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A B S T R A C T

Energy Geostructures (EGs) are multifunctional systems that combine structural support with thermal energy 
exchange using low-enthalpy geothermal energy. This study presents a comprehensive analysis based on a global 
database of 972 case studies from 27 countries, primarily in Europe, including real-world installations, test sites, 
and simulations. It focuses on the development and performance of various EG types – particularly energy piles 
(789 cases), energy walls (79), and energy tunnels (27) – making it the most extensive EG database to date. 
Geographically, Austria, Switzerland, Germany, and the UK lead in EG adoption, with Italy and France also 
contributing significantly. The analysis highlights both established technologies and emerging types, such as 
energy quay walls and barrettes, which show promising potential despite limited representation. The study re
veals consistent geometric and design features: energy piles are used in small to medium-scale projects, energy 
walls offer large, activated surfaces, and tunnels are installed at intermediate depths. Thermal performance is 
linked to pipe configuration, diameter, spacing, materials, and environmental conditions – most systems are in 
stratified, moist soils in cool-temperate climates. EGs also offer environmental benefits, notably CO2 emissions 
reduction, reinforcing their value in sustainable infrastructure and heating and cooling network development.

1. Introduction

Energy Geostructures (EGs) represent a multifunctional technology 
that simultaneously fulfils structural and energy exchange roles, making 
them particularly sustainable for urban development. Their deployment 
includes energy piles, walls, tunnels, and other geo-structural compo
nents integrated with ground heat exchangers. The dual function of EGs 
offers significant advantages, such as reduced land use, increased energy 
efficiency, and lower environmental impact compared to conventional 
heating and cooling systems ([1,2], among others).

The conceptual foundation of EGs was first laid by Brandl [3], who 
emphasized the feasibility of embedding heat exchange systems within 
load-bearing elements. This early vision was later substantiated through 
theoretical modelling and experimental validation by Laloui & Di Donna 
[4], who developed the fundamental framework for analysing the 
thermo-mechanical behaviour of EGs. Subsequent works expanded both 
the range of applications and the understanding of their complex in
teractions with the surrounding soil and structures. For instance, Barla & 
Di Donna [5,6] extended the application of EGs to other underground 
infrastructures, such as tunnels and diaphragm walls, and Laloui & Rotta 
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Loria [7] and Ravera et al. [8] proposed a comprehensive and systematic 
design methodology applicable to various types of EGs, incorporating 
sustainability criteria and urban energy planning principles.

From a design perspective, early studies such as Adam & Markiewicz 
[9] and McCorry & Jones [10] focused on design principles, training, 
and practical implementation challenges, while Barla & Perino [11] and 
Di Donna & Laloui [12] addressed issues related to urban integration 
and coupled thermo-hydro-mechanical behaviour, respectively. These 
works highlighted that EG performance depends not only on geometric 
and material parameters but also on boundary conditions, thermal 
loading history, and soil-structure interaction mechanisms.

In parallel, a growing body of literature investigated EGs through 
numerical modelling and sensitivity analysis, providing insights into the 
key drivers of thermal efficiency and mechanical reliability. Notably, 
Salciarini et al. [13] presented parametric studies on micropiles, while 
Ronchi et al. [14] validated their findings through full-scale field ex
periments under cyclic thermal loads. Rafai et al. [15] analysed the 
long-term thermo-mechanical impact of energy pile operation, whereas 
Rafai et al. [16] focused on displacements induced by cyclic thermal 
loads under varying mechanical stress conditions. These contributions 
underscored the importance of characterizing EG performance under 
realistic operating conditions, particularly considering fatigue effects 
and long-term behaviour.

More recent developments reflect an increasing emphasis on multi
physics coupling and site-specific variability. Alqawasmeh et al. [17] 
examined the influence of spatial variability in hydrothermal properties, 
showing how heterogeneities in the subsurface can substantially affect 
thermal response and heat exchange rates. Ding et al. [18] investigated 
the impact of asymmetric thermal cycles, emphasizing the role of cu
mulative thermomechanical strains and the potential for serviceability 
issues. Similarly, Lupattelli & Salciarini [19] analysed temperature re
covery dynamics under different intermittency scenarios, a critical fac
tor for optimizing operational schemes. Vardon et al. [20] introduced 
the role of hydrogeological boundary conditions, such as open water 
bodies, in modulating EG thermal efficiency, thereby stressing the 
importance of external environmental factors.

In terms of structural integration, Cotana et al. [21], Fang et al. [22], 
and Li et al. [23] focused on the interaction between EGs and overlying 
structures, particularly under intermittent loading, revealing potential 
design trade-offs between energy performance and structural integrity. 
Innovations in heat exchanger configurations have also emerged, such as 
the work of Guo et al. [24], who explored open-ended pipe systems, 
proposing novel layouts aimed at enhancing thermal efficiency while 
maintaining constructability.

From a technical and design point of view, EGs encompass a range of 
ground-embedded structures including deep foundations (e.g., piles, 
barrettes), shallow foundations (e.g., footings, base slabs), tunnel lin
ings, anchors and earth retaining structures (e.g., diaphragm walls and 
quay walls). By capitalizing on the ground thermal properties, EGs 
eliminate the need for additional excavation or drilling solely to 
implement geothermal systems, thereby delivering significant cost sav
ings. As anticipated, in addition to their original structural support role, 
the objectives of EGs may encompass two primary functions: 

− Heat exchange: EGs facilitate the exchange of thermal energy be
tween the ground and the built environment. In colder climates or 
during winter, the ground acts as a heat reservoir, allowing heat to be 
extracted and transferred to the superstructure to maintain 
comfortable indoor temperatures. Conversely, in warmer climates or 
during summer, excess heat from the superstructure can be extracted 
and injected into the ground for cooling purposes.

− Heat storage: EGs leverage the subsurface of the ground as an effec
tive medium for thermal energy storage. This function is particularly 
beneficial for balancing seasonal temperature fluctuations and 
enhancing the efficiency of energy use in buildings. By storing heat 
during periods of excess thermal energy, such as in summer when the 

building may generate surplus heat from internal processes or solar 
gain, EGs, in some conditions, can retain this energy within the 
ground. This stored heat can then be utilized during colder periods to 
supplement heating needs.

EGs typically consist of reinforced concrete structures incorporating 
pipes arranged along the reinforcing cage in varying configurations 
(Fig. 1).

Examples of pipe configurations, e.g., for Energy Piles (EPs), include 
the single U-shaped, bent U-shaped, parallel double U-shaped, series 
double U-shaped, multi U-shaped, indirect double, W-shaped, spiral (or 
helix), and coaxial pipe configurations. Inside the pipes, a fluid is 
pumped and used as a thermal energy carrier for the operation of the 
EGs. The heat carrier fluid circulating in the pipes usually consists of 
water, with the chemical addition of some antifreeze or a saline solution, 
primarily to prevent freezing at low temperatures. The usual antifreeze 
additives employed for such a purpose are ethylene glycol and propyl
ene glycol.

Given such dual role, designing EGs requires an integrated approach 
that balances both thermal efficiency and structural/geotechnical 
integrity, unlike conventional ground heat exchangers (e.g., Borehole 
Heat Exchangers (BHEs) and Horizontal Loop Exchanger). On the energy 
side, the design must consider soil thermal properties (e.g., conductivity, 
heat capacity, undisturbed temperature), hydrogeological factors (e.g., 
water table, seepage), and system configuration (e.g., pipe layout, ma
terials, flow rate). While some design experience can be transferred from 
BHEs, EGs have distinct characteristics - shorter length, higher thermal 
mass, structural constraints - that demand tailored analytical and 
experimental approaches.

From a geotechnical and structural standpoint, EGs must continue to 
fulfil their primary load-bearing function while withstanding thermal 
stress due to cyclic heating and cooling. Critical aspects include evalu
ating deformations, thermally induced stress variations, and potential 
impacts on load-bearing capacity [7]. As such, the feasibility of EGs as 
heat exchangers must be verified through comprehensive 
thermo-mechanical analysis, considering both Ultimate Limit States 
(ULS) and Serviceability Limit States (SLS). Typically, mechanical loads 
govern ULS, while thermal effects are more relevant at SLS [25].

Several project-specific numerical studies have contributed valuable 
insights into the design and behaviour of individual types of EGs. 
However, these findings are often difficult to generalize due to site- 
specific boundary conditions, material variability, and system configu
rations. To support the widespread and standardized adoption of EG 
technologies, one of the main obstacles lies in the absence of consoli
dated and widely recognized official standards specifically dedicated to 
EGs. Most available documents focus almost exclusively on energy piles, 
offering limited or no guidance for other EG typologies, such as energy 
walls, energy tunnels, or energy micropiles. Even in countries with more 
developed practices - such as Switzerland [26,27] and the UK [28,29] 
guidelines - tend to adopt prescriptive approaches that, while ensuring 
safety, may constrain innovation and lead to conservative, and poten
tially overdesigned, solutions. The French recommendations, although 
built on a performance-based rationale, lack a fully developed meth
odological framework and occasionally rely on assumptions that may 
underestimate the effects of thermal loads, raising concerns regarding 
the long-term safety and serviceability of the structures. Furthermore, 
there is a general lack of robust case study datasets that can be used to 
validate thermo-mechanical models, limiting the reliability and trans
ferability of research outcomes. This gap hinders not only the calibration 
of advanced numerical simulations but also the formulation of empirical 
or semi-empirical design tools.

In summary, while research and practice in the field of EGs have 
made significant progress, a number of regulatory, methodological, and 
practical limitations continue to inhibit their broader diffusion, under
scoring the need for coordinated efforts toward the development of 
comprehensive, accessible, and performance-oriented standards.
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Over the past few years, significant efforts have been made to address 
the challenges associated with the knowledge, dissemination, and 
adoption of EGs worldwide. Workshops, conferences, and European 
research networks have played a pivotal role in advancing the under
standing and implementation of EGs. Notably, two prominent initiatives 
have emerged, both under the auspices of the European Cooperation in 
Science and Technology (E-COST), a renowned funding organization for 
research and innovation networks. The first initiative, the COST Action 
TU1405 European network for shallow Geothermal energy Applications 
in Buildings and Infrastructures (GABI), operated from 2015 to 2019. 
This initiative focused on addressing various challenges related to 
shallow geothermal energy applications, including EGs, to foster 
knowledge exchange and collaboration among researchers and practi
tioners. The second initiative, the COST Action CA21156 European 
network for FOstering Large-scale ImplementAtion of energy GEo
structure (FOLIAGE), started in 2022 and is expected to conclude in 
2026. Building upon the foundations laid by its predecessor, FOLIAGE 
aims to further advance the widespread implementation of EGs by 
tackling key barriers and facilitating large-scale adoption. Part of the 
activities of the FOLIAGE COST Action focuses on compiling a database 
of operational EGs to overcome the lack of high-quality data pertaining 
to successful schemes. Learning from existing projects can improve 
analysis and design practice, allowing for the transfer of knowledge from 
countries where EGs have been developed to regions where develop
ment is still in its infancy.

In the past, collaborative efforts within these COST Action projects, 
have led to significant progress in compiling case studies and developing 
comprehensive databases. Building on earlier research by Di Donna 
et al. [30,31], this database, made available by the Authors, has been 
updated to encompass the latest advancements and insights in the field 
of EGs. Recently, newer categories of EGs have surfaced, with energy 
quay walls [32,33,34], pavements (e.g. Ref. [35]), anchors (e.g. 
Ref. [36]), and barrettes [37] experiencing a significant uptick in in
stallations since 2018, hinting at promising future applications of this 
technology. The geographical spread of EG adoption is also expanding, 
with an increasing number of countries embracing them. Notably, 
Austria, the birthplace of this technology, along with the United 
Kingdom, Germany, and Switzerland, have emerged as key hubs for EG 

construction. However, it’s important to acknowledge potential data 
gaps for certain countries and regions outside of Europe. Furthermore, 
there is growing anticipation that the United States of America will 
promote EGs adoption in the coming years, driven by the increasing 
efforts of large corporations to mitigate their carbon footprint [30].

Di Donna et al. [30,31] conducted a comprehensive review, 
providing an in-depth analysis of the applications and advancements in 
EGs worldwide, with the latest update available as of 2017. Their study 
is grounded in a meticulous survey targeting international practitioner 
companies, coupled with insights gleaned from a thorough literature 
review detailing the characteristics and prevalence of constructed EGs. 
The dataset compiled through their research comprises data from 180 
EPs projects, 40 Energy Walls (EWs) projects, and 20 Energy Tunnels 
(ETs) projects. This extensive dataset serves as a valuable resource, of
fering insights into the scope, scale, and diverse applications of EG 
technology across various geographies and project types. By combining 
survey responses from industry stakeholders with findings from aca
demic literature, Di Donna et al. [30,31] provide a comprehensive 
overview of the global landscape of EG implementation, shedding light 
on emerging trends and best practices in the field.

Despite these contributions, a comprehensive and up-to-date anal
ysis of the global development, typological diversity, and performance 
metrics of EGs has remained fragmented across studies and geographies. 
This paper addresses this gap by compiling the most extensive interna
tional database of EG applications to date, encompassing 972 case 
studies from 27 countries and 8 different EG types.

The scientific novelty of this work lies in (i) offering the first quan
titative, cross-technology comparative analysis based on a harmonized 
dataset (ii) integrating emerging EG technologies (e.g., barrettes, quay 
walls, anchors, pavements); alongside established ones; and (iii) high
lighting the relationship between geographical trends, technology 
maturity, and data completeness in performance evaluation.

This paper introduces an extended database encompassing case 
studies spanning real cases, test sites, numerical studies, feasibility 
studies, designs, and projects under construction. Covering data up to 
2023, the database offers insights into various types of EGs that have 
garnered increased attention in recent years. The collection highlights 
the notable growth and diversification within the EG landscape, 

Fig. 1. Pictures of the different types of EGs (real installations): (a) Energy Pile; (b) Energy Wall; (c) Energy Tunnel; (d) Energy Slab; (e) Energy Barrette; (f) Energy 
Quay Wall; (g) Energy Anchor; (h) Energy Pavement.
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reflecting the expanding utilization and recognition of EG technology 
across different structural applications. Through the dissemination of 
these understandings, stakeholders in the field will gain access to 
valuable evidence that can inform future research, design, and imple
mentation efforts, driving further advancements in EG technology and 
its broader adoption.

The paper is structured as follows. Section 2 describes the method
ology used to develop the global database of EGs, detailing the data 
sources, classification criteria, and parameters collected. Section 3 pre
sents the analysis and is divided into five parts: Section 3.1 examines the 
diffusion of EGs globally and by type; Section 3.2 evaluates the heat 
exchange performance of different EG systems through selected case 
studies; Section 3.3 focuses on the geometric and design features of EGs; 
Section 3.4 investigates the influence of environmental and operational 
conditions on thermal performance; and Section 3.5 discusses emerging 
technologies and composite systems. Section 3.6 evaluates the envi
ronmental benefits of EGs, particularly their contribution to CO2 
reduction. Finally, Section 4 summarizes the main findings and outlines 
future research directions to advance the adoption and effectiveness of 

EG technologies.

2. Materials and methods: database structure and 
characteristics

The compiled database is structured into 8 sections, each dedicated 
to a specific type of EG identified thus far (e.g., EPs, EWs, ETs, energy 
barrettes, energy quay walls, geothermal pavements, energy slabs, and 
energy anchors). Within each section, data and information on key 
features are gathered, including installation type and location, instal
lation geometry, pipe configuration, stratigraphic and hydrogeological 
conditions, heat exchange rate, monitoring, and costs (Fig. 2). More
over, the database contains references to the sources of all collected 
information. The modular structure of the database guarantees consis
tent data collection and allows for the precise definition of fields tailored 
to different types of EGs. In addition, this framework facilitates further 
possible expansions by accommodating new sections devoted to newly 
developed EGs. While the database was compiled through a combination 
of literature review, industry collaboration, and expert contributions, 

Fig. 2. Information and data collected in the database for each type of energy geostructure.
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access is currently limited due to proprietary restrictions and data 
sharing limitation. Future efforts may explore ways to release aggre
gated or anonymized versions to support reproducibility and further 
research.

Geographically, the database covers installations from 27 countries 
globally (Fig. 3a). The compilation of these EG installations has been 
sourced from over 80 journal papers and contributions from more than 
20 companies, reflecting a robust interdisciplinary effort to document 
the evolution and deployment of EGs worldwide. Fig. 3 provides a visual 
representation of the global distribution of EG installations, with a 
particular focus on Europe. The figure underscores the widespread 
adoption of EGs across various countries, with a marked predominance 
of European nations in implementing this technology. This European- 
centric focus can be attributed to two main factors. Firstly, the data
base was compiled as part of the activities within the CA21156 European 
network for FOstering Large-scale ImplementAtion of energy GEo
structure (FOLIAGE), naturally directing efforts towards European 
contexts. Secondly, the geographic origin of the Authors played a role, as 
their primary base in Europe provided greater access to high-quality, 
verified, and comprehensive regional data sources. This accessibility 
facilitated the inclusion of European EGs in the database to a greater 
extent than extra-European ones. The distribution map shows that 

Austria, Switzerland, Germany, and the United Kingdom are among the 
leading countries with the highest number of EG installations. These 
nations have been early adopters and continue to drive the advancement 
of EG technologies. This geographical analysis is crucial for under
standing the regional differences in the adoption of EGs and provides 
insights into where future growth might occur, although it is difficult to 
predict with accuracy as it also depends on the policies and the specific 
context of each nation. The database exhibits a potential geographical 
bias, with a predominance of case studies from European countries. This 
concentration reflects both the maturity of EG applications in Europe 
and the greater availability of detailed project data. While this focus 
enhances the depth of the analysis within the European context, it may 
limit the direct generalizability of some findings at the global scale. 
Nevertheless, the database also includes approximately 70 well- 
documented non-European cases (e.g., from the United States, China, 
Japan, and Australia), which contribute meaningfully to the statistical 
analysis and broaden the perspective on the international development 
of EG technologies. Their inclusion - despite the geographical imbalance 
- enriches the dataset and ensures a more comprehensive and informa
tive overview of existing implementations. Moreover, the methodolo
gies, frameworks, and design principles discussed are inherently 
transferable and can serve as a solid foundation for future.

Fig. 3. Map of the (a) worldwide, and (b) European distribution of the energy geostructures collected in the database.
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The database includes data from a total of 972 case studies (including 
real cases, test sites, numerical studies, feasibility studies, designs, as 
specified above) spanning the period from 1985 to 2023. Specifically, it 
catalogues 789 EP installations, 60 energy slabs, 79 EWs, and 27 ETs. 
Additionally, the database documents more recent types of EGs 
including 9 geothermal pavements, 4 energy quay walls, 3 energy bar
rettes, and 1 energy anchor installation.

The gathered data aims to provide detailed descriptions of individual 
EGs while identifying design methodologies, innovative configurations, 
and best practices to promote the global adoption of EGs. However, 
completeness and quality of the data vary considerably across case 
studies, technologies, and sources. For example, while information on 
location and structural geometry is generally well-documented, with 
coverage around 100 %, other categories such as pipe dimensions, ma
terials, and layouts are less consistently reported. This disparity can be 
partly attributed to the stage of technological maturity and the origin of 
the data: newer technologies (e.g., ETs, barrettes, quay walls) are mostly 
documented through academic sources and detailed case reports, where 
data is typically richer but fewer in number. Conversely, more estab
lished technologies, such as EPs, are widely adopted in practice but often 
lack detailed documentation, especially when derived from design 
summaries or industry sources where only partial technical descriptions 
are made available.

A preliminary analysis of the data collection across technologies 
confirms this imbalance: a larger fraction of EWs and ETs include 
detailed thermal and hydraulic information, while a significant number 
of EP-related entries omit key parameters such as ground stratigraphy, 
groundwater conditions, or system monitoring data.

Regarding ground conditions such as stratigraphy, water table depth, 
and thermal characterization methods, data availability varies signifi
cantly: approximately 70 % of tunnel case studies report complete in
formation on these aspects, while the percentage drops to 33 % for 
barrettes and just 2 % for piles. This low percentage for piles, despite 
their widespread use, is particularly relevant as it underscores the gap 
between operational prevalence and documentation quality. Similarly, 
data on heating/cooling capacity is more frequently available, likely due 
to its practical relevance and the increasing integration of active 
monitoring systems in newer EGs. Specifically, coverage in this category 
reaches about 15 % for piles, 70 % for tunnels and walls, 67 % for 
barrettes, and 100 % for energy quay walls. This variability may be 
attributed to the heightened emphasis on energy efficiency in structures 
and the widespread implementation of monitoring systems in innovative 
EG designs.

However, even within entries that include monitoring data, stan
dardization remains limited. Recorded parameters vary widely and may 
include, depending on the case, inlet and outlet fluid temperatures, flow 
rates, ground temperature, ambient air temperature (for exposed ele
ments), and heat exchange rates. Only a small fraction of the database 
contains time-series data or clearly identifies sensor types and sampling 
frequency. This lack of harmonization limits the possibility of con
ducting statistically robust, monitoring-based comparisons across 
systems.

Lastly, data related to installation costs and payback remains among 
the most challenging to obtain. These metrics are often embedded 
within broader construction budgets and subject to variability depend
ing on location, scale, and co-benefits from structural design. This 
scarcity of economic data further restricts the depth of cost-effectiveness 
analysis.

In summary, the database represents a unique and extensive 
resource, compiling a wide spectrum of EG case studies and offering 
significant insights into design practices, technology diffusion, and 
innovation trends. Although some variability in data completeness exists 
across parameters, technologies, and sources, the dataset is considered 
sufficiently robust to support general observations and comparative 
analyses. The diversity and volume of the collected data enable the 
identification of meaningful trends and patterns, even if certain 

technologies benefit from more detailed documentation than others. 
Potential biases arising from uneven data coverage are acknowledged; 
however, the analyses remain representative of the broader develop
ment and application of EGs.

3. Analysis and discussion of energy geostructure data

This section presents a comprehensive analysis of the data collected 
in the database, highlighting key trends and insights into the diffusion, 
energy efficiency, and technological advancements of EGs. The discus
sion is structured as follows: Section 3.1 delves into the diffusion of EG 
technology, examining the historical evolution and geographical dis
tribution of installations, with a particular focus on the most prevalent 
types such as Energy Piles (EPs), Energy Tunnels (ETs), and Energy 
Walls (EWs). The analysis identifies significant trends and provides an 
overview of emerging EG types like energy quay walls, barrettes, 
pavements, and anchors. Section 3.2 addresses the heat exchange rate of 
EGs, evaluating their performance in real-world applications and of
fering an in-depth analysis of three major types of EGs. Each of these 
systems plays a crucial role in the extraction and injection of geothermal 
energy, with their effectiveness depending on specific design and 
operational factors. Section 3.3 provides an analysis of the geometry and 
size of EGs across various real-world applications (realised or under 
construction), test sites, prototypes, feasibility studies, and numerical 
analyses. It highlights the diversity and prevalence of different config
urations, illustrating how EPs are more commonly used in operational 
applications, while data referred to ETs and EWs are more often 
explored in feasibility studies. The analysis reveals how certain 
geometrical features are favoured due to their effectiveness in specific 
applications. Section 3.4 section includes the analysis of the varying on- 
site and design factors that affect the EG thermal performance; Section 
3.5 extends the investigation to more recent EG typologies, while Sec
tion 3.6 focuses on the environmental aspects of EG installations, dis
cussing the available data on costs, payback periods, and the financial 
viability of different EG types. This section also considers the challenges 
in obtaining comprehensive economic data and suggests directions for 
future research to address these gaps.

3.1. Diffusion of the technology

Fig. 4 illustrates the temporal evolution of EG installations from 1984 
to 2023, focusing on the most prevalent types: EPs, EWs, ETs, and energy 
slabs. The figure is divided into two parts: Fig. 4a includes all four types 
while Fig. 4b omits EPs to better highlight the trends in the other three 
categories. The aim is to show the historical progression and growing 
diversification of EG technology over nearly four decades.

Fig. 4a shows a consistent increase in EPs installations particularly 
from 2001 to 2017, a trend that appears associated with the introduction 
of more stringent planning requirements and incentives for renewable 
technology installations, particularly in countries like the UK [30,31]. 
This trend signifies the widespread adoption and reliability of EPs. 
Fig. 4b reveals a significant growth in EW installations starting in 2017, 
highlighting a rising interest in this EG type. Regarding energy slabs, the 
increasing trend from 1995 onward has been relatively stable, with a 
slight decline observed over the years. Moreover, it is worth noticing 
that, after 2015, approximately 50 % of the most recent installations 
have been integrated with EPs or EWs, reducing the number of stand
alone energy slab installations.

Among the four types of EG depicted in Fig. 4a, ETs exhibit the 
lowest number of installations. While utilizing tunnels as ground heat 
exchangers offers the advantage of involving larger ground volumes, 
challenges related to heat ownership and resource distribution have 
slowed down their widespread adoption. Moreover, recent trends indi
cate a significant shift towards the maintenance of existing tunnels 
rather than the development of new installations, contrasting with past 
practices where the tunnelling industry predominantly focused on new 
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excavations. All ETs case studies collected in the database pertain 
exclusively to new installations. This could explain the comparatively 
slower evolution of ETs compared to other prevalent EGs, even if some 
recent examples of energy retrofitting of existing tunnels have been 
proposed in the literature [38]. Despite these challenges, the growing 
number of studies and design projects emphasizes the escalating interest 
in exploiting tunnels as energy sources. It is worth noting that while the 
installation and design phases for EPs, EWs, and slabs can be completed 
within a few years, ETs necessitate a more comprehensive design process 
and have a longer installation period, often spanning several years.

Fig. 5 provides a comparative view of the geographical distribution 
of EG installations and related studies or design projects. It maps out the 
global distribution of EG installations across different countries, 

highlighting key hubs like Austria, Switzerland, Germany, and the 
United Kingdom. Additionally, Italy and France emerge as significant 
contributors to the cumulative installations of EGs. These nations not 
only lead in the number of installations but also demonstrate a 
comprehensive adoption of various EG types, including EPs, EWs, and 
ETs. Conversely, the majority of countries predominantly feature EP 
installations, highlighting the widespread applicability and maturity of 
EP technology. Notably, six countries (Austria, France, Italy, Germany, 
Switzerland, and China) also show a greater focus on the development 
and research of EW and ET technologies, underlining ongoing efforts to 
enhance their maturity and implementation.

Although the present analysis does not explicitly examine market 
conditions, it is worth noting that countries with a higher number of EG 
installations—such as Austria, Germany, France, Italy, and the United 
Kingdom—are also those where public financial incentives for 
geothermal heating and cooling technologies have been implemented 
over the years. For instance, in Germany, the BAFA (Federal Office for 
Economic Affairs and Export Control) subsidy program has supported 
geothermal heat pump systems, including ground-coupled applications, 
with substantial grants since the early 2000s. In France, the MaPri
meRénov’ scheme, active since 2020, provides direct financial support 
for residential geothermal installations. Italy has long promoted 
geothermal systems through the Conto Termico incentive, introduced in 
2013 and revised in 2016 (Conto Termico 2.0), which offers up to 65 % 
reimbursement for geothermal heat pump systems. The UK previously 
offered incentives under the Renewable Heat Incentive (RHI), which ran 
from 2011 to 2022 and supported the adoption of low-carbon heating 
systems, including ground source heat pumps.

However, based on the data collected, a direct and quantifiable 
correlation between the presence of such incentive schemes and the 
diffusion of EGs is not evident. This is likely due to the multifactorial 
nature of technology adoption, which depends not only on economic 
drivers but also on regulatory frameworks, technical expertise, the scale 
and type of construction projects, and awareness among stakeholders. A 
more systematic assessment of national policy and market frameworks 
would be required to understand their impact on EG adoption. This 
represents a promising direction for future research.

The growing interest in more recent EG types such as energy bar
rettes, energy quay walls, energy pavements, and energy anchors is 
highlighted by the increasing number of installations, as depicted in 
Fig. 6a. This figure presents the timeline of these installations, showing 
that energy pavements were the first to be implemented.

Fig. 4. Evolution of EGs (based solely on actual installations) over time of: a) all the four prevalent types of installations (EPs, EWs, ETs, energy slabs): (b) 
excluding piles.

Fig. 5. Geographical distribution of EGs across various countries. AUS =
Australia, AUT = Austria, BEL = Belgium, CAN = Canada, CHE = Switzerland, 
CHL = Chile, CHN = China, DEU = Germany, DNK = Denmark, ENG = En
gland, ESP = Spain, FIN = Finland, FRA = France, HRV = Croatia, IRL =
Ireland, ITA = Italy, KOR = Korea, JPN = Japan, LTU = Lithuania, MCO =
Principality of Monaco, NDL = Netherlands, POL = Poland, PRK = Czech Re
public, ROU = Romania, SCO = Scotland, SWE = Sweden, USA = United States 
of America.
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Currently, the database includes four energy quay walls, three en
ergy barrettes, and one energy anchor installations. These technologies 
are relatively recent and still under development, offering innovative 
approaches to utilizing shallow geothermal energy. The figure also in
dicates that although the newer technologies have fewer installations, 
they are already spreading globally. Fig. 6b maps out these installations 
across various countries, noting that while Europe remains a central 
hub, these technologies are also being adopted in other regions, such as 
Chile, Australia, and Japan. This figure is crucial in illustrating the early 
stages of global adoption for these innovative EG types and hints at their 
future potential as they become more widely recognized and 
implemented.

While the current analysis focuses on the documented distribution of 
EG installations, we acknowledge that factors such as climate condi
tions, policy incentives, geological characteristics, and technological 
maturity significantly influence regional preferences. However, due to 
the lack of consistent and comparable data across countries, these var
iables were not explicitly analysed in this study. We highlight this as a 
promising area for future research, where a multi-variable approach 
could help elucidate the broader drivers behind regional uptake.

3.2. Heat exchange rate

The heat exchange rate (typically expressed in W/m or W/m2) in
dicates the rate at which thermal energy is transferred per unit length or 
surface area and reflects the system’s capacity to meet thermal demands 
over time. This section presents comparative data on the heat exchange 
rate for different types of EGs – piles, walls and tunnels – based on real- 
world monitoring and/or numerical simulations collected in the project 
database. For each system, the figures illustrate either average seasonal 
values (when data were derived from long-term measurements) or 
steady-state results from validated simulations. The selection of case 
studies shown in the figures was limited to those for which sufficiently 
complete and consistent data were available, enabling reliable cross- 
comparison. In all figures, the length (used for normalization in W/m) 
refers to the embedded or active length of the heat exchanger within the 
ground, while the area (in W/m2, used especially for tunnels) corre
sponds to the internal or external surface actively involved in thermal 
exchange. Where not otherwise specified, the reported values represent 
average operating conditions over a heating or cooling season, unless 
peak loads are explicitly indicated. Specific attention is also given to 
highlighting variability due to seasonal operation, local climate, system 
geometry, and installation depth or orientation. These influencing 

Fig. 6. Evolution of emerging EG types: (a) over time; (b) across different countries.
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factors are discussed in detail in the following subsections through ex
amples from both measured and simulated case studies.

3.2.1. Energy piles
Many research activities on EPs have focused on their application for 

extracting and injecting thermal energy, with numerous case studies in 
the existing literature evaluating their effectiveness in meeting energy 
demands. For example, Gao et al. [39] performed numerical perfor
mance assessments, Loveridge & Powrie [40] and Amis et al. [41] 
conducted thermal response and in-situ efficiency tests, Sutman et al. 
[42] explored seasonal behaviour, Cecinato & Salciarini [43] and Gerola 
et al. [44] combined statistical and case study analyses, and Rafai et al. 
[45,46] alongside Lupattelli et al. [47–49] examined 
thermo-mechanical responses.

Assessing the efficacy of these systems often requires a case-specific 
approach, contingent upon the energy demands of the building, number 
and length of piles, ground thermal properties, and local climate (e.g., 
Refs. [50–52]).

Fig. 7 presents the average seasonal heat exchange rate (W/m) for a 
selection of real-world installations drawn from the project database. 
The values shown were derived from either in-situ measurements or 
numerical simulations validated against field data, depending on data 
availability for each project. Only case studies with sufficiently complete 
and consistent datasets were included to allow for meaningful compar
ison. The reported heat exchange rates range from approximately 30 to 
150 W/m, with variations attributable to several factors that are ana
lysed in more detail in Section 3.4.1. These values reflect average sea
sonal performance (either heating or cooling), normalized over the 
active pile length. Notably, climatic conditions influence the thermal 
load direction: in warmer climates, EPs are typically used to inject heat 
during summer cooling (recharging the ground), while in colder regions 
they are employed for heat extraction during winter.

For example, in Sapporo City University (Japan) – a cold climate 
location – the EP system integrated into the steel foundation piles sup
ports winter heat extraction. After evaluating various systems for the 
new building, the Sapporo City Council decided in November 2004 to 
implement a Ground Source Heat Pump (GSHP) system integrated with 
the foundation piles as part of the Heating, Ventilation, and Air Condi
tioning (HVAC) system for the University. Based on system monitoring 
and manufacturer design data [60], the estimated average extraction 
reaches approximately 126 W/m, one of the highest among the case 

studies. This high performance aligns with the low average air temper
ature (8.8 C) and suggests that heating is the dominant operational 
mode. The system demonstrated stable long-term operation, with brine 
temperature returning to baseline values within five years, indicating 
good thermal balance. In contrast, the State Library Station of the 
Melbourne Metro Line [61] represents a summer heat injection scenario. 
Here, the system injects thermal energy into the ground during 
cooling-dominated periods. The average seasonal injection rate is 68.75 
W/m, with performance influenced by an external air temperature of 
14.33 ◦C and a ~10 ◦C fluid-soil temperature differential. This high
lights the role of external climate and building demand in defining 
operational strategy.

Some systems are designed for dual-mode operation across seasons. 
For example, the EP system serving an eight-storey building in Nanjing, 
China utilizes 105 belled piles to provide both heating and cooling [62]. 
Thanks to the symmetrical inlet and outlet temperatures relative to the 
soil (average 19 ◦C), the system achieves balanced heat exchange rates 
in both summer and winter, which supports long-term thermal 
sustainability.

These case studies illustrate how the heat exchange rate is affected by 
pile geometry, depth, installation conditions, and operating temperature 
differentials. More detailed analysis of the influencing parameters is 
presented in Section 3.4.1, where the variability of thermal performance 
is discussed in light of both geotechnical and design-related factors.

3.2.2. Energy walls
Numerous thermal and thermo-mechanical numerical analyses have 

been carried out to investigate the factors most significantly affecting 
the heat exchange rate of EW systems ([63–65], among others). In 
particular, the complex geometry and boundary conditions of EW sys
tems distinguish them from the most common EPs systems (e.g. 
Ref. [66]).

The heat exchange rate of EW systems – expressed in W/m of wall 
length – depends primarily on the depth of installation, presence of 
saturated soil, and configuration of the pipe network embedded within 
the concrete. Fig. 8 presents a set of average seasonal heat exchange 
rates (both heating and cooling modes) derived from numerical simu
lations validated against monitoring data and, where available, field 
measurements. While this review includes both real-world applications 
and numerical simulations, particular care was taken to clearly distin
guish between the two in both the text and the figures. Numerical 
studies were only considered when based on realistic geometries and 
well-documented boundary conditions. Their inclusion is not meant to 
substitute field data but rather to complement it, especially in cases 
where real-word data are limited or incomplete.

In terms of system geometry, both the depth of the EWs and the 
configuration of the heat exchanger pipes significantly influence the 
system’s heat exchange rate. A deeper installation of EWs offers several 
advantages: increased surface area in contact with the surrounding soil, 
and a higher likelihood of encountering saturated soil layers, which are 
characterized by greater thermal conductivity. For instance, the EWs in 
the “Uniqa Tower” (AUT) and “Bulgari Hotel” (ENG) case studies exhibit 
some of the highest rates of heat energy extraction and this is associated 
with the deepest length of the walls (more than two-thirds of their length 
is below the water table), reaching 35 m and 36 m, respectively.

About pipe configuration, the “Energy Center” (ITA) case study 
(Fig. 8) employs a customized heat exchanger layout, which is closely 
linked to the rate of heat injection. Additionally, factors such as the 
energy demand of the connected building and the external temperature 
at the exposed wall surfaces (if present) also affect the heat exchange 
rate of EWs. This influence is observed both in the short term, during the 
transient phase in the initial years of operation, and in the long term 
[70]. Maintaining a balanced heating and cooling demand throughout 
the year is crucial for preserving long-term efficiency in EWs (Gerola 
et al., 2024b), as well as in all shallow geothermal systems. This balance 
helps to prevent long-term thermal imbalances in the ground, which can 

Fig. 7. Heat exchange rate during winter extraction and summer injection of 
EP (real-world) installations, across different selected projects within the 
database (from left to right data from: Enercret; [30]; Enercret; Enercret; [53]; 
Enercret; Enercret; Eneren s. r.l.; Alberdi-Pagola et al., 2016; [54–57]; Geo
thermie Schweiz; [58]; unpublished project data [59]).
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reduce the system’s heat exchange rate over time.
Although Fig. 8 shows average heat exchange rates (in W/m), a 

sustained and symmetrical performance in both extraction and injection 
phases is a good indicator of thermal balance. For example, in the case of 
the “Turin ML Station Bologna” (ITA), numerical thermo-hydraulic 
simulations carried out during the feasibility phase of Line 2 of the 
Turin Metro demonstrated that systems with balanced heating and 
cooling loads maintain more stable performance over multi-year periods 
[71]. The design leverages the seasonal use of the underground tunnel 
walls, which act as large-area exchangers. This ensures that the ground 
is not progressively warmed or cooled year after year, a key aspect in 
preserving the long-term thermal efficiency of the installation.

Similarly, the “Discovery Learning Lab” (CHE), part of the EPFL 
campus, is designed with a dual-mode geothermal system and advanced 
energy monitoring tools. While specific longitudinal heat exchange data 
are not publicly detailed, the system was conceived with symmetrical 
seasonal operation in mind. The building benefits from balanced ther
mal loads due to its year-round usage pattern and mixed-use profile, 
which is favorable for long-term system sustainability [72]. This is 
evident in case studies show in Fig. 8, such as the “Turin ML Station 
Bologna” (ITA) and the “Discovery Learning Lab,” (CHE) which display 
consistent heat exchange rates for both heat extraction and injection.

In all the presented cases, the values shown refer to seasonal aver
ages (extraction in winter, injection in summer), normalized by wall 
length. These results confirm that factors such as depth, groundwater 
conditions, and thermal load symmetry are critical to achieving 
consistent and sustainable performance in EWs.

3.2.3. Energy tunnels
Compared to other EGs, such as piles, Energy Tunnels (ETs) involve a 

greater volume of ground and soil-structure interface, offering extensive 
opportunities for heat exchange [73–75]. These systems typically run 
beneath densely populated urban areas, rendering them ideal for har
nessing geothermal energy on a district or city-wide scale via energy 
distribution networks. Moreover, ETs have the capacity to exchange 
heat not only with the surrounding ground but also with the air within 
the tunnel, allowing them to harness both geothermal and aerothermal 
energy [76–78]. This dual capability grants ETs a greater thermal 

potential compared to other ground heat exchangers.
As shown in Fig. 9, the heat exchange generally ranges between 10 

and 40 W/m2, with some variations. These discrepancies arise mostly 
from differences in the groundwater regime, the aerothermal conditions 
within the tunnel and some key operational conditions, such as the inlet 
fluid temperature. In fact, as an example, the real applications with the 
ENERTUN configuration in Turin ML1 have shown data outside the 
mentioned range, thus presenting average heat exchange rate of 48 W/ 
m2 and 60 W/m2 during winter and summer functioning, respectively 
[76,77]. Such a high geothermal energy production was possible due to 
the favorable groundwater regime of the Turin subsoil. Indeed, being 
directly perpendicular to the tunnel axis and moving with a velocity of 
1.4 m/d, groundwater allows for a steady recharge of the geothermal 
reservoir. The Nanjing utility tunnel [79] exhibits a high extraction 
potential of almost 40 W/m2. In this case, the rationale behind this is the 
hot environment that develops in utility tunnels due to power and 
thermal cabins. Regarding the Seocheon tunnel [80], large performance 
variations were experienced between winter and summer tests, with the 
latter being approximately four times the former. This is explained by 
different inlet fluid temperatures and, more specifically, by the larger 
discrepancy with the internal air temperature during the two tests.

3.3. Geometric features

Fig. 10 presents the geometry and size characteristics of EPs, EWs, 
and ETs across full-scale installations and prototypes (hereafter the term 
“real-world installation” is used to distinguish them from the feasibility 
and numerical studies), as well as feasibility studies and numerical an
alyses. The total number of case studies for each category, along with the 
number of full-scale applications (in brackets) is shown above each 
group of columns. This visualization illustrates the diversity and range 
of configurations explored in EG projects.

The x-axis indicators represent categories or variables related to the 
geometry or size of these structures. Higher percentages associated with 
specific geometries can indicate a preference for these configurations 
due to their effectiveness in particular applications. For example, most 
case studies report on fewer than 100 EPs per building/installation, 
while larger pile numbers (over 100) are less common. Most 

Fig. 8. Heat exchanged rate during winter extraction and summer injection for some of the operational and numerical case studies of EWs within the database (from 
left to right data from: [3,3,9,9,30,41,67,68]; Baralis & Barla [69]; Geoeg; Geosolving; Geosolving; Geosolving; [30]; Geosolving; Geosolving; Geoeg).
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applications involve EPs with lengths between 10 and 25 m (around 50 
%), followed by lengths longer than 25 m. EPs with a diameter of 
50–100 cm are the most common (around 40 %), followed by smaller 
diameter piles (≤50 cm). Most EPs are spaced more than 150 cm apart, 
though there is also a portion where spacing is less than 75 cm. As for 
EWs, most of the case studies involve a thermo-activated area between 
2500 m2 and 7500 m2, while larger and lower numbers are less common. 
EWs between more than 25 m long are the most frequent, followed by 
EWs between 10 and 25 m; EW thicknesses are typically greater than 75 
cm, with a high number of installations falling between 75 and 150 cm. 
In general, certain geometrical dimensions of EPs and EWs might be 
favoured for their optimal performance in terms of energy efficiency or 
structural stability.

As for ETs, most energy tunnels are overburden between 10 and 30 
m, followed by depths of less than 10 m; the diameter between 6 and 12 
m are the most frequent, followed by ETs with diameters higher than 12 
m. To finish, ET wall thicknesses are primarily up to 50 cm, although 
thicker ETs are also present. The length of the ET installations was not 
considered in Fig. 10, as most full-scale implementations are prototypes 
with longitudinal extensions limited to just a few tens of meters. In 
contrast to the other EGs analysed in Fig. 10, this restricted extension 
does not provide a representative description of an ET system at the 
urban scale, which represents the potential for real-world application.

The percentages depicted in the figure highlight the extent to which 
these technologies – EPs, EWs, and ETs – are implemented or studied. 
For instance, a higher percentage of EPs in operational applications 

Fig. 9. Heat exchanged rate during winter extraction and summer injection for some of the operational and numerical case studies of ETs within the database (from 
left to right data from: [76,81,79–88]; Csesznak et al. [89,90]; Geosolving; [91]; Geosolving).

Fig. 10. Geometry and size of the EPs, EWs and ETs full-scale applications or prototypes, as well as feasibility and numerical studies, gathered in the database (the 
total number of case studies and, within brackets, full-scale applications or prototypes for which that specific information was available is shown above each group 
of columns).
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suggests their widespread use in real-world scenarios, while a higher 
percentage in feasibility studies for ETs may indicate their potential for 
future use, despite currently being less established. Indeed, for EPs, only 
the real-world case studies were considered due to their higher number, 
reflecting the maturity and well-established adoption of this technology. 
In contrast, the data for EWs and ETs include both real-word and nu
merical studies, as these applications are less common and primarily 
explored for their feasibility to encourage further implementation. The 
rapid growth and the high number of EP installations can be attributed 
to economic growth, their relative simplicity (i.e. easier design, cost- 
effectiveness, and time-efficiency), the straightforward similarity to 
more common vertical BHEs and the fact that many new buildings 
supported by piles facilitates the transition from conventional piles to 
EPs. This contrasts with the relatively lower number of new EWs and ETs 
being constructed.

3.4. Thermal design parameters

The thermal design of EGs is generally unique and involves the 
consideration of several parameters to evaluate the energy that can be 
readily extracted/injected to fully or partially satisfy the thermal energy 
loads of buildings. Based on the reviewed database, this section includes 
the analysis of the varying on-site and design factors that affect the EG 
thermal performance. This includes heat exchanger pipe layout, envi
ronmental conditions, and operational conditions of the available 
studies on EPs, EWs and ETs, guiding into creating a design method that 
is economically and environmentally sustainable, whilst maintaining a 
high level of efficiency and reliability. The focus herein is on the main 
three EG types and the features of each aspect are given in the following 
Sections.

In general, the design of these structures must carefully consider 
their ability to efficiently and sustainably exchange heat with the 
ground, considering various influencing factors. For example, in gen
eral, larger dimensions of the EGs (e.g., length and diameter for EPs, 
length and thickness for EWs, and diameter and thickness for ETs) allow 
for interacting with a greater volume of surrounding soil and for ac
commodating more loops of pipes, thus improving heat exchange rate. 
Consistently, the quantity of thermo-active elements and their relative 
positioning within the ground likewise play a crucial role in optimizing 
thermal performance (e.g., number of elements and spacing for EPs, 
number of elements for EWs, depth and overburden layer for ETs).

Despite EGs technology being adaptable to a variety of ground 
conditions and external temperatures, the thermal conductivity of the 
soil significantly impacts the heat exchange ([13,43,92], among others), 
and the presence of a groundwater flow further enhances system per
formance by enabling heat transfer through both conduction and con
vection. Furthermore, for EWs and ETs, being exposed to the 
external/internal environment on one side, the aerothermal conditions 
of such environments (velocity and temperature of the airflow) also play 
a pivotal role in heat exchange ([30,66,70], among others).

Hence, the database is categorized into three primary elements, each 
comprising features that significantly impact the energy efficiency of 
various types of EGs, including EPs, EWs and ETs: 

− heat exchanger pipe layout: this element encompasses the setup of 
geothermal pipes, including their diameter, spacing, and material.

− environmental conditions: this category cover factors such as mean 
external air temperature, ground type and conditions, and the level 
of ground saturation, presence and characteristics of groundwater 
flow.

− operational conditions: this element involves factors such as soil- 
structure temperature, inlet-outlet temperature, and the flow rate 
of the heat carrier fluid.

These features are consistent across all types of EGs and are described 
for each typology separately, in Sections 3.4.1 to 3.4.3.

3.4.1. Energy piles
As shown in Fig. 11, for EPs, the heat exchanger pipe layout shows a 

wide variability, where the least common configuration is the single U- 
loop, followed by the double U-loop and other configurations, e.g. spiral 
or 3U-loops. Pipe diameter varies according to pile diameter and pipe 
configuration. The 20–32 mm range is the most frequent (38 %) while 
diameters starting from 20 mm downwards and 32 mm upwards are 
equally common (31 % each). Pipe spacing is fairly uniform across the 
three categories (≤25 cm, 25–40 cm, and ≥40 cm), each with a fre
quency of about 33 %. HDPE is the most widely used pipe material (62 
%), followed by PE (35 %) and a small percentage (7 %) using PE-Xa.

Approximately 29 % and 53 % of EPs are installed in cold and very 
cold climates, respectively, with the air temperature ranging from 9 to 
12 ◦C and below 9 ◦C. Only 18 % are in warmer climates with air tem
peratures above 12 ◦C, indicating a strong preference for using EPs for 
heating purposes. Regarding ground type, 78 % are embedded in layered 
ground, 19 % in fine-grained soils, and only 3 % in coarse-grained. 
Additionally, 60 % of EPs are in wet grounds, 30 % in partially satu
rated, and 10 % in dry conditions.

The soil-structure temperature for these piles is predominantly be
tween 5 and 10 ◦C (58 %), with 12 % below or equal to 5 ◦C and 30 % 
above or equal to 10 ◦C. Similarly, the inlet-outlet temperature is most 
commonly 2–4 ◦C (60 %), with 30 % above or equal to 4 ◦C and 10 % 
below or equal to 2 ◦C. The flow rate is generally split between two 
ranges: starting from 375 l/h downwards and 750 l/h upwards, each 
with a 40 % frequency, while the 375–750 l/h range is less common, 
representing only 20 % of cases.

The results highlight the maturity and established use of EPs, 
particularly in colder climates where their heating efficiency is most 
beneficial. The uniform distribution of pipe spacing and the predomi
nance of HDPE as a material suggest standardized practices in pile 
design, which contribute to their widespread adoption. The data also 
indicate a clear preference for specific pipe diameters and configura
tions, reflecting optimized design strategies that balance performance 
and cost. The consistent use of specific configurations and materials 
across different projects also suggests a growing body of best practices 
that can inform future developments in this field.

3.4.2. Energy walls
As shown in Fig. 12, for EWs, the geothermal heat exchanger pipe 

configuration is predominantly up-down type, accounting for 82 % of 
the total, with serpentine configurations representing just 3 %, and other 
types making up to 16 %. Pipe diameters show a distinct distribution: 
the majority, 79 %, have diameters less than or equal to 20 mm, while 
16 % fall within the 20–32 mm range, and only 5 % exceed 32 mm. 
Regarding pipe spacing, pipes with spacing between 25 and 40 cm 
dominate, making up 78 % of the total. Conversely, pipes spaced less 
than or equal to 25 cm constitute 10 % and those with spacing greater 
than or equal to 40 cm account for just 6 %. Regarding pipe material, the 
majority, approximately 91 %, are made of PE-Xa, with HDPE and PE 
being used in 6 % and 3 % of cases, respectively. This distribution differs 
significantly from what is observed in energy piles (EPs), where HDPE is 
the predominant material (used in approximately 58 % of documented 
cases), followed by PE-Xa (30 %) and PE (12 %). The dominance of PE- 
Xa in energy walls may be attributed to the geometric and structural 
characteristics of diaphragm walls, which require tighter pipe bending 
radii and benefit from the greater flexibility and thermal stability of 
cross-linked polyethylene. In contrast, energy piles, particularly those 
with larger diameters or prefabricated cages, provide more space for 
conventional HDPE loops and are often built using standardized instal
lation techniques. These differences highlight the influence of structural 
design and construction method on material selection.

Environmental conditions vary significantly: 69 % of the in
stallations are in climates where air temperature ranges between 9 and 
12 ◦C, 8 % are in colder climates with temperature below 9 ◦C and 23 % 
are in warmer climate with temperatures above 12 ◦C. Similarly, 69 % of 
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EWs are embedded in layered ground, 29 % in coarse-grained soils, and 
only 2 % in fine grained soils. Ground saturation levels indicate that the 
majority, 80 %, are in partially wet conditions, with 17 % in dry con
ditions and a minimal 3 % in wet environments.

In terms of operational conditions, 59 % of the EWs are in environ
ments where the soil-structure temperature is 10 ◦C or higher. About 
20.5 % are in environments with soil-structure temperatures is 5 ◦C or 
lower, and the same percentage is in the 5–10 ◦C range. Regarding the 
inlet-outlet temperature, 75 % of the cases exceed 4 ◦C, 19 % fall within 
2–4 ◦C, and 6 % are 2 ◦C or lower. About 87 % of the EWs have flow rates 
between 375 and 750 l/h, with only 6.5 % each starting from 375 l/h 
downwards or 750 l/h upwards.

The dataset indicates that the up-down pipe configuration is pre
dominantly employed in energy walls (EWs). This preference can be 
attributed to its straightforward integration within vertical 

reinforcement cages, which facilitates installation while maintaining 
structural integrity. Such configurations are particularly suitable for 
construction environments with spatial constraints, such as urban set
tings [6], [93].

Regarding pipe dimensions, the widespread use of diameters equal to 
or smaller than 20 mm reflects a compromise between thermal effi
ciency and practical considerations. Smaller diameters increase the 
surface-area-to-volume ratio, thereby enhancing heat exchange rates, 
while also reducing material costs and simplifying installation logistics 
[94].

The observed pipe spacing, typically concentrated in the 25–40 cm 
range, appears consistent with performance-oriented design recom
mendations. Although the literature suggests that spacings of 40–60 cm 
are effective for heating and cooling performance [95], the slightly 
narrower spacing in EWs may be related to the specific geometrical and 

Fig. 11. Heat exchanger pipe layout and environmental and operational conditions of the EPs full-scale applications or prototypes gathered in the database (the total 
number of case studies for which that specific information was available is shown above each group of columns).

Fig. 12. Heat exchanger pipe layout and environmental and operational conditions of the EWs full-scale applications or prototypes, as well as feasibility and nu
merical studies, gathered in the database (the total number of case studies and, within brackets, full-scale applications and prototypes for which that specific in
formation was available is shown above each group of columns).
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structural characteristics of wall-type geostructures. The heavy reliance 
on PE-Xa material (91 %) reflects its suitability for these applications, 
offering durability and resistance to temperature variations. Environ
mental conditions highlight that EWs are primarily installed in moder
ately cold climates, aligning with their use in heating applications. The 
predominance of layered ground and partially wet conditions among 
documented EW installations may reflect the typical geological profiles 
of regions with higher EG adoption. Operational conditions show a 
preference for higher inlet-outlet temperatures (≥4 ◦C), which likely 
enhance the energy efficiency of the EWs but also determine larger 
soil-structure temperatures (≥10 ◦C). The predominance of flow rates 
between 375 and 750 l/h suggests that this range is optimal for main
taining effective heat transfer without excessive energy consumption. 
Overall, the results reflect a consistent set of design and operational 
practices that optimize the performance of EWs across various envi
ronmental conditions.

3.4.3. Energy tunnels
As shown in Fig. 13, for ETs, the predominant configuration for 

geothermal pipe installation is circumferential, accounting for 59 % of 
cases, likely due to their efficiency in maximizing heat transfer [73]. The 
longitudinal setup is less common and counts at 32 %. Other configu
rations constitute only 9 % of occurrences. Pipe diameters are distrib
uted as follows: 69 % are equal to or below 20 mm, 22 % falls within the 
20–32 mm range, and just 9 % exceed 32 mm. Regarding pipe spacing, 
19 % of the pipes have a spacing less than or equal to 25 cm, while the 
majority, 58 %, falls within the range of 25–40 cm. Pipes with a spacing 
exceeding 40 cm represent the remaining 23 %. In terms of pipe mate
rial, around 75 % are made of PE-Xa, 20 % utilized PE, and the 
remaining 5 % are constructed using HDPE.

The environmental conditions are distributed as follows: 62 % are in 
climates with air temperature between 9 and 12 ◦C, 11 % are in colder 
climates with temperatures of 9 ◦C or lower, while 27 % are in regions 
with air temperatures of 12 ◦C or higher. About 60 % of the installations 
are embedded in layered ground, 35 % are in coarse-grained soils, and 5 
% are in fine-grained soils. Regarding ground saturation levels, 48 % of 
the sites are wet, and the remaining sites are equally split between dry 
and partially wet conditions, at 26 % each.

In terms of operational conditions, approximately 71 % of the tun
nels are in environments where the soil-structure temperature ranges 

between 5 and 10 ◦C. About 20 % are in environments with tempera
tures of 5 ◦C or lower, while 9 % are in areas where temperatures are 
10 ◦C or higher. The inlet-outlet temperatures are distributed as follows: 
46 % exhibit temperatures of 4 ◦C or warmer, another 46 % fall within 
the of 2–4 ◦C range, and 8 % are equal to 2 ◦C or colder. Lastly, the flow 
rates show that 43 % of instances are within the range of 375–750 l/h, 
20 % have flow rates starting from 375 l/h downwards, and 37 % from 
750 l/h upwards.

The prevalence of smaller pipe diameters (≤20 mm) suggests that 
these are optimal for the specific thermal and structural requirements of 
tunnel installations. The dominance of pipe spacing in the 25–40 cm 
range reflects a balance between effective heat exchange and the 
structural constraints of tunnels. The widespread use of PE-Xa as the 
pipe material underscores its suitability for tunnel environments, 
providing the necessary durability and flexibility. Environmentally, ETs 
are predominantly installed in moderately cold climates (9–12 ◦C), 
which aligns with their use in heating applications. Operational condi
tions show a strong tendency towards soil-structure temperatures be
tween 5 and 10 ◦C and inlet-outlet temperatures exceeding 4 ◦C, which 
are likely optimal for maintaining energy efficiency in ETs. The varied 
flow rates, with a significant portion exceeding 750 l/h, indicate that 
higher flow rates might be necessary to achieve effective thermal per
formance in ET environments.

3.5. Further research efforts

Recent developments in the field of EGs have led to the emergence of 
new typologies such as energy barrettes, energy quay walls, geothermal 
pavements, and energy anchors. These systems, while currently under
represented in terms of case data, offer promising potential for extend
ing the application of shallow geothermal technologies to diverse 
structural contexts (Gerola et al., 2024a). Energy barrettes are particu
larly suitable for deep foundations in urban areas with limited surface 
space, while quay walls allow for geothermal exchange in port and 
waterfront infrastructures. Geothermal pavements offer distributed 
surface exchange, making them suitable for retrofitting roads and 
plazas, whereas energy anchors are being explored for slope stabiliza
tion and retaining structures.

Due to their novelty, these systems face specific technical and 
operational challenges, such as pipe installation in geometrically 

Fig. 13. Heat exchanger pipe layout and environmental and operational conditions of the ETs full-scale applications or prototypes, as well as feasibility and nu
merical studies, gathered in the database (the total number of case studies and, within brackets, full-scale applications for prototypes or which that specific in
formation was available is shown above each group of columns).
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constrained elements, variable thermal boundary conditions, and lack of 
design guidelines. To fully evaluate their potential, future studies should 
focus on long-term performance monitoring, the development of 
tailored design models, and the standardization of performance metrics.

In parallel, there is a growing trend toward the use of composite 
energy geostructure systems, where multiple EG types are integrated 
within the same project to maximize geothermal potential and adapt to 
complex urban conditions. For example, combined applications of EPs 
and EWs or ETs and energy slabs are increasingly being adopted in large 
infrastructure projects such as transit stations and mixed-use buildings 
[7]. These systems can improve thermal balance across seasons and 
enhance the resilience of geothermal supply, but they also require in
tegrated design approaches and coordination among various construc
tion phases.

The current database highlights the early implementation stages of 
these technologies, with limited but growing examples collected across 
Europe, Asia, and the Americas. Further research should aim to expand 
empirical data, assess installation trends, and explore synergies between 
structural and energy functions. Developing robust models for the 
techno-economic evaluation and life-cycle performance of emerging and 
composite EGs will be essential to support their mainstream adoption.

3.6. Environmental and economic benefits

The reduction of CO2 equivalent emissions using geothermal energy 
compared to other energy sources represents the key metric to weigh the 
environmental benefits that geothermal systems can provide.

To assess this benefit, data on the reduction of CO2 equivalent 
emissions achieved by energy geostructures were either collected from 
existing sources or computed where data was not available. For this 
purpose, the hypothetical yearly geothermal energy produced by each 
EG collected in the database was considered, along with emission fac
tors, based on British recommendations [96]. These factors represent the 
amount of CO2 equivalent emissions per unit of heat produced and differ 
as a function of the energy source, as exemplified in Table 1. To calculate 
the CO2 equivalent savings for a specific thermal energy source, the 
yearly produced energy of the EG installations in the database was 
multiplied by the emission factors of that specific technology compared 
to geothermal energy. The EGs that presented a lack of data in terms of 
geothermal energy produced were conservatively not considered in the 
computation.

For geothermal energy, the emission factor was computed account
ing for an electricity emission factor of 0.136 kg/kWh and assuming an 
average coefficient of performance (COP) for geothermal heat pumps of 
4.0. This COP means that 75 % of the useable energy originates from 
geothermal energy, with the remaining 25 % supplied by electricity. 
Coherently, only 0.034 kg of CO2 equivalent is emitted per kWh of 
geothermal energy produced. A similar calculation applies to the 
ambient energy and air source heat pump technology, considering a COP 
of 2.5. This calculation approach is corroborated by Blum et al. [97].

Fig. 14 illustrates the resulting tons of cumulative CO2 equivalent 
savings per year, comparing geothermal energy to other commonly used 
thermal energy sources, including natural gas, liquefied petroleum gas, 
heating oil, house coal and ambient energy.

The estimation of CO2 emission savings was limited to operational 

EGs for which energetic performance data were available. Specifically, 
the analysis included 132 out of 810 EPs, 24 out of 48 EWs, and 8 out of 
11 ETs, accounting for approximately 20 % of the total number of 
operational EG case studies in the database. Less common EG typologies 
were not considered in the computation, due to the absence or incom
pleteness of energetic data. Similarly, EGs were excluded from the 
analysis when their documented cases were coupled with other EGs (i.e., 
EPs or EWs) already included in the calculation, to avoid potential 
double-counting.

From an economic perspective, available data are scarce. In the 
existing literature, the cost-effectiveness of EGs is often assessed through 
three main metrics: the additional cost relative to the base construction 
cost of the geotechnical structure, the payback period, and the Levelized 
Cost Of Energy (LCOE) produced.

The extra cost to instrument geotechnical structures with heat 
exchanger pipes generally amounts to 1.0 ÷ 2.0 % of the total con
struction cost, considering both the additional material and the higher 
burden of workforce for pipe laying [74,81]. The payback period, 
indicating the time needed to recoup the initial investment, usually 
varies between 2 and 15 years, depending on the energy extraction and 
injection capacity of the geostructures [3,76,84]. Similarly, the LCOE 
embodies the average net present energy cost for the generator over its 
lifetime, including the recoup of the initial investment and potential 
future profits. This represents a finer economic metric that accounts also 
for potential future profits. The LCOE for energy geostructures ranges 
between 80.0 and 115.0 € per MWht [38,98], making it a competitive 
and attractive alternative compared to other thermal energy sources. 
Due to the recent energy crisis because of the COVID-19 and 
Russian-Ukrainian war, these recorded massive fluctuations in terms of 
cost: for instance, from around 75.0 to 175.0 € per MWht for the natural 
gas or from around 125.0 to almost 250.0 € per MWht for the heating oil 
in the timeframe 2021–2024 [38].

4. Conclusions

This study provides a comprehensive analysis of EGs as multifunc
tional systems that integrate structural support with thermal energy 
transfer by exploiting low-enthalpy geothermal energy. The global 
database, updated to 2023, offers a broad overview of real case studies, 
test sites, and numerical simulations, revealing the worldwide expansion 
and diversification of EGs. The database also underscores the growing 
role of EGs as a sustainable and energy-efficient technology for the 
construction sector. Based on the data collected and analysed in this 
document, the following conclusions can be drawn: 

Table 1 
Emission factors for different thermal energy sources [96].

Thermal energy source [− ] CO2 eq. emission factor [kg/kWh]

Natural gas 0.210
Liquefied petroleum gas 0.241
Heating oil 0.298
House coal 0.395
Ambient energy 0.055
Shallow geothermal energy 0.034

Fig. 14. CO2 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.
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• EGs have proven to be a promising and environmentally friendly 
technological solution for addressing the increasing energy demands 
in the building sector while utilizing the renewable energy potential 
of the subsurface.

• The database, updated to 2023 with 972 case studies from 27 
countries, indicates a growing trend in the adoption of EGs globally. 
Europe leads in this technology, with Austria, Switzerland, Germany, 
and the United Kingdom, Italy and France having the highest number 
of installations. Indeed, the database reveals a concentration of EGs 
implementations, research, and knowledge dissemination primarily 
in Europe.

• Among the various types of EGs, EPs have emerged as the most 
commonly used, especially in practical applications, due to their 
efficiency, cost-effectiveness, and relatively quick installation times. 
EWs and ETs are gaining popularity, as evidenced by the increase in 
feasibility studies and numerical analyses, although their practical 
adoption is still in the early stages. Recent EGs developments, such as 
energy barrettes, energy quay wall, geothermal pavements, and en
ergy anchors, are in the initial stages of development and imple
mentation but hold promising potential for further diversification of 
EGs applications.

• The exchanged heat rate of EGs varies depending on specific types, 
soil conditions, project design, and operational parameters. These 
systems demonstrate considerable versatility in providing both 
heating and cooling.

• Environmentally, EGs offer significant advantages in reducing 
greenhouse gas emissions compared to traditional fossil fuels, mak
ing a substantial contribution to global climate change mitigation 
efforts.

• Despite the promising environmental benefits, widespread adoption 
of EGs faces challenges related to the availability of comprehensive 
cost data, payback periods, and long-term financial feasibility, 
particularly for newer types of EGs.

While the collected database provides valuable insights into EGs, it is 
crucial to acknowledge the limitations regarding data completeness and 
consistency, particularly for newer types of such technology and regions 
outside Europe. Therefore, further research efforts are needed to: 

• Expand the database to include more case studies from various 
geographical areas, especially from countries where EGs adoption is 
still limited.

• Gather more comprehensive data on costs, payback periods, and 
economic feasibility of different EGs types to provide policymakers 
and industry stakeholders with more accurate information.

• Investigate the long-term impact of factors such as soil conditions, 
operational parameters, and design methods on the performance and 
durability of EGs.

• Develop standardized design models and tools to optimize energy 
efficiency and economic viability of EGs in diverse geological and 
climatic conditions.

• Further explore the potential for integrating EGs with other renew
able energy technologies, such as solar and wind energy, to create 
more sustainable and resilient energy systems.

Addressing these research areas will further promote innovation, 
overcome adoption barriers, and fully unlock the potential of EGs for a 
sustainable future.
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H.Ö. Paksoy (Ed.), Thermal Energy Storage for Sustainable Energy Consumption, 
NATO Science Series, vol. 234, Springer, Dordrecht, 2007, https://doi.org/ 
10.1007/978-1-4020-5290-3_16.

[54] J.S. McCartney, Design of Energy Piles Considering Soil-Structure Interaction and 
Unsaturated Soil Effects, GeoOmaha 2018, February 9th, 2018.

[55] S. You, X. Cheng, H. Guo, Z. Yao, In-situ experimental study of heat exchange 
capacity of CFG pile geothermal exchangers, Energy Build. 79 (2014) 23–31, 
https://doi.org/10.1016/j.enbuild.2014.04.021.

[56] M. Jastrzebska, B. Waerzynczyk, The analysis of the direct foundation with energy 
foundations on the basis of the office building “A4 Business Park” in katowice at 
Francuska Street, architecture, civil engineering, Environment 9 (2) (2016) 65–76, 
https://doi.org/10.21307/acee-2016-023.

[57] G. Kong, R. Li, H. Deng, Q. Yang, Behaviours of a belled energy pile under heating- 
cooling cycles, J. Build. Eng. 72 (2023) 106652, https://doi.org/10.1016/j. 
jobe.2023.106652.

[58] M. Faizal, A. Bouazza, J.S. McCartney, C. Haberfield, Axial and radial thermal 
responses of energy pile under six storey residential building, Can. Geotech. J. 56 
(7) (2018) 1019–1033, https://doi.org/10.1139/cgj-2018-0246.

[59] L.A. Bandeira Neto, G.A. Narsilio, N. Makasis, R. Choudhary, Y. Carde, Thermal 
response of energy screw piles connected in series, J. Geotech. Geoenviron. Eng. 
149 (7) (2023), https://doi.org/10.1061/JGGEFK.GTENG-11082.

[60] H. Kubota, Y. Zhang, K. Kato, Performance evaluation of energy pile system in cold 
climate region, Renew. Energy 34 (2009) 2030–2036.

D. Salciarini et al.                                                                                                                                                                                                                              Renewable Energy 256 (2026) 124373 

17 



[61] J. Forth, P.J. Bourne-Webb, B. Amatya, Thermal performance monitoring of energy 
piles installed at state library station, Melbourne, Proc. Inst. Civ. Eng. Geotech. 
Eng. 172 (6) (2019) 506–517.

[62] H. Liu, J. Liu, M. Li, Y. Yang, Performance of a building energy pile system in 
Nanjing: field measurements and analysis, Appl. Therm. Eng. 170 (2020) 114979.

[63] P.J. Bourne-Webb, T.M. Bodas Freitas, R.A. da Costa Gonçalves, Thermal and 
mechanical aspects of the response of embedded retaining walls used as shallow 
geothermal heat exchangers, Energy Build. 125 (2016) 130–141, https://doi.org/ 
10.1016/j.enbuild.2016.04.075.

[64] A. Di Donna, F. Cecinato, F. Loveridge, M. Barla, Energy performance of diaphragm 
walls used as heat exchangers, Proc. Inst. Civ. Eng. Geotech. Eng. 170 (3) (2017) 
232–245, https://doi.org/10.1680/jgeen.16.00092.

[65] Y. Rui, M. Yin, Thermo-hydro-mechanical coupling analysis of a thermo-active 
diaphragm wall, Can. Geotech. J. 55 (5) (2018) 720–735, https://doi.org/ 
10.1139/cgj-2017-0158.

[66] A. Di Donna, F. Loveridge, M. Piemontese, M. Barla, The role of ground conditions 
on the heat exchange potential of energy walls, Geomech. Energy Environ. 25 
(2021) 100199, https://doi.org/10.1016/j.gete.2020.100199.88.

[67] A. Bouazza, R.M. Singh, B. Wang, D. Barry-Macaulay, C. Haberfield, G. Chapman, 
S. Baycan, Y. Carden, Harnessing on site renewable energy through pile 
foundations, Aust. Geomech. 46 (4) (2011) 79–90.

[68] C. Xia, M. Sun, G. Zhang, S.S. Xiao, Y. Zou, Experimental study on geothermal heat 
exchangers buried in diaphragm walls, Energy Build. 52 (2012) 50–55, https://doi. 
org/10.1016/j.enbuild.2012.03.054.

[69] M. Baralis, M. Barla, Development and testing of a novel geothermal wall system, 
Int. J. Energy Environ. Eng. 12 (2021) 689–704, https://doi.org/10.1007/s40095- 
021-00407-y.

[70] D. Sterpi, A. Angelotti, O. Habibzadeh-Bigdarvish, D. Jalili, Assessment of thermal 
behaviour of thermo-active diaphragm walls based on monitoring data, J. Rock 
Mech. Geotech. Eng. 10 (2018) 1145–1153, https://doi.org/10.1016/j. 
jrmge.2018.08.002.

[71] P. Trinchero, M. Barla, A. Di Donna, A. Perino, On the thermal activation of Turin 
Metro line 2 tunnels: numerical modeling and feasibility assessment. Proceedings 
of the 7th European Geothermal Congress, 2021.

[72] EPFL Energy Center, Geothermal Concepts and Energy Strategy of the Discovery 
Learning Lab, Internal Project Documentation, 2017.

[73] M. Barla, A. Di Donna, A. Perino, Application of energy tunnels to an urban 
environment, Geothermics 61 (2016) 104–113, https://doi.org/10.1016/j. 
geothermics.2016.01.014.

[74] M. Barla, A. Insana, Energy tunnels as an opportunity for sustainable development 
of urban areas, Tunn. Undergr. Space Technol. 132 (2023) 104902, https://doi. 
org/10.1016/j.tust.2022.104902.

[75] X. Dai, A. Bidarmaghz, G.A. Narsilio, Energy tunnels: a review of the state of the art 
and knowledge gaps to harness renewable energy from underground 
infrastructure, Tunn. Undergr. Space Technol. inc. Trenchless Technol. Res. 142 
(2023) 105431, https://doi.org/10.1016/j.tust.2023.105431.

[76] M. Barla, A. Di Donna, A. Insana, A novel real-scale experimental prototype of 
energy tunnel, Tunn. Undergr. Space Technol. 87 (2019) 1–14, https://doi.org/ 
10.1016/j.tust.2019.01.024.

[77] A. Insana, M. Barla, Experimental and numerical investigations on the energy 
performance of a thermo-active tunnel, Renew. Energy 152 (2020) 781–792, 
https://doi.org/10.1016/j.renene.2020.01.086.

[78] Donna Di, M. Barla, The role of ground conditions and properties on the efficiency 
of energy tunnels, Environ. Geotech. 3 (4) (2016) 214–224, https://doi.org/ 
10.1680/jenge.15.00030.

[79] G. Kong, D. Wu, Y. Wei, Experimental and numerical investigations on the energy 
and structural performance of a full-scale energy utility tunnel, Tunn. Undergr. 
Space Technol. 139 (2023) 105208, https://doi.org/10.1016/j.tust.2023.105208.

[80] G. Zhang, C. Xia, Y. Yang, M. Sun, Y. Zou, Experimental study on the thermal 
performance of tunnel lining ground heat exchangers, Energy Build. 77 (2014) 
149–157, https://doi.org/10.1016/j.enbuild.2014.03.043.

[81] M. Schneider, C. Moormann, Geotu6 – a geothermal research project for tunnels, 
Tunnel 2 (2010) 14–21.

[82] J.N. Franzius, N. Pralle, Turning segmental tunnels into sources of renewable 
energy, Proc. ICE Civil Eng. 164 (2011) 35–40, https://doi.org/10.1680/ 
cien.2011.164.1.35.

[83] C. Lee, S. Park, H.J. Choi, I.M. Lee, H. Choi, Development of energy textile to use 
geothermal energy in tunnels, Tunn. Undergr. Space Technol. 59 (2016) 105–113, 
https://doi.org/10.1016/j.tust.2016.06.014.

[84] B. Moormann, P. Buhmann, W. Friedemann, S. Homuth, N. Pralle, Tunnel 
geothermics – international experience with renewable energy concepts in 
tunnelling, Geomech. Tunn. 9 (2016) 467–480, https://doi.org/10.1002/ 
geot.201600048.

[85] P. Buhmann, C. Moormann, B. Westrich, N. Pralle, W. Friedemann, Tunnel 
geothermics—A German experience with renewable energy concepts in tunnel 
projects, Geomech. Energy Environ. 8 (2016) 1–7, https://doi.org/10.1016/j. 
gete.2016.10.006.

[86] R. Stemmle, K. Menberg, L. Rybach, P. Blum, Tunnel geothermics – a review, 
Geomech. Tunn. 15 (1) (2022) 104–111, https://doi.org/10.1002/ 
geot.202100084.

[87] D. Nicholson, Q. Chen, M. de Silva, A. Winter, The design of thermal tunnel energy 
segments for crossrail, UK, in: Proceedings of the Institution of Civil Engineers - 
Engineering Sustainability, vol. 167, 2014, pp. 118–134, https://doi.org/10.1680/ 
ensu.13.00014.

[88] F. Furno, M. Barla, A. Dematteis, S. Lo Russo, Methodological approach for a 
sustainable management of water inflow and geothermal energy in tunnels, Acque 
Sotterranee - Ital.J. Groundw. 4 (3) (2015), https://doi.org/10.7343/as-119-15- 
0146.

[89] A. Csesznak, R. Jarschke, M. Wittke, B 10 Rosenstein Tunnel-Designing a 
geothermal energy system in a spa protection area/B 10- 
Rosensteintunnel–Planungeiner Geothermieanlage im Heilquellenschutzgebiet, 
Geomech. Tunn. 9 (2016) 458–466, https://doi.org/10.1002/geot.201600033.

[90] M. Baralis, M. Barla, W. Bogusz, A. Di Donna, G. Ryzynski, M. Zerun, Geothermal 
potential of the ne extension warsaw metro tunnels, Environ. Geotech. 7 (4) (2018) 
1–37, https://doi.org/10.1680/jenge.18.00042.

[91] S. De Feudis, Energy Retrofitting of Existing Tunnels – from Conceptualization to 
full-scale Implementation, Ph.D. Thesis, Politecnico di Torino, 2025, https://iris. 
polito.it/handle/11583/3001707.

[92] G. Dalla Santa, A. Galgaro, R. Sassi, M. Cultrera, P. Scotton, J. Mueller, 
D. Bertermann, D. Mendrinos, D. Pasquali, R. Perego, S. Pera, E. Di Sipio, 
G. Cassiani, M. De Carli, A. Bernardi, An updated ground thermal properties 
database for GSHP applications, Geothermics (2020) 101758, https://doi.org/ 
10.1016/j.geothermics.2019.101758.
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