on the AT.
Usually, the displacements depend on the pile’s boundary conditions, mechanical
load, and soil compressibility (ex. non/normal-consolidated soils tend to settle more
under heating, higher impact on cohesive soils compared to noncohesive). Pile groups
usually generate larger cumulative ground deformation with vertical displacements at
the group cap that can be 1-2 times higher than those of a single pile. Also differential
heave or settlement may appear if piles operate under uneven thermal loads.

The thermo-mechanical assessment and design of energy piles should rely on
methods that can accurately represent the coupled interaction between temperature,
stress, and displacement within both the pile and surrounding soil.

4.2 Load-Transfer Method

Load-transfer method uses the measured relationship between the pile resistance and
pile movement at various points along the pile (Knellwolf et al., 2011). Therefore,
the curves relating the ratio of the adhesion and the soil shear strength to the pile
movement are needed in analysis and are obtained from the field and laboratory tests
(Poulos, 1989),. The load transfer effect based on the assumption that the temperature
changes are uniform over the lengths of the pile was presented by Bourne-Webb et al.
(2009). Since the settlement of the pile head depends on the boundary conditions,
the following options for pile body restraint should be considered:

Floating pile (no pile head nor pile base restraint),

Pile head fixed along with no pile base restraint,

Partly fixed pile head along with no pile base restraint,

Free pile head along with finitely rigidity of the pile base,

Pile head fixed along with finitely rigidity of the pile base,

Partly fixed pile head along with finitely rigidity of the pile base,
Free pile head along with infinitely rigidity of the pile base,

Pile head fixed along with infinitely rigidity of the pile base, and
Partly fixed pile head along with infinitely rigidity of the pile base.

Figure 4.2 illustrates conceptual variations between the degree of restriction at
the head of the pile, top load and corresponding settlements for different levels of
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Fig. 4.2 Typical diagram of head settlement and head load variation due to thermal loading for
different head rigidity levels (Burlon et al., 2013)

head rigidity ky,. The figure shows how the settlements evolve at different variations
of top load and various degrees of freedom of the pile. As a result, the higher the top
load the higher the settlements for lower degree of freedom. The higher the restraint
conditions at the tip of the pile which can translate into stiffer material/soil/rock
at the bottom, the higher the stress developed in the pile. Overall, Fig. 4.2 captures
the essential thermo-mechanical coupling governing energy pile behaviour—Ilinking
restraint conditions of the pile, settlement evolution with load variation of the pile.

4.3 Finite Element Method Considering Thermal Cyclic
Effects

The load-transfer curves method is a potent tool in design practice, enabling a prelim-
inary and accurate sizing of energy piles. However, this method falls short in consid-
ering several vital aspects that could significantly influence behaviour, particularly
the constitutive behaviour of the soil and the complexities of heat and water diffusion.
For a comprehensive account of these physical aspects, the numerical methods (e.g.
FEM, FDM) proves more suitable.

The finite element method (FEM) may provide a full three-dimensional repre-
sentation of the pile—soil system and explicitly models heat transfer and mechanical
equilibrium. FEM captures the transient evolution of temperature fields, and the
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resulting stress redistribution both within the pile and in the surrounding ground.
Compared with the load-transfer method, finite element analysis offers greater accu-
racy and insight into complex boundary conditions, group interactions, and non-
uniform heating or cooling scenarios. In practice, the load-transfer approach is often
used for preliminary and routine design, while FEM simulations are reserved for
final verification, optimization, and research-grade analysis of energy geostructure
performance.

The results obtained from the more comprehensive 3D simulation of an energy pile
group offer valuable insights into the understanding of pile interactions and analysing
the overall foundation response under mechanical loading and thermal cyclic stresses.
Typically, the energy piles, which are made from reinforced concrete, are assumed to
behave thermo-elastically in the numerical simulations. Several constitutive models
have been developed for modelling the stress—strain behaviour of soils, but few
consider the thermal cyclic aspect. One such constitutive model for clay is the
ACMEG-T model (Modaressi & Laloui, 1997).

In general, pile design assumes axial loads, bending moments and shear forces.
Pile design should consider the slenderness of the pile to determine the appropriate
moments. Piles are also designed and checked for biaxial moments if they occur. For
the limit state STR, which deals with the failure of the pile, a general method for
designing piles is as follows:

determine the design life of pile,

assess actions on the pile,

determine which combinations of actions apply,

assess durability requirements and determine the concrete strength,
check cover requirements for appropriate durability and bond,
analyse pile for critical combinations of moments and axial forces,
check slenderness and determine bending moments,

determine area of reinforcement required and

check spacing of bars and links.

In practice, several of the above steps can be combined, and these steps are
applicable to both conventional pile and energy pile design.

The load-bearing capacity of a pile group could be significantly greater than that
of a single pile foundation. However, this group capacity is heavily influenced by the
interaction between the piles and the soil, which is contingent upon factors such as the
group configuration, group size, and spacing between individual piles. In practice,
a pile cap is employed to connect the heads of the piles directly with the ground,
creating what is known as a piled raft system. This system enhances the bearing
capacity due to the presence of the cap, but introduces a complex interaction among
the piles, the ground, and the foundation slab. In situations where thermo-active piles
are employed for heating/cooling purposes in a building, not all the foundation piles
need to serve as energy piles. The number of such piles required depends on the
building’s energy demands and the ground’s energy source capacity. The distinct
responses of activated and non-activated piles can lead to different behaviour than
predicted for a single pile, as loads are redistributed through the foundation slab.



4.4 Energy Walls and Slabs 53

The partial use of the foundation as thermo-active elements can introduce signif-
icant additional stresses due to the stiffness of the overlying structure Dupray et al.
(2014). The extent of these additional stresses experienced by non-thermal piles
depends on the stiffness of the foundation slab. In contrast to load redistribution
caused by mechanical loading, higher stiffness should be considered unfavourable
as it leads to more extensive transfer of thermally induced displacements to other
piles. Rotta Loria and Laloui (2016) presented design charts for the displacement
behaviour of energy pile groups using the interaction factor method.

4.4 Energy Walls and Slabs

As for the case of thermo-active piles, the thermal effects represent additional contri-
butions to the mechanical loads. However, with respect to energy piles, energy walls
are characterized by a more complex geometry, non-axisymmetric, with structural
constraints such as anchors and base slabs, one side partially exposed (to air/water)
and not in contact with the soil, mainly horizontal loads, eccentric thermal loads and
a bending type of behaviour. All these aspects make thermal effects less predictable
compared to piles. Additionally, it is not possible to directly apply the concepts
described for energy piles, therefore energy walls need to be addressed ad hoc.
Similar conditions apply to energy slabs even though geometry is different and they
are generally active at a shallower depth.

Thermo-mechanical effects in energy walls due to thermal loading are represented
by possible changes in horizontal and vertical displacements of the soil and of the
structure (and, therefore, of settlements of buildings at the surface) and by changes in
structural internal forces and soil stresses. These effects are highly dependent on soil
initial temperature, on temperature changes with time at the surface, on temperature
changes related to the operation of the geothermal system and on the user energy
demand, on the thermal boundary conditions (in particular at the excavation side),
on the constraints due to the soil at the side and at the base, on structural constraints
(actions from connected anchors or slabs), on thermal and mechanical properties
(such as stiffness) of the involved materials, on mechanical loads (Habert & Burlon,
2015; Bourne-Webb et al., 2016a; Sterpi et al., 2017; Barla et al., 2020a).

In the literature thermo-mechanical effects are usually studied resorting to 2D
or 3D finite element or finite difference numerical models with coupled thermo-
mechanical or thermo-hydro-mechanical approach. Currently, simplified analytical
or empirical methods are not available. The analysis of energy walls, that often
have complex geometry and boundary conditions, can profit considerably from the
accurate modelling offered by these methods. Figure 4.3 shows a couple of examples
of numerical mesh discretization for the simulation of thermo-mechanical behaviour
of an energy diaphragm wall. Beyond the traditional mechanical parameters, it is
necessary to define thermal conductivity, specific heat and the thermal expansion
coefficient for all materials involved in the model. The simplest case is to consider
an elastoplastic constitutive model for the soil (such as Mohr—Coulomb, Cam-Clay)
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Fig. 4.3 Examples of (a) FDM and (b) FEM model for thermo-mechanical analysis of energy
diaphragm walls (Barla et al. 2020a; Soga et al., 2015)

considering in the elastic law an additional component depending on temperature
in an isotropic and linear way (thermal variations only induce reversible volume
changes) and a thermo-elastic behaviour for the structural material (such as concrete).
If this approach can be accepted for coarse-grained soils, it’s worth specifying that
for fine-grained soils more complex constitutive models exist in literature (such as
the dependence of the hardening law from temperature).

The stages usually considered in thermo-mechanical numerical analyses of energy
diaphragm walls include the geostatic initialization of the domain and the initializa-
tion of the stress—strain state of the diaphragm wall by reproducing the excavation
and construction process, since the final stress—strain state is a function of it. This
stage is time independent. If needed, the domain is initialized from a hydraulic point
of view by means of appropriate hydraulic boundary conditions (hydraulic head or
pore pressure) so as to reproduce the static regime or steady-state seepage. Usually
a thermo-mechanical analysis stage, without thermal activation, follows, to obtain
the initial temperature field. During this stage the effect of thermal environmental
variations on the geostructure’s stresses and strains can be analysed. Then thermal
activation is simulated during which it is evaluated how the stress—strain state previ-
ously calculated varies in time and in space. At the end of the analysis, it is possible to
evaluate earth pressures, displacements and structural forces at different time frames.

For instance, according to a study by Sterpi et al. (2017), whose results can be
observed in Fig. 4.4, the horizontal earth pressure changes, influenced by materials
thermal expansion, are practically negligible with respect to the undisturbed natural
conditions and within 10%. Similarly to piles, a thermal contraction of the structure
is observed in winter and a thermal elongation in summer in the order of 13% at the
head (about 2 mm) with respect to undisturbed conditions. The increase in horizontal
displacements is in the order of 8% (7 mm) and oriented towards the excavation side.
Therefore, in this case, as well as in other cases from literature, thermal effects appear
acceptable in terms of geotechnical safety.
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of the displacement (Sterpi et al., 2017)

However, the small changes in displacements imply thermally induced stresses
and, hence, internal forces, that cannot be completely neglected.

InFig. 4.5, in addition to alternating compression and tension conditions according
to the season, three other fundamental aspects emerge.

e The first one concerns the maximization of the axial force at the beginning of the
heating or cooling season, since, although maximum temperature variations occur
at the end of the season (April and August), it is at the beginning that there are
maximum temperature gradients between the structure and ground (November
and June respectively). The latter, therefore, not yet affected by the heat exchange
process, tends to oppose to heat-induced deformations.
The second aspect concerns the different behaviours of different adjacent cross
sections since there is a temperature gradient in the longitudinal direction and
the mutual interaction among the cross sections prevent each other from thermal
elongation or contraction. An increase in compression is observed in summer
and a decrease in compression, which can lead to traction, in winter in the
section closest to the heat exchangers, and an opposite effect in the sections less
affected by the temperature variation. For this reason, a three-dimensional model
is recommended, which is more accurate than a conventional plane strain model.

55
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Fig. 4.5 Axial force and bending moment at different time frames in two different vertical cross
sections (Sterpi et al., 2017)

e Finally, even though some change in bending moments will occur, in the embedded
part of the wall, these changes are negligible. The presence of the base slab and of
the ground on both sides of the immersed part contribute to reducing the bending
moment in the deep section of the structure.

Similar results also emerge from Barla et al. (2020a) (Fig. 4.6) where the horizontal
displacement varies between —4% in winter and 4+ 16% in summer with respect to the
environmental thermal oscillations. The maximum variation of the bending moment
is obtained in winter (+17%) when the displacements are negligible. The authors
conclude that the stress variations are largely included within the strength limits of
the structure.

The effect of heating and cooling cycles on the short- and long-term structural
behaviour of an energy retaining structure was studied by Soga et al. (2015) for the
case of the Tottenham Court Road station of the Crossrail in London, in clayey soil.
From the numerical results, the most relevant effects are the deformations induced by
a thermal differential along the thickness, the variations in active and passive earth
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pressure and the shrinkage or expansion of the soil due to a long-term thermal drift.
However, the numerical prediction indicated minor variations of earth pressures and
minor soil shrinkage/expansion due to a ground thermal drift in the long term. Due
to a thermal gradient in the wall cross-section, concrete strains induce an increase
in calculated bending moments, but usually the moment distribution remains well
within the design failure envelope adopted for the wall design.

Since the ground-wall interface resistance is not a key factor in the wall structural
function, the possible detrimental effect induced by cyclic thermal loading can be
neglected, unless the diaphragm wall is used also with a load bearing function.

Additional studies (Habert & Burlon, 2015; Bourne-Webb et al., 2016a) confirm
that temperature variations have a limited effect on the behaviour of the structure
which usually still complies with the requirements to ensure safety and that the
effects of heating and cooling operations are minimal compared to those attributable
to natural climatic fluctuations. Most of the thermo-mechanical effects are hence
produced by the natural temperature variations compared to which thermal activation
adds very little contribution (Fig. 4.7).
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Fig. 4.7 Example of the variation of bending moment along an energy diaphragm wall, for different
heating modes and thermal conditions at the excavation side (Bourne-Webb et al., 2016a)
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To conclude, the thermally induced mechanical effects, observed partly as addi-
tional displacements and partly as variations of internal actions (axial forces and
bending moments), are limited and do not seem to threaten the structural and geotech-
nical safety of energy walls as they are most likely below the strength limits of
the structure. However, additional stresses may arise that require careful evalua-
tion during the design phase to anticipate possible unexpected overload situations.
The structural conditions and the constraints are of particular importance; therefore,
it is essential to correctly simulate the construction sequence and the connection
structures in the numerical analysis in order to obtain reliable results.

More recently, analytical solutions have also been presented in the literature (see
Rotta Loria et al., 2020), although their use in practice has not yet widespread and
whose application is limited by the assumption of a linear temperature gradient across
the structural element thickness.

4.5 Energy Tunnels

As for piles and diaphragm walls, also for tunnels thermal activation of the lining
can lead to side structural effects that need to be adequately evaluated, both in terms
of strains and in terms of stresses due to prevented strains. In particular, temper-
ature changes generated by heat exchange between the heat carrier fluid and the
surrounding soil/rock mass and/or the inner tunnel environment could involve:

e thermal expansion/contraction cycles of the geological formation hosting the
tunnel with subsequent change in the load acting on the lining;

e thermal expansion/contraction cycles of the lining with subsequent change in axial
force and bending moment of the lining;

e change in the effective stress state of the soil also due to a stress redistribution
induced by the above-mentioned load and internal actions changes.

Such possible phenomena induced by temperature variation are schematically
illustrated in Fig. 4.8.

Based on the above, temperature distribution in an energy tunnel needs being esti-
mated accurately to determine the change in induced strains, the additional thermal
stresses, and compare the thermally induced actions with the resisting ones. To this
aim, at present no simplified analysis methods exist, but it is possible to refer to
previous experiences or to perform thermo-mechanical analyses to quantify the lining
stress—strain conditions.

The calculation steps required to carry out a numerical simulation include (i) the
geostatic initialisation of the domain and the initialisation of the stress—strain state
of the tunnel lining under operating conditions, which requires simulation of the
excavation sequence and construction phases; (ii) possible hydraulic initialisation
of the domain by means of specific hydraulic boundary conditions (hydraulic head
or porewater pressure), reproducing the hydrostatic or stationary seepage regime;
(iii) thermal initialisation of the domain, through the application of an undisturbed
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Fig. 4.8 Main issues involved in the geotechnical and structural design of energy tunnels (modified
from Soga & Rui, 2016 and Ma et al., 2022)

temperature field or cyclic seasonal thermal solicitations, followed by a transient
thermal or thermo-hydraulic analysis, until the final cyclic stationary condition is
reached; (iv) activation of the geothermal system by applying a thermal solicitation
to the lining. In phase (iii), the effect of environmental thermal variations on stresses
and strains in the lining can be analysed, whereas in phase (iv) it is possible to
evaluate the effect of thermal activation on stresses and strains in the lining at different
timeframes, also with respect to those assessed in (iii).

An example of the thermo-mechanical implications on the lining induced by heat
exchange with the surrounding environment is that of the experimental real-scale,
two-ring energy tunnel prototype installed in Turin (Italy). The prototype was built
during the construction of the southern extension of Metro Line 1 in an alluvial
soil, consisting of loose to weakly cemented sands and gravels (Barla et al., 2019;
Insana et al., 2020; Insana, 2020). The two energy rings were instrumented with a
specifically designed monitoring system to observe stresses, strains and temperatures
in the lining. The tests performed in cooling and heating mode made it possible
to get insights into the behaviour of energy tunnels. The effects produced by an
experimental test in winter mode (heating the user) and in summer mode (cooling
the user) are shown in Fig. 4.9. The figure depicts the primary circuit inlet and outlet
temperatures, the temperature in the tunnel, the temperatures in the lining, thermally
induced strains and thermally induced stresses. During the winter test, the circulation
of the heat carrier fluid reduces the temperature of the lining by 4-6 °C, which results
in a hoop strain of 50 pe in contraction and a decrease in radial and hoop compression
between 0.2 and 0.5 MPa. These stresses are due to the share of strains prevented due
to the constraint conditions to which the lining is subject. During the summer test,
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the opposite effect occurs, with a 5—7 °C increase in lining temperature resulting in a
hoop expansion of 60 pe and an increase in radial and circumferential compression
between 2 and 3 MPa. The effect is very similar to that due to variations in internal
air temperature.

During all the tests carried out, temperature variations in the lining were in the
range -7.5-8.3 °C.

About the strain state, thermally induced strains of about 10 pe/°C and a substan-
tially elastic behaviour are generally observed. Experimental evidence and numer-
ical studies in the literature confirm that thermal activation of tunnel linings causes
limited strain changes and negligible settlements (studies indicate the possibility of
millimetre-order displacements under typical operating conditions).

About the stress state, thermally induced stresses in the order of the MPa, between -
0.8 and 3.6 MPa are observed. In all the tests carried out, no stresses in the longitudinal
direction were ever detected. In the radial and hoop directions, lining stress variations
as a function of the temperature change are in the order of 0.1 MPa/°C in heating
mode and between 0.1 and 0.5 MPa/°C in cooling mode. These results have confirmed
previous numerical studies such as the one described by Nicholson et al. (2013,2014),
concerning the design of an energy segmental lining of a tunnel in England, and in
Barla & Di Donna (2018). Additional studies then further validated the empirical
evidence above, by also showing how the thermal stresses decrease with decreasing
soil stiffness (Ma et al., 2022; Rotta Loria et al., 2022).

Given the limited tensile strength of concrete with respect to the compressive
strength, the winter operation must be carefully analysed as, due to the reduction
of the compressive stresses, additional tensile stresses could arise. This aspect is
particularly worthy of attention in the case of shallow tunnels (for example in urban
areas) which are more frequently characterized by low compressive stresses due to
the limited cover. In summer (cooling mode) the additional compressive stresses
could instead alleviate possible tensile stresses.

About thermally induced actions in the lining, in addition to those due to the
excavation and purely mechanical, the effect of thermal activation is an increase in
normal compressive axial force in summer and a decrease in winter. Variations in
bending moment and shear force resulted to be negligible. The structural verifications
at ULS and SLS, carried out considering the thermal action as a variable load, were all
satisfied without modifications either to the reinforcement area or to the dimensions
of the cross section already defined based on the traditional structural design (i.e.
purely mechanical). This consideration can streamline the design and verification of
energy tunnels, especially in the early stages of the project. Therefore, during the
feasibility study conventional checks could be performed against mechanical loads
only.

Further studies (Ma et al., 2022; Rotta Loria et al., 2022; Gawecka et al., 2021)
confirm the above and show that:

e no additional plastic zones emerge in the soil following thermal activation
compared to those obtained at the end of excavation;
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mode test (left) and summer mode test (right) (Insana, 2020; Insana et al.
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e the asymmetric temperature distribution induced by the possible presence of
groundwater flow leads to asymmetric displacement distributions, with maximum
variations of 1.5 mm compared to the end of excavation, and to a difference in
circumferential stress between the right and left springlines, however included
within 1.5 MPa;

e as the groundwater flow rate increases, the circumferential stress variation
increases, in a non-linear way, especially from 0 to 0.5 m/d,;

e the impact of the thermal conductivity and thermal capacity of the soil on the
circumferential stress variation is negligible:

e therole of the thermal expansion coefficient of the soil on the mechanical response
of the tunnel appears to be relevant, especially in the presence of groundwater.
The stresses in the lining seem to vary linearly with it;

¢ in highly permeable soils no pore pressures are generated or these dissipate very
quickly, without consequences on the structural behavior;

e based on the internal air velocity and the temperature differences between
internal air, heat carrier fluid and soil, the thermally induced stresses can also
be compressive in the heat extraction phase and also tensile in the heat injection
phase;

e the stress state in the lining is highly non-uniform and can include both tension
and compression at the same time.

To conclude, the results described above show that although effects induced by
thermal loads on tunnels occur (and are measurable), stress and strain changes are,
in general, pretty limited and do not threaten the structural integrity or functionality
of the lining and are entirely acceptable. Further studies are needed in particular
deposits, such as contracting clays following an increase in temperature.

To deepen the thermo-mechanical aspects and study the impact of tempera-
ture variations, it is possible, to build an ad hoc numerical model with a coupled
thermo-mechanical or thermo-hydro-mechanical formulation, which may also be
two-dimensional. During the investigation phase, it will be necessary to collect the
mechanical and thermal properties of the materials involved, site stress history, the
flow and temperature characteristics of the groundwater, as well as to deepen the
knowledge of the aerothermal characteristics of the tunnel (speed and temperature
of the internal airflow) and the coefficients of thermal expansion of the materials
involved (soil, concrete, grout). The structural verifications at ULS and SLS must
take into account the effect induced by the heat exchange in accordance with current
regulations, considering the thermal load as a variable load.

If the magnitude of the thermal loading is greater than that considered in the
aforementioned studies, for example in the case of heat storage from a solar thermal
system, attention must be paid in the design process. Even in the case of twin or
neighbouring tunnels, attention must be paid to interaction effects.
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Chapter 5 ®)
Environmental Studies, Interactions Qouck i
and Interferences

Abstract Chapter 5 focuses on environmental impacts and interactions between
energy geostructures and surrounding systems. It explains thermal interference,
which occurs when heat transfer from one installation affects another, especially
in dense urban environments. The chapter discusses heat transport mechanisms
(conduction, advection, dispersion) and the role of groundwater flow in extending
thermal plumes. It highlights potential positive or negative interactions between
installations and stresses the need for careful planning. Strategies such as spatial
optimization, balanced thermal loads, and the use of geothermal databases are recom-
mended. The chapter underlines that proper management of subsurface resources is
essential for sustainable and efficient geothermal exploitation.

Shallow geothermal installations use the subsurface as a heat source (during building
heating season) or as a heat sink (during the cooling season). As the thermal cycles
start, the soil becomes thermally influenced by the installation in an area whose
extension depends on a number of factors. Generally, closed loop systems, and hence
EGs, show a smaller affected area compared to open loop systems (Barla et al.,
2025). In urban environment, the relevant number of underground structures and
infrastructures and the growing number of thermal users make the management of
the subsurface an increasingly relevant planning issue (Baralis et al., 2020; Barla
et al., 2020b). When a new EG is built in an urban environment, it will interact
with the subsoil original conditions and previous installations, either with positive or
negative drawbacks. Under certain circumstances different users may benefit from
diverse thermal needs. Also, environmental effects may in these cases result reduced.
It is the scope of this Chapter to provide information and guidance to tackle these
aspects.
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5.1 Reason of Thermal Interference

Thermal interference may happen whenever the heat from one installation is trans-
ported to the influence area of another installation. Thus, focus should be put on heat
transfer mechanisms which includes conduction and advection with dispersion.

In presence of groundwater fluxes, apparent thermal conductivity results to be
increased because of the advection and thus should be accounted while modelling
(Ferguson, 2015).

Taking as an example the case of BHE design (which could also apply for an EG),
heat advection and dispersion (Fig. 5.1) should be accounted (Alcaraz et al., 2016)
because it reduces the time to reach steady state and affects the possibility of thermal
storage.
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Fig. 5.1 Processes of heat transfer from BHE installed in homogeneous aquifer showing the effect
of axial (in z direction) conduction and dispersion, groundwater advection and longitudinal and
transverse dispersion. Equivalent Isotherms are shown for different mechanisms at same time
(Pedchenko, 2019)
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Fig. 5.2 Example illustration showing possible interferences in a specific urban context (courtesy
of Geosolving Srl, Italy)

In an urban context, several structures and infrastructures may influence the
thermal regime of the subsurface (Fig. 5.2). Thermal and hydraulic interferences
may likely arise especially where higher concentration of anthropogenic structures
are present.

In case of vertically linear structures (namely single/small number of energy piles,
but also BHE), the effects that can be described in the surroundings are limited to the
thermal ones. These can represent a source of interference in case the thermal affec-
tion interests the location of other EGs or geothermal installations. This occurs when
the thermal plume extension intercepts the area where the installation is located.
Even slow groundwater flows can significantly extend the thermal plume (Fig. 5.3).
Groundwater flow almost always extends the plume in the direction of flow, except
for high groundwater flow velocity. In this case the plume shrinks because ground-
water advection decreases temperature at BHE wall and alters temperatures in the
downstream area. Axial conduction for high groundwater flow is negligible.

Usually, BHE and energy piles are gathered in groups to provide sufficient energy
to the users. On the one hand pile groups show a different behaviour from single instal-
lations, especially when spacing is low. On the other hand, the interaction among
elements is explanatory of interference mechanisms. Multiple elements positioned
along the groundwater direction accumulate thermal impact towards the downstream
ones. In these conditions the efficiency of the upstream elements benefit from the
groundwater advection the most (Fig. 5.4). High groundwater flow cannot efficiently
reduce the longitudinal thermal plume extent, because of the superposition of the
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Fig. 5.3 Isotherm for 0.5 and 2 K temperature change for a range of Darcy’s groundwater velocities
(vp) generated using analytical solution (moving finite line source). Vertical borehole heat exchanger
of 100 m length is located at X Y = [0, 0] m. (a) Plan view; (b) Profile view (Pedchenko, 2019)

thermal impacts from each individual element. Understanding of local hydrogeolog-
ical conditions can therefore help to identify which installations will be less efficient
and to optimise the design of the field accordingly.

Whenever a bi- or tridimensional geostructure is involved, interference may
arise from the hydrogeological point of view too. Installations like energy walls,
cut & cover energy tunnels and, to a lesser extent, bored energy tunnels perturb the
hydraulic regime (dam effect). This is common to non-thermoactive structures too.
The hydraulic regime alteration may lead to significant variation in the advective
components of the heat transport with negative, but also beneficial, effects (Fig. 5.5).

5.2 Managing the Thermal Interference

This paragraph describes how to manage the thermal interference between EGs and
neighbouring geothermal installations. Proper spatial planning allows to:

e optimize the design of the geostructure (e.g. operation, geometry, technology) to
cause minimum conflicts,
incorporate the potential interference at the feasibility stage,
use the city subsurface (including the geothermal reservoir) in most efficient way,
eliminate the “first come — first served” rule and mitigate the subsurface urban
heat island (SUHI).

The design of an EG cannot be decoupled from the site-specific conditions. Among
them thermal, hydraulic and mechanical interference with pre-existing other thermal
or non-thermal groundwater usage are of particular importance. Possible interfer-
ences with underground structures have to be assessed as well. Nonetheless the
thermal alteration induced on the groundwater body has to be quantified.
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Fig. 5.4 Plan view of BHE field with isotherms of temperature change (K) for different Darcy
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Fig. 5.5 Dam effect related to the type of infrastructure (CFMS and SYNTEC, 2017)
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Thatis why, since the feasibility study phase of an EG, a census of other geothermal
installations existing in a significant area around the site (with reference to both the
closed-loop and open-loop circuits), should be carried out, especially in the case of
high groundwater flow rates. As a first approximation, the size of the area subject
to census can be considered equivalent to the extension adopted for the numerical
models.

The interference may either involve the geostructure under design or be originated
by it. From the thermal point of view the presence of an interference might result in
a positive or a negative effect on a single installation. In fact, a thermal plume may
be regarded either as a potential anthropogenic geothermal resource or as pollution
depending on the downstream usage.

In case an aquifer is present the study should include upstream installations that
may involve the site in their thermally altered zone (TAZ). Special attention should
be devoted to open loop schemes which generally lead to wider thermal alterations
(Fig. 5.6). Furthermore, the area included in the study in the downstream direction
should be sufficiently extended to include the generated TAZ.

The study of the thermo-hydraulic impact of the geostructure should be used to
optimize geometry, operation cycles and technology of the installation.

In order to reduce the depletion of the resource, strongly unbalanced heat loads
should be avoided. In case of dominant heating season thermal load and low ground-
water flow velocity, heat storage strategies can be evaluated (e.g. coupling with solar
collectors in summer season). The optimization would let reduce the extension and
magnitude of the TAZ, overcoming the “first come — first served” rule that regrettably
governs shallow geothermal exploitation in many cities.

It is obvious that the optimization process has to balance two opposite needs:
cost-efficiency of the installation and the reduction of environmental impact. It is
therefore needed an iterative approach to reach the optimum balance. In addition
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Fig. 5.6 Examples of Thermally Alterated Zone (TAZ) in an urban area due to geothermal exploita-
tion from open loop systems (a, Barla et al., 2020b) and their impact on an energy tunnel (b, Barla
et al. 2025)
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to this, a collaborative approach between stakeholders and authorities is definitely
needed.

The designers can seek assistance from existing and available georeferred
databases of geothermal installation. Such databases, which are constantly updated
in metropolitan areas, are created and becoming more and more available by public
authorities and geological surveys. In some urban areas regional groundwater flow
models are available. They can be used either by the stakeholders or the public author-
ities. The former can benefit from regional models to set up local detailed models
and to define the area where to look for potential interference sources and/or targets.
The latter can oversee the process and preliminarily assess areas of potential impact
and thus possible optimal location for monitoring.
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Chapter 6 ®)
Execution, Testing and Monitoring e

Abstract This chapter provides practical guidance on implementing energy
geostructures, from design and construction to operation. It emphasizes early integra-
tion of the technology into the design process and coordination between engineering
disciplines. Key aspects include installation of heat exchanger pipes, material selec-
tion, hydraulic system design, and quality control measures such as pressure testing.
The chapter also outlines best practices for construction details across different
geostructures (piles, walls, tunnel linings). Monitoring plays a central role, involving
measurement of temperature, flow rate, pressure, and structural response to ensure
performance and enable optimization over time. Overall, the chapter highlights
execution quality and monitoring as critical for long-term system efficiency.

6.1 Adoption of the Technology into the Design Process

The design of Energy Geostructures (EGs) is a multidisciplinary process that has
interactions with many steps of the design procedure for a building, a structure or an
infrastructure.

Approaching EGs from the initial stages of a project is crucial for providing an
optimized solution that maximizes the potential of this technology. Conducting a
feasibility study at the outset allows for the identification of the thermal activation
potential of various structures and several thermal activation scenarios can be iden-
tified. Such study should also correlate these scenarios with the overall energy needs
for the specific project, along with the corresponding return on investment.

After the prior assessment the design of the EGs can be taken to the next step
by implementing it into the current design procedures. Compared with conventional
design, EGs require additional steps: investigation for the determination of thermal
properties (see Chap. 2), computation of energy potential and thermo-mechanical
assessment (see Chaps. 3 and 4). Following this, specific requirements for different
stages of execution should be provided in order to ensure the successful implemen-
tation of the technology. Coordination between the specialized teams developing
the EGs detailed design and the team responsible for the heat pump and hydraulic
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plant is essential both at the design and execution stage. Moreover, the installation
of a monitoring system at the execution phase allows for further optimization of
the energy efficiency of the system during its lifetime based on the output of the
operational performance.

6.2 Execution of the Energy Geostructures

The geothermal circuit typically consists of a pipe generally connected to the rein-
forcement cages. The pipes used are usually made of high-density cross-linked
polyethylene (for example PE-Xa), with an external diameter of about 20 mm and a
wall thickness of 2-2.3 mm. These pipes are capable of withstanding high pressures
and temperatures as well as corrosion, ensuring adequate durability. The pipes are
composed of three layers:

an inner layer of high-density polyethylene;

an intermediate layer made of polymeric material;

an outer layer consisting of an ethylene—vinyl alcohol (EVOH) barrier, which
prevents oxygen permeability.

The coil forms a closed circuit within which a heat-transfer fluid circulates,
consisting of water mixed with ethylene or propylene glycol (typically in proportions
of about 30%), which acts as the medium for heat transfer.

In the construction of energy geostructures, the heat-exchange pipes are fixed to
the steel reinforcement before the concrete is poured, or before the reinforcement
itself is placed in the concrete. The sum of all elements inside the geostructures
(reinforcement cage, heat exchanger pipes, spacers, ...) must be limited to ensure a
good flow of the concrete.

Where possible, the heat-exchange pipes should be kept inside the steel reinforce-
ment rather than outside, in order to avoid damage during installation and reductions
in concrete cover. However, if placing them outside the reinforcement is possible
and more convenient, it is essential to adopt measures to prevent possible damage to
the coils during installation.

The heat-exchange pipes are usually fixed manually using plastic cable ties of
the type used for electrical cables or metallic collars, in order to keep the pipes in
position. Therefore, during construction planning, the additional time required for
fixing the heat-exchange pipes must be taken into account.

Fixing must comply with the correct distribution of the heat-exchange pipes estab-
lished during the thermal design phase, in order to ensure the estimated heat-exchange
efficiency.

In general, when selecting all the materials used, it must be considered that during
the concrete curing phase the temperatures inside the geostructure can reach high
values.

The ends of the heat-exchange pipe coils require particular attention:



6.2 Execution of the Energy Geostructures 75

e with regard to the lower part (or in any case the end inserted into the ground),
it is advisable to keep the heat-exchange pipes within the steel reinforcement,
without letting them protrude, in order to avoid possible damage during transport
or installation;

e in the upper part, on the other hand, short lengths of pipe are usually provided for
hydraulic connection to the horizontal manifolds and therefore protrude from the
reinforcement: these must be protected with suitable coverings during installation
of the reinforcement cage, paying particular attention during trimming operations
and in the subsequent phases of construction of slabs or horizontal civil works,
avoiding damage to the terminal parts of the pipes and keeping them accessible
to realize the integrity tests.

The connection points between the coils embedded in the steel reinforcement
and the horizontal connections represent a mechanically weak point that requires
particular care during the fixing phase. Even when the structure is composed of
several parts (for example, a pile with several sections of steel reinforcement), special
attention must be paid to the connection points between one circuit and another.
Alternatively, accepting a lower energy output, it is possible to activate only the
upper part of the geostructure, fixing the heat-exchange pipes only to the first section
of reinforcement.

Itis also important to pay attention to the proper functioning aspects of a traditional
thermo-hydraulic system, such as reducing the risk of air presence in the circuit,
minimizing pressure losses, and so on.

Standard practice also that, in order to avoid damage to the pipes due to the
pressure of the fresh concrete, the circuit is temporarily filled with water, closed,
and pressurized before the concrete pour is carried out. Hydraulic tightness tests are
then recommended to be performed several times on the circuit, at each subsequent
handover stage on site.

Furthermore, circulation of the heat-transfer fluid within the heat-exchange pipes
and the manifolds leading to the heat pump is ensured by a circulation pump. The
overall hydraulic circuit, which also includes the circulation pump, must be properly
sized, taking into account the final overall system, flow rates, diameters, lengths, and
the corresponding distributed and localized pressure losses.

The need to install control valves to isolate individual circuits should also be
evaluated, allowing these sections to be isolated from the rest of the circuit in the
event of damage to the piping, as well as enabling venting of the pipes. Venting the
circuit is of fundamental importance, since excess air can lead to a reduction in the
flow rate of the heat-transfer fluid, with a consequent decrease in the amount of heat
that can be exchanged by the entire system, which is directly proportional to this
parameter.

Some specific additional recommendations are given below.

For energy piles (Fig. 6.1), it is often recommended to reduce as much as possible
the vicinity between activated and non-activated piles in order to minimize the
thermal interferences and the induced stresses in the supported structures. If the
pile is not mechanically connected to the supported structures (temporary pile, rigid
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Fig. 6.1 Energy pile configurations (Fadejev et al., 2017)

inclusions) the only limits to consider are the ones imposed by the thermal design.
In the case of vertical pipes, it implies that the pipes are attached to the transversal
reinforcements and not the vertical ones.

Heat exchanger pipes should be at least 15 cm apart. For piles whose diameter is
less than 40 cm, only one loop can be inserted. Then, for each 20 cm increase of the
diameter, another loop can be inserted. For example, a pile with 60 cm diameter can
be equipped with 2 loops and a pile with 80 cm diameter with 3 loops.

The bottom of the loop should be at least 25 cm above the pile/wall toe and the
top of the loop should be at least 20 cm below the cut off level.

For slabs and shallow foundations, it is usually recommended to install the
heat exchanger pipes under the geostructure itself, and, if needed, separated by an
insulating material.

For diaphragm walls, the heat exchanger pipes are connected to the reinforcement
cages and because of the phasing (one cage at once), every panel of the wall must
have its own heat exchanger pipe.

If possible, the trimming of piles or diaphragm walls must be executed on fresh
concrete. Otherwise, a specific protection of heat exchanger pipes is recommended.
During the execution of top structures (pile heads, capping beam, ...), the ends of
the pipes must be placed in order not to be exposed to excessive loadings.

For mechanised excavated tunnels pipes are to be implemented in the concrete
segments at the pre cast factory plant with similar precautions as for diaphragm walls.
In case of conventional tunnelling, pipes are to be placed on top of the preliminary
lining or behind it.
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Many other geotechnical structures can also be equipped with heat exchanger
pipes. No general rule can be given in these cases and specific studies must be
carried out in order to assess their feasibility.

At every step of the project, the condition of tubes must be checked:

e when the pipes are delivered at the construction site, a visual check allows to
determine their condition before attaching them to the reinforcement cages;

e once the pipes are attached on the reinforcement cages, they are pressurized (min.
4 bars) to check their integrity;

e the same process (pressurisation) applies once the geostructure is finished.

If the pressure test fails when the pipes are still accessible (e.g. before the concrete
pouring in the case of cast-in-place pile or wall), the defective elements can still
be replaced and the pressure test carried out again. Otherwise, the loop has to be
considered impossible to activate and a spray can be used to detect the potential
leakages around the head of the geostructure.

In any case, it is recommended to limit the number of energy geostructures
connected in series in order to limit the impact of a defective loop. A common
advice is to have no more than 5 piles in series or 2 diaphragm wall panels, however
the proper number for a specific application has to be decided at the design stage to
allow optimisation between hydraulic and energy aspects. A system of valves should
allow easy separation of the different loops if one of them fails. It is also strongly
recommended that a margin of at least 5% be allowed for the number of loops to
obtain the supply of energy needs, even in case of defects on the tubes.

Once all the geostructures are realised, the heat exchanger pipes must be connected
to the heating system. The pipes must lie on a material without sharp edges. A sand
bed is generally used. The inlet and outlet pipes should be as far as possible from
one another to limit thermal short circuits.

6.3 Monitoring

In the case of energy geostructures, monitoring may also include the assessment of
thermal, hydraulic, and mechanical aspects induced by the thermal activation of the
geostructures. The design of such a monitoring system should therefore provide for
the definition of the significant quantities to be measured, the selection and placement
of measuring instruments, and the methods for interpreting the experimental data.
Among the useful quantities to be monitored are temperatures, flow rates, pressures,
stresses, and deformations.
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Appendix
Selected Examples

To provide the reader with relevant practical examples, three illustrative case studies
are described in Figs. A.1, A.2 and A.3. They refer to shallow isolated foundations
installed at the Oradea hospital in Romania, to energy diaphragm wall and slabs
implemented at the Cleunay metro station in France and to energy tunnel linings
adopted for the Turin metro line 1 in Italy. A brief description is provided for all
cases together with key data including energy performance, technical characteristics,
as well as monitoring and cost features.
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ENERGY INFORMATION

Average energy performance: 80
Wim of pile

% of energy covered for the building:
100% for Heating

100% for Cooling

TECHNICAL DATA

Pile diameter: 0.6 m

Pile length: 10.0 m

Pipe layout: spiral shape

Ground condition: altered clay marl
Groundwater level: -4 m
Groundwater flow: present

MONITORING AND COST

itoring: yes,
in 7 piles
Payback period: 10 years

Fig. A.1 Shallow isolated foundations for the Oradea hospital (Romania)
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CLEUNAY METRO STATION

Diaphragm energy walls and slabs

mA

o

(2025) DOI: 10,1016].onbuild.2025,116184

DESCRIPTION OF THE PROJECT ENERGY INFORMATION
This case study describes energy walls and energy slabs Winter extraction: = 23-32 Wim?
installation at four stations of the metro line B in the city of Rennes Annual energy extracted: 53 MWh
in France. The construction of this metro line was part of a project Summer injection: none
designed to meet the chall of i CO; saving: 9.3 tonslyear
The new stations of Juies-Fcny, Saint-Anne, Sam(-Germaln and
Cleunay have been i with a system
embedded in the retaining walls and slabs, lransiom-ng them in
energy geostructures. TECHNICAL DATA
The Cleunay station is equipped with 44 vertical pipes loops in the Bottom slab depth: 24 m
cast walls, with a total pipes length of 4056 m and a total equipped Equipped walls surface: 1532 m?
surface of 1532 m? The station slab is also equipped with a Equipped slab surface: 1394 m*
geothermal system made of 72 loops for a lolal pipes length of Pipes material: HDPE
5313 m and a total equipped surface of 1394 m?. Pipes diameter: 25 mm

Average flow rate: =912 m*h

The geothermal systems are active and properly working since Ground fition: schist & sandstone

2021 (Cleunay), 2022 (St. Anne et St. Germain) and 2023 (Jules
Ferry), exploiting between 23 to 32 W/m? of thermal energy. Jules-

Ferry station is providing heating to 33 apartments in the Diell - MONITORING AND COST
Archipel Habitat building, Saint-Anne to 12 apartments, a
commercial space and some offices in the Les Malouins - Archipel Monitoring: yes

Habitat building, Saint-Germain to 10 apartments, one commercial
and one sanitary space in Le Persan - Archipel Habﬁa! building
and Cleunay to 54 in Emblem - Netoa

Fig. A.2 Energy diaphragm wall and slabs for the Cleunay metro station (France)
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TURIN METRO LINE 1

Energy tunnel prototype

{20 Turin, Pledmont
ftaly

mmu.n.mnm.m. Insana & Barla (2020) DOI:
10.1016.renene.2020.01.086

DESCRIPTION OF THE PROJECT

During the construction works of the South Extension of the Turin
Metro Line 1, two energy segmental lining rings (European Patent
Number: 16834047.9) for a total of 12 segments, were installed
and tested in the Lingotto-Bengasi tunnel section. Each ring is
1.4 m long and 30.0 cm thick, with an internal diameter of 6.88 m.
These are conceived to exchange heat with both ground and air
through a double circuit of pipes arranged on the extrados and the
mlrados of the lining, respectively. Both circuits can exchange heat

or can be partially activated to end one or the

other side.

PE-Xa pipes with an external diameter of 20.0 mm and a thickness
of 2.0 mm were adopted. These were lied (o the steel cage of each
segment by hand during the pi ing p! to have a
between them of 20.0+30.0 cm. This allowed no additional
operational stages during the construction on site, other than the
connections between pipes of different segments. Soon after the
realisation, the energy tunnel efficiency was tested.

The segmontal lining peﬂovmad well, recording average winter

and jection rates of 48 W/m? and 60 W/m?,
respectively. These resulls are mainly due to the massive
groundwater flow of Turin subsoil, which moves perpendicularly to
the tunnel axis. The tunnel lining was momtored too. While

hanging heat, this revealed to
osclllaﬂons of £13.0+19.0°C with mspecl lo the far- 'Ield ground
These pond to relatively low-stress variations
of 1.0+1.5 MPa.

ENERGY INFORMATION

Winter extraction: 48 W/m?
Annual energy extracted: -- GJ
Summer injection: 60 W/m?
CO: saving: -- tonslyear

TECHNICAL DATA

Overburden: 16.6 m

External diameter: 7.48 m
Installation length: 2.8 m

Pipe layout: circumferential setup
Heat carrier fluid flow: 0.4+0.7 m¥%h
Ground condition: coarse-grained
Groundwater level: <12 m
Groundwater flow: present

MONITORING AND COST
Monitoring: yes

Costs: - $

Payback period: 10 y

Fig. A.3 Energy tunnel lining for Turin metro line 1 (Italy)
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