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Summary

The present doctoral thesis sets out a comprehensive, data-driven
methodological framework for evaluating and designing low-enthalpy geothermal
solutions for heating and cooling applications in urban environments. This
framework is systematically structured to address the fundamental challenges of
energy transition implementation in complex urban settings. The research
workflow, depicted in Figure 1, comprises an exploration of contemporary energy
transition definitions. In this phase, the thesis examines how geothermal energy
contributes to renewable energy systems and investigates the key challenges of
integrating thermal energy sources within urban settings. The contemporary energy
transition signifies a substantial structural transformation in energy supply and
consumption systems, effecting a fundamental shift from fossil fuel reliance
towards sustainable energy sources.
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Figure 1. Schematic workflow of the thesis.



Geothermal energy is of particular significance in this transition, as it provides
a constant power source that can offset the intermittent nature of other renewables,
such as solar and wind energy. This contributes to the creation of more stable and
dependable energy systems. However, integration in urban areas presents
significant challenges due to thermal interference, spatial constraints, and
regulatory frameworks, all of which must be carefully managed to ensure successful
deployment. Subsequent to this exploratory phase, the thesis undertakes a
comprehensive evaluation of low-enthalpy geothermal solutions, assessing their
efficacy under diverse geological and hydrogeological conditions. The work
specifically addresses which geothermal technologies are most effective by
examining vertical borehole arrays, groundwater doublets, and subsurface thermal
storage systems within the urban context of Turin. The influence of geological and
hydrogeological conditions on technology selection is systematically investigated
using publicly available datasets from regional geoportals, including stratigraphic
profiles and piezometric data. The methodological steps essential for
comprehensive evaluation are formalised through the integration of QGIS (©1989,
1991 Free Software Foundation, Inc.) for spatial data analysis, MODFLOW (U.S.
Geological Survey Software) for groundwater flow modelling, FEFLOW (© DHI
A/S) for coupled heat and mass transport simulations, and PEST for automated
parameter calibration. This integrated approach facilitates the construction of
spatially explicit conceptual models that capture the complexity of Turin's alluvial
shallow aquifer system, which serves as a valuable resource for low-enthalpy
geothermal energy exploitation.

The application phase of the thesis is centred on the maximisation of simulation
accuracy through the implementation of advanced numerical methods and model
calibration procedures. The research explores the potential of simulation methods
to enhance the precision of results by implementing rigorous uncertainty
quantification strategies. In this context, PEST is integrated within automated
inversion loops to condition hydraulic and thermal parameters to observable data
or literature benchmarks. In cases where observational constraints are limited, the
calibration strategy prioritises the production of posterior parameter ranges as
opposed to deterministic best-fit solutions.

The final phase of the research synthesises the key outcomes of the study and
their implications for the deployment of geothermal systems in urban environments.
The thesis presents spatial suitability maps for closed-loop versus open-loop
solutions under documented stratigraphy and hydrogeology, operational guidelines
for extraction and reinjection rates and borehole spacing requirements. The research
implications for geothermal system deployment encompass practical guidance for



urban implementation, including design heuristics for borefield sizing and layout,
reinjection and monitoring requirements for piezometry and temperature, data
standards for improving open databases, and policy measures to streamline
permitting while protecting groundwater quality. The methodological framework is
characterised by open datasets and numerical experimentation, ensuring
transparency and reproducibility while positioning the approach as a transferable,
low-cost decision-support tool for planners, utilities, and regulators. This
comprehensive approach provides a pragmatic roadmap for the scaling of low-
enthalpy geothermal solutions in urban areas. This is achieved by the use of
reproducible, open-data modelling methods, which ultimately support the broader
energy transition towards sustainable urban energy systems.
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Chapter 1

Context Overview

“[...] We may brave human laws, but we
cannot resist natural ones”

Jules Verne (1870)’

The concept of energy transition has become a fundamental pillar for achieving
sustainable economic development and building resilient societies in the face of
climate and environmental challenges. Growing awareness of the energy sector’s
impact, responsible for about 75% of global greenhouse gas emissions, has made
the deep transformation of energy systems toward renewable and low-carbon
sources an urgent priority. This transformation is framed within the “World Energy
Trilemma,” which balances environmental sustainability, energy security, and
energy equity, highlighting the need for integrated governance and coherent policy
frameworks. The rapid expansion of renewable technologies, particularly solar and
wind, is accompanied by advances in smart grids, energy storage, and building
energy management systems. However, the thermal energy sector remains a critical
frontier, accounting for half of global final energy consumption and a substantial
share of CO- emissions. Integrating renewables into heating systems, through heat
pumps, solar thermal, and biomass, is therefore essential for effective
decarbonization. Italy’s 2024 Integrated National Energy and Climate Plan
(PNIEC) outlines an ambitious 2030 strategy aligned with EU climate neutrality
goals, including the expansion of geothermal energy. Geothermal resources, due to
their reliability and continuous baseload capacity, represent a strategic asset for the
thermal energy transition, particularly within densely populated urban contexts
such as the Metropolitan City of Turin, which serves as the focus of this thesis.

! Twenty Thousand Leagues Under the Seas, Part 2, Chapter 15, Jules Verne, (1870).



1.1 Role of Renewable in the Energy Transition

Energy systems have been identified as a fundamental component for ensuring
economic advancement and social welfare, whilst concurrently maintaining
sustainable development pathways [1]. This understanding has gained global
institutional recognition, with international authorities acknowledging energy's
critical importance to the extent that the United Nations has established access to
affordable, sustainable, and modern energy as a fundamental global priority for all
citizens [2,3]. In this context, the concept of sustainability signifies the necessity
for economic growth to remain compatible with both socio-economic development
and environmental preservation [4]. Within this framework, the theme of
sustainable or clean energy transition has emerged as a dominant paradigm, driven
by mounting concerns regarding climate change, global warming, and energy
security challenges that societies worldwide must address [5—7].

The World Energy Trilemma, as conceptualised and assessed by the World
Energy Trilemma Index [8], encapsulates the three core dimensions that define
global energy system performance: environmental sustainability, energy security,
and energy equity (Figure 2). The term 'environmental sustainability' is defined as
the responsible stewardship of natural resources and the mitigation of greenhouse
gas emissions, with a particular emphasis on the transition to low-carbon energy
sources and the minimisation of ecological impacts [9]. Energy security is defined
as the reliability and resilience of energy supply chains, including the capacity to
meet current and future demand, even in the face of geopolitical, technological, or
climate-related disruptions [10]. The concept of energy equity pertains to the
universal accessibility and affordability of energy, thereby ensuring that all
populations have fair and reasonable access to modern energy services that support
socio-economic development [11]. The trilemma posits the notion that the
attainment of progress in a particular dimension frequently gives rise to trade-offs
in other dimensions. This observation underscores the imperative for integrated
governance and balanced policy design as indispensable components of the pursuit
of just, secure, and sustainable energy systems on a global scale [12].



Environmental
Sustainability

WORLD
ENERGY
TRILEMMA

e

Energy Energy
Security Equity

Figure 2. World Energy Trilemma (modified from [13]).

The necessity for rapid transformation of energy systems has been explicitly
stated in scientific literature, with researchers emphasising that current energy
systems are unsustainable from social, economic, and environmental perspectives.

The urgency of this transformation has increased in line with the findings of
scientific research, which demonstrates that the energy sector is responsible for
approximately 75% of global greenhouse gas emissions, with fossil fuels providing
79% of the total energy supply as of 2022 [14]. This dependency on carbon-
intensive energy sources has necessitated a radical rethinking of energy systems,
catalyzing what researchers define as the contemporary energy transition toward
renewable and sustainable energy sources [15]. Current energy systems
demonstrate substantial momentum toward renewable energy deployment, with
global renewable energy capacity experiencing exponential growth from 2.1 TW in
2015 to 5.2 TW in 2025 (Figure 3), representing a compound annual growth rate of
10.5% [16]. This expansion has been particularly pronounced in variable renewable
energy technologies, with solar photovoltaic capacity increasing from 233 GW to
2,450 GW over this period, while wind energy capacity expanded from 433 GW to
1,250 GW [17]. It is evident that these growth trajectories are indicative of both
technological advancement and supportive policy frameworks. Indeed, it is
demonstrable that renewable energy technologies are achieving competitive
levelised costs of electricity in a number of global markets [18].
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Figure 3. Global renewable energy capacity (data derived from [14,17,19]).

The European Union has established ambitious targets, including the
achievement of climate neutrality by 2050, with interim emission reduction targets
of 55% by 2030 [20,21].

International cooperation and policy coordination represent fundamental
requirements for achieving global energy transition objectives [22,23]. The Paris
Agreement has established frameworks for coordinated action, with countries
developing nationally determined contributions and long-term strategies for
achieving net-zero emissions [24,25]. The success of energy transition efforts
depends on effective policies, cooperation between public and private stakeholders,
and coordination across diverse territorial and institutional scales from local to
international levels. Only through comprehensive coordination can the benefits of
energy transition overcome existing challenges and achieve the transformative
changes necessary for sustainable energy future.

The thermal energy sector is a significant part of the global renewable energy
transition, accounting for about 50% of final energy consumption and 38% of
energy-related CO. Despite this substantial environmental impact, modern
renewable sources currently supply only 13% of global heat consumption,
representing a critical gap in climate mitigation efforts that demands urgent
technological and policy intervention [26]. The sectoral distribution of thermal
demand indicates that industrial process heat constitutes 50% of total demand, with
building applications (space and water heating) accounting for 47%. The
discrepancy between the emissions of the thermal sector and the penetration of
renewable energy sources highlights the necessity for the accelerated deployment
of renewable heating technologies and the integration of these technologies into
comprehensive systems [27].



Heat pumps are the primary means of decarbonising space and water heating in
buildings. The heat pump itself consists of a compressor, which moves a refrigerant
through a refrigeration cycle, and a heat exchanger, which extracts heat from the
source. The heat is then passed on to a heat sink through another heat exchanger. It
extracts heat from a source, such as the surrounding air, geothermal energy stored
in the ground, or nearby sources of water or waste heat from a factory. It then
amplifies and transfers the heat to where it is needed (Figure 4). The energy
performance of heat pumps is commonly expressed through the coefficient of
performance (COP), defined as the ratio between the useful heating output and the
electrical energy input, and, in cooling mode, through the energy efficiency ratio
(EER), defined as the ratio between the delivered cooling capacity and the
corresponding electrical power input. Ground-source heat pumps (GSHPs) have
been shown to demonstrate exceptional efficiency, with COP ranging from 3.5 to
6.0 [28]. This results in energy efficiency levels of 300-600%, whilst concurrently
reducing CO> emissions by 50-70% in comparison with conventional fossil fuel
systems [29]. Air-source heat pumps offer deployment options with greater
accessibility, exhibiting COP values ranging from 2.8 to 3.6 [30].
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Figure 4. Workflow of a typical residential heat pump (from [31]).



A total of 2.3 million heat pumps were installed in the European Union by 2024
(the data cover 19 Member States). While deployment experienced a significant
increase in 2022, with 2.8 million heat pump units installed, it exhibited a decline
to 2.7 million units in 2023 and 2.3 million units in 2024 (Figure 5). The most
significant growth in air-water heat pumps has been observed within the European
Union over the past two decades. The number of air-water heat pumps sold
increased from 216,000 in 2015 to 809,000 in 2024, representing an increase of
275% (Figure 6). The number of geothermal heat pumps (ground source/water-
water heat pump, as illustrated in Figure 7 ) sold increased from 79,000 in 2015 to
87,000 in 2024, marking an increase of approximately 10% [32].
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Figure 5. Annual sales of heat pumps, per Member State [32].
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Figure 7. Types of heat pumps due to the source of heat: (a) ASHP, (b) GSHP, (c) WSHP. (from [33]).

Market dynamics and technological advancement trends demonstrate
accelerating deployment in specific segments while revealing persistent systemic
barriers. In 2023, global sales of heat pumps experienced an increase of 11%, with
a particularly notable 47% growth observed in European markets (Figure 8). This
growth can be attributed to concerns regarding energy security and the presence of
supportive policy frameworks [34,35]. Globally, solar thermal capacity reached
542 GWth in 2022, with an annual generation of 442 TWh [36]. District heating
networks demonstrate increasing renewable integration, with advanced systems
achieving high percentage of renewable shares through biomass, geothermal, and
waste heat utilisation [37,38]. Nevertheless, the deployment of such systems
remains constrained by high upfront costs, inadequate infrastructure, and regulatory
barriers, particularly for heat pumps and solar thermal systems [39].
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Figure 8. Air-source and ground-source heat pumps in the European market in 2023 (from [35]).

Power-to-heat systems facilitate the flexible utilisation of surplus renewable
electricity through the use of electric boilers and heat pumps, thereby engendering
beneficial grid interactions that enhance stability while reducing thermal sector
emissions [40,41]. Seasonal thermal energy storage technologies, including aquifer
thermal energy storage (ATES, chapter 4), borehole thermal energy storage (BTES,
chapter 5), address the fundamental temporal mismatch between renewable energy
availability and heating demand patterns [42]. These storage solutions facilitate the
capture of heat during periods of renewable abundance, thereby ensuring its
utilisation during times of peak demand [43]. This approach achieves round-trip
efficiencies ranging from 60% to 80%, while concurrently providing load balancing
capabilities that enhance system reliability [44,45].



1.2 Geothermal Energy

Geothermal energy is defined as the natural heat stored in the rocks and water
that is found within the Earth. A geothermal resource is defined as a reservoir of
heat located within the Earth, which can be extracted and utilised economically for
the generation of electric power or for any other suitable industrial, agricultural or
domestic application [46]. The phenomenon of geothermal energy derives from two
fundamental sources: deep radioactive decay and residual planetary heat. These
sources are responsible for the generation of hot rock, steam, or hot water at depth.
From a thermodynamic perspective, enthalpy H (per unit mass) is defined as the
heat content of the fluid and can be expressed as follows:

Equation 1
H=U+P-V

where U is the internal energy, P is the pressure and V is the volume of the
reservoir fluid. The classification of geothermal resources is typically based on the
temperature (or enthalpy) of the reservoir fluid [47]. Low-enthalpy (or low-
temperature) resources are defined as those with temperatures below approximately
90°C, medium/intermediate-enthalpy resources are characterised by temperatures
ranging from 90 to 150°C, and high-enthalpy resources are classified as those with
temperatures above 150°C (Table 1).

Table 1. Overview of the main geothermal energy type characteristics.

Temperature

Depth Primary Geological Environmental
Type R(22§e (m) Applications Technology Setting Impact
. . Steam/Flash .
High >150 1000-4000+  EICMIY e voleanic/ -y Medium
Enthalpy Generation EGS Tectonic
. Electricity & . .
Medium 100-150 500-2000 District ORC,Binary  Sedimentary g oy
Enthalpy Heating Cycles Basins
Space GSHP,
Low R BTES, Shallow ..
Enthalpy <100 10-400 léze:)tllirrllg/ ATES, Subsurface Minimal
& Energy Piles

These categories correspond to different technologies and applications: low-
enthalpy systems typically serve building-scale heating and cooling via heat pumps
and shallow wells, medium-enthalpy systems can supply district heating or small
power via binary (Organic Rankine Cycle, ORC) plants, and high-enthalpy systems
yield electricity or large-scale heat via steam turbines or flash plants. In contrast to
intermittent energy sources that are contingent on meteorological conditions,
geothermal energy offers a consistent baseload thermal capacity with exceptional
reliability and minimal environmental impact.
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Low-enthalpy geothermal resources are defined as those with a temperature of
approximately 90°C [48]. The primary technology employed is the ground-source
heat pump (GSHP), which utilises either a closed-loop or open-loop system to
facilitate heat exchange with the ground or groundwater [49-51].

Overviewof Ground Source Heat Pump System
Closed Loop System Open Loop System

Vertical Horizontal Energy Groundwater Surface
Pile

Heat pump Water

| Buildeng

I

Horizontal

LT Performance
Enhancement
Sl

100 - 200m |

Hybrid Ground
Source Heat pump

Thermal Energy sutacawate
Storage Groungwater
heat

Control Strategies

and Optimization

Figure 9. Overview of GSHP System [50].

In heating mode, heat pumps elevate the moderately warm ground heat
(frequently ranging from 5 to 15°C during winter months) to a temperature suitable
for building heating [52]. Despite the low source temperature, contemporary heat
pumps yield high COP [53,54]. In practice, seasonal performance factors (SPF) for
ground-coupled systems frequently range around 4.0-5.5 (meaning 4-5 times as
much heat is delivered as electric input) [55]. Low-enthalpy systems encompass
vertical borehole fields, horizontal loops, groundwater well doublets, and surface
heat exchangers (e.g. rivers or lakes). These systems are employed for the provision
of space heating, cooling, and domestic hot water in buildings, with a growing trend
of integrating these systems into low-temperature district heating networks [56,57].
In Italy, geothermal heat pumps are the dominant form of low-enthalpy generation,
with an installed capacity of over 1,300 MWth by 2020 [58]. It is estimated that
approximately 50% of Italy's geothermal heat is utilised for building heating, with
an annual growth rate of approximately 3% [58]. Regulatory frameworks mandate
meticulous environmental management practices, such as the reinjection of cooled
water to avert water depletion, and thereby ensure the preservation of groundwater,
a particular concern in open-loop systems [59]. The integration of geothermal
energy with broader renewable thermal strategies positions this resource as a
cornerstone technology for comprehensive sector decarbonisation [60]. Geothermal
baseload characteristics complement intermittent renewable sources, while direct
thermal applications maximise energy efficiency in comparison to electricity-based
heating approaches [61]. The integration of advanced storage systems facilitates the
dynamic allocation of energy resources, thereby ensuring the optimal functioning
of the grid [62—-64]. Community-based deployment models have been shown to
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maximise local economic benefits while ensuring sustainable resource management
[65,66]. The confluence of technological maturity, economic competitiveness,
environmental benefits, and scalability potential positions geothermal energy as a
pivotal component of renewable thermal energy transition strategies, which are
imperative for achieving global climate objectives while ensuring the maintenance
of energy security and economic development goals [67-69].

The thesis will focus on an Italian case studies applied to the metropolitan city
of Turin, and will explore how multiple solutions of shallow geothermal energy as
a renewable source can be integrated into a densely populated urban context for a
successful thermal energy transition (Figure 10).

The chapter 2 addresses groundwater heat pump systems (open-loop),
examining regulatory frameworks at European, national, and regional levels,
developing the Geothermal Aquifer Potential (GAP) methodology for spatial
assessment, and employing MODFLOW and FEFLOW numerical models to
predict groundwater flow and thermal plume evolution in some case studies in
Turin.

The chapter 3 investigates borehole heat exchanger systems (closed-loop),
establishing design parameters through analytical methodologies based on
international standards, examining borehole spacing and thermal interference
prevention, and presenting case studies demonstrating technology applicability in
building-scale applications under specific hydrogeological conditions.

The chapter 4 explores Aquifer Thermal Energy Storage (ATES) systems,
demonstrating innovative well positioning strategies that enable seasonal thermal
energy storage in high-velocity aquifer systems, examining hybrid sequential,
seasonal reversible, and cascaded recovery configurations through numerical
modelling and case studies.

The chapter 5 conducts comprehensive global analysis of Borehole Thermal
Energy Storage (BTES) installations, characterizing critical design parameters
including borehole spacing, grout thermal properties, array geometry, and
groundwater flow influence, and presenting numerical modelling case studies
validating system performance and thermal impact containment.

Figure 10 outlines the key questions that prompted this research and analysis.
The first of these is the fundamental question underlying this PhD: is it possible to
deploy geothermal energy, a renewable thermal resource, as a viable and
sustainable solution in densely populated urban environments? The chapters that
follow provide a comprehensive scientific and practical response to this central
inquiry through systematic examination of diverse low-enthalpy geothermal
technologies, numerical modelling validation across case studies in the
Metropolitan City of Turin, comparative technology assessment to guide informed
decision-making, and evidence-based policy recommendations for streamlined
permitting and cumulative impact management. This research, developed in close
collaboration with IREN S.p.A. Company (Prot. n® 49626 del 2023) and supported
through academic partnership with Politecnico di Torino, aims to provide both
rigorous scientific analysis and actionable guidance addressing a critical challenge
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of our historical period: the decarbonisation of thermal energy systems in urban
contexts aligned with European climate neutrality objectives.
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Figure 10. Summary of the thesis and main questions.
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Chapter 2

Open-loop

“[...] I believe that when the deposits of
coal are exhausted, we shall heat and warm
ourselves with water.

Water will be the coal of the future”

Jules Verne (1874)°

Low-enthalpy geothermal systems using shallow groundwater are an important
part of urban energy strategies. Open-loop groundwater heat pump systems use the
thermal stability and high heat capacity of shallow aquifers to meet space heating
and cooling demands while maintaining high performance compared to
conventional air-source systems. However, the operational viability and
environmental sustainability of such systems are contingent upon the rigorous
integration of three interdependent knowledge domains. Firstly, there is the need
for multilayered regulatory frameworks governing groundwater protection and
energy development at European, national, and regional scales. Secondly, there is
the need for the hydrogeological characterisation of shallow aquifer systems and
their capacity to support sustainable groundwater extraction and reinjection.
Thirdly, there is the need for predictive capabilities to model the spatio-temporal
evolution of thermally altered zones (TAZ) that arise from temperature
perturbations in the thermal plume during long-term operation. This chapter
synthesises current European directives and Italian national and regional legislation
governing open-loop geothermal systems. It also presents a computationally
efficient screening methodology (Geothermal Aquifer Potential — GAP) for
spatially distributed assessment of geothermal potential in shallow aquifers.
Furthermore, it documents rigorous numerical modelling approaches utilising
finite-difference (MODFLOW) and finite-element (FEFLOW) techniques coupled
with advanced parameter estimation methodologies for prediction of coupled
groundwater flow and heat transport dynamics. The application to the Turin
metropolitan area shows that scientifically-guided modelling, integrated with
regulatory frameworks and design protocols, enables sustainable deployment of
open-loop systems at various organisational scales.

2 The Mysterious Island, Part 2, Chapter 11, Jules Verne, (1874).
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2.1 Overview

Declaration: The topic described in this chapter was previously published in the
following publications:

e Berta, A.; Gizzi, M.; Taddia, G.; Russo, S.L. (2024) The role of
standards and regulations in the open-loop GWHPs development in
Italy: The case study of the Lombardy and Piedmont regions. Renew.
Energy, 223, 120016. https://doi.org/10.1016/j.renene.2024.120016.

e Berta, A., Taddia, G., (2024). Exploring Urban Sustainability: The Role
of Geology and Hydrogeology in Numerical Aquifer Modelling for
Open-Loop Geothermal Energy Development, the Case of Torino
(Italy). Geosciences (2024), Vol. 14, Page 180 14, 180.
https://doi.org/10.3390/GEOSCIENCES 14070180

e Gizzi M, Berta A, Vagnon F, et al. (2024) Groundwater heat pumps
diffusion in the Turin City urban area: modelling for the thermally
affected zone analysis of an open-loop geothermal system. [ltalian
Jjournal of engineering geology and environment 165—173.

e Gizzi M, Berta A, Vagnon F, et al. (2024) Geothermal Technologies:
Progress Through Examples of Sustainable Applications in an Urban
Context. Geoingegneria Ambientale e Mineraria 51-57.

Open-loop groundwater heat pump (GWHP) systems represent a category of
low-enthalpy geothermal applications that leverage the relatively stable and high
heat capacity of shallow aquifers to facilitate space heating and cooling in buildings.
This process involves the extraction of groundwater, the exchange of heat through
a heat pump, and the subsequent discharge of thermally-altered water back into the
aquifer or to surface receivers. This operational principle has been demonstrated to
facilitate elevated COP and diminished primary energy consumption in comparison
to air-source systems. Nevertheless, it concomitantly engenders a discrete array of
hydrogeological, thermal, regulatory and planning challenges that must be
addressed when deploying GWHPs at the building and urban scales [70-72]. The
classification of groundwater and aquifers is pivotal for site selection, particularly
the distinction between shallow, unconfined aquifers that receive direct infiltration
and are hydraulically connected to surface water and deeper, slower-turnover
aquifers with distinct properties. Shallow aquifers are typically preferred for open-
loop applications, while deeper aquifers should generally be excluded from direct
exploitation for thermal use to preserve water resource quality and quantity. It is
imperative to recognise that the initial and indispensable step in conducting
feasibility studies and planning procedures, particularly within the context of Italian
legislation, which explicitly delineates groundwater categories and stipulates the
protection of deep aquifers, is the hydrogeological characterisation of parameters
such as grain size, hydraulic conductivity, transmissivity, natural hydraulic
gradient, groundwater temperature, and the connectivity with surface waters.
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Relevant legal references include Legislative Decree No. 152/2006 and Regional
Law 22/1996, as amended by Regional Law 6/2003 [70,73].

The principal environmental concern of GWHP operation is the formation and
evolution of TAZ or thermal plume arising from the reinjection of water at
temperatures differing from the natural condition. The TAZ propagates under the
influence of advection, dispersion and conductive exchange with the solid matrix.
It has been demonstrated that this may produce upstream thermal recycling or
thermal breakthrough at extraction wells. Furthermore, it has been observed that the
TAZ can interact adversely with neighbouring groundwater users and ecosystems.
This interaction can produce hydraulic and thermal interferences that have the
capacity to degrade heat pump performance (by reducing COP through warmer
abstraction temperatures during cooling, or colder temperatures during heating) and
impair downstream abstractors such as drinking-water wells or other GWHP
installations [70,74-76]. Consequently, the ability to predict TAZ dimensions and
temporal evolution is a pivotal requirement for sustainable design and approval.
Analytical solutions (e.g. those developed by Banks and subsequent analytical
formulations) offer rapid, low-complexity tools for estimating plume extent in
simplified, homogeneous, steady-state conditions. However, their applicability is
limited by the common violation of underlying assumptions in urban settings (e.g.
heterogeneous stratigraphy, anisotropic hydraulic conductivity, variable
pumping/injection schedules, and complex boundary conditions). In contrast,
numerical groundwater and heat-transport models, despite being more
computationally intensive and necessitating detailed site parameterisation, facilitate
a realistic evaluation of plume dynamics, inter-system interference, and long-term
impacts. These models are now extensively utilised in both individual plant design
and urban-scale planning, where the assessment of cumulative effects is imperative
[71,76,77].

Sensitivity analyses reported in the literature, indicate that thermal plume
dimensions are most responsive to hydraulic parameters, particularly hydraulic
conductivity and regional hydraulic gradient, and to a comparatively lesser degree
to thermal parameters (specific heat capacity, thermal conductivity) and operational
variables (pumping and reinjection rates, temperature differential). These findings
underscore that the feasible and sustainable GWHP deployment in urban areas
depends critically on accurate hydrogeological data and on the inclusion of realistic
temporal horizons in modelling exercises, because short-term simulations can
underestimate long-term plume migration and feedback phenomena [76].
Regulatory frameworks and administrative workflows thus become pivotal factors
in determining the pace and pattern of GWHP adoption. Permit regimes must
achieve a balance between the need for rapid diffusion of efficient heating and
cooling technologies and the obligation to protect groundwater resources and public
water supplies.

The ramifications of GWHP proliferation for urban planning necessitate a
strategic approach by municipal and regional authorities, as opposed to a mere
project-by-project basis. In order to avoid negative interference and to enable
synergistic use of distributed GWHP resources, it is necessary to undertake city-
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scale inventories of subsurface hydrogeology, strategic zoning for well fields, the
development of thermal budgets for aquifers, the installation of monitoring
networks and data repositories, and the adoption of rules governing minimum well
separations, maximum allowable reinjection temperatures and cumulative thermal
loads. Moreover, the implementation of educational initiatives targeting drillers,
designers and permitting officers, in conjunction with the establishment of
certification schemes, is imperative to ensure the technical competence of
installations and the adherence to environmental safeguards during drilling,
operation and decommissioning [75,78,79].

In order to reduce the adverse thermal impacts, the following mitigation
strategies should be considered:

= Discharging to surface water bodies should be given priority, where
hydrogeological assessments demonstrate acceptability;

= Indirect heat exchangers should be used to avoid direct groundwater
contact with building systems;

=  Well doublets should be designed with optimised spacing and flow
regimes based on site-specific modelling;

= Adaptive operational strategies such as seasonal flow modulation or
cascade use between heating and cooling loads should be implemented;

= Thermal recycling should be exploited deliberately as part of an
integrated design when space constraints preclude large separations.

The selection of modelling approach is congruent with the prevailing decision
context and analytical formulae and reduced-order models are valuable screening
tools. They can be applied where assumptions are approximately met and where
rapid estimates are required. However, detailed numerical models are indispensable
for definitive design, regulatory compliance and urban planning. This is because
they can represent heterogeneous stratigraphy, anisotropy, transient operation and
interactions with multiple users. Such models should be calibrated where possible
against field observations and extended over decadal operating horizons
[71,76,77,80].
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2.2 Regulatory Framework

This section synthesises the regulatory architecture that frames the deployment
of open-loop GWHP systems in the Piedmont Region. The policy is derived from
the European policy context through national transposition to the regional and
municipal instruments that directly determine permitting, monitoring and
operational constraints in the Metropolitan Area of Turin. The regulatory
framework must be interpreted as a multilevel governance cascade, in which
European directives and political priorities establish objectives and constraints for
water protection and renewable energy promotion. These objectives are then
transposed into substantive environmental and administrative requirements by
national legislation. As specified by regional and municipal instruments, technical
thresholds, authorisation classes and operational monitoring obligations are binding
for project proponents and permitting authorities. A geothermal project must
comply with a number of main regulatory references, concerning the in-force
national, regional, and municipal regulations (i.e. geothermal wells drilling
authorization requests and plant final testing operations). These references were
considered and summarised through a schematic approach (Figure 11).

European regulations

[ Italian regulation ]

(Basin Planning J

(Regional Planning)

[Provincial Planning)

[Municipal Plarming]

Figure 11. Flowchart illustrating the regulatory tools analysis that was performed at differing levels.
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2.2.1 European Regulations

The regulatory framework of the European Union for open-loop geothermal
systems is derived from a complex network of legislation pertaining to climate,
energy, and water protection. This network is fundamentally anchored by the
European Green Deal's commitment to achieve climate neutrality by 2050 [81]. The
European Green Deal, a comprehensive initiative spearheaded by the European
Commission, entails a series of policy recommendations aimed at reshaping the
EU's climate, energy, transport, and taxation agendas [82]. The overarching
objective of the European Green Deal is to curtail net greenhouse gas emissions by
a minimum of 55% by the year 2030, in comparison to 1990 levels. Italy's
commitment to promoting the European Green New Deal, conceptualised as a green
pact with businesses and citizens that positions the environment as the country's
economic driver, exemplifies national-level implementation through measures such
as Law No. 160 of 27 December 2019 [83], and the transformation of the
Interministerial Committee for Economic Planning (CIPE) into the Committee for
Sustainable Development (CIPESS) under Law No. 141 of 12 December 2019 [84],
pursuing sustainable development objectives aligned with UN Resolution A/70/L.1
[85]. This overarching policy context provides the foundation for a multi-layered
regulatory approach that governs open-loop geothermal systems through both
renewable energy promotion and groundwater protection mechanisms.

The primary renewable energy framework is established by Directive (EU)
2018/2001 (RED II), which sets a binding 32% share of renewables in EU final
energy consumption by 2030 and explicitly mandates that Member States assess
and support innovative heating and cooling technologies, including low-enthalpy
geothermal systems and heat pumps [86]. Article 18(3) of RED II stipulates that
Member States must ensure the provision of certification or equivalent qualification
systems for installers of small-scale biomass boilers and stoves, solar photovoltaic
and solar thermal systems, shallow geothermal systems, and heat pumps, with
specific reference to the systems delineated in Annex IV. The directive also
accelerates deployment through Article 16e, which establishes that permit-granting
processes for heat pumps below 50 MW must not exceed one month, and a three-
month maximum timeline is granted for ground-source geothermal heat pumps. It
is imperative that grid connection procedures for heat pumps with an electrical
capacity of 12 kW or less are authorised within a period of two weeks from the date
of notification. However, this timeframe may be extended in the event that justified
safety concerns are raised.

Directive (EU) 2023/2413 (RED III), which entered into force on 20 November
2023, has substantially expanded these requirements by increasing the 2030
renewable energy target to a binding 42.5% with an aspiration of 45% [87]. The
RED III Directive establishes annual increases in the renewable share of building
heating and cooling of 0.8% through 2026 and 1.1% from 2026 to 2030, creating
direct market demand for geothermal systems. The directive introduces a series of
measures designed to facilitate the process of obtaining permits, including the
designation of "renewables acceleration areas" within Member States. In these
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designated areas, Member States are required to establish locations that are
particularly conducive to the installation of renewable energy infrastructure, with
the objective of reducing the environmental assessment requirements typically
associated with such projects. The Article 15¢ imposes obligations on Member
States to designate these acceleration areas for at least one renewable technology,
while the Article 16e specifically reduces permitting timelines for geothermal
installations and requires Member States to give priority to projects recognized as
being of overriding public interest.

The Energy Efficiency Directive (EU) 2023/1791 establishes a binding target
of 11.7% reduction in final energy consumption by 2030, accompanied by specific
provisions pertaining to geothermal deployment [88]. Article 14 imposes an
obligation on Member States to ensure the provision of financing facilities for
energy efficiency improvement measures. The term "efficient district heating and
cooling" is defined as systems utilising a minimum of 50% renewable energy, 50%
waste heat, 75% cogenerated heat, or 50% of a combination thereof. The directive
promotes local heating and cooling plans in municipalities exceeding specified
population thresholds and progressive increases in efficient energy consumption in
heat supply systems, including district heating networks that can integrate
geothermal sources. The Article 7(3) stipulates that ambient and geothermal energy
utilised for heating and cooling through heat pumps may be categorised as
renewable energy, contingent upon the heat pump's efficiency exceeding the
stipulated performance thresholds.

In the context of open-loop geothermal systems, the fundamental regulatory
instrument is the Water Framework Directive 2000/60/EC, which establishes a
comprehensive framework for Community action in the domain of water policy
protection [89]. At the European level, the Article 1 promotes the sustainable
utilisation of water resources, with a focus on ensuring long-term protection and the
progressive reduction of pollution, thereby preventing further contamination. The
Article 2 provides crucial definitions: the term "groundwater" is defined as ‘all
water that is located beneath the surface of the ground within the saturation zone
and that is in direct contact with the ground or subsoil’. Conversely, the term "water
use" is understood to encompass water services in addition to any other activity that
exerts a substantial influence on the status of water. The Article 4 establishes
environmental objectives that require Member States to take measures to prevent
deterioration of groundwater status, ensure a balance between abstraction and
recharge, and achieve "good groundwater status" within 15 years of the directive's
entry into force.

The most direct provisions of the Water Framework Directive for geothermal
systems are contained in the Article 11, which establishes the requirements for
programmes of measures. The Article 11(3)(e) stipulates the implementation of
"regulations pertaining to the abstraction of groundwater, encompassing the
establishment of a register or registers documenting water abstractions, in addition
to a prerequisite requirement for prior authorisation for both abstraction and
impoundment activities." It is noteworthy that exemptions may be granted for
abstractions that demonstrate no substantial impact on the status of the water. It is
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imperative to note that the Article 11(3)(f) delineates the requirement for prior
authorisation for artificial recharge or augmentation of groundwater bodies.
However, the provision is further qualified by the stipulation that Member States
may authorise reinjection into the same aquifer of water utilised for geothermal
purposes. This provision establishes the fundamental legal basis for open-loop
geothermal operations, provided that the reinjected water does not compromise the
environmental objectives of either the source or the recharged aquifer, and provided
that controls are periodically reviewed and updated.

The Article 11(3)(j) deals with the matter of direct discharges to groundwater,
and, in general terms, it prohibits such discharges. However, it provides for specific
exemptions, including the reinjection of geothermal water into the same aquifer and
the injection of water for technical reasons into geological formations that are
permanently unsuitable for other purposes, provided that such injections contain
only substances resulting from hydrocarbon extraction, mining, or geothermal
operations. The Annex V establishes detailed technical criteria for determining
"good quantitative status" and "good chemical status" of groundwater bodies,
requiring monitoring of groundwater level regimes, conductivity, and pollutant
concentrations. These technical standards establish the framework within which
open-loop systems must demonstrate compliance through environmental impact
assessments and ongoing operational monitoring.

The implementation of these directives varies significantly across Member
States, creating a complex regulatory landscape that affects open-loop geothermal
development. Water acts are typically concerned with the regulation of measures
impacting groundwater temperature changes, groundwater use (including
extraction and reinjection), and groundwater contact through drilling operations. In
contrast, mining and construction acts primarily govern drilling works and
environmental protection. However, none of these instruments specifically
considers or regulates the geothermal energy stored in the geological environment.
In the context of open-loop systems, water authorities generally mandate licensing
for groundwater usage in accordance with national water framework legislation.
This requirement holds particular relevance for groundwater heat pumps, given the
consideration that even borehole heat exchangers are regarded as utilizing
groundwater when physical properties undergo alteration. Areas of regulatory
concern include groundwater pollution during drilling operations, potential
connection of different aquifers, and antifreeze leakage from borehole heat
exchangers.

Recent policy developments demonstrate an increasing recognition of the
strategic importance of geothermal energy within the European Union. The Council
Conclusions on the Promotion of Geothermal Energy, adopted on 16 December
2024, acknowledge geothermal energy as a vital renewable resource for enhancing
energy security, sustainability, and decarbonisation, particularly in reducing
emissions within the building sector [90]. These findings necessitate the
formulation of a comprehensive strategy for decarbonising heating and cooling,
encompassing the development of an European Geothermal Action Plan to expedite
deployment, the establishment of an European Geothermal Alliance to facilitate
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collaboration among stakeholders, and the streamlining of regulatory procedures
for geothermal energy production, encompassing infrastructure, drilling, mining,
and environmental processes. The conclusions specifically address open-loop
systems by calling on Member States to ‘encourage the application of an integrated
approach to subsurface pore-space activities in order to harmonise geothermal
energy usage with the protection of groundwater as well as with other uses of the
subsurface pore-space activities such as carbon capture and storage, and hydrogen
storage’.

The establishment of environmental protection requirements gives rise to the
introduction of additional regulatory layers, the impact of which is felt by open-
loop systems. Directive 2018/2001 acknowledges the importance of geothermal
energy as a local renewable energy source, noting that it typically results in
significantly lower emissions when compared with fossil fuels [86]. However, the
directive also acknowledges the potential for geothermal energy production to
result in greenhouse gas emissions and the release of other substances from
underground fluids and geological formations, which have the potential to be
harmful to human health and the environment, depending on the specific geological
characteristics of the area in question. The directive stipulates that the deployment
of geothermal energy must be facilitated, provided that it exhibits a low
environmental impact and results in greenhouse gas emissions savings when
compared to non-renewable energy sources. This necessitates the implementation
of comprehensive environmental impact assessments, geological risk evaluations,
and long-term monitoring protocols for open-loop installations.

Member States are obliged to integrate these multiple regulatory streams into
coherent national frameworks that address permit procedures, environmental
assessments, technical standards, and monitoring requirements. The requirements
for re-injection vary by country but generally permit re-injection into the same
aquifer or aquifer of the same use, provided that the re-injected fluid maintains
equivalent quality and does not impact groundwater quality [86].

The development of national dynamic inventories of geothermal energy
resources and reserves designed to register annual changes and allow country-scale
modelling is increasingly recommended to ensure compatibility at the pan-
European level through common basic methodologies.

The harmonisation efforts concentrate on the development of best available
technique reference documents for geothermal applications under the industrial
emissions directive, the establishment of common EU methodologies for
geothermal resource inventories, and the alignment of financial incentives and
funding mechanisms to eliminate economic discrepancies across Member States.
The ongoing revision of groundwater protection legislation is intended to provide
more detailed prescriptions on surface discharge and reinjection criteria for used
geothermal waters. The present regulatory developments, when considered in
conjunction with targeted EU funding availability through programmes such as
InvestEU and the Innovation Fund, create an evolving framework [90,91]. The
purpose of this framework is to ensure that open-loop geothermal systems
contribute effectively, sustainably and uniformly to Europe's clean energy
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transition. In addition, the framework is designed to maintain rigorous protection
of groundwater resources and environmental integrity.

2.2.2 National and Regional regulations

The Italian regulatory framework for open-loop geothermal systems reflects a
complex, multi-layered governance structure that integrates national energy policy
objectives with regional water protection mandates and local territorial planning
requirements. A national reorganisation of regulations concerning geothermal
resource exploration and exploitation was proposed through Legislative Decree No.
22 of 11 February 2010, which established the foundational framework for
geothermal development in Italy [92]. In accordance with the Article 10 of
Legislative Decree No. 22, the definition of small local utilisation of geothermal
heat is as follows: thermal power below 2 MW, obtained from geothermal fluid at
the conventional effluent temperature of 15 degrees Celsius and the drilling of wells
up to 400 metres deep for the exploration, extraction, and utilisation of geothermal
fluids or hot waters, including those from springs. In addition to the aforementioned
applications, minor local uses of geothermal heat have been achieved through the
installation of closed-loop systems. These systems were subsequently regulated by
the Legislative Decree issued on 30 September 2022 [93], known as the "Decreto
sonde" or Probe Decree (described in Chapter 3.2).

Administrative streamlining for small and medium-sized enterprises was
subsequently achieved through Presidential Decree No. 59 of 13 March 2013,
which established the Single Environmental Authorisation (Auforizzazione Unica
Ambientale - AUA) system [94]. This decree integrated multiple environmental
authorisations previously obtained separately by companies, including wastewater
discharge authorisation, atmospheric emissions permits, noise pollution
notifications, simplified waste treatment authorisation procedures, and related
environmental compliance requirements. The AUA system requires submission of
application forms to the Single Desk for Productive Activities (Sportello Unico per
le Attivita Produttive - SUAP) via designated online platforms, with competent
authorities typically being provinces unless regional laws allocate competence to
different governmental levels.

In the context of open-loop systems, the regulatory framework for groundwater
protection is characterised by significant variations across different Italian cities
and regions, governed by national, regional, and local regulations. Legislative
Decree No. 152 of 3 April 2006 [95], specifically Title III concerning "Regulations
on soil protection and combating desertification, protection of water against
pollution and management of water resources," is the national regulatory reference
point. This decree transposes the Water Framework Directive 2000/60/EC for
Community action on water and water bodies through restoration, recovery, and
improvement of aquatic ecosystems, sustainable use of surface and groundwater
resources, implementation of specific measures to reduce discharges and emissions
into water bodies, and mitigation of flood and drought effects [89].
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At the basin level, the Po River Basin District Management Plan is the
operational tool required by Directive 2000/60/EC, as implemented nationally
through Legislative Decree No. 152/06. This plan defines a coherent and
sustainable policy for community water protection through an integrated approach
to different management and ecological aspects at the river basin district scale. The
plan constitutes a comprehensive framework that coordinates water resource
management across the Po River basin, which encompasses significant portions of
northern Italy, including the Piedmont region where intensive shallow geothermal
development is occurring. The basin-level approach recognises that hydrological
systems transcend administrative boundaries and require coordinated management
strategies that consider cumulative impacts across jurisdictional lines

At the regional level in Piedmont, the Water Protection Plan (Piano di Tutela
delle Acque - PTA) establishes criteria for the prevention and control of
groundwater pollution through continuous monitoring [96]. The Plan stipulates that
the good quantitative status of groundwater is achieved when available groundwater
resources exceed abstractions in long-term quantitative balance analysis and
anthropogenic changes in groundwater levels do not damage surface waters and
related ecosystems.

The PTA was most recently updated in 2021 through Regional Council
Decision No. 179-18293 [96], with the aim of protecting and valorising surface and
groundwater within the framework of sustainable community development and
achieving the environmental objectives prescribed by the Water Framework
Directive 2000/60/EC. The plan is also instrumental in enhancing the resilience of
aquatic environments and connected ecosystems, while addressing the ongoing
effects of climate change.

This approach is fundamentally grounded in Regional Law No. 22 of 30 April
1996 concerning research, use, and protection of groundwater, which mandates that
geothermal installations avoid communication between superficial and deep
aquifers [97]. The establishment of technical criteria for identifying the base of
superficial aquifer systems was codified through Regional Decision No. 34-11524
of 3 June 2009 [98], supported by appropriate cartographic tools for application of
protective dispositions. This hierarchical protection strategy recognises that deep
aquifers typically provide higher quality groundwater resources with longer
recharge times, necessitating their preservation for drinking water supplies, while
superficial aquifers can accommodate geothermal utilisation provided that
appropriate safeguards are implemented to maintain their quantitative and
qualitative status [99].

The Provincial Territorial Coordination Plan (Piano Territoriale di
Coordinamento Provinciale - PTC2) is a key factor in achieving the desired
qualitative and quantitative levels for groundwater and surface water [100]. This is
achieved through a well-articulated strategy of behaviours aimed at controlling
point and diffuse pollution. The strategy is designed to ensure the preservation of
minimum naturalness levels in water bodies and the surrounding areas, as identified
by the PTA. It entails the introduction of urban planning regulations and guidelines
within General Town Planning instruments, with the objective of constraining soil
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impermeabilization phenomena. The process of soil impermeabilization can be
defined as the loss of water absorption capacity of natural terrain due to human
interventions. Such interventions may include urbanization, surface paving, and the
construction of buildings, roads, parking areas, and other infrastructure. These
interventions can completely prevent or limit water absorption into soil. This
phenomenon is associated with a number of deleterious effects on the environment
and water resources. These include increased surface runoff, leading to local
flooding, and accelerated soil erosion. In addition, decreased aquifer recharge
results in lower piezometric levels, and increased temperatures due to lack of
surface recharge (urban heat island).

At the municipal level, the Metropolitan General Territorial Plan (Piano
Territoriale Generale Metropolitano - PTGM) promotes the protection and
sustainable use of water resources as both heritage and a common right of humanity
and all living species [101]. Furthermore, this Plan recognises water as an essential
public good for the environment and economic and social development. The deep
aquifer system must be protected and preserved in view of its priority use for human
consumption, with exploitation of only the superficial aquifer permitted for
geothermal purposes. This hierarchical approach to aquifer protection is predicated
on the understanding that deeper groundwater resources typically provide higher
quality drinking water and require longer recharge times, necessitating their
preservation for essential human needs while permitting geothermal utilisation of
more readily renewable shallow groundwater resources.

The Article 29 of the Plan Regulations of Piedmont Region's PTA stipulates
that, in derogation from the prohibition on discharging into groundwater and subsoil
as outlined in the Article 104 of Legislative Decree No. 152/2006, the competent
authorities may authorise discharge into the same aquifer solely in the absence of
technically and economically feasible discharge or reuse alternatives. The second
paragraph of the Article 29 stipulates that such authorisations are issued subsequent
to investigations with the aim of verifying the geometry and hydrochemical
characteristics of the receptor water body, modifications induced on piezometric
surface morphology, changes in aquifer chemistry through assessment of thermal
and hydrochemical status effects, and overlapping effects of other geothermal
plants operating on groundwater bodies in the investigation area. These
requirements are indicative of the recognition that multiple geothermal installations
have the potential to generate cumulative thermal and hydraulic impacts, which
must be meticulously assessed and managed in order to ensure the integrity of the
aquifer is maintained.

Region requires a range of technical documentation, depending on the
discharge capacity assumed in projects (articles no. 10, 12, and 13 of Regional
Presidential Decree no. 7/R of 25/06/2007 [170]). Small installations are defined as
those with a discharge of up to 2 1/s, medium installations as those with a discharge
between 2 and 10 I/s, and large installations as those with a discharge exceeding 10
I/s (Table 2).
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Table 2. Installation Classification by Discharge Capacity [170].

Installation Category Discharge Capacity Documentation Level

Small <2l/s Basic
Medium 2-101/s Enhanced
Large >101/s Comprehensive

In the context of large-scale installations, the technical documentation must
encompass reports that demonstrate the absence of reuse or discharge alternatives.
This documentation should also include cartographies and settlement and project
plans, as well as technical reports and graphic diagrams of plant circuits. These
diagrams should provide maximum wastewater discharge temperatures and ensure
that there is no interference between discharge and neighbouring building
structures. Furthermore, the documentation must include the implementation of at
least one control piezometer downstream of the discharge, as well as technical
reports on water table characteristics. Finally, the documentation must predict the
temporal evolution of heat/cold plume propagation in aquifers, simulating
amplitude, duration, and propagation modes. The utilisation of predictive models
for a minimum of three years of geothermal plant activity is mandatory, though not
subject to stringent regulation. Numerical simulations must consider boundary
conditions, natural aquifer conditions, geothermal plant parameters, and operating
regimes, including monthly average temperature and flow rates. Furthermore, it is
imperative to substantiate the absence of interference between extraction and
discharge wells, as well as to demonstrate the absence of overlap with other
neighbouring facilities.

The authorization procedures for industrial effluents mandate the installation of
flow rate, temperature, and volume measuring and recording instruments at both
the intake and discharge points. These instruments must comply with the technical
characteristics stipulated in Articles 10, 12, and 13 of Regional Presidential Decree
No. 7/R of 25 June 2007 [102]. The monitoring of piezometers situated downstream
of wells must be equipped with multi-parameter probes that provide continuous
measurements of groundwater level, temperature, and electrical conductivity, with
appropriate records being maintained. In order to facilitate a more effective
comprehension of the regulatory framework, Table 3 provides a concise overview
of the fundamental characteristics that are necessary in order to obtain
authorisations, systematically categorised according to the size of the plant.
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Table 3. Technical Documentation Requirements by Installation Category.

Technical
Documentation
Requirements

Hydrogeological
investigations of
receptor aquifers
(geometry,
hydrochemistry,
piezometry)

Thermal plume
simulations for at
least three years of
operation

Demonstration of
absence of
technically and
economically
feasible
reuse/discharge
alternatives

Plant layouts,
hydraulic circuits,
and maximum
discharge
temperature
specifications

Proof of no
interference
between
abstraction and
reinjection wells,
and no overlap
with existing
installations

Installation of at
least one
downstream
control piezometer
for continuous
monitoring

Small (g 2 I/s)

Basic assessment

Not required

Not required

Required

Basic verification

Not required

Medium (2-10 I/s)

Enhanced
assessment

Simplified modelling

Basic demonstration

Required

Detailed verification

Recommended

Large (> 10 I/s)

Comprehensive
investigation

Required (minimum
3 years)

Required

Required

Required

Required
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It is mandatory for the relevant parties to prepare and submit annual reports that
present monitoring results through graphs and tables showing temporal trends and
revised thermal plumes based on monitored data. The establishment of these
monitoring requirements is indicative of the prevailing understanding that open-
loop geothermal systems have the potential to induce substantial thermal
perturbations in groundwater. It is essential to ensure the continuous monitoring of
these perturbations to avert potential adverse environmental impacts and to prevent
interference with other users of groundwater.

The regulatory framework under discussion here addresses both environmental
protection and energy development objectives through integrated approaches that
balance the promotion of renewable energy with the protection of groundwater
resources. Recent studies of groundwater heat pump diffusion in Turin demonstrate
the efficacy of urban-scale numerical modelling in assessing the cumulative
impacts of multiple open-loop geothermal systems [74]. The findings of these
studies suggest that installations managed in an appropriate manner can operate
without creating significant hydraulic or thermal disturbances over multi-year
operational periods. However, maximum flow rate scenarios with extended cooling
and heating operating seasons have the potential to create thermal interference,
which can have a detrimental effect on downstream systems. This emphasises the
importance of careful design and construction precision, particularly in areas with
complex extraction systems.

Authorisation processes generally necessitate comprehensive environmental
impact assessments that address geological and hydrogeological site
characterisation, thermal plume modelling, interference analysis with existing
installations, monitoring system design, and long-term operational management
plans. The regulatory framework, with its multiple layers, serves to ensure that
open-loop geothermal development occurs within the confines of frameworks that
protect water resources. Concurrently, it facilitates the deployment of renewable
energy, in a manner that is consistent with both national and European climate
objectives. This regulatory evolution is indicative of a growing recognition of
geothermal energy's strategic importance for decarbonisation, whilst maintaining
rigorous environmental protection standards that are essential for sustainable
groundwater resource management.

The implementation of these complex regulatory requirements poses
challenges for developers, while providing necessary safeguards for groundwater
protection and sustainable energy development. The AUA process, despite being
formulated to facilitate streamlined authorisation procedures, continues to
necessitate comprehensive technical documentation and environmental
assessments, particularly in the context of larger installations, which have the
potential to impact regional groundwater systems. This regulatory complexity
reflects the inherent tension between accelerating renewable energy deployment
and maintaining stringent environmental protection standards. Achieving both
objectives requires ongoing refinement of authorization procedures and improved
harmonization across jurisdictional levels, particularly in coordinating national
directives with regional implementation frameworks.
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2.3 Methodology

The design of open-loop geothermal systems relies on several key factors that
must be carefully balanced to ensure both technical feasibility and environmental
compliance. The current regulatory framework is of particular importance, as it
governs the approval procedures and ultimately determines the practical
implementation of such systems. Equally important is the availability and
assessment of the geothermal groundwater resource, since only when these two
conditions are simultaneously met can the actual design phase be effectively
initiated. At present, no standardized or rapid mapping approach capable of
estimating the geothermal potential of groundwater that combines open-access GIS
tools, scientific robustness, and computational simplicity. For this reason, chapter
2.3.1 Geothermal Aquifer Potential (GAP) introduces this innovative methodology.
This methodology provides a scientifically rigorous and computationally efficient
framework for the spatial assessment of geothermal potential. It ensures full
compliance with environmental directives and promotes the sustainable use of
geothermal resources.

A shallow aquifer suitable for geothermal exploitation is typically an
unconfined or semi-confined groundwater body located within the first few tens of
meters below ground level, characterised by sufficient permeability and yield to
allow for sustainable groundwater extraction and reinjection. Such aquifers
represent an effective low-enthalpy geothermal resource when paired with open-
loop GSHP systems.

The approach adopted to estimate the open-loop thermal potential is based on
the amount of heat that can be exchanged by a given volume of groundwater passing
through a heat exchanger. Its estimation is determined by a combination of
geological, thermogeological, hydrogeological, economic, and legal constraints.
For GWHP systems, the amount of heat that can be extracted from the aquifer is
directly related to the flow rate, the temperature variation induced in the water, and
its volumetric heat capacity, as described by the following equation:

Equation 2

G =0Q- AT - Sycwar (1)

where G is the thermal power expressed in MW, @ is the flow rate extracted
from the aquifer (m?/s), AT is the difference in temperature between the inlet water
temperature from the aquifer and the outlet water temperature to the source (K),
finally Sycuaqe is the volumetric heat capacity of the water equal to 4.18 MJ/Km?.
Since AT is typically legally defined with limitations on the maximum and
minimum reinjection temperatures, resulting in a maximum allowable induced
thermal disturbance [70], the key parameter that strongly influences the thermal
potential is the flow discharge (Q). Its accurate estimation is essential for
sustainable water resource management.

_28 -



Furthermore, to ensure the long-term functionality and sustainability of an
open-loop geothermal system, understanding aquifer behaviour and assessing the
thermo-hydraulic dynamics resulting from pumping is essential. In the context of a
shallow aquifer, hydraulic flow refers to the movement of water through
underground water-bearing layers. Still, it can also describe sustainable extraction
and reinjection rates that the aquifer can support without causing excessive
drawdown, piezometric rise, or violating regulatory thresholds. This depends on
key hydrogeological parameters such as transmissivity, aquifer thickness, well
spacing, and the operational configuration of the system.

Thermal feedback describes the phenomenon whereby the thermal plume
generated by the reinjection of used groundwater migrates toward the extraction
well, potentially reducing the effective temperature gradient over time. This effect
is influenced by groundwater flow direction and velocity, well doublet orientation,
thermal dispersion, and aquifer heterogeneity. If not adequately accounted for,
thermal feedback can lead to performance degradation and reduced efficiency of
the heat pump system.

Together, the above-described factors define the technical potential of a site for
geothermal exploitation and must be incorporated into any reliable assessment
method for open-loop systems.

Over the past two centuries, a wide range of analytical methods has been
developed to characterise aquifer properties through pumping tests. These
methodologies have progressively evolved, from fundamental principles of fluid
flow to more advanced transient solutions, enhancing the accuracy and applicability
of groundwater assessments [103]. Among the earliest steady-state approaches
(Table 4), the Thiem equation (Thiem, 1906), based on the principles of radial flow
in porous media, remains widely used for confined and unconfined aquifers under
equilibrium conditions. For unconfined aquifers, the Dupuit assumption (Dupuit,
1857) provides a simplified steady-state model by neglecting vertical flow
components. To address transient behaviour, the Theis solution (Theis, 1935)
introduced a time-dependent analytical framework for confined aquifers, later
simplified by Cooper and Jacob (1946) through a semi-logarithmic approximation
valid for late-time drawdown data. For leaky or semi-confined aquifers, the Hantush
and Jacob method (1955) extended the Theis approach to account for leakage
through semi-pervious confining layers. These methods have provided the
theoretical basis for estimating key hydrogeological parameters, such as
transmissivity and storativity, and remain essential for defining sustainable
pumping rates in groundwater management and geothermal applications.
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Table 4. Different methods for the analytical evaluation of flow discharge.

Method Equation Parameter Strong Points Limitations
h; = hydraulic head
at radial distance In the presence of a
Q=273-K- | from the well (m) neolior
Thiem-Dupuit for b - M ?) non-negligible
confined aquifer l"gw(ﬁ) — vertical flow, the
r; = radial distance )
from the well (m) equation may lead to
errors in parameter
estimation.
Under the hypothesis
of horizontal The aquifer is
hydraulic gradient, assumed to be
the radial flow infinite in the area
problem is treated as surrounding the well.
one-dimensional. The aquifer must
Q =273k | Sa=correct Robust tool for exhibit uniform
Thiem-Dupuit for p . Ber=se) 3) drawdown at radial estimating properties.
unconfined aquifer 10910%) distance r; d dowi
groundwater flow in | pe analysis is valid
steady-state once the flow at the
conditions. well has reached a
steady state.
The well must fully
penetrate the aquifer
and be pumped at a
constant flow rate.
T = aquifer

Cooper and Jacob

S =

Q 225-T-t
411-Tl0g10( s-r2 )
) -
T=4121-As (5)

_r=s

TaTt ©)

transmissivity (m?/s)

As = gradient of a
straight line fit on the
semi-log plot of
drawdown  against
time between a 1 log
cycle

S = storativity
(dimensionless)

t = pumping duration

(s)

C = well-loss
coefficient reflecting
non-linear losses.

If i) C < 1200 s*/m*:
properly designed
and developed well,
i) 1200 < C > 2300
s*/m*: Mild
deterioration, iii) C >
2300 s*/m°: severe
clogging and
efficiency loss.

A practical graphical
method to estimate
aquifer parameters
from pumping test

data.

The method is valid
for u<0.02.

Need to pre-define S
and T.

The fixed quadratic
dependence of well
loss is not

universally valid.
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The GAP method proposed builds on the advantages of the Dupuit formulation
for modelling groundwater flow in unconfined aquifers and integrates spatially
distributed hydrogeological data with regional regulatory constraints and thermo-
hydraulic constraints. It estimates the extractable geothermal potential at high
spatial resolution and is designed to reflect site-specific conditions. The method can
effectively support both energy planning and feasibility assessments at the single-
plot or district scale.

The utilisation of numerical modelling in the context of groundwater flow and
coupled hydrogeological processes has become an indispensable methodology for
the assessment of geothermal systems. This is particularly evident in the
characterisation of fluid dynamics and thermal responses within complex aquifer
architectures. The mathematical representation of three-dimensional saturated
groundwater flow is governed by the governing partial differential equation, which
describes fluid conservation within porous media. In order to solve this equation, it
is necessary to discretise it and use numerical solutions derived from simulation
codes that are specifically designed for this purpose. The selection of an appropriate
numerical method and software platform is a fundamental decision that directly
influences both model accuracy and the feasibility of representing site-specific
hydrogeological heterogeneity.

The present chapters employ a dual-modelling strategy that utilises both
MODFLOW (based on finite-difference discretisation, chapter 2.3.2) and
FEFLOW (based on finite-element discretisation, chapter 2.3.3). This approach is
justified by established standards and supported by professional practice in complex
hydrogeological applications. The ASTM D5447-17 [104] standard guide for the
application of numerical groundwater flow models establishes a comprehensive
procedural framework applicable to any quantitative groundwater modelling
investigation (Figure 12A). This standard delineates the essential steps required for
defensible model development, encompassing problem definition, conceptual
model formulation, computer code selection, model construction, calibration and
sensitivity analysis, predictive simulations, documentation, and post-audit
evaluation. The underlying principles embedded in ASTM D5447 provide a
universally accepted protocol that transcends specific software platforms, ensuring
that modelling efforts maintain scientific rigor regardless of whether finite-
difference or finite-element discretization is employed. In addition, a
comprehensive suite of companion ASTM standards addresses specific technical
aspects of model construction. ASTM D5979-96 [105] provides a framework for
the conceptualisation and characterisation of groundwater systems through iterative
hypothesis refinement (Figure 12B). ASTM D5609-16 [106] stipulates the
definition of boundary conditions (Dirichlet, Neumann, Cauchy, free-surface, and
seepage-face types). ASTM D5610-94 [107] deals with the establishment of initial
conditions, which are critical for transient simulations. ASTM D5981/D5981M-18
[108]offers guidance on calibration methodology for both manual and automated
inverse approaches. ASTM D5490-93 [109] establishes quantitative and qualitative
criteria for comparing model simulations with site-specific data. ASTM D5611-94
[110] specifies procedures for conducting sensitivity analyses to identify critical
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model parameters. Finally, ASTM D5718-13 [111] specification stipulates
comprehensive documentation requirements, with the objective of ensuring
reproducibility and transparency.

In the field of complex hydrogeological characterisation, professional practice
is increasingly acknowledging the value of dual-model applications. These
applications leverage the strengths of finite-difference and finite-element
frameworks to enhance the analysis of complex geological systems. Rather than
regarding these methodologies as competing alternatives, this study employs both
approaches in a complementary manner, assigning MODFLOW to the
representation of large-scale, city-wide open-loop systems and FEFLOW to the
detailed simulation of site-scale configurations characterised by strong structural
and parametric heterogeneity. This hierarchical strategy facilitates the testing of
alternative conceptualisations at the regional scale, while site-specific finite-
element analyses refine the understanding of local flow and heat-transport
processes around individual installations. In the context of geothermal system
characterisation, where coupled fluid flow and heat transport occur at multiple
spatial scales, the integration of both platforms provides a more rigorous assessment
of renewable resource potential and improves the reliability of predictions of system
response to anthropogenic stresses.
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2.3.1 Geothermal Aquifer Potential (GAP)

The novel methodology introduced in this section, termed the Geothermal
Aquifer Potential (GAP) method, represents a purpose-built approach to
quantitatively assessing the geothermal potential of groundwater.

The GAP method is based on the following assumptions:

Shallow and unconfined aquifers are exploited using a well doublet
configuration, a typical setup for geothermal system.

The amount of heat that can be potentially exploited from the groundwater
is evaluated using Equation 1, considering legal constraints on the
maximum allowable temperature difference. At this stage, the model
assumes a constant groundwater temperature, but it can be enhanced with
urban-scale heat maps, if available, for a more refined potential estimation.
The allowable water discharge is estimated using Equation 2 in Table 1,
introducing thresholds for the forecasted drawdowns at the abstraction well,
as well as the minimum groundwater depth. No universally accepted value
for permissible drawdown exists. Some studies propose thresholds ranging
from 10% to 75% of the aquifer thickness, while others define maximum
exploitable discharge limits without a consistent aquifer yield criterion. In
this study, the defined threshold value of 10% of the aquifer thickness was
derived from in situ observations and studies performed on existing
geothermal plants [71]. Moreover, to prevent a rise in groundwater level to
the surface, a technical safety margin must be imposed to avoid any
potential interference with existing structures (such as basements or
underground parking typical in urban areas).

The critical distance between wells in a doublet is considered to assess the
maximum exploitable discharge, incorporating technical considerations of
geothermal plant design and enforcing non-interference criteria for both
hydraulic and thermal feedback between wells. The Clyde and Madabhushi
equation [112] for determining the minimum interference distance between
wells in a doublet was adopted. The latter is expressed as:

Equation 3

L <227

T-mi

where L is the minimum distance, Q is the flow rate, T denotes transmissivity,
and 1 is the hydraulic gradient.

The main assumptions behind this methodology are: i) a homogeneous and
semi-infinite aquifer medium, ii) well screens intercept the full thickness of the
aquifer, iii) no interference from other wells or heat exchangers in the surroundings,
1v) constant pumping rate and v) vertical hydraulic gradient are neglected.
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Moreover, additional physical constraints were defined (Table 5):

* The final minimum acceptable groundwater depth at the reinjection well
was set to 3 m in order to avoid any interference of the potential groundwater
rise with existing underground floors.

= The well radius was set at 0.25 m, a typical value for geothermal wells used
in open-loop configurations [113,114].

* An additional drawdown constraint of 0.1 m was introduced to limit
hydraulic interference at the boundary of the defined elementary cell of the
discretisation.

= The spacing between the wells was set at 50 m, which is a common distance
in urban open-loop geothermal plants [115,116].

Table 5. List of the main constraints used in the GAP model

Parameter Value
well radius 0.25m
drawdown in well 10% of aquifer thickness
drawdowp monitoring 0.1m
point
mor}ltorlng point 50m
distance
doublet distance 50 m

It should be noted that the above-described parameters can be adjusted to better
reflect the specific conditions of the considered study area. It is clear that the
methodology resolution, and consequently the drawdown monitoring point distance
and well-doublet distance, depend on the density of available data measurements.
The outcome of these calculations is a map of the estimated flow rate (in m?/s)
across the entire study area.

This integrated approach enables a precise evaluation of both hydrodynamic
and thermal characteristics of the aquifer, ultimately yielding a quantitative measure
of its geothermal potential in terms of kilowatts per unit area.

Figure 13 reports the schematic workflow for the evaluation of groundwater
geothermal potential with the GAP method. Further details for each step of the GAP
methodology, from data acquisition and pre-processing to the numerical evaluation
of thermal and hydraulic parameters, will be provided in the following subsections.
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Figure 13. Workflow of the GAP methodology.

The final geothermal potential map is made more interpretable and informative
by discretising the continuous thermal power distribution into discrete classes. The
heating (and cooling) demand of buildings varies widely depending on size, use and
insulation [117,118]. For instance, typical single-family homes require
approximately 7-11 kW of heating capacity (e.g. ~7 kW for a 100 m* dwelling at
medium insulation, ~11.2 kW for a 90 m? house in a colder climate zone). In
contrast, larger multi-family buildings or public facilities require tens to hundreds
of kilowatts. For example, a multi-class school have a heating system rated between
300 and 600 kW. These values suggest a natural stratification into demand classes,
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allowing the geothermal potential to be categorised into six main classes, as
outlined in Table 6.

This classification is based on the estimated thermal power output and the
corresponding building typologies and it aligns with guidelines such as UNI/TS
11300-1:2014 [119], EPBD [120] and DIRECTIVE (EU) 2024/1275 [121].

Class 1 includes small, well-insulated homes or single unit dwellings. In new
or renovated buildings, design loads typically range from 20 to 70 W/m?. Thus, a
compact dwelling (<100 m?) generally requires less than 10 kW, consistent with the
previously noted 7-11 kW range. This category also includes individual offices or
retail shops with low heating/cooling loads.

At the other end of the scale, Class 6 includes entire urban neighbourhoods or
campus-scale groups of buildings, such as cluster of dozens of houses or city blocks.
At this level, peak demands frequently reach the hundreds of kW or even low MW.
Geothermal systems designed for Class 6 resemble district heating and cooling
networks, extending beyond individual building and playing a key role in strategic,
city-wide energy planning.

Table 6. Class distribution used in the GAP model.

Lower Higher Power | Thermal Building Tvoe Housing
Class | power (kW) (kW) Demand g1yP Units
Single-Family
1 5 20 Very Low House 1
2 20 50 Low Small 4-8
Condominium
Medium
3 50 100 Moderate .. 8-15
Condominium
. Large
4 100 200 High Condominium 15-30
. Residential
5 200 500 Very High Block 30-40
Multi
6 >500 - District Residential >40
Block
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2.3.2 MODFLOW

This chapter presents a unified, replicable methodology for three-dimensional
numerical simulation of open-loop (extraction/injection) geothermal systems using
the USGS MODFLOW 6 (version 6.6.1) code through the ModelMuse (version
5.4) graphical interface, together with geospatial preprocessing in QGIS (version
3.40.4), parameter estimation with Pilot Points and PEST, and heat-transport
coupling. The aim is to document the governing equations, discretization strategy,
boundary-condition representation, parameterization and calibration workflow, and
quality-assurance procedures required to produce robust predictions of hydraulic
and thermal impacts of open-loop geothermal installations in shallow alluvial
aquifer environments. The model comprises two layers representing the different
aquifer systems, two General Head Boundaries (GHB) corresponding to the
upstream and downstream boundary conditions of the model, and the simulation of
the watercourses using the River package.

The simulation of open-loop geothermal systems hinges on accurately
representing groundwater flow and heat transport within heterogeneous aquifers.
This methodology integrates the three-dimensional finite-difference groundwater
code MODFLOW with the ModelMuse graphical interface to construct, execute,
and analyse numerical models of open-loop geothermal plants. Groundwater flow
is governed by the continuity equation in porous media. In three dimensions, the
partial differential form is

Equation 4
d [ ] [ ] [ dh WS, dh
ax " axl "oyl oyl T ozl # oz S ot
where Ky, K,,,, and K, are directional hydraulic conductivities, h is hydraulic

head, W denotes sources and sinks per unit volume, S, is specific storage, and t is
time.

The numerical implementation in MODFLOW 6 is based on a control-volume
finite-difference (CVFD) formulation whereby the integral form of the flow
equation is applied to each discrete control volume V:

Equation 5

oh
f(KVh)-ndS fs a—dv+fqdv
S

where S represents the control volume surface, n is an outward-pointing unit
normal perpendicular to the volume surface, K is the hydraulic conductivity tensor,
h is the hydraulic head, S; is the specific storage, q is the volumetric source/sink
term per unit volume, and V is the control volume. This formulation ensures mass
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conservation within each control volume while allowing flexible grid geometries
and connections between cells.

The discretization process transforms the continuous partial differential
equation into a system of algebraic equations that can be solved numerically. For
each model cell, the discrete form of the flow equation becomes:

Equation 6

oh,
§ Tn,m (hm - hn) + W, :Ss,nVn ot
m

where T, ., represents the conductance between cells n and m, h,, and h,,, are
the hydraulic heads at cells n and m respectively, I, is the volumetric flux rate for
cell n, and S,, is the specific storage for cell n. The conductance terms are
assembled from cell transmissivities, interface area, and link distances according to
MODFLOW 6 conventions. The numerical solver and linear algebra options
available in MODFLOW 6 (e.g., direct vs iterative solvers, preconditioners) should
be selected and reported based on model size and conditioning; default solver
settings are acceptable for small models but large, highly heterogeneous domains
typically require iterative solvers and tailored preconditioning to ensure efficient
and stable convergence.

Heat transport in saturated porous media is modelled using the conservative
energy balance for the coupled fluid/solid system. Using standard SI notation, fluid
density py [kg'm™], solid density ps [kg'm™], fluid specific heat c, r [J-kg" K],
solid specific heat c,¢ [J ‘kg1-K'!], porosity 0 [-], and effective thermal
conductivity Agsr [W-m!-K"1], the conservative form of the heat transport equation
is:

Equation 7

aT
(PS)p ET + V- (prcprqT) =V - (AesfVT) + Q7
Equation 8

(pS)p = prcp,f +(1- e)pscp,s

where (pc), is the bulk volumetric heat capacity [J-m>-K!], g is specific
discharge [m-s'], T [K or °C] is temperature, and Q [W-m™] denotes internal
thermal sources or sinks (injection/extraction thermal power per unit volume).

The heat transport simulation incorporates both conductive and advective heat
transfer mechanisms. The conductive component follows Fourier's law, while the
advective component depends on groundwater velocity and thermal properties. The
effective thermal parameters must account for the composite nature of the saturated
porous medium, typically employing volume-weighted averages of fluid and solid
thermal properties.
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Thermal conductivity of the saturated porous medium is represented as an
effective parameter A5 obtained by volume weighting or more advanced mixing
laws depending on the degree of saturation and the heterogeneity of the matrix.
Typical parameter ranges used are: volumetric heat capacity of water = 4.18x10°
J-m™-K"!, solid matrix volumetric heat capacity in the order 1.3-2.5x10° J-m>-K!,
and thermal conductivities of order 0.6-3.0 W-m™'-K™! depending on lithology and
porosity.

The numerical mesh, spatial discretization and temporal scheme are central to
simulation fidelity for open-loop geothermal systems. For sites where, small scale
thermal plumes and well interactions are important, quadtree (2-D) refinement
provide an efficient approach to concentrate resolution in the vicinity of wells and
monitoring points while coarsening away from the area of interest to reduce
computational cost. The horizontal discretisation ranges from 1 m (well vicinity) to
10 m (periphery) in the case studies. Vertical layering represents primary
hydrostratigraphic units with at least one cell across each significant lithologic
interface. Vertical discretisation must respect expected thermal and hydraulic
gradients. MODFLOW 6’s CVFD framework and flexible grid connections make
quadtree refinement straightforward to implement, but careful attention should be
paid to interface transmissivity calculations between dissimilar cell sizes to avoid
artificial resistance or excessive numerical dispersion. Temporal discretization
consists of a calibration steady-state phase (representing pre-operational or long-
term averages) followed by transient operational scenarios: time steps must resolve
daily to seasonal load cycles and abrupt operational changes (start/stop cycles).
Adaptive time stepping available in MODFLOW 6 should be used conservatively;
document the minimum and maximum time-step lengths and the convergence
tolerances used in each transient run.

Boundary conditions must represent regional flow drivers, surface water
bodies, and anthropogenic stressors in a physically consistent manner. General
Head Boundaries (GHB) are appropriate to represent far-field hydraulic gradients
or external reservoirs where head is specified and flux is linearly proportional to the
head difference:

Equation 9

Qcus = Ceus (hext - hcell)

Where Q;yp is the boundary flux, C;yp is the boundary conductance, h,,; is
the specified boundary head, and h.;; is the calculated cell head. Rivers are
represented with the River package (RIV?), which simulates head-dependent
exchange between surface water and groundwater.

3 RIV: River Package Pane
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The river conductance is calculated using the geometric relationship:

Equation 10

_KLW

riv
M

Where K, is the vertical hydraulic conductivity of riverbed sediments, L is the
river reach length in the cell, W is the river width and M is the riverbed thickness.
When river stage exceeds cell head or vice versa, the head-dependent flux is
computed as the conductance times the head difference, with proper sign
convention; in thermal simulations, river boundary temperatures may be prescribed
or coupled as a time-dependent forcing term depending on available monitoring
data.

Open-loop geothermal wells are modelled explicitly using Multi-Aquifer Well
package (MAW?) available in MODFLOW 6 and ModelMuse. Well
representations must capture multi-layer completions and the distribution of
screened intervals; when wellbore thermal and mixing effects are significant,
include wellbore mixing or cell-by-cell thermal injection specifications that
preserve energy conservation (specify temperatures for injected water or specify
thermal power). Operational schedules (time-varying extraction/injection rates and
temperatures) are input as stress packages; for long operational scenarios, represent
weekly schedules (weekday operation, weekend shutdowns) and monthly
variability where monitoring data are available. When coupling flow and thermal
models, ensure synchronized time stepping and consistent mass/energy balance
reporting to avoid artificial error accumulation.

The calibration of a numerical hydrogeological model can be conducted under
various conditions, including steady-state, transient, or a combination of both. In
the cases under consideration, the calibration was executed using the Pilot Points
(PP) technique in a steady-state regime, utilising average piezometric level data
collected from wells and piezometers. The entire procedure was managed via the
PESTHP inverse modelling code, a tool designed for the estimation of parameters
and the analysis of uncertainties in complex numerical environmental models. The
method employed involves an iterative procedure to optimize the parameters. This
allows for the reiteration of the process steps, which include the resolution of the
flow equation, the verification of the correlation between calculated and observed
piezometry, and the modification of the parameters to enhance the correlation. This
process is repeated until the difference between the calculated and measured loads
reaches a minimum that is deemed acceptable. In this case, a minimum acceptable
error of 0.01 m was set.

4+ MAW: Multi-Aquifer Well Package Pane
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The optimization of the parameters results in the minimisation of the objective
function @, defined as the weighted sum of the squares of the differences between
the experimental observations /4" and the simulated loads 4:

Equation 11
=Y [w(h' ~h)]
i=1

The weight attributed to an observation, denoted by the symbol (w;), is
inversely proportional to its variability or uncertainty. This ensures that more
emphasis is placed on the most reliable observations.

The parameters involved in the calibration process can be assigned not only
according to the classic uniform value zones, but also through spatial distributions
(interpolations) defined at PP [21]. This method applies the principles of
geostatistics to transition from the points where the parameter value is associated
to the spatial distribution over the entire considered area (model domain). The
surfaces are generated from the PP through the process of Kriging, which estimates
the unknown values through a weighted average of the measured points, with the
relative weights depending on the size of the search radius. In this case, the
unknown parameter (hydraulic conductivity) varies spatially in a gradual manner
based on geostatistical schemes (variograms) that consider the heterogeneity of the
model. Pilot Points play a pivotal role in the calibration process, enabling a more
realistic representation of the spatial variability of parameters within the model.
Rather than assigning a uniform value to a large area, the parameter values can
gradually vary across the model domain based on the values assigned.
Consequently, during the iterative calibration process, the values at the PP are
adjusted to minimise the difference between the simulated and observed data. This
implies that the PP directly influences the optimisation of the model parameters. By
capturing the spatial variability of parameters and allowing for their optimisation,
this technique can significantly improve the accuracy of the model predictions. This
leads to a more reliable and robust hydrogeological model. The weights assigned to
the observations at each PP are inversely proportional to their variability or
uncertainty. This means that more reliable observations have a greater influence on
the calibration process, thereby reducing the overall uncertainty of the model.

-4 -



2.3.3 FEFLOW

The numerical simulation of open-loop geothermal systems represents one of
the most challenging applications in hydrogeological modelling, requiring the
solution of coupled groundwater flow and heat transport equations in complex
three-dimensional domains with significant spatial and temporal heterogeneity
[122]. This methodology presents a comprehensive framework for developing,
calibrating, and validating transient numerical models using the finite element
software FEFLOW, integrated with advanced parameter estimation techniques for
robust uncertainty quantification [123].

A deep and comprehensive understanding of the mathematical formulation and
the implementation details is imperative for the configuration, resolution, and
critical evaluation of the reliability of models designed for the prediction of coupled
groundwater flow and heat transport. Contemporary energy engineering research
increasingly demands accurate and efficient modelling frameworks, capable of
handling the spatial complexity and physical heterogeneity inherent in real-world
geothermal energy systems. A thorough presentation of FEFLOW's governing
equations is therefore essential for both reliable simulation and defensible
engineering decisions. This presentation includes steady-state, transient, and heat
transport scenarios, alongside modern calibration workflows carried out using
PEST++. In particular it focuses on the GLM algorithm and ensemble-based IES
methodology.

FEFLOW (standing for Finite Element subsurface FLOW simulation system)
i1s a comprehensive numerical environment for the simulation of flow, heat, and
mass transport in porous and fractured media. The software has been developed
over the course of several decades, and it is capable of supporting multi-physics
modelling. This includes variable-density flow, full or partial saturation, and the
distinctly coupled processes that are inherent to geothermal applications. The
governing partial differential equations that describe transient or steady
groundwater flow, as well as conductive, convective, and dispersive heat transport,
are central to the modelling framework. The standard mathematical model for
saturated groundwater flow in a porous medium, as implemented in FEFLOW, is
derived from the combination of Darcy's Law and the continuity equation (modified
from Table 3.6 of Ref. [122]) assumed that the liquid phase moves slowly in the
porous medium. The general three-dimensional, density-dependent groundwater
flow equation is as follows:

Equation 12

V-(pfaf) = pfaQ
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with,

Equation 13

k
qf = —;V(p +pf9z)

where,

e pfdenotes the fluid density [kg/m?]

e gf’is the Darcy velocity vector [m/s]

e Qrepresents sources or sinks of mass per unit volume [1/s]
e ks the intrinsic permeability [m?]

e u is the dynamic viscosity of the fluid [kg/(m-s)]

e pis the fluid pressure [Pa]

o g is the gravitational acceleration [m/s?]

e zis the elevation [m]

The movement of water beneath the earth's surface, within saturated and
unsaturated porous media, can be modelled using Richards' equation [124]. This
equation is derived from the mass conservation equation and Darcy-Buckingham's
law. Consequently, the following pressure head form can be postulated:

Equation 14

(c(h) + SsSw (1) % + V- (—K(h)VH) = r

where c(h) is the specific moisture capacity (c =dO(h)/dh), H and h are
respectively the hydraulic piezometric and pressure head such as H =4 + z, z is the
depth taken positive upward, S is the specific storage, Sw is the relative saturation
of the aqueous phase (Su(h) = 0(h)/6;), (h) and s are the actual and saturated
water contents respectively and » is the source-sink term [125].

In the event of unsaturated conditions, which are frequently applicable in the
context of shallow geothermal and vadose zone studies, FEFLOW utilises an
extension of the classical Richards' equation. This extension acknowledges the
functional dependency between water content, pressure head and unsaturated
hydraulic conductivity [126]. In the case of transient groundwater flow, the
temporal derivative of storage, when combined with flux divergence and
sources/sinks, yields the following equation:

Equation 15

d(pfo
WD v Goraf) = of0Q

with 0 being volumetric water content, and other terms as previously defined.
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This general formulation accommodates confined, unconfined, and variably-
saturated media by appropriate parameterization and boundary condition
assignments.

A distinguishing feature of geothermal simulation is the need for accurate heat
transport prediction. FEFLOW's capacity for heat transport is governed by an
energy balance equation, which is capable of representing advective, conductive,
and dispersive regimes. The general equation for heat transport in saturated porous
media, as solved by FEFLOW, is as follows:

Equation 16

d(cpT)
ot

where ¢ represents specific heat capacity [J/kg-K], p represents density (with
cp denoting bulk volumetric heat capacity), T is temperature [K], A is the effective
thermal conductivity [W/m-K], and QT denotes sources/sinks of thermal energy
[W/m?]. The initial term delineates transient storage of internal energy, the
advective term signifies heat conveyed by the moving groundwater, and the
conductive term modells molecular conduction according to Fourier's law. The
sink/source term facilitates the incorporation of external heat adders, such as
injection wells.

When considering both the contributions of a porous matrix and groundwater,
the total volumetric heat capacity is a weighted sum:

Equation 17

cp = (1~ mpycs + npyes

Where n is the porosity, ps; and ¢, are the density and specific heat of the solid
matrix, respectively, and pr and ¢f are the fluid equivalents. The energy equation
thus explicitly accounts for the storage and transfer of heat within both the solid and
liquid phases. This is a critical factor in simulating subsurface thermal plumes,
particularly when exploring the feasibility, sustainability, and environmental
impacts of open-loop geothermal exploitation. The assumption underlying steady-
state modelling is that the hydraulic head and temperature remain constant over
time, thus resulting in the exclusion of temporal derivative terms. The resulting
equations have the capacity to simplify model initialisation, provide a baseline for
system equilibrium assessments, and often serve as a pragmatic foundation for
subsequent transient analyses. However, in order to capture the natural and
operational dynamics associated with geothermal energy use, such as seasonal load
variation, thermal front migration, or system startup/failure events, it is necessary
to implement transient models. These require appropriate time-stepping schemes
and increased attention to initial condition specification.

FEFLOW is a numerical implementation of the finite element method (FEM).
It enables the subdivision of the model domain into arbitrarily shaped elements (e.g.
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triangles in 2D, prisms or tetrahedra in 3D). This facilitates mesh refinement around
wells, geological heterogeneities, or critical interfaces (Figure 14).
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Figure 14. Illustration of typical flow regimes in a multilayered aquifer system [122]

The mesh is constructed such that material properties, sources, and boundary
conditions may be assigned with spatial fidelity. In the context of complex regional
models, hydrological features such as rivers or variable aquifer stratigraphy are
incorporated through boundary conditions encompassing Dirichlet (fixed
head/temperature), Neumann (fixed flux/energy), or Cauchy (generalised transfer)
forms. FEFLOW facilitates both structured and unstructured meshing, thereby
ensuring optimal computational efficiency and geometric flexibility. The
simulation of dynamic boundaries, such as those encountered in open-pit mining
and dewatering in construction, is further enabled by the concurrent deactivation of
elements and the utilisation of time-varying mesh geometries.

Temporal discretization is achieved through the implementation of schemes
such as the fully implicit, unconditionally stable, backward Euler method or the
second-order accurate, conditionally stable, Crank-Nicolson method. These
methods permit the determination of time steps that are adaptively determined
based on solution change criteria. For steady-state models, single-time-step
solutions are sufficient, given the absence of dependence on system history. For
transient simulations, especially those involving nonlinearities stemming from
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flow-heat-density couplings or multiphase effects (e.g., freezing/thawing), robust
time-stepping control is essential to avoid instabilities or excessive computational
cost.

Discretisation of the core equation systems results in the generation of
substantial, sparse algebraic systems. FEFLOW is equipped with a suite of direct
and iterative solvers, encompassing preconditioned conjugate gradient (PCGQG),
biconjugate gradient stabilized (BICGSTAB), and sophisticated algebraic multigrid
solvers such as SAMG, PETSc AMG and PARDISO parallel direct solver. The
selection of solver is contingent upon problem size, the level of precision required,
the treatment of boundaries, and hardware capabilities, including GPU support in
PETSc for larger models. The solver's robustness and efficiency are critical to
runtime and convergence, particularly in inverse modelling workflows where
models may be executed thousands of times during calibration or uncertainty
analysis. FEFLOW's sophisticated solver control schemes possess the capability to
automatically alternate between divergent solving strategies on the basis of matrix
properties, thereby optimising computational efficiency on a case-by-case basis.

Open-loop geothermal systems require the simulation of fluid extraction
(production) and subsequent reinjection, usually via paired wells. FEFLOW's
model structure enables the explicit representation of these wells, capturing the
induced flow field and the spatially complex thermal plume resulting from heat
exchange. The interaction between thermal processes and groundwater flow can
particularly be dominated by advection. This requires precise calibration of
hydraulic conductivity, porosity and related properties. However, in settings
characterised by low permeability or the use of closed-loop exchangers, conduction
may become the predominant phenomenon. The software facilitates the setup of
models for both cases and can represent complex well geometries, combinations of
open- and closed-loop systems, and heterogeneous backgrounds.

The credibility of geothermal simulations depends on calibrating model
parameters against observed field data (e.g. hydraulic heads, temperatures and flow
rates). FEPEST is a sophisticated graphical user interface that facilitates the
management of PEST-based calibration and uncertainty tasks within the FEFLOW
simulation environment. Beyond providing a convenient way to set up parameter
estimation and parallelised computation, FEPEST supports methodologies such as
pre-calibration Monte Carlo analysis, which are critical for assessing parameter
sensitivity and uncertainty prior to formal calibration, especially when dealing with
high-dimensional and spatially heterogeneous systems. These interfaces empower
users to harness the full theoretical sophistication of the PEST suite without being
burdened by the intricacies of low-level file and batch scripting. However, it is
essential to have a robust understanding of the underlying mathematical and
algorithmic principles to ensure the interpretation of results is meaningful, to
facilitate robust decision-making, and to enable advanced customisation. PEST++
is a modern advancement in PEST parameter estimation [123]. It has been
developed to manage large-scale, highly parameterised models in a computationally
efficient and user-friendly manner, whilst also facilitating parallelisation. The

_47 -



integration of PEST++ with FEFLOW is now widely regarded as the optimal
approach for high-stakes environmental and energy simulations (Figure 15).

| prior Monte Carlo analysls l___,.:y data space inversion parameter-based history-matching

data-assimilation

fi.e. information haresting]

—

model complexity

N

Parameters do not provide a suitchie basis Porometers provide o suitobie basis for ‘

fiov infarmetion hanvesting and delivery infarmation horvesting and delivery

\ structurally simple,
parametrically pomplex
ochastic data-assifnilaticn
N won® . "
worst case analysis |——+ fi.e. informotidn horvesting]

@ prediction-pertinent Information content of history-matching dataset

Figure 15. Map of decision-support modelling appropriateness [127].

The theoretical foundation of PEST++ rests on the formulation of parameter
estimation as a nonlinear inverse problem, where the objective is to identify
parameter vectors that minimize the discrepancy between observed system states
and those simulated by the numerical model. The classical parameter estimation
problem seeks the parameter vector d which minimizes the weighted sum of
squared residuals between observed (dobs) and simulated (dsim) system states,
commonly referred to as the measurement objective function ©:

Equation 18

@ = (dops — dsim)TW(dobs — dsim)

Where @ is the scalar objective function value that quantifies the mismatch
between observed data and model simulations (the calibration process seeks to
minimize @), d,ps is the vector of observed data from field measurements or
monitoring (these are target values for calibration), dg;,, is the vector of simulated
data produced by the numerical model given the current set of parameter values,
(dops — dgim)T is the weighted sum of squared residuals, between observed and
simulated values for each measurement, calculated as the inner product of the
residual vector weighted by W that represents the weighting matrix that accounts
for measurement uncertainties and the relative importance of different observations.
This formulation is predicated on the maximum likelihood estimation principle,
operating under the assumption of Gaussian measurement errors, thus establishing
a rigorous statistical interpretation of calibration results.

In order to address the inherent ill-posedness and prevent overfitting that
commonly afflict hydrogeological inversion problems due to characteristically low
data-to-parameter ratios, regularization terms are systematically incorporated
following Tikhonov regularization principles. The total objective function is
augmented as follows:
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Equation 19

(ptotal = (pmeasurement + A(pregularization

where the regularization component typically assumes the form:

Equation 20

(pregularization = (p - pprior)TVVp(p - pprior)

In this expression, pprior Tepresents prior parameter estimates informed by
expert knowledge and field observations, W, constitutes the parameter weighting
matrix that encodes spatial correlation and relative confidence in different
parameter values, and A serves as the regularization weight factor that controls the
relative emphasis placed on data fitting versus adherence to prior information. This
regularization framework enables systematic incorporation of expert knowledge,
spatial correlation information, and geostatistical constraints to produce physically
plausible and hydrogeologically realistic parameter distributions while maintaining
mathematical rigor in the optimization process.

PEST++ implements two primary calibration algorithms, each of which has
been designed to address specific problem characteristics and computational
requirements inherent in different modelling contexts. The PESTPP-GLM (Gauss-
Levenberg-Marquardt) algorithm is an example of a gradient-based optimisation
methodology that operates iteratively. In this methodology, the Jacobian matrix J is
constructed, which contains sensitivities of simulated outputs to each parameter.
The parameter vector is then updated according to the following equation (pag 108
eq. 7.4.1 Ref.[127] ):

Equation 21
p—po=(QN7Qr

Where p, designates parameter values at the start of the iteration while r
designates model-to-measurement residuals calculated using the p, parameter set.
J is the Jacobian matrix calculated using the p, parameter set, Q is the observation
weigth matrix (W in Equation 19).

Use of Equation 21 directly to estimate parameters for a nonlinear model can
be numerically inefficient. In practice, the diagonal terms of the J*QJ matrix should
be enhanced through use of the following equation to calculate parameter
improvements:

Equation 22

p—po=({QJ+ADTJQr

A is the so-called “Marquardt parameter”, or simply “Marquardt lambda”,
named after Marquardt who employed this strategy [128].
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The Marquardt parameter fulfils several critical functions: it ensures numerical
stability during the initial iterations when the objective function surface may exhibit
strong nonlinearity, it prevents numerical singularity of the normal equations
matrix, and it provides adaptive regularisation based on local problem conditioning
characteristics. In cases of highly parameterised problems where the normal matrix
becomes singular or ill-conditioned, the truncated Singular Value Decomposition
(SVD) provides numerical stability through the effective computation of the
Moore-Penrose pseudo-inverse (Section 8.2.5 Ref. [127]). This process
automatically identifies and handles parameter combinations that are poorly
constrained by available data.

Advanced regularization within PESTPP-GLM can incorporate comprehensive
prior covariance information through the formulation:

Equation 23

== (3 Y)Y e

where Y.z1] represents the observation error covariance matrix, 251 ]
represents the parameter prior covariance matrix that encodes spatial correlation
structure and parameter uncertainty characteristics, and A the Marquardt damping
factor. This "regularized GLM" approach ensures solution stability even when
observational information is insufficient relative to parameter space dimensionality,
while maintaining the ability to honor complex geostatistical relationships between
parameters (chapter 8 Ref. [127]).

The alternative calibration paradigm enabled by PESTPP-IES (Iterative
Ensemble Smoother) represents a fundamental shift toward ensemble-based
parameter estimation, particularly suited for high-dimensional problems and
models with pronounced nonlinearities in parameter-to-output mapping
relationships. Rather than computing local derivatives explicitly through finite
difference calculations, the IES approach propagates an ensemble of parameter
realizations through the forward model, using empirical covariances to update
parameter distributions based on observed data. The IES algorithm is fundamentally
grounded in Bayes' theorem for parameter estimation (chapter 12.3 Ref. [127]).

Many environmental models necessitate spatially varying parameters; a prime
example of this would be hydraulic conductivity. However, it is important to note
that assigning a parameter to every cell inevitably results in an overwhelming
number of parameters, which far exceeds the information content of the available
data. The pilot point method is a powerful solution that blends parsimony and
flexibility.

Pilot points are spatially distributed locations at which parameter values are
defined explicitly. It is acknowledged that pilot points can be useful for any model
parameter or boundary condition. However, it is important to note that they are most
commonly applied to aquifer hydraulic conductivity. The earliest applications of
this concept can be traced back to the works of de Marsily and subsequent

-50 -



contributions by Certes and de Marsily [129] and LaVenue and Pickens [130].
These initial studies were further expanded upon by RamaRao et al. [131], and
LaVenue and de Marsily [132]. The latter authors combined the use of pilot points
with a methodology for optimal selection of pilot-point locations. Furthermore, a
methodology was developed for the utilisation of pilot points in conjunction with
stochastic fields to derive multiple hydraulic-property distributions. The purpose of
this methodology is twofold: firstly, to calibrate a model, and secondly, to respect
the geostatistical characterisation of a study area. The employment of multiple field
realizations in the context of model predictions enables the exploration of estimates
of the uncertainty associated with these predictions.

A fundamental component of effective PEST++ implementation lies in pilot
point parameterization, which enables flexible spatial representation of hydraulic
and thermal properties without imposing overly restrictive assumptions about
parameter homogeneity [133,134]. Rather than assuming piecewise constant or
uniform properties throughout the model domain, pilot points allow specification
of properties at strategically chosen locations, with intermediate values interpolated
geostatistically using proven techniques such as kriging or inverse-distance
weighting:

Equation 24

Pceut = Z w; (Xcell'Xi) pi
i

where p is the pilot point value (ex. hydraulic conductivity), and X the
positions, p..;; 1s the interpolated value, p; the initial one, and w; is the weight
defined by the chosen interpolation function and the spatial variogram. This
approach enables direct exploitation of heterogeneity inferred from field
measurements, yielding realistic spatial parameter fields that honor both data
constraints and geological understanding while maintaining computational
tractability.
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2.4 Case Studies

This chapter presents a comprehensive investigation of geothermal energy
systems in the Turin metropolitan area through multiple case studies that span
different scales of analysis, from regional to site-specific. The study area represents
a distinctive hydrogeological setting within the Po Plain, offering exceptional
opportunities for the development of open-loop GWHPs. The case studies examine
the geological and hydrogeological framework at progressively detailed scales,
culminating in numerical modelling analyses (chapter 2.5 Results) that demonstrate
the feasibility and environmental impact of geothermal energy systems in urban
environments.

The investigation adopts a hierarchical approach, encompassing a broad
geological characterisation of northern Italy, followed by a focus on the Piedmont
regional scale, and subsequently examining the specific hydrogeological conditions
of Turin at the municipal level. Three distinct numerical modelling case studies are
presented: firstly, an urban-scale simulation of all existing geothermal systems in
Turin was conducted using MODFLOW software; secondly, a detailed validation
modelling of the Politecnico di Torino geothermal installations was performed with
monitoring data integration; and thirdly, a prospective analysis of three potential
new geothermal sites was conducted using FEFLOW software.

This multi-scalar approach provides a comprehensive framework for
understanding the complex interactions between geological structures,
hydrogeological processes, and anthropogenic influences that control the
development and sustainability of shallow geothermal resources in densely
urbanized areas. The case studies demonstrate how advanced numerical modelling
techniques can support evidence-based decision-making for renewable energy
planning and environmental protection in urban contexts.

The Northern Italy regions encompasses one of Europe's most significant
hydrogeological systems, extending from the Alpine chain to the Apennine
foothills. The Po Plain represents the largest alluvial basin in Italy and constitutes
the most productive and prosperous region of the country, with per-capita income
levels comparable to those of central and northern European countries. This densely
populated area hosts approximately 28% of Italy's population and includes
numerous UNESCO World Heritage sites [135].

The Po Plain is formed as a foreland basin during the complex tectonic
evolution involving the collision between the Eurasian and African plates[136].
This geological setting has created optimal conditions for groundwater
accumulation and shallow geothermal energy exploitation across vast urbanized
areas [137]. The area lies on the buried sector of the Adria microplate, a promontory
of the African plate or independent microplate, positioned between the NE-verging
northern Apennines and the S-verging southern Alps [138]. The development of
these two facing fold-and-thrust belts, connected with the broad collision of the
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Eurasian and African plates, led to the formation of the Po Plain basin representing
the foreland basin of both orogens [139,140].

From the Tertiary period onwards, the Po Plain has evolved as a complex
sedimentary basin influenced by both Alpine and Apennine orogenesis. The
structural and sedimentary framework has been extensively constrained using
numerous seismic reflection profiles and deep-well logs from decades of
hydrocarbon exploration [141]. The basin architecture consists of superimposed
sedimentary cycles that record the progressive filling of the foreland depression,
with the external fronts of both chains mostly buried under a thick siliciclastic
sequence (late Eocene—present) consisting of syntectonic sediments and recent
alluvial deposits [142,143].

The siliciclastic sequence can be subdivided into two major depositional cycles
[135-137,139-146]:

= Lower Cycle (Late Eocene—Early Messinian): The formation is
primarily fed by the Alpine chain, and the cycle consists of silty and
shaly deposits (Gallare Marls; late Eocene to Miocene) intercalated with
sandy and conglomeratic formations (Gonfolite Formation; Oligocene),
passing upward to sandy marls (Marnoso-arenacea Formation;
Langhian to Messinian), clays (Colombacci Formation; Messinian), and
evaporitic deposits (Gessoso Solfifera Formation; Messinian).

=  Upper Cycle (Late Messinian—Present): Fed by both the northern
Apennines and the southern Alps, this cycle consists primarily of
marine sandy and conglomeratic formations (Sergnano Gravel, Porto
Corsini, Porto Garibaldi, Santerno, and Asti sandstones; Pliocene to
middle—late Pleistocene) that transition into extensive alluvial deposits
(middle-late Pleistocene to present). It is notable that the continental
deposits south of the Po River consist of alluvial fan and plain deposits
embedded in clays with elongated shapes, whereas the sedimentary
bodies north of the Po River are wider, generally tabular, and contain
minor amounts of fine-grained sediments.

These clastic sequences are superimposed on a carbonate and marly substratum
(Triassic-middle Eocene), which overlies platform and continental Permian—
Triassic formations, lying in turn on the Variscan crystalline basement. The Triassic
deposits are occasionally intruded by intra-sedimentary volcanic bodies, thereby
introducing a complex subsurface architecture [147].

The Quaternary evolution of the Po Plain has been characterized by multiple
glacial-interglacial cycles that have profoundly influenced the sedimentary
architecture and hydrogeological properties of the basin. During glacial periods,
extensive alluvial fan systems developed at the outlets of major Alpine valleys,
creating highly permeable coarse-grained sedimentary bodies. These formations
constitute the primary aquifer systems exploited for water supply and geothermal
energy applications throughout Northern Italy.
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The hydrogeological framework is dominated by extensive multi-layered
aquifer systems hosted within Quaternary alluvial deposits. The shallow unconfined
aquifers, typically found at depths of 10-50 meters below ground surface, exhibit
excellent hydraulic properties with permeability values ranging from 1073 to 102
m/s. These aquifers maintain direct hydraulic connection with major river systems
including the Po, Adda, Ticino, and their tributaries, creating complex surface
water-groundwater interactions that sustain both water supply and renewable
energy applications [ 148].

The thermal characteristics of shallow groundwater in Northern Italy are
particularly favourable for geothermal energy exploitation. Natural groundwater
temperatures typically range from 12-16°C, reflecting the temperate continental
climate and geothermal gradient of approximately 30°C per kilometer. Regional
studies have documented systematic spatial variations in groundwater temperature,
with progressive warming from Alpine foothills toward the central Po Plain driven
by longer residence times and geothermal flux from depth [149].

The Piedmont region represents a distinctive sector of the Po Plain,
characterized by unique geological and hydrogeological conditions that make it
particularly suitable for shallow geothermal energy development. Located in the
northwestern part of Italy (Figure 16), the region extends from the Western Alps to
the Po River, encompassing diverse morphological features including mountain
chains, morainic amphitheatres, fluvioglacial terraces, and alluvial plains [150].
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Figure 16. Piedmont region location map [150].

The Piedmont region is underlain by the Cenozoic Tertiary Piedmont Basin
(BTP), a syn-orogenic foredeep that experienced Alpine—Apennine collision from
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the Oligocene through the Messinian [151]. The BTP succession is comprised of
seven synthems, namely: a) two Late Eocene—Early Miocene terrigenous units
(conglomerates, sandstones, marls), b) a Burdigalian carbonate, c) two Langhian—
Tortonian terrigenous synthems and d) Messinian evaporites [152]. Each synthem
is separated by regionally traceable unconformities linked to major compressional
phases [153—155]. These deposits rested atop Paleozoic—Mesozoic metamorphic
complexes of the Alps and were later draped by Pliocene marine and deltaic strata:
the Argille Azzurre Formation (upper epibathyal—circalittoral clays), the Sabbie di
Asti (circalittoral-littoral sands), and the Villafranchian succession, which recorded
a transition from deltaic to continental environments [156].
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Figure 17. Geological map of Western Alps and Tertiary Piedmont Basin [152].

The hydrogeological conceptual model of the Piedmont plain represents a
complex multi-layered aquifer system that has developed through extensive
Quaternary sedimentation and tectonic processes. This system consists of three
superimposed hydrogeological complexes, arranged from top to bottom: the
Alluvial deposits complex (lower Pleistocene-Holocene), the 'Villafranchiano'
transitional complex (late Pliocene—early Pleistocene), and the Marine complex
(Pliocene) [157-162].

The subsoil's hydrogeological structure is significantly influenced by two major
structural elements: the Rivoli-Avigliana Morainic Amphitheatre (RAMA) to the
west and the Turin Hill Miocene anticline to the east. The Piedmont Region exhibits
a complex morphological and structural framework defined by the Alpine and
Apennine mountain chains, the Monferrato and Langhe hills, endorheic and fluvio-
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glacial systems, and extensive alluvial deposits at the outlets of major Alpine and
Apennine valleys [150]. To the north, large glacial lakes transition into the
extensive alluvial plains of the Po River, while to the west lies the RAMA, a
significant glacial landform that fundamentally controls regional groundwater flow
patterns. The piezometric surface gradually flows towards the nearby base level,
following the path of the Po River, with average runoff direction fluctuating
between NW-SE and WNW-ESE and an average hydraulic gradient of 0.35% [73].

The shallow unconfined aquifer is hosted within the Alluvial deposits complex,
consisting of coarse gravel and sand of fluvial or fluvioglacial origin, with
subordinate silty-clayey intercalations. This complex demonstrates favourable
characteristics for geothermal energy exploitation, with thickness generally ranging
between 20 and 50 meters and high hydraulic conductivity values (k = 5x1073 +
5%x10™* m/s) [150]. The high permeability of these deposits facilitates efficient
groundwater flow and heat exchange processes essential for open-loop geothermal
systems. Deeper aquifer systems are present in the underlying fluvial-lacustrine
'"Villafranchiano' complex and the Pliocene marine sediments. These aquifer
systems serve as key sources of drinking water throughout the Piedmont plain due
to their high productivity and superior groundwater quality compared to the shallow
aquifer [163].

The regional geological framework includes highly consolidated sediments,
predominantly marls, clays, silts, clayey limestone, conglomerates, sandstone, and
gypsum, which represent the Tertiary Piedmont Basin deposits of Eocene-Miocene
age. These sedimentary formations are characterized by low permeability and
permit only limited groundwater circulation along fractured zones, resulting in the
development of springs with low to very low discharge rates (typically less than 1
I/s or a few I/s). While these formations do not constitute viable targets for
geothermal exploitation, they play important roles as confining layers and
contribute to the overall hydrogeological structure of the region [150].

The crystalline rocks of the Alps border the plain on the northern and western
sides, forming the structural foundation of the regional hydrogeological system.
These formations are predominantly impermeable or exhibit slight permeability
through fracture networks. In mountainous areas, water resources are primarily
located in valley-floor aquifers developed within sedimentary non-cohesive
deposits such as debris, landslide bodies, and glacial deposits, or within intensely
fractured bedrock systems. Springs with low discharge rates are generally
associated with thin and discontinuous Quaternary deposits, while springs with
higher discharge are linked to significant aquifer systems corresponding to large
and thick landslide bodies or highly fractured bedrocks affected by deep-seated
gravitational slope deformations (DSGSDs) [164,165]. Additionally, localized
karstic circulation systems may develop within calcareous rock formations in alpine
environments.

Glacial deposits are present in the major morainic amphitheatres of Rivoli-
Avigliana, Serra d'Ivrea, and Upper Novarese. These formations consist of
glacigenic successions with interglacial paleosols and deposits, ranging in age from
terminal Early Pleistocene to Late Pleistocene [166]. The hydraulic properties of
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these deposits vary significantly depending on grain size, weathering processes, and
argillization of sediments. Glacial and fluvioglacial deposits may host shallow
aquifer systems and locally developed perched aquifers, contributing to the overall
complexity of the regional groundwater system. The low plain sectors function as
regional discharge areas, with the Po River serving as the main regional discharge
axis for groundwater flow [167]. This flow pattern creates a systematic hydraulic
gradient from the Alpine foothills toward the Po River, providing optimal
conditions for sustainable groundwater extraction and geothermal energy
applications. The Figure 18 shows the hydrogeological complex of Piedmont
Region (data derived from Arpa Piemonte geoportal [168]).
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Figure 18. Hydrogeological map of Piedmont (data from [168]).

The city of Turin (Torino) is an exceptional case study for the development of
shallow geothermal energy, combining favourable geological conditions and
significant urban energy demand. Situated in northwestern Italy on the Piedmont
plain (Figure 19), Turin lies at the intersection of intricate morphological, climatic,
geological and hydrogeological systems, providing ideal conditions for the
sustainable use of groundwater heat pumps.
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Figure 19. Map showing the geographical location of Turin area.

Turin is located on the Po Plain, south of the Western Alps, and covers an area
of 130 km? with a population of 857,910 inhabitants (Figure 20 A) as of 2019,
making it the fourth-largest Italian city with a population density of less than 6,600
inhabitants per square kilometre. The Metropolitan City of Turin, in its broader
sense, encompasses 315 municipalities and a total area of 6,821 km? with a
population of approximately 2,208,370 inhabitants (Figure 20 B). This constitutes
a substantial urban agglomeration, which consequently exhibits significant energy
requirements for heating and cooling applications. The city has been selected as one
of ten Italian cities participating in the EU's "100 Climate-Neutral and Smart Cities
by 2030" mission, committing to achieve net-zero COz emissions by 2030, twenty
years ahead of the European target, necessitating rapid deployment of renewable
energy technologies including geothermal systems.
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Figure 20. (A) Number of inhabitants in Torino city since 1951, data from ISTAT; (B) Number of
inhabitants in Torino Metropolitan City since 2001 [73].
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The urban morphological setting of Turin is fundamentally controlled by its
position within a complex geological framework extending from the Rivoli-
Avigliana Morainic Amphitheatre (RAMA) in the west to Turin Hill in the east.
The topography of the area is defined by the presence of major river systems, with
the Stura di Lanzo River to the north, the Dora Riparia River flowing through the
central urban area, and the Sangone River to the south, all of which ultimately
discharge into the Po River that flows northeastward along the western boundary of
Turin Hill. The topographical features of the city have been shaped by the eastward-
sloping Susa Valley, which is supplied by an extensive outwash fan and drained by
the Dora Riparia River.

The climatic conditions of Turin are indicative of its continental temperate
setting within the Po Plain, characterised by warm summers and cold winters that
create significant seasonal heating and cooling demands. During the winter months
(December-February), Turin experiences cold and damp conditions with average
temperatures ranging from 2.2°C in January to 4.2°C in February, with minimum
temperatures frequently dropping below freezing to -1.5°C in January and -0.3°C
in February. The winter season is characterised by the lowest annual precipitation
levels, averaging 28.6 mm in January, though the relative humidity remains high at
approximately 69-80% (data from [169]). Snowfall is a common occurrence during
the winter months, with an average annual accumulation of 25 centimetres.
However, significant snowfall events, reaching heights of 40-55 centimetres, have
been documented in historical records [170]. The summer months (June-August)
are characterised by warmer and more humid conditions, with average temperatures
reaching 24°C in July, the warmest month, and maximum temperatures averaging
29°C. The range of minimum summer temperatures is from 15.5°C in June to
17.4°C in July, indicating significant diurnal temperature variations. The summer
period is characterised by moderate to high humidity levels (72-74%) and increased
thunderstorm activity, particularly during the afternoon and evening hours (data
from [169]). These meteorological phenomena contribute to the seasonal
precipitation maximum in May (average of 127 mm) and significant rainfall in June
(average of 104 mm).

Temperatures are subject to the effects of global climate change, as evidenced
by historical climate series analysis which shows an increase of 0.8°C per century
in the plain areas of the Piedmont region [170]. The average annual temperature has
increased from 12.5 to 13.7°C between the periods 1870-2010 and 1971-2010,
reflecting significant warming trends that have implications for energy demand
patterns and geothermal system performance [171]. Throughout the twentieth
century, the urban areas of Turin experienced significantly elevated temperatures
in comparison to the rural areas that surrounded them. This phenomenon is known
as the urban heat island effect [172,173]. Research has documented that Turin's
urban groundwater temperatures are 0.6-1.6°C above rural sectors, with urban
aquifer temperatures averaging 14-16°C compared to 12-14°C in rural areas [174].
This temperature rise over the last 150 years is attributed to vigorous urban
expansion, with the increase in the number of inhabitants and vehicles in Turin city
being among the largest contributors to urban air warming [171]. The substantial
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artificial land cover, incorporating roads and buildings, absorbs and retains solar
radiation, consequently transferring heat to the underlying aquifer system.

From a geological perspective, Turin is positioned within a structurally
complex setting controlled by the interaction between Alpine and Apennine
orogenic processes. The city is underlain by the western termination of the Turin
Hill anticline, a NE-SW fold cored by Tertiary Piedmont Basin units that form the
structural backbone of the Turin metropolitan area (Figure 21). This uplifted
anticline has been reactivated during the Quaternary period, resulting in the
formation of a sequence of five to fifteen terraced fluvial gravel and sand bodies
along its flanks, positioned at elevations up to 480 metres above sea level on the
western slopes. The anticline axis plunges southwest beneath the modern Turin
Plain and is offset eastward by the Rio Freddo Deformation Zone, creating complex
subsurface structural controls that influence groundwater flow patterns and aquifer
geometry [175].
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Figure 21. [A] Geological sketch map of Western Piedmont; [B] Line drawings of seismic lines across
the Turin Hill Front (THF) and thrust-related folds [175].

This study is primarily concerned with Quaternary formations (Figure 22 and
Figure 23), which are described briefly from the most recent terms:

- Recent and current river floods are relatively weak and are confined to the
active river beds, consisting of clean gravels and sands with occasional finer lenses.
They are situated on less permeable interglacial conglomerate beds;

- Medium to recent river floods are mostly scarce on current riverbeds and
occur along the Po and other primary watercourses. They predominantly consist of
sandy-gravel deposits and are limited to a few metres thick;
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- Ancient river floods appear as discontinuous patches slightly terraced
relative to the present riverbed and often fill in the “fossilized meanders” of the
paleo-river. These outcrops gradually yield to the recent and ongoing river floods;

- Gravelly sandy-clay fluvioglacial deposits, a terrace system with reddish-
yellow palaeosols, is located approximately ten metres above the Middle-Recent
Alluvium of the Po River. It presents itself as a strong alternating sequence of
partially altered gravels and sands, reaching tens of metres in depth, intermixed with
finer sandy and silty layers that are generally less cohesive.

The morphology of the terraces’ boundaries is marked by deep incisions,

particularly along the Dora Riparia River’s riverbed. The sample appears as a dense,
well-cemented gravel. The matrix consists of a limited amount of silt and clay, with
abundant pebbles that are more than a tenth of a metre in size. The proportion of
sand is minor, while gravel is dominating.
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Figure 22. Geological map of Turin area (modified from [73]).
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The subsurface geology beneath Turin is characterised by a well-defined
stratigraphic succession, comprising three distinct hydrogeological units (Figure
24 and Figure 25). The Turin unit, designated as Unit 1 in this study, is a
glaciofluvial formation comprising sandy gravels and overbank silts. This unit,
measuring between 9 and 57 metres in thickness, was deposited by the Dora Riparia
and paleo-Stura systems. The Turin unit is characterised by its presence in a blanket,
and its deposition occurred on an erosional surface that was incised into the
underlying Villafranchian succession. It is evident that the uppermost unit
represents the primary target for geothermal energy applications, due to its high
permeability (hydraulic conductivity values ranging from 1073 to 10™* m/s) and
substantial thickness, which enables efficient heat exchange processes represented
by Layer A (Figure 26) of the numerical model presented in Section 2.5 Results.
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Figure 24. Hydrogeological map of Turin (Torino) municipality area showing the distribution of major
lithostratigraphic units and the potentiometric surface of the shallow aquifer system. Contour lines represent
groundwater levels in meters above sea level, illustrating regional flow directions and recharge gradients. The
red line indicates the location of the hydrogeological profile shown in Figure 25 [70].
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Unit 2b: The underlying Villafranchian succession (Piacenzian-Calabrian) is
characterised by alternating silt and fine gravel of the Lower Complex (of deltaic
origin) and locally preserved fluvial gravels of the Upper Complex, much of which
was removed by Pleistocene alpine stream erosion. The unit 2b supports a multi-
layered aquifer system that is extensively exploited for drinking water supply, a
practice facilitated by the aquifer's excellent productivity and superior water quality
compared to that of the shallow aquifer. However, regulatory constraints exist that
preclude the utilisation of these deeper aquifers for geothermal applications. This is
in order to preserve their strategic importance for municipal water supply, as
represented by Layer B in the numerical model (Figure 26).
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Unit 2a comprises Pliocene marine sediments, including the Argille di
Lugagnano Formation and the Sabbie di Asti, which are located at depths of 3-20
metres beneath the eastern Holocene terraces of the Po river. The marine sediments
under consideration have been confirmed through geophysical surveys and
borehole logs, and it is asserted that they provide important hydrogeological
controls and contribute to the confined nature of the intermediate aquifer systems
[162].

The third unit, which is the deepest, is composed of a Miocene molassic
sequence. Unit 3 contains confined aquifers with low yield, which are primarily
exploited in hilly areas for domestic use.

The shallow aquifer maintains direct hydraulic connection with the main
surface water drainage network, creating complex surface water-groundwater
interactions that provide natural recharge mechanisms and help maintain thermal
equilibrium. The groundwater flow is predominantly west-to-east, exhibiting a
mean piezometric gradient of approximately 0.35% (range 0.6-1.2%), a
phenomenon that is governed by the overarching topographic and structural
framework extending from the RAMA to the Po River. The piezometric surface
exhibits a gradual convergence towards the Po River, which functions as the
regional base level and primary discharge axis for the groundwater flow system
(Figure 27). The mean runoff direction exhibits fluctuations between the northerly-
southerly (NW-SE) and westerly-easterly (WNW-ESE) orientations, indicative of
the impact of the RAMA structural controls situated to the west and the Turin Hill
Miocene anticline positioned to the east.
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Figure 27. Geo-hydrological map of the Turin Area and groundwater flow direction [174].

The thermal characteristics of Turin's shallow groundwater system are
particularly favourable for geothermal applications, with natural temperatures
averaging 15°C throughout the shallow aquifer and reflecting stable conditions in
the saturated zone. Current geothermal development in Turin includes 44
operational open-loop groundwater heat pump systems as of 2023, representing
significant progress towards sustainable urban energy supply while demonstrating
the practical feasibility of large-scale geothermal deployment in dense urban
environments (Figure 28). The existing installations vary in scale, ranging from
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small residential systems with flow rates of 1-2 1/s to large commercial systems
exceeding 100 1/s.
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Figure 28. Geothermal open-loop wells location in Turin municipality.

The multidisciplinary understanding of the geological and hydrogeological
setting provides the foundation for detailed numerical modelling studies and site-
specific feasibility assessments. These assessments can guide future geothermal
system deployment while ensuring long-term environmental protection and
resource sustainability in this strategically important urban area.

These geological and hydrogeological characteristics are critical for assessing
shallow aquifer geothermal potential using the GAP methodology.

The collection of groundwater data was obtained from freely available
geodatabases provided by the Piedmont Region, with the aim of determining the
hydrogeological setting of the Turin urban area.

For the reconstruction of the hydrogeological parameter maps (groudwater
level, aquifer thickness and hydraulic conductivity distribution), the data were
obtained from the following platforms:

e Geoportale Piemonte [176]
e Geoportale Arpa Piemonte [168]

e aperTO [177].
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The map domain spans approximately 170 km?, as depicted in Figure 29. In the
selected CRS (WGS 84 / UTM zone 32N, EPSG: 32632), the domain is delineated
by the following vertices:

- A: X=385000.31160; Y=4987311.36700

- B: X=391177.27430; Y= 4999604.59400

- C: X=402194.34640; Y=4994154.15100

- D X=396017.37050; Y=4981860.92000
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S . Corner point
| D GAP study area

i "~ Pianezza

= Grugliascof

Rivalta di Torin

Pecetto Torinese|

BMoncalieriges

Figure 29. GAP study area map and corner points.

The GAP method case study includes several municipalities (Figure 29),
including: Turin, Grugliasco, Collegno, Venaria Reale, San Mauro Torinese,
Moncalieri, Nichelino, Beinasco, Orbassano, Rivalta di Torino and Rivoli.
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Geographic data, necessary for the GAP methodology, were obtained from the
following sources:

e Annual Reference Cartographic Base 2024 a black and white raster map at
a scale of 1:10,000 (2024).

e Digital Terrain Model (DTM 5) ICE 2009-2011 derived from aerial
imagery, this raster dataset features an accuracy of 0.30 m and a resolution
of 5m.

e Surface aquifer piezometry, a shapefile dataset representing the piezometric
surface at a scale of 1:100,000, corresponding to the June—July 2002 period.

e Surface aquifer base a dataset at a scale of 1:50,000, with data updated as of
5 April 2022.

Two distinct model area were developed using FEFLOW finite element

software to assess the feasibility and long-term thermal behaviour of prospective
open-loop geothermal systems in the Turin metropolitan area. The selected sites,
designated as Turin North and Turin South, represent contrasting hydrogeological
conditions and operational scales, providing a comprehensive evaluation
framework for shallow geothermal resource exploitation in heterogeneous urban
aquifer systems. The spatial distribution of these model domains within the broader
Turin context is presented in Figure 30, which displays the geological map of the
metropolitan area at 1:70,000 scale, clearly delineating the model area north and
model area south against the backdrop of Quaternary geological units. The
geological characterization reveals the predominance of fluvial, fluvioglacial, and
glacial deposits, with the Turin Hill marking the eastern boundary of the alluvial
plain.
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Figure 30. Simplified geological map of Turin metropolitan area.

Figure 31 presents the regional piezometric surface configuration derived from
ARPA monitoring data, displayed at 1:70,000 scale with contour lines ranging from
240 to 285m a.s.l.. This regional-scale piezometric characterization provides
essential boundary conditions for the subsequent detailed numerical models and
confirms the general flow direction that governs thermal plume propagation in
open-loop systems.
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Figure 31. Piezometric surface map of Turin metropolitan area.
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Figure 32 provides a detailed zoom view of the southern study area and the
proposed geothermal well locations distinguished as intake (extraction) and
discharge (reinjection) wells.
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Figure 32. Zoom view of south model area and design open-loop wells location.
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2.5 Results

This chapter presents the primary outcomes of the analyses conducted for open-
loop geothermal systems in the case study of Turin. The investigation employs a
comprehensive multi-scale analytical framework that progresses from regional to
site-specific assessment, following a top-down approach that enables systematic
evaluation of shallow geothermal potential across different spatial resolutions
(Figure 33). The results are organized according to three hierarchical approaches
(case study), each operating at a distinct spatial scale and employing specific
methodological tools.

The first approach operates at the city scale, utilizing the GAP methodology
(2.5.1 GAP Case Study) to assess the overall geothermal potential of Turin's urban
area. This regional-scale assessment provides a comprehensive overview through
potential mapping, which serves as a foundational tool for identifying suitable areas
for geothermal exploitation based on hydrogeological and thermal properties of the
shallow aquifer system. Notably, the extensive data preparation phase required for
the GAP methodology, including the spatialization of piezometric information,
hydraulic conductivity distributions, and aquifer thermal properties, established a
comprehensive georeferenced database that was subsequently utilised across all
subsequent modelling phases.

The second approach employs MODFLOW-based numerical modelling at two
different scales. The primary model consists of a city-scale groundwater flow and
heat transport model, the purpose of which is to simulate the cumulative effects of
all existing open-loop geothermal installations throughout Turin's urban area. This
model facilitates the assessment of potential hydraulic and thermal interference
between multiple systems operating within the same aquifer. The spatialised
hydrogeological parameters that were derived from the GAP assessment were
incorporated directly into the MODFLOW model grid. This process resulted in a
substantial reduction in model setup time and an enhancement of the reliability of
boundary conditions. Subsequently, a district-scale calibrated model focuses
specifically on the Politecnico di Torino campus, providing detailed analysis of the
existing geothermal plants and their interactions with local hydrogeological
conditions.

The third approach involves the implementation of FEFLOW software for site-
scale simulations, with case studies divided between the northern and southern
zones of Turin to account for spatial variations in geological and hydrogeological
settings. FEFLOW's advanced capabilities in simulating coupled groundwater flow
and heat transport processes enable precise evaluation of open-loop system
performance, including the assessment of extraction-injection well configurations
and their influence on aquifer thermal dynamics. The spatially distributed hydraulic
conductivity fields and piezometric surfaces, which had been developed for the
GAP and MODFLOW analyses, were refined and adapted for the higher resolution
FEFLOW meshes. This ensured continuity in the parameterization framework
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across all modelling scales. This fine-scale analysis is critical for optimising designs
and for evaluating potential environmental impacts on adjacent installations.

This hierarchical methodology ensures comprehensive characterization of
Turin's shallow geothermal resource, progressing from broad potential assessment
to detailed performance simulation, thereby providing robust scientific support for
sustainable exploitation of the urban aquifer thermal capacity. The methodological
synergy achieved through shared spatial datasets across different analytical tools
represents a significant advancement in computational efficiency and model
consistency for multi-scale geothermal resource assessment.

Multi-Scale Analytical Framework

Top-Down Approach

‘v—
City-Scale Assessment

- Regional Geothermal Suitability
- Hydrogeological Database

~ggyy

Urban-Scale Modelling

MODFLOW Simulation

City-Wide Model Politecnico d| Torino Campus
- Groundwater Flow & Heat Transport
- Calibrated Model

Site- Scale Simulation

FEFLOW Analysis

- Detailed Thermal Plume Dynamics
- Specific Geothermal Well Conflguratlon

Figure 33. Flow chart representation of the main results using the top-down scale approach.
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2.5.1 GAP Case Study

In this study, a grid composed of 50x50 m square cells was used. This
resolution facilitates the integration of the geothermal potential map with other
geospatial layers, providing enhanced topological and spatial context. The
combination of class discretisation and the use of polygon shapefiles enables a more
effective and user-friendly visualisation of geothermal potential. The dual approach
adopted in this study enhances interpretability by highlighting key variations in
thermal power distribution and providing precise spatial delineation, which are both
essential for scientific analysis and practical applications in geothermal resource
management.

Following data import into QGIS, spatial interpolation was performed using the
Kriging method through the SmartMap Plugin [178].

To evaluate the hydraulic conductivity (k) across the Turin metropolitan area,
data were initially retrieved from the Piedmont Geoportal and supplemented with
additional stratigraphic sections from the ARPA Piemonte database. These
sections, which include lithological descriptions from borehole investigations,
enabled the categorization of hydraulic conductivity into three classes, following
the approach of Gizzi et al. [74]: (i) gravel with pebbles (3.1-1073 m/s), (ii) gravel
with sand (2.6-10 m/s), and (iii) sand with gravel embedded in a silty matrix
(1.5-10 m/s). The integration of these datasets yielded approximately 300
measurement points representative of the shallow aquifer (Figure 34).
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Figure 34. Example of hydraulic conductivity data set used on QGIS.
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Subsequently, the hydraulic conductivity values were transformed to their
logarithmic scale to better conform to the assumptions of spatial stationarity and
normality inherent in geostatistical methods. The Kriging interpolation was then
performed using the SmartMap Plugin in QGIS, which offers an integrated
framework for geostatistical analysis. In this process, the plugin automatically
identifies and excludes outlier data, ensuring that anomalous values do not skew the
interpolation results (Figure 35).
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Figure 35. Distribution of data visualised on SmartMap Plugin, the colour shows the logarithmic value of
the hydraulic conductivity in the area.

The spherical variogram model was selected as the best fit for this dataset,
based on its ability to capture the spatial autocorrelation characteristics shown in
the variogram graph (Figure 36).
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Figure 36. The Variogram show the distribution and trend of the value, the blu line is the best fit used for
interpolation.

The Kriging process, therefore, involved estimating the logarithmic hydraulic
conductivity at unsampled locations, generating a continuous raster file
representing the spatial variability of k across the study area. Finally, using the
QQIS Raster Calculator, the logarithmic values were back-transformed to yield the
actual hydraulic conductivity values in m/s. The resulting map, which delineates
the spatial distribution of hydraulic conductivity, forms a critical component of the
overall hydrogeological model.

The hydraulic conductivity map was subsequently generated using the Kriging
interpolation method, with the spherical variogram model selected as the best fit for
the dataset. This map, which delineates the spatial distribution of hydraulic
conductivity, constitutes a critical component of the overall hydrogeological model
(Figure 37).
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Figure 37. Spatial distribution of hydraulic conductivity (m/s) within the study area. Measurement
locations are shown as green squares, and conductivity values are classified into ten intervals ranging from
7-10-5to 6.4-10-3 m/s. The map reveals significant heterogeneity in aquifer permeability. This variability
directly influences groundwater flow dynamics and the feasibility of open-loop geothermal exploitation.

To accurately characterize the geometry and capacity of a shallow unconfined
aquifer system, determining aquifer thickness is a fundamental step. This
parameter, representing the vertical extent of the saturated zone, directly influences
groundwater availability and the feasibility of open-loop geothermal systems.

Aquifer thickness was estimated by combining the interpolated piezometric
surface, derived from the regional monitoring network of ARPA Piemonte, with the
updated geospatial dataset of the aquifer base elevation provided by the Piano di
Tutela delle Acque (PTA) as of 2021 (Figure 38). The piezometric surface, which
reflects the elevation of the water table in metres above sea level (m a.s.l.), was
generated using Kriging interpolation techniques within the QGIS environment, as
previously described for hydraulic conductivity. A similar interpolation was applied
to the aquifer base elevation dataset.

The final aquifer thickness raster was then computed using the “Field
Calculator” tool in QGIS, by performing a cell-by-cell subtraction between the
piezometric surface and the aquifer base elevation.
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Figure 38. Map of aquifer base elevation (m a.s.l.) within the study area. Black contour lines indicate the
depth of the aquifer base, ranging from 190 to 235 m a.s.l., revealing the structural geometry of the subsurface
and its influence on groundwater flow.

The result is a two-dimensional shapefile that quantifies the thickness of the
aquifer throughout the study area, expressed in meters (Figure 39). The highest
thickness values (31.5-34.5 m) are located in the northwestern corner near point B
and in the central sector of the map, reflecting depositional zones characterised by
deep gravelly sequences. Conversely, the thinnest zones (4.5-7.5 m), identified by
dark purple areas, are primarily located in the southern portion of the map, near
point D, and along major river corridors. These spatial variations in aquifer
thickness are consistent with the regional hydrogeological setting, where increased
sediment compaction or erosional processes near active riverbeds lead to reduced
saturated zone thickness.
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Figure 39. Spatial distribution of aquifer thickness (m) within the study area. Thickness values range
from 4.5 m to 34.5 m. This map supports the hydrogeological characterization of the urban subsurface and
informs resource potential assessments.

Figure 40 shows the spatial distribution of the maximum extractable
groundwater discharge in the urban area of Turin, as estimated using the GAP
methodology. The map displays the predicted discharge from the shallow alluvial
aquifer in classes ranging from 1 to 200 I/s, represented by a continuous colour scale
from dark blue (lowest values) to dark red (highest values). This pattern highlights
a marked spatial heterogeneity, reflecting variations in hydrogeological properties
such as hydraulic conductivity, aquifer thickness, and hydraulic gradients across
the study area.

Higher discharge values are predominantly located along the main fluvial
corridors and in sectors where the aquifer is thicker and more transmissive, whereas
lower values occur in areas with less favourable hydrogeological conditions. The
resulting map provides a spatially explicit representation of the groundwater
abstraction potential derived from the GAP workflow and can be interpreted as a
first-order estimate of the maximum sustainable discharge at the urban scale. These
results offer a quantitative framework to support preliminary planning of open-loop
geothermal systems and to identify priority zones for more detailed site-specific
investigations.
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Figure 40. Estimated groundwater discharge rates (I/s) across the study area following application of the
GAP method. Values range from 1 to 200 I/s. The map provides a spatially explicit output of the GAP model,
supporting preliminary assessments of geothermal abstraction potential.

The final geothermal potential map is shown in Figure 41, illustrating the
distribution of geothermal potential across the study area based on the GAP
classification method. The map is divided into six main classes, ranging from low
potential (Class 1: 5-10 kW, in dark blue) to high potential (Class 6: >500 kW, in
dark red). The map highlights a quite homogeneous distribution of geothermal
potential, with the central and western sectors of the city largely falling within the
highest class (Class 6), mirroring a high suitability for the development of open-
loop systems.

Similarly to the discharge distribution (Figure 40), lower geothermal potential
values are observed in proximity to main river systems, where areas are classified
down to Class 2. This pattern is mainly attributed to the reduced aquifer thickness
in these zones, as river valleys often correspond to areas with limited sediment
accumulation and higher groundwater flow velocities, resulting in a lower storage
capacity.

In contrast, the central and southern parts of the study area show extensive
zones classified as Class 5 and Class 6 (orange and dark red), corresponding to
thermal power values in excess of 200 kW. These high-potential areas are likely
associated with thicker aquifer deposits, composed of coarse-grained materials such
as gravel and sand with higher hydraulic conductivity. The increased thickness of
the saturated zone enhances the efficiency of heat extraction, making these
locations more favourable for geothermal applications.
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Figure 41. Spatial distribution of GAP potential classes across the study area. Most of the area is
dominated by Class 6 (dark red), indicating zones with favorable aquifer properties and high predicted
discharge rates.

The histogram in Figure 10 illustrates the distribution of groundwater thermal
power (kW) in the study area, derived using the GAP method. The bars report, for
each power class, the fraction of 50 x 50 m cells belonging to that interval. The
distribution is markedly right-skewed and can be interpreted in terms of three main
clusters of groundwater thermal potential.

The first cluster, which includes powers between roughly 200 and 600 kW,
represents the dominant portion of the aquifer and accounts for about 40-45% of
all cells. Within this interval, the most populated classes are 300—400 kW and 400—
500 kW, each contributing approximately 6—7% of the cells, while the adjacent
200-300 kW and 500-600 kW classes reach values of the order of 4-5%. Cells in
this cluster generally correspond to the central sectors of the alluvial plain, where
the aquifer thickness and hydraulic conductivity are moderate, and they are suitable
for supplying the heating and cooling demands of typical multi-family residential
buildings and small office or school complexes.

A second cluster can be recognised between about 600 and 1500 kW,
comprising nearly 30-35% of the total cells. In this range, the relative frequencies
gradually decrease from around 3—4% per class at 600—-800 kW to about 2% per
class close to 1200-1500 kW. These cells are mainly located in zones where the
aquifer is thicker and the flow conditions are favourable, and they can sustain
medium-scale geothermal systems serving building aggregates, mixed-use blocks
or campus-type facilities with relatively high thermal loads.

The third cluster, corresponding to powers exceeding approximately 1500—
2000 kW, represents about 10—15% of the mapped cells and includes the tail of the
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distribution up to powers above 4000—4500 kW. Although less frequent, these
high-potential cells often coincide with coarse, highly permeable gravel bodies,
where the combination of large saturated thickness and high transmissivity
produces substantial extractable thermal power. These areas are especially
appropriate for large groundwater heat pump installations, decentralised energy
hubs or small district heating and cooling networks, where a limited number of
wells can serve multiple end-users.

Finally, the remaining 10—15% of cells exhibit powers below 200 kW and are
mostly confined to marginal sectors of the aquifer, affected by reduced saturated
thickness, lower hydraulic conductivity or locally unfavourable boundary
conditions. While less attractive for high-capacity systems, these low-potential
zones can still host small-scale installations for individual buildings, provided that
the design properly accounts for the limited available groundwater flow and the
need to control thermal interference with neighbouring systems.

Thermal Heat Water Power Distribution

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
P (kW)

Figure 42. Histogram chart of the thermal water power distribution expressed in kW.

The classification into discrete classes (Table 6) is instrumental for several
important purposes. First, it enhances the visualisation of the geothermal potential
by clearly delineating areas of varying thermal power, thus facilitating the
identification of zones of low, moderate, and high potential. This categorisation is
of particular importance in a planning context, as it facilitates decision-making
processes related to site selection, resource allocation, and potential economic
feasibility. Furthermore, the classification helps to simplify complex data,
improving the clarity and readability of the resulting map and enabling stakeholders
to quickly assess the spatial distribution of geothermal resources.

The GAP analysis presented above identifies spatial distribution of geothermal
potential across the Turin metropolitan area, providing essential guidance for
strategic planning and site selection. However, to validate the technical feasibility
of specific installations and assess long-term sustainability under realistic
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operational conditions, detailed numerical modelling is required. The following
sections present two complementary numerical case studies: Section 2.5.2
MODFLOW employs numerical modelling to simulate cumulative impacts from
all existing geothermal installations across urban Turin, while Section 2.5.3 utilises
FEFLOW to analyse prospective large-scale installations in northern and southern
sectors with rigorous parameter calibration and extended temporal projections.
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2.5.2 MODFLOW Case Studies

The initial case study encompasses the numerical simulation of all geothermal
wells currently present in the city of Turin. In the absence of a system for registering
wells, the location and number of said wells were determined by means of an
analysis of all discharge authorisation applications (identified as industrial
discharges) for the city of Turin, conducted on a case-by-case basis. As illustrated
in Figure 43, the geothermal wells are categorised into two distinct types: intake
wells (green diamond) and discharge wells (red triangle). The creation of a
geodatabase containing key information in QGIS software was then undertaken.
This geodatabase included the total number of wells (154 as of 2024), geographical
coordinates for each well, and the maximum authorised flow rate.
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Figure 43. Map of the model area and location of simulated wells.

Fluid flow and heat transport mechanisms in the unconfined aquifer were
modelled by using the modular finite-difference groundwater flow model
(MODFLOW 6) developed by the U.S. Geological Survey (as explained in chapter
2.3.2 MODFLOW). The groundwater flow equation is solved using the finite-
difference approximation. The flow region is subdivided into blocks in which the
medium properties are assumed to be uniform. Flowrate and cumulative-volume
balances from each type of inflow and outflow are computed for each time step.
The multi-species transport model MT3DMS is applied to simulate heat transport
in shallow confined aquifers [179]. ModelMuse (version 5.4.0.0) was used as a
graphical user interface and modelling environment [180].
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Starting from the assigned hydrodynamic and thermal parameters for Unit 1
and Unit 2, a two-unit conceptual model simulation was performed, wherein hydro-
stratigraphic Unit 1 contains the exploited unconfined alluvial aquifer. The plan-
view grid dimensions in the model were set at 11x11 km (121 km?). The model area
was intentionally designed to be larger than the Turin city urban area under
investigation to minimize the impact of assumed boundary conditions on model
outcomes. Boundary conditions were fixed as follows: the recharge area limits of
the deep aquifer at the western border, Dora Riparia, Sangone and Po River at the
North, South and East border, respectively. General Heads Boundary (GHB) were
set on the western and eastern boundaries following available onsite potentiometric
surface measurements (Figure 44).
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Figure 44. Available geological and hydrogeological information and data for the Turin plain area [74].

As shown in Figure 45, the graphical interface of Model Muse presents the base
map of Turin and the delineation of the model area. The green line in the north-west
is indicative of the upstream GHB, representing the model inflow, whilst the red
line in the south-east corresponds to the downstream GHB, signifying the model
outflow. The blue lines represent the boundary conditions of the rivers, whilst the
green squares indicate the geothermal intake wells and the red squares denote the
discharge wells.
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Figure 45. Model area, GHB (green line inflow, red line outflow), rivers blue lines, and Multilayer well
(green squares are intake wells, and red squares are discharge wells) visualised in Model Muse interface.

An average natural groundwater temperature of 15.0 °C was set throughout the
shallow aquifer, reflecting the undisturbed average groundwater temperature of the
saturated zone [78]. The river package is used to simulate the interference with
rivers, while the well package is used for existing geothermal wells. The154 wells
were modelled through the following three-years scenarios: 1) maximum flow rate
(Qmax) scenario with cooling/heating operating seasons mode for 6 months/year;
2) average monthly flow rate (Qmean) scenario with cooling/heating operating
seasons mode for 6 months/year. The Qmax value for each plant was determined
based on the information provided in the single environmental authorization (AUA
[177]) documents. It depends on the size of the plant, with the value ranging
between 1 1/s flow rate for very small plants and 100 /s flow rate for large plants.
Conversely, the Qmean value considered was set at one-fourth of the Qmax.
Reinjection temperatures of 8°C and 21°C were considered for the winter (6
months) and summer (6 months) plant-functioning seasons, respectively, due to the
regulation limits. Moreover, abstracted and reinjected discharges were considered
to be equal over the plant operational period.
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Because the model domain corresponds to a densely built-up urban area
characterized by extensive soil sealing (buildings, roads) and a stormwater drainage
system that rapidly exports rainfall, diffuse areal recharge from direct precipitation
infiltration was set to 0 in the simulations. This choice does not imply that the urban
aquifer is unrecharged: the urban hydrogeology literature shows that recharge
pathways in cities are more complex than in rural environments and often include
significant “secondary recharge” from leakage of water-supply mains, sewer
networks, and stormwater systems, as well as irrigation return flow. For example,
Lerner [181] highlights that part of the direct recharge is lost due to imperviousness
and drainage, but additional recharge can occur through stormwater drainage
systems and pipe-network leakage. In Nottingham (UK), Yang et al. [182]
estimated a total urban recharge of ~211 mm/yr, largely dominated by water-mains
leakage (~138 mm/yr) and sewer leakage (~10 mm/yr). In Barcelona,
Viézquez-Suiié et al. [183] used hydrochemical/isotopic mixing to show that the
main contributors to total recharge were water-supply network losses (22%) and
sewage network losses (30%), while rainfall recharge was mostly concentrated in
non-urbanized areas (17%) and runoff infiltration contributed 20%. More recent
evidence also indicates that anthropogenic contributions can compensate for
reduced diffuse infiltration: in the highly urbanized Upper Tieté watershed (Sao
Paulo metropolitan region, Brazil), recharge in urban areas served by water and
sewer mains was reported as 437 mm/yr, comparable to or higher than recharge in
surrounding rural areas (106407 mm/yr) [184].

In the present study, no spatially distributed information on water/sanitation
network leakage (rates and spatial patterns), irrigation return flow, or stormwater
infiltration facilities was available; therefore, secondary recharge was not explicitly
parameterized to avoid introducing poorly constrained fluxes. As discussed by
Sanford [185], recharge in groundwater models is commonly either specified from
measurements or inferred during calibration, and the appropriate representation
depends on study objectives and boundary controls. For Turin, however, spatially
distributed leakage/recharge data were not available at the resolution required by
the city-scale model; therefore, secondary recharge was not parameterized to avoid
introducing poorly constrained, spatially heterogeneous fluxes. The shallow aquifer
in Turin shows a predominant west—east groundwater flow toward the Po River,
and long-term monitoring over 2010-2022 indicates an average water-table decline
of ~1 m, suggesting that any anthropogenic recharge is likely balanced (or
exceeded) by discharge to rivers and/or pumping at the metropolitan scale [186].

To quantify the potential error introduced by neglecting a background areal
recharge, we consider an upper-bound range of 50-200 mm/yr (typical of urban
settings where infrastructure leakage substantially contributes to recharge). Over
the ~130 km? municipal area of Turin, this corresponds to a net inflow of
approximately 0.21-0.82 m?*/s (210-820 1/s). In an alluvial aquifer hydraulically
controlled by nearby rivers, a first-order Dupuit estimate indicates that neglecting
such distributed recharge would translate into a maximum head bias on the order of
a few centimeters to a few decimeters (= 0.05-0.4 m, depending on characteristic
distance to discharge boundaries and transmissivity), i.e., comparable to or smaller
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than typical urban piezometric variability at seasonal/interannual scales. Therefore,
while the omission of urban recharge may affect regional water-balance
partitioning, its expected impact on the 3-year thermal-interference assessment
(dominated by boundary-conditioned flow and by balanced abstraction—reinjection
of the geothermal systems) is considered limited.

Model Muse supports the DISV (Discretisation by Vertices) grid, namely the
quadtree refined grid. The city-scale model comprises 216,229 cells (Figure 46). A
quadtree refined grid, starts with a structured grid and then subdivides cells into
four equal parts. Those cells may be further subdivided (Figure 47).
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Figure 47. Zoom on Politecnico di Torino and IntesaSanPaolo open-loop plants.
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The results from the two simulation scenarios, involving different pumping
capacities (average monthly flow rate in Figure 48 and maximum in Figure 49) can
be individually analysed for each geothermal plant, adopting a case-by-case
approach for identifying preliminary strategies related to water withdrawal and
urban landscape planning. In these simulations, only authorized open-loop
geothermal wells were included. Other groundwater abstractions in the urban area
of Turin (e.g., industrial, construction dewatering, private wells) were not explicitly
modelled because an updated and reliable census is not available and existing
records are often incomplete, lacking key inputs such as exact location, screened
depth, pumping rates and operating schedules. Without these data, estimating a
realistic cumulative discharge would be highly uncertain, so non-geothermal
pumping was omitted to avoid introducing poorly constrained stresses.
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Figure 48. Mean flow rate (Qmean) scenario’s results with cooling/heating operating seasons mode for 6
months/year at the end of the 3rd year simulation.
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Figure 49. Maximum flow rate (Qmax) scenario’s results with cooling/heating operating seasons mode
for 6 months/year at the end of the 3" year simulation.

Below, a description of the impacts recorded around the university complex of
the Politecnico di Torino is provided.

The buildings connected to the existing Politecnico di Torino GWHP plants
host university offices and laboratories. The open-loop geothermal plants at
Politecnico di Torino include three 35-m deep control piezometers downstream of
the injection wells (S2, S3, S4), as well as five abstraction and three injection wells
with similar technical characteristics. All components of these geothermal systems
affect the Turin shallow unconfined aquifer. Both scenarios showed changes in the
piezometric levels and the extent of the thermally affected zone at the end of the
three-year operation period. The findings from Qmean scenario reveal that the
aquifer exhibits a positive response to both hydraulic and thermal disruptions during
a three-year analysis period (Figure 50) since there are no significant alterations in
the groundwater flow field detected around the Politecnico di Torino complex.
However, noticeable thermal variations are linked to the modelled operational
season the Politecnico di Torino plants, specifically during the last winter and
summer of the third year of plant operation. Upon examining the generated
scenario, the thermal plume resulting from the third summer plant operation season
is characterised by a one-degree temperature change compared to the average
undisturbed groundwater temperature (15°C). The highest recorded thermal
alteration associated with winter plant operation season is represented by the 8°C
isotherm. The described Qmean scenario turns out to realistically define the existing
conditions: taking into account the temporal aspect, particularly during a specific
season of synchronized operation, newly constructed plants located in the
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Politecnico di Torino downstream direction can be favourably impacted by this
disturbance. This setup can capitalize on the undisturbed temperature of the aquifer,
which remains at 16 °C.
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Figure 50. Average flow rate (Qmean) scenario’s results with cooling/heating operating seasons mode for
6 months/year: A) groundwater flow field disturbances B) temperature field disturbances (Ref. [74]).

The same positive response was observed for the Qmax scenario (Figure 51).
The maximum alteration in the groundwater flow level detected around the
Politecnico di Torino University complex is 0.2 m. Visible changes in the
undisturbed groundwater temperature (15 °C) are connected to the operational
seasons modelled in the last two years. Upon analysing the generated scenario, the
thermal plume arising from the third summer plant operation season is defined by
a three-degree temperature variation isotherm (18 °C).

The highest recorded temperature alterations associated with the last two winter
plant operation seasons are represented by the 13 °C and 9 °C isotherms,
respectively. Although this scenario exaggerates the influence on the undisturbed
state of the aquifer, a downstream geothermal system will experience adverse
effects due to thermal interference from the upstream one. Properly designing the
construction of a new plant is crucial, and this involves accurately characterizing
the hydrogeological system at the neighbourhood scale (i.e., water drainage
network, groundwater flow direction, groundwater hydrogeological gradient,
aquifer hydraulic conductivity value). Therefore, determining the appropriate
distance between plants becomes essential.
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Figure 51. Maximum flow rate (Qmax) scenario’s results with cooling/heating operating seasons mode
for 6 months/year: A) groundwater flow field disturbances B) temperature field disturbances [74].

The reported and described results appear to be valid: this is confirmed by the
findings from the validation process conducted on Qmean scenario results. Hourly
recorded data from Politecnico di Torino plants’ control piezometers S2, S3, S4
were considered for this purpose. To test the performance of the urban-scale model,
a comparative analysis was conducted between the observed and recorded
groundwater temperature data and the model-simulated one. Daily averages were
calculated from hourly measurement data from S2, S3, S4; these values were thus
compared with the daily average values for selected plant operation days. Root
Mean Square Error (RMSE) turned out to be less than 1 °C, as shown in Figure 5.
June had the highest error rate due to the intermittent operational status of
Politecnico di Torino's facilities caused by ambient temperature fluctuations.
Therefore, the modelling framework that relies on average flow rates and
temperatures is insufficient in capturing these variations. During July and August,
when there are continuous operational activities, the average error rate decreases to
less than 0.5 degrees Celsius. This validates the model's ability to capture
spatiotemporal thermal dynamics within the Politecnico di Torino.

-9) -



Observed value vs model value (PiezometersS2, S3, S4)
25 10.000
9.000
20 8.000
7.000
[3)
— 15 6000 5
o 8)
5 2
= 5000 O
S =
[}
8 o
g 10 4,000
L
3.000
5 2,000
L N - 1.000
I 7{’('\ = N\ L — ~ e — L
0 s =mimi =2, =S S e et TR T T — L 0,000
o TR S 48 o
I\ o) LI U LG S N ¥ S S
G G G O Ol Ve S S S S S S S o S S e o
R T N S N PP A SN S NPT MV M A
S S N G SN S S S S QRN SR SS SN SS S S
S4 Modflow S4 observed RMSE 54 = = = S3 Modflow S3 observed
— - =RMSE 53 = = =52 Modflow 52 observed — - = RMSE 52

Figure 52. Comparison between Observed and Simulated values and RMSE calculated values for the three
piezometers considered, located downstream the geothermal plants at Politecnico di Torino [74].

In the second case study, the focus was exclusively on the geothermal
installations of Politecnico di Torino, with simulations, calibrations and
presentations conducted exclusively on these installations. The Politecnico di
Torino is home to five distinct power plants, which are located across multiple
campus sites in the city of Turin (Figure 53). These installations represent a
significant example of shallow geothermal energy exploitation in a dense urban
context, enabling sustainable cooling for university buildings while maintaining
minimal environmental impact on the aquifer. The geographical distribution of
these plants encompasses three primary operational areas: the Main Campus, the
Energy Center, and Valentino Castle (Figure 53). Each site operates as an
independent building. This configuration necessitates careful monitoring to assess
potential hydraulic and thermal interference between systems, as well as cumulative
impacts on groundwater resources.

Figure 53 presents a comprehensive map of the model area and geothermal well
distribution across the Politecnico di Torino campus sites. The legend distinguishes
between three types of monitoring and operational points: piezometers (blue
circles), intake wells (green diamonds), and discharge wells (red triangles). The
spatial arrangement shows wells P5, P6, P3, P4, P2, P7 at the main campus, wells
P1E, P2E at the Energy Center, and wells P1V, P2V at Valentino Castle. This map
serves as the fundamental reference for all subsequent hydraulic and thermal
analyses presented in this work.
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Figure 53. Map of model area and geothermal well distribution.

All installations employ OTT ecoLog800 multiparametric probes (Figure 54)
positioned approximately 2 m below piezometric levels, recording electrical
conductivity, temperature, and pressure at 15-minute intervals with real-time
GSM/GPRS transmission capabilities. The probe's robust design allows for long-
term deployment in groundwater environments, while its telemetric capabilities
ensure continuous data availability for system management and regulatory
compliance verification. The positioning of these probes approximately 2 meters
below the piezometric surface ensures measurements are taken within the saturated
zone while avoiding potential surface water influences or seasonal water table
fluctuations. The utilisation of multiparametric probes facilitated the analysis of the
thermal plume pattern and the subsequent response of the aquifer, which was
associated with the injection of hot water into the discharge wells. This high-
frequency monitoring approach represents a significant advancement over
traditional monthly or quarterly sampling protocols, enabling detection of short-
term operational impacts and rapid validation of numerical model predictions.
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Figure 54. Multiparametric probes that measure the electrical conductivity, temperature and pressure
parameters of the shallow aquifer.

Water quality monitoring through accredited EUROLAB S.r.l. analysis
confirms consistent compliance with regulatory standards, with -electrical
conductivity variations following temperature-dependent patterns but remaining
within acceptable ranges throughout operational cycles.

An analysis of the geothermal plants of the Politecnico di Torino was
conducted, with the consideration of an average summer operating cycle from June
to October. This analysis incorporated the assumption of continuous daily operation
for five days per week, with no operation occurring on weekends. A comprehensive
simulation was developed for the year 2024, and detailed forecasts of the evolution
over time of the thermal plume diffusion in the aquifer were produced.

This was achieved by utilising daily volume data obtained from the operating
machines and monthly temperature data obtained from continuous monitoring.

The model domain (Figure 55) covers an area of approximately 4.1 km? as
shown in Figure 55. In the WGS 84 / UTM zone 32N (EPSG: 32632) reference
system, the coordinates of the vertices are precisely defined to ensure

reproducibility:
o A: X=1393368.334 ; Y=4990692.247
e B: X=393860.461 ; Y=4991894.779
e C: X=396952.114 ; Y=4990263.623
e D X=396491.739 ; Y=4989279.372
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Figure 55. Coordinate points and model area.

In order to better define the specific hydrogeological properties for the area
with the highest data density, the initial uniform grid with 10 m cell size was
densified using quadtree refinement at the geothermal wells and piezometers. This
adaptive meshing technique allows computational resources to be concentrated
where spatial resolution is most critical, near the wells where hydraulic gradients
and thermal anomalies are steepest, while maintaining computational efficiency in
peripheral areas. The area discretisation previously referenced resulted in the
establishment of a grid comprising 43,593 cells for the model. The width of this
grid ranged from a maximum of 10 metres in the peripheral regions of the model to
a minimum of 1 metre at the geothermal plants, providing a dynamic range of
spatial resolution that spans one order of magnitude. The Figure 56 provides an
example of the refinement of the geothermal wells in the main building on the
Politecnico di Torino campus. This figure visually demonstrates how the quadtree
algorithm progressively subdivides cells approaching the wells, creating a nested
structure that transitions smoothly from coarse to fine discretization.
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Figure 56. Example of the refinement of the geothermal wells in the main building on the Politecnico di
Torino campus.

The analysis of the available stratigraphic data enabled the definition and
adoption of an appropriate vertical discretisation within the computational domain.
This discretisation encompasses two layers (Layer A and Layer B), which, although
distinguishable in terms of lithological and hydrogeological characteristics, are not
hydraulically independent. Thus, collectively, they represent the first two aquifer
units of the study area, corresponding to the Quaternary alluvial deposits that
characterize the Turin subsurface. Layer A represents the uppermost, more
permeable sandy-gravel aquifer, while Layer B corresponds to an underlying sandy
unit with moderate permeability, both of which are interconnected and contribute
to regional groundwater flow.

The surface delineating the upper boundary of the modelled volume (top of
layer A) was determined by assigning the elevation values extracted from the 5x5
m resolution DTM of the Piedmont Region to each cell of the initial layer. This
DTM was derived from the ICE aerial survey conducted between 2009 and 2010,
representing the most accurate topographic data available for the study area at the
time of model development. The base of the shallow aquifer, i.e. the bottom of layer
A, was reconstructed using elevation data obtained from the Piedmont Region
Geoportal (released in April 2022 [168]), ensuring consistency with the most recent
geological interpretations and borehole data compilations.

Temporal discretisation was accomplished through the development of a
preliminary model consisting of a single stress period (SP) under steady-state
conditions. This period represented the hydraulic regime when the plant was non-
operational. The configuration was utilised to assess the numerical robustness and
structural stability of the model prior to the transient simulations, verifying that the
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model could achieve convergence and produce physically reasonable piezometric
surfaces under equilibrium conditions.

The selection of the datasets employed for the delineation of the boundary
conditions (BCs) was driven not only by the necessity of model conservatism but
also by several critical considerations. Firstly, the spatial coverage of the model
domain was maximised by incorporating the most extensive set of validated data
available. Secondly, temporal consistency among datasets describing different BCs
was deemed essential to ensure the reliability and comparability of simulation
results.

In order to effectively reproduce the regional groundwater flow pattern, GHB
conditions were assigned to layers A and B along the model perimeter. The GHB
values were computed by extrapolating the hydraulic head variations both upstream
and downstream of the calculation domain, based on observed gradients measured
at monitoring piezometers managed by ARPA Piemonte and data retrieved from
the Geoportale Piemonte [168]. This approach allows groundwater to flow into or
out of the model domain in response to simulated pumping stresses, while
maintaining consistency with regional hydrogeological conditions. As a
precautionary measure and to maintain the simplicity of the model, surface recharge
resulting from average annual precipitation was not simulated. This conservative
assumption is justified because such recharge could potentially influence and
attenuate the thermal plume generated by the plants. By excluding recharge, the
model produces conservative (worst-case) estimates of thermal plume extent and
persistence, providing a safety margin for regulatory assessment and system design.

The calibration of the hydrogeological model was conducted under transient,
steady-state, and combined flow conditions in this study, employing the Pilot Points
(PPs) technique. The calibration was based on average piezometric level data
collected from wells and piezometers overseen by the Politecnico di Torino
university, covering the period from January to May during which the plants were
inactive, ensuring that observed heads reflected natural conditions unaffected by
pumping. During the calibration and validation phases, model management,
parameter optimisation, and uncertainty evaluation were performed using the PEST
HP inverse modelling software, a well-established tool for parameter estimation
and sensitivity analysis in complex environmental systems (as explained in chapter
2.3.2 MODFLOW).

In the present case study, all observation points, whether wells or piezometers,
are assigned equal weighting, as each measurement has been verified and validated
prior to its utilisation in the modelling process. This uniform weighting approach is
appropriate when all observations are of comparable accuracy and reliability, as is
the case with the high-quality monitoring network at Politecnico di Torino. The
parameters employed in the calibration are defined not only through conventional
zonation methods, assigning uniform values to each zone, but also through spatially
distributed representations based on interpolation at specific reference points. This
approach applies fundamental principles of geostatistics to derive the spatial
distribution of each parameter across the model domain, starting from the discrete
locations where parameter values are associated with the PPs. From these PPs,
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continuous parameter fields are generated through Kriging, a geostatistical
interpolation technique that estimates unknown values by computing a weighted
average of neighbouring measured points, where the weighting factors depend on
the search radius and the spatial correlation structure defined by the variogram.

In this study, the parameter subject to calibration, namely the hydraulic
conductivity, exhibits a gradual spatial variability consistent with the observed
heterogeneity of the subsurface. The calibration setup comprises 500 PPs (Figure
57), corresponding to the distribution of the horizontal hydraulic conductivity
values (Kx) within layer A. The allocation of PPs is concentrated in areas where
higher spatial resolution and greater accuracy are required, particularly near the
geothermal installations where accurate parameter estimation is critical for reliable
impact prediction. Figure 57 presents the map of the geographical distribution of
Pilot Points and observation points throughout the model domain. The dense
distribution of PPs (shown as blue cross) enables the geostatistical interpolation
algorithm to capture fine-scale spatial variability in hydraulic conductivity.
Observation points (wells and piezometers where hydraulic heads are measured,
yellow dots) are also shown, providing the calibration targets that guide the
parameter optimization process. The spatial relationship between PPs and
observation points is fundamental to the calibration strategy, as PPs located near
observation points exert stronger influence on the goodness-of-fit at those locations.
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Figure 57. Map of the geographical distribution of PPs and observation points.

The initial (prior) hydraulic conductivity values, ranging from a minimum
0f 6.9%107° m/s to a maximum of 6.3x107* m/s, were derived from the analysis of
ARPA Piemonte well test data and the stratigraphic profiles available from the
Piedmont Region Geoportal. Based on these data, an initial hydraulic conductivity

-99 -



map was generated through Kriging interpolation (Figure 58). This prior
distribution represents the best estimate of aquifer properties based on available
field data, providing a physically realistic starting point for the optimization
process. The legend clearly indicates the color gradient representing hydraulic
conductivity magnitude, with warmer colors corresponding to higher permeability
zones typically associated with coarse gravel deposits, and cooler colors indicating
lower permeability zones with higher silt or sand content.
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Figure 58. Hydraulic conductivity k distribution map, using kriging, before the calibration process.

Although this prior information represents an essential starting condition, it is
not restrictive within the calibration process. The PEST algorithm is allowed to
adjust PP values within reasonable bounds to achieve optimal fit with observed
data. Following calibration, the resulting hydraulic conductivity distribution
(Figure 59) exhibits values varying from approximately 2.6x10~* m/s (in blue) to
about 1x1072 m/s (in red). Figure 59 displays the distribution map of hydraulic
conductivity after the calibration process. Compared to Figure 58, this calibrated
distribution shows more pronounced spatial variability and heterogeneity,
particularly in the vicinity of geothermal installations where the dense monitoring
network provides strong constraints on parameter estimation.

The upper-end value (K = 1x1072 m/s) is the outcome of the calibration and is
confined to very limited patches of the model domain. Such high conductivities are
compatible with highly permeable coarse alluvial gravel bodies that characterize
the shallow subsurface of Turin and its surroundings (Quaternary gravelly outwash
and fluvial deposits). However, these localized “bubble-like” anomalies may also
reflect unmodelled stresses, such as unknown/uncertain pumping wells (e.g., areas
close to major infrastructures such as the Intesa Sanpaolo skyscraper), which the
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calibration may compensate for by locally increasing K. Since these anomalous
zones are sufficiently far from the geothermal plants analysed, they are not expected
to significantly affect the simulated thermal-interference outcomes, but they should
be considered priority areas for further site investigations and/or verification of
additional pumping wells to be explicitly incorporated in future model updates.
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Figure 59. Distribution map of hydraulic conductivity after the calibration process.

As illustrated in Figure 60, the comparison between simulated and observed
piezometric heads after calibration yields a Root Mean Square Weighted Residual
(RMSWR) of less than 0.035 m, confirming a satisfactory correspondence between
model outputs and field observations. The tight distribution around the diagonal
confirms minimal systematic bias and random scatter, indicating that the model
performs consistently well across the full range of hydraulic heads present in the
study area. This exceptionally low residual, representing an average error of only
3.5 cm across the entire domain, demonstrates that the calibrated model accurately
reproduces the observed hydraulic conditions and can be confidently applied for
predictive simulations of geothermal system impacts.
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Figure 60. Observed vs Simulated value graph after calibration.

Figure 61 presents a comparison between the piezometric surface simulated
by MODFLOW 6, following the calibration, and the piezometry surface published
by ARPA in 2002. The observed discrepancies are primarily attributable to the
interpolation methodology and the density and temporal distribution of the
available field data. The general agreement in hydraulic gradient direction and
magnitude confirms that the calibrated model successfully reproduces regional
groundwater flow patterns. Minor local discrepancies are visible, particularly in
areas with sparse observation coverage, but the overall consistency validates the
model's ability to represent the hydrogeological system at the regional scale.

Furthermore, the ARPA piezometric map was generated using traditional
simplified interpolation methods applied to a sparser network of observation points,
whereas the MODFLOW 6 simulation produces a fully physics-based piezometric
surface that satisfies Darcy's law at every grid cell. Moreover, temporal differences
between the 2002 ARPA survey and the calibration period (January-May of the
simulation year) may contribute to observed differences, particularly if regional
groundwater levels have changed due to variations in precipitation, river stage, or
anthropogenic extraction.
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Figure 61. Piezometric surface map of the study area,

The fundamental purpose of the calibration process is to assess and constrain
the uncertainties arising from the pronounced spatial variability of geomaterials.
The resulting calibrated model demonstrates a significantly enhanced ability to
represent the hydrogeological reality in contrast to simplified numerical models that
assume a single, homogeneous hydraulic conductivity value across the domain.

The analysis of the stabilised hydraulic heads obtained from the calibrated
semi-analytical model allows for the estimation of both the magnitude and the
spatial extent of the piezometric disturbance generated by the operation of the
geothermal plants under maximum extraction conditions, corresponding to the
summer period (end of July). The transient simulation was conducted assuming a
continuous operational period of 31 days, thereby conservatively representing the
month of July with uninterrupted operation at the maximum flow rate (24 hours per
day, 7 days per week). This scenario represents a stress test that exceeds actual
operating conditions, providing a conservative upper bound for hydraulic impacts.
The hydrodynamic parameters adopted for this simulation are reported in Table 7.
It is noteworthy that, within this modelling framework, hydraulic conductivity
constitutes the only variable parameter, and its spatial distribution is defined
according to the calibrated model results. All other parameters (storativities,
porosities, thermal properties, and dispersivities) are assigned uniform values based
on literature and site-specific measurements and ensure that the thermal transport
simulation produces realistic plume geometries.
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Table 7. Hydrodynamic parameters used in the model [187].

VALUE VALUE
PARAMETERS layer A layer B
Conductivity Kxx [m/s] Variable 2.7*%10%
Conductivity Kyy [m/s] Variable 2.7*%10%
Conductivity Kzz [m/s] Variable 0.5%10*
Storativity 0.106 0.106
Porosity 0.2 0.2
Volumetric heat capacity of the fluid 418 47
[106J/m*K]
Volumetric heat capacity of the solid 13 )52
[106]J/m3K]
Heat conductivity of the fluid [J/msK] 0.65 0.65
Heat conductivity of the solid [J/msK] 3 3
Longitudinal dispersivity [m] 5 5
Transverse dispersivity [m] 0.5 0.5

The results of the initial transient simulation conducted under maximum flow
rate conditions for all wells located within the Politecnico di Torino University
campus indicate the absence of hydraulic interference among the different
operational areas (Figure 62). The spatial pattern reveals three distinct, impact
zones corresponding to the Main Campus, Energy Center, and Valentino Castle
installations. Even under these conservative stress conditions, the piezometric
disturbance remains limited and localized to individual operational zones,
confirming that the spatial separation between installations is sufficient to prevent
cumulative impacts. The map uses a color gradient to represent piezometric changes
(drawdown and mounding), with negative values (blue tones) indicating water level
decreases at extraction zones and positive values (red-yellow tones) indicating
water level increases at reinjection zones. The magnitude of piezometric
disturbance remains modest (£ 0.01 to + 0.1 m), and the lateral extent of disturbance
is limited to several hundred meters from each well field. This spatial confinement
demonstrates that even under worst-case operational assumptions, regional
groundwater resources remain unaffected and no significant drawdown propagates
to neighboring properties or sensitive environmental receptors.
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Figure 62. Drawdown map of the model area.

As illustrated in Figure 63, the piezometric response within the Main Campus
area reveals the interaction between two discharge wells, giving rise to a single cone
of elevation with a peak amplitude of approximately 0.01 m and an areal extension
of about 250 m in the groundwater flow direction. The elongation of disturbance
zones in the direction of regional groundwater flow (approximately northeast-
southwest based on the contour orientation) reflects the advective displacement of
the pressure perturbation by ambient hydraulic gradients. This mounding effect
results from the injection of water into the aquifer, creating a localized zone of
elevated hydraulic heads that dissipates with distance. The rapid attenuation of
effects beyond 250 m downstream demonstrates the buffering capacity of the
aquifer and the minimal risk of far-field impacts. A similar interaction is observed
for the two intake wells, which generate a single but shallower depression cone,
extending over approximately 150 m.
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Figure 63. Drawdown map of the main campus.

The simulation results for the Energy Centre (Figure 64), where a well doublet
configuration is present, highlight the development of two zones of piezometric
interference. These zones extend radially to a distance of roughly 300 m from the
wells, exhibiting a drawdown or rising effect of about 0.01 m. The doublet
configuration, consisting of one extraction well and one injection well, creates a
dipole pattern in the piezometric field, with a depression cone around the intake
well and an elevation cone around the discharge well.
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Figure 64. Drawdown map of the Energy Center.

The last case analysed concerns the Valentino Castle campus, where the system
configuration also consists of a geothermal doublet (Figure 65). In this instance, a
marked asymmetry is observed between the spatial extent of the depression cone
and that of the piezometric rise. Specifically, the drawdown area extends up to
approximately 280 m upstream of the extraction (intake) well, with a maximum
head decrease of about 0.02 m, while the recharge area around the injection
(discharge) well remains comparatively confined, with an extent of only about 80
m. This asymmetry is primarily attributed to the proximity of the injection well to
the River Po corridor, which in the numerical model is represented as a fixed-head
boundary condition (i.e., a strong hydraulic control). With this representation, the
boundary may act as either a source or a sink depending on the local gradient; in
the Valentino area, the simulated piezometric pattern indicates a predominantly
draining behaviour toward the river, which effectively dissipates part of the
injection-induced mounding. Consequently, the head build-up around the discharge
well is limited and does not propagate far upstream. This configuration highlights
the strong control exerted by boundary conditions on the hydraulic response to
pumping and reinjection, especially when wells are located close to major surface-
water bodies.
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Figure 65. Drawdown map of the Valentino Castle.

A transient simulation scenario was defined and implemented following an
initial steady-state stress period, with a total duration of one year. This scenario was
discretised on a weekly basis, assigning to each week an average extraction flow
rate uniformly distributed over 24 hours. The applied values correspond to the
monthly mean flow rates recorded during the 2024 operational period of the
geothermal plants. The wells were simulated under a continuous operational regime
for five consecutive days, followed by a two-day shutdown, in order to more
accurately reproduce the actual operating conditions of the geothermal systems
installed at the Politecnico di Torino University. This operational pattern reflects
typical university building usage, with reduced heating/cooling demand on
weekends.

The longitudinal dispersivity (aL) was set to 5 m, in accordance with the
empirical relationship proposed by Gelhar [188], which assumes a value equal to
one-tenth of the injection—target distance (i.e., the distance to the potentially
impacted downstream well). This scaling relationship is widely accepted in
groundwater transport modelling and ensures that dispersion parameters are
consistent with the spatial scale of the problem. The transverse dispersivity was
defined as 10% of the longitudinal value, consistent with typical anisotropy ratios
observed in alluvial aquifers where longitudinal mixing (along flow paths) exceeds
transverse mixing (perpendicular to flow). The monthly average temperatures used
as thermal input data were derived from continuous monitoring of the wells and
subsequently implemented within the ModelMuse interface. This approach ensures
that simulated injection temperatures reflect actual operational conditions,
including seasonal variations and system efficiency changes over the annual cycle.
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By using measured rather than design temperatures, the model produces realistic
thermal plume predictions that can be directly validated against field observations.

The transport simulation was performed based on the previously calibrated
flow model and was divided into 49 transient stress periods. The primary objective
of this model was to assess the long-term evolution of the thermally induced
disturbance under realistic operating conditions with conservative assumptions.
The temporal evolution of the temperature field is captured through weekly time
steps, allowing resolution of both short-term operational fluctuations and long-term
cumulative trends. As illustrated in Figure 66, a comparison is presented in the form
of line graphs between the observed and simulated temperature values in a
geothermal well on the Main Campus. This analysis was conducted over the period
from June 1 to September 29, 2024, coinciding with the operational phase of the
geothermal plants. The figure displays the monitoring well (P4), with the observed
and simulated temperatures represented by different colours. The close agreement
between observed and simulated temperatures throughout the monitoring period
validates the thermal transport model and demonstrates its capability to reproduce
both the timing and magnitude of thermal plume arrival at different monitoring
locations. Minor discrepancies are visible during peak temperature periods,
potentially reflecting small-scale heterogeneities or transient operational
adjustments not captured in the weekly-averaged input data. The temporal
validation demonstrated in Figure 66 is critical because it confirms that the model
correctly represents the key controlling processes for thermal plume evolution:
advection by groundwater flow, mechanical dispersion, and heat exchange with the
solid aquifer matrix. The ability to match observed temperatures at multiple
monitoring locations simultaneously indicates that the calibrated hydraulic
conductivity distribution, assigned thermal parameters, and boundary conditions
are all consistent with field conditions.
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Observed vs Simulated temperature values - year 2024
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Figure 66. Line graph of the observed vs simulated values of the temperature in the discharge geothermal
well P4 of Politecnico di Torino.

As illustrated in Figure 67, the thermal plume map of the entire study area is
presented, and this map represents the geothermal plant simulation at the end of
August 2024. The neighbourhood-scale map provides a comprehensive overview
of all thermal disturbances across the Politecnico di Torino installations. Isothermal
contour lines at 16°C, 17°C, 18°C, and 19°C have been superimposed on the model
domain. The background natural aquifer temperature (in undisturbed conditions) is
approximately 15°C; therefore, the 16°C isotherm represents the outer boundary of
measurable thermal impact. The map reveals the presence of elongated thermal
plumes extending downstream from discharge wells at all three operational sites
(Main Campus, Energy Center, Valentino Castle), with the plumes oriented parallel
to the regional groundwater flow direction. The maximum temperature anomalies
(19°C isotherm) persist in a localised surroundings of the injection points, while the
16°C and 17°C isotherms extend several hundred metres downstream. It is
important to note that the thermal plumes resulting from different installations
remain spatially separated. This confirms the absence of thermal interference
between sites, even after continuous summer operation.
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Figure 67. Thermal plume map of the study area representing the geothermal plants simulation at the end
of August 2024.

As illustrated in Figure 68, the thermal plume simulation of the Main Campus
at the end of August 2024 is displayed at a detailed scale of 1:2,500. The map
illustrates the intricate thermal configuration that emerges from the concurrent
operation of multiple discharge wells. The geometry of the plume is elongated and
oriented northeast-southwest, a configuration that is consistent with the regional
groundwater flow direction as inferred from the calibrated piezometric surface.
Individual plumes from separate discharge wells have been observed to merge and
form a compound thermal anomaly in downstream areas, though it should be noted
that the temperatures remain below regulatory thresholds for thermal pollution
(22°C maximum).

The position of the intake wells is indicated in order to demonstrate the absence
of thermal interaction between the intake wells and the discharge wells; the
positions of the piezometers are also indicated, demonstrating the correct
interception of the thermal plume for monitoring purposes.
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Figure 68. Thermal plume simulation of the main campus at the end of August 2024.

As illustrated in Figure 69 and Figure 70, the thermal plume simulation of the
Energy Center and Valentino Castle was conducted at the end of August 2024. It
has been demonstrated that the Energy Center's doublet configuration gives rise to
a plume structure that is less complex than that observed at the Main Campus. This
is characterised by a single elongated thermal anomaly that originates from the
discharge well (P2E). As demonstrated by the isothermal contours, there is a
progressive decrease in downstream temperature, with a 16°C isotherm observed
within 200 metres. The thermal plume behaviour exhibited by the Valentino Castle
is particularly distinctive, a consequence of its proximity to the River Po boundary.
The thermal plume is characterised by a distinct downstream truncation, which is
attributable to the model area's limitation.
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Figure 70. Thermal plume simulation of the Valentino Castle at the end of August 2024.
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2.5.3 FEFLOW Case Studies

The Turin North model (Figure 30) was subjected to rigorous calibration using
the PESTPP-GLM (Parameter ESTimation using Gauss-Levenberg-Marquardt
algorithm) module integrated within FEPEST, the parameter estimation interface
for FEFLOW. The calibration process employed 1,137 pilot points distributed
throughout the model domain to optimize the spatial distribution of hydraulic
conductivity, enabling representation of aquifer heterogeneity at an appropriate
scale while maintaining computational efficiency. Figure 71 illustrates the spatial
distribution of these pilot points across the northern model domain, demonstrating
the high-density parameterization strategy adopted to capture spatial variability in
hydraulic properties. Each pilot point represents a location where hydraulic
conductivity can be independently adjusted during the automated calibration
process, with values at intervening locations determined through kriging
interpolation. The pilot points are distributed throughout the entire model area, with
enhanced density close to the geothermal wells. The figure also shows the
distribution of observation points (monitoring wells with measured hydraulic head
data) used as calibration targets. The calibration process minimized the discrepancy
between simulated and observed hydraulic heads at monitoring well locations by
iteratively adjusting pilot point conductivity values according to the Gauss-
Levenberg-Marquardt optimization algorithm.

Turin North area

390448.35 4994493.03

Figure 71. Turin North model area and distribution of Pilot Points and Observation points.

Figure 72 displays the scatter plot of observed versus simulated hydraulic
heads, with observed values (x-axis) ranging from approximately 246.5 to 250.0 m
a.s.l. and simulated values (y-axis) spanning a comparable range. The data points
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cluster closely along the 1:1 line, indicating excellent correspondence between
model predictions and field observations. This tight clustering, demonstrates that
the calibrated model accurately reproduces the observed piezometric configuration
across the entire range of hydraulic head values present in the study area.
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Figure 72. Observed vs Simulated plot, after calibration process.

Figure 73 presents the evolution of the objective function (Phi) through the
iterative calibration process, displayed on a logarithmic scale. The initial Phi value
of 48.5067 (iteration 0) represents the sum of squared weighted residuals prior to
optimization, reflecting the substantial misfit between initial parameter estimates
and observations. Through ten successive iterations, the optimization algorithm
progressively reduces Phi to a final value of 0.0554351, representing a reduction of
more than two orders of magnitude and confirming convergence to an optimal
parameter set. The rapid decrease in Phi during the first three iterations indicates
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that major adjustments to hydraulic conductivity distribution were necessary. While
the gradual asymptotic approach to the final value in subsequent iterations reflects
fine-tuning of parameter values to achieve optimal fit. The stabilization of Phi after
iteration 7-8 confirms that the calibration has converged and that further iterations
would yield negligible improvements.

43,5067 —=»

Phi

0.1 —

0.0554351

Figure 73. Objective function (Phi) plot after 10 iterations.

The calibrated hydraulic conductivity field for the Turin North model is
presented in Figure 74, displaying the spatial distribution of horizontal hydraulic
conductivity (Kxx).

The conductivity values, represented using a color-coded classification scheme,
range from approximately 6.30x10~* m/s (darkest colors) to 1.16x107% m/s (lightest
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colors), spanning nearly two orders of magnitude. This substantial spatial
variability reflects the heterogeneous nature of fluvial and fluvioglacial deposits,
with higher conductivity values (approaching 1072 m/s) corresponding to coarse
gravel-dominated facies and lower values (in the 107> m/s range) associated with
finer-grained sandy intervals or mixed gravel-sand sequences. The spatial pattern
reveals preferential high-conductivity pathways that generally align with
paleochannel directions, controlling both groundwater flow velocities and thermal
plume propagation trajectories. This calibrated conductivity distribution provides
the essential hydraulic framework for subsequent thermal transport simulations and
enables realistic prediction of thermal plume extent and migration rates.
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Figure 74. Calibrated hydraulic conductivity map in [m/s].

The Turin North case study simulates two large-scale open-loop geothermal
installation. Figure 75 presents a three-dimensional representation of the numerical
model, illustrating the vertical discretization strategy employed to represent the
complex hydrostratigraphic framework. The red layers correspond to the shallow
unconfined aquifer, which constitutes the primary target for geothermal
exploitation due to its high transmissivity and favorable thermal characteristics. The
blue layers represent the deeper confined aquifer system within the Pliocene
formations, which exhibits lower hydraulic conductivity and is not suitable for
geothermal purposes due to regulatory prohibitions. The three-dimensional
representation clearly demonstrates the aquifer geometry, including lateral extent,
thickness variations, and hydrostratigraphic boundaries.
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Turin North area

Figure 75. 3D model representation, the red layers correspond to shallow aquifer, the blue ones represent
the deeper aquifer.

Figure 76 displays the horizontal mesh discretization and well positions for the
upstream plant configuration (4 intake and 4 discharge wells). The finite element
mesh employs unstructured triangular elements with local refinement in the vicinity
of wells to accurately capture steep hydraulic and thermal gradients. The mesh
resolution ranges from approximately 5 meters near wells to 50-80 meters in areas
distant from pumping influences. The well locations are strategically positioned to
maximize thermal extraction while maintaining adequate separation between
extraction (intake) and reinjection (discharge) wells to prevent thermal recycling.
The upstream plant is designed to provide substantial heating capacity (8,860 kW
water thermal power) through extraction of 300 1/s from the shallow aquifer, where
natural groundwater temperature is approximately 15.5°C. The simulation extends
over three years (1,095 days) of seasonal operation, encompassing multiple heating-
cooling cycles to assess both short-term performance and medium-term
sustainability.
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Figure 76. Wells position and mesh discretisation.

Figure 77 displays the thermal interference pattern in horizontal section after
916 days of simulation, corresponding to the end of the last winter (heating) period
before the final summer. The temperature distribution reveals several critical
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features: higher temperature zones (warm colors ranging from 16-22°C) represent
the thermal plume from the previous summer cooling operation, wherein warmer
water was reinjected into the aquifer. The front of this warm plume (16°C isotherm)
has migrated approximately 1,200 meters downgradient from the discharge well
over a six-month period, demonstrating the strong advective transport capacity of
the high-conductivity aquifer. The persistence of elevated temperatures several
months after cessation of summer cooling operations confirms that thermal plumes
exhibit substantial residence time in the aquifer and that natural thermal dissipation
processes (conduction, dispersion) are relatively slow compared to advective
transport rates.

Temperature
- Continuaus -
[*C]

B o
18
17
15.5
14
13
12
11
10

Wicik - ) M

Figure 77. Thermal interference of the Turin North open-loop upstream plant in horizontal section after
916 days of simulation.

Figure 78 presents the corresponding vertical cross-section through the
upstream plant after 916 days, providing insights into the three-dimensional
structure of the thermal plume. The cross-section extends from ground surface
(approximately 270 m elevation) to the base of the model domain (approximately
150 m elevation), encompassing both the shallow aquifer and upper portions of the
Pliocene deeper aquifer. The thermal impacts are predominantly concentrated
within the shallow aquifer (upper 40-50 meters of saturated thickness), with
minimal thermal penetration into the underlying lower-permeability Pliocene
formations. The vertical distribution exhibits thermal stratification, with the coldest
temperatures (8-10°C) concentrated in the lower and middle portions of the aquifer.
The cross-section also reveals that thermal plumes maintain coherent structure over
distances of several hundred meters, indicating that dispersive mixing, while
present, does not rapidly dissipate thermal plume.
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Figure 78. Cross section of the thermal interference of the Turin North open-loop upstream plant after
916 days of simulation.

Figure 79 displays the thermal interference pattern in horizontal section after 1,095
days (three years), representing the final simulation time step. Comparison with
Figure 77 (916 days) reveals continued evolution of the thermal field. The
alternating pattern of warm and cool plumes, corresponding to seasonal operational
cycles, demonstrates the dynamic nature of thermal impacts in seasonally operated
systems. Importantly, the extraction (intake) wells, positioned upgradient from the
reinjection zone, continue to draw water at near-ambient aquifer temperatures (15-
16°C), confirming the absence of thermal recycling throughout the three-year
simulation period.
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Figure 79. Thermal interference of the Turin North open-loop upstream plant in horizontal section after
1095 days of simulation.

Figure 80 presents the vertical cross-section after 1,095 days, complementing
the plan view perspective. The cross-section reveals that thermal impacts remain
predominantly confined to the shallow aquifer, with minimal downward migration
into the Pliocene unit. The persistence of vertically stratified thermal structure, even
after three years of operation, indicates that vertical mixing processes are relatively
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slow and that the aquifer system exhibits pronounced anisotropy with horizontal
transport dominating over vertical components.
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Figure 80. Cross section of the thermal interference of the Turin North open-loop upstream plant after
1095 days of simulation.

Figure 81 presents a critical metric for assessing long-term system
sustainability: the temporal evolution of groundwater temperature at each simulated
well throughout the 1,095-day simulation period. The graph displays multiple
temperature traces, with blue lines corresponding to discharge (reinjection) wells
and black lines representing intake (extraction) wells. The discharge well
temperatures exhibit substantial seasonal oscillations, reflecting the alternating
heating and cooling operational modes. In contrast, the intake well temperatures
(black lines) exhibit remarkable stability throughout the entire simulation period.
This stability is the most critical indicator of system sustainability, demonstrating
that thermal recycling does not occur under the simulated well configuration and
operational regime. The absence of any long-term declining trend in intake
temperatures confirms that the aquifer system possesses sufficient thermal capacity
and advective flushing to sustain the proposed extraction rates without progressive
thermal depletion.
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Figure 81. Graph showing temperature trends for each simulated well in the Turin North open-loop
upstream plant throughout the simulation period. The blue lines correspond to the discharge wells and the black
one to the intake wells.
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Figure 82 quantifies the cumulative thermal energy exchange through
presentation of the annual energy budget expressed in megawatt-hours (MWh). The
graph displays seasonal cycles with negative values representing net heat extraction
during winter heating periods and positive values representing net heat rejection
during summer cooling periods. Each winter and summer season results in
cumulative thermal extraction of approximately 45 GWh per season, approximately
90 GWh per year, considering both heating and cooling.
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Figure 82. Annual energy budget of the open-loop plant (MWh), negative value represent heating period,
positive value cooling period.

The downstream plant, positioned several hundred meters downgradient from
the upstream installation, operates at similar scale (300 I/s) and is simulated without
the influence of thermal plume generated by upstream plant. The simulation of both
plants is presented in the chapter ATES 4.3.3 Case Study 3. The simulation for the
downstream plant extends to 1,800 days (approximately five years) to evaluate
longer-term thermal evolution and cumulative impacts.

The horizontal and vertical thermal interference patterns (Figure 83, Figure 84,
Figure 85, and Figure 86) and the temporal temperature plot (Figure 87)
demonstrate a high similarity to the upstream plant. The most significant challenge
will therefore be to operate the plants simultaneously while limiting the thermal
interference that two plants of this size can generate in a relatively small area.
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Figure 83. Thermal interference of the Turin North open-loop downstream plant in horizontal section after
1640 days of simulation.
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Figure 84. Cross section of the thermal interference of the Turin North open-loop downstream plant after
1640 days of simulation.
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Figure 85. Thermal interference of the Turin North open-loop downstream plant in horizontal section after
1800 days of simulation.
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Figure 86. Cross section of the thermal interference of the Turin North open-loop downstream plant after
1800 days of simulation.
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Figure 87. Graph showing temperature trends for each simulated well in the Turin North open-loop
downstream plant throughout the simulation period. The red lines correspond to the discharge wells and the
blue one to the intake wells.

The Turin South case study simulates three different geothermal plants to
evaluate possible thermal interference and assess different spatial configurations in
a more hydrogeologically constrained setting. Two of the installations are located
close to the boundary outflow represented by the Po River, which serves as a major
hydraulic control on groundwater flow patterns and potentially provides enhanced
thermal flushing compared to interior locations distant from surface water
interactions. The western plant has a flow rate of 40 1/s, while the two plants near
the River Po have a flow rate of 25 1/s. The total thermal power of the water in all
three plants is approximately 2,750 kW.

The Turin South model employs an interpolated but uncalibrated hydraulic
conductivity field due to the paucity of observation points in this area necessary to
support a robust calibration procedure. The absence of sufficient monitoring wells
with reliable head data precludes the application of automated parameter estimation
techniques, necessitating reliance on spatial interpolation of hydraulic conductivity
values derived from limited pumping test data, grain size analyses, and regional
geological correlations. This methodological limitation introduces greater
uncertainty in model predictions for the southern site compared to the rigorously
calibrated northern model. Figure 88 presents the hydraulic conductivity
distribution map for the Turin South case study following the kriging interpolation
process (see chapter 2.5.2 MODFLOW and Figure 58). The conductivity values
range from approximately 6.74x10* m/s (darkest blue colors) to 4.91x107° m/s
(lightest yellow colors), representing approximately one order of magnitude
variation. The spatial distribution exhibits gradational patterns with higher
conductivity zones (approaching 5x107m/s) concentrated in the central and
western portions of the model domain, while lower conductivity areas
(below 1x107* m/s) dominate the eastern and peripheral zones.
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Figure 88. Hydraulic conductivity distribution map of the Turin South case study, after interpolation
process.

Figure 89 displays the thermal interference pattern for all three Turin South
plants in horizontal section after 1,640 days of simulation (winter period). The
temperature distribution reveals distinct thermal plumes emanating from each
installation, with spatial extent and intensity varying according to individual plant
operational parameters and local hydrogeological conditions. The temperature scale
ranges from 8°C to 17°C, indicating substantial thermal perturbation relative to the
ambient aquifer temperature (approximately 14.5°C at this location). Cold plumes
(temperatures below 14°C) associated with winter heating operations are clearly
visible as blue zones extending 200-400 meters downgradient from reinjection
wells. The relatively limited spatial extent of thermal plumes compared to the Turin
North sites reflects the combined influences of lower extraction rates, and reduced
hydraulic conductivity.
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Figure 89. Thermal interference of the Turin South open-loop plants in horizontal section after 1640 days
of simulation.

Figure 90 displays the thermal distribution after 1,800 days (summer period),
representing the final simulation time. There is no thermal interference between the
various geothermal plants.
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Figure 90. Thermal interference of the Turin South open-loop plants in horizontal section after 1800 days
of simulation.

Figure 91 presents the temporal temperature evolution for all simulated wells
in the Turin South installations throughout the simulation period. Colored lines
correspond to intake (extraction) wells from the three different plants, while blue
lines represent discharge (reinjection) wells. The intake well temperatures show
critical behaviour for assessing system sustainability. The graph reveals that
intake  wells  exhibit slight  fluctuations  during seasonal periods,
demonstrating minor thermal interference due to the limited spacing between
intake and discharge wells. However, the magnitude of this thermal recycling effect
is less than 1°C and does not compromise the water heat pump plant operation.
Most intake wells maintain temperatures within the range of 13.5-15.5°C
throughout the simulation period, indicating that despite the spatial constraints and
closer well spacing compared to the Turin North sites, thermal recycling remains
within acceptable limits. The relatively stable long-term baseline temperatures, with
seasonal fluctuations but no systematic declining trend over five years, suggest that
the system configuration achieves a sustainable balance between thermal extraction
and natural replenishment at the simulated operational rates.
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Figure 91. Graph showing temperature trends for each simulated well in the Turin South open-loop plants
throughout the simulation period. The coloured lines correspond to the intake wells and the blue one to the
discharge wells.

Figure 22 quantifies the cumulative energy budget for the combined Turin
South installations, expressed in MWh with negative values representing heating
periods and positive values representing cooling periods. The saw-tooth pattern
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characteristic of seasonal operation is evident, with each winter heating season
resulting in cumulative thermal extraction of approximately 11 GWh for the three
plants combined seasonally. This substantially smaller energy delivery compared
to the Turin North installations (45 GWh per plant per season) reflects the reduced
scale of operation.
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Figure 92. Annual energy budget of the total Turin South open-loop plants (MWh), negative value
represents heating period, positive value cooling period.
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2.6 Discussion

The three-tier methodology, GAP for strategic screening, MODFLOW for
urban cumulative assessment, and FEFLOW for site-specific validation, enables an
efficient allocation of modelling effort while maintaining scientific rigor and
consistency across scales. The use of two numerical models is motivated by the fact
that the two questions addressed in this work are inherently different in terms of
spatial scale, required conceptual detail, and computational burden. At the city
scale, the objective is to quantify cumulative hydraulic and thermal interference
generated by many open-loop systems operating simultaneously. This requires a
model that is robust, computationally efficient, and able to handle very large grids
and numerous stressors (wells, rivers/boundaries, long transient periods) while
supporting scenario runs. In this context, MODFLOW6-based workflows are
advantageous because they are widely validated for regional groundwater
simulations, offer stable solvers and standardized packages for wells and boundary
conditions, and allow fast scenario-based assessment on refined grids at
metropolitan extent (e.g., DISV/quadtree), which is essential to explore multiple
operational hypotheses and to map cumulative impacts consistently.

Conversely, at the site-specific scale, the goal shifts from screening to design
support and permitting-oriented verification, where local heterogeneity, boundary
representation near structures, and the detailed geometry of the well doublet
become more influential. Here, FEFLOW provides advantages due to its finite-
element formulation, which allows more flexible representation of complex local
stratigraphy, anisotropy, and irregular boundaries, as well as more detailed coupling
of flow and heat transport around the installation and in the near-field. This level of
detail is typically unnecessary at city scale, but becomes crucial when optimizing
well spacing, predicting local thermal plumes, and supporting project-specific
authorizations. Using a single model for both purposes would either (i) force a city-
scale model to include local complexities that are not supported by data everywhere
and would dramatically increase run time, or (ii) reduce the site-specific analysis to
a coarse regional representation, losing the resolution and geometric flexibility
required for design and validation. Therefore, the two-model framework is not a
redundancy but a scale-appropriate strategy: MODFLOW provides a consistent and
efficient platform to evaluate urban cumulative impacts, while FEFLOW focuses
resources where they are most needed to deliver high-confidence, site-level
predictions. Sites identified as high-potential through GAP and demonstrating
acceptable cumulative impacts in MODFLOW can then proceed to detailed
FEFLOW analyses for final design optimization and permitting support. This
hierarchical approach has been applied to prospective installations in Turin,
demonstrating practical utility for guiding sustainable urban geothermal
development.

The findings of the study demonstrate that the GAP method offers a robust,
spatially explicit framework for evaluating shallow geothermal potential in urban
environments. By integrating hydrogeological parameters with legal and technical
constraints, it enables the generation of high-resolution potential maps that can
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effectively support strategic energy planning and decision-making processes. In
particular, the marked decrease in potential near river systems highlights the
necessity of accounting for hydrogeological limitations when planning geothermal
well doublets. Conversely, the identification of high-potential zones in the central
and southern sectors provides strategic guidance for the optimal placement of
geothermal wells, thereby maximising energy extraction efficiency.

The proposed methodology relies on the assessment of a set of reference
parameters (Table 5). In particular, two groups of parameters contribute to the
evaluation of the flow rate:

- Well-related parameters, which are associated with the design choices of the
doublet system, including well radius, monitoring point distance, and the

percentage of drawdown in the well.

- Aquifer-related parameters, which depend on the spatial distribution and
availability of hydrogeological data and, therefore, on the level of detail

adopted to represent aquifer properties.

In this context, a two-step sensitivity analysis was performed to evaluate the
influence of a priori assumptions.

First, the influence of well-related parameters on the geothermal potential
classification was assessed by varying one reference parameter at a time. During
this first step, aquifer characteristics were fixed to the values listed in Table 8. These
parameters are representative of an average shallow aquifer in urban areas;
moreover, although they can be modified, they are typically derived either from
detailed hydrogeological characterization or from existing legislative frameworks.

Table 8. Reference parameter for the aquifer characteristics

Aquifer parameters | Yalue

b [m] 20
K [m/s] 0.0001
i[-] 0.003
AT [°C] 7

SVCwat [MJ/Km3] 4. 1 8

Figure 93 shows the variation of flow discharge Q, calculated using the Dupuit
approach, assuming a drawdown in the pumping well equal to 10% of the aquifer
thickness and a drawdown at the reference point of 0.1 m, as a function of the
distance r; from the pumping well and for different well radii (r; = 0.15, 0.25, and
0.40 m). The selected well radii are representative of common geothermal wells
used in open-loop systems. For all well diameters, the discharge decreases with
increasing 12, reflecting the reduction of the hydraulic gradient with distance from
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the well. Larger well radii systematically result in higher discharge values,
highlighting the influence of well geometry on the achievable flow rate. However,
for increasing 2, the influence of well radius on discharge becomes negligible.

The dotted curve represents the discharge calculated from the critical length by
inverting Equation (7), which in this case is assumed to correspond to the distance
r2. This curve shows an opposite trend, with discharge increasing with r2, and
intersects the Dupuit-based curves at distances where the two limiting conditions
become comparable. In general, the discharge obtained from Equation (7) is highly
conservative when the distance between hypothetical wells is moderate.

At first glance, the discharge does not appear to be strongly influenced by r2,
especially for larger values of this parameter. Moreover, in terms of geothermal
potential classes, neither the well radius nor the reference distance significantly
affects class attribution. Specifically, the system transitions from class 5 at very low
12 values to class 3 at higher r; values.

This aspect is further investigated in Figure 93c, which shows the normalized
difference A [%] between the thermal power G calculated under reference
conditions (r; = 0.25 m and r = 50 m) and the values obtained by varying r; and 1,

G(ry= 025 mir?=50m)—G 100). The results
G(r{=0.25 m;r2= 50 m) ’

highlight a strong sensitivity to 12 at short distances, where deviations are large and

normalized by the reference value (A=

negative, followed by a progressive stabilization for increasing r>. Variations in 1y
mainly affect the magnitude of the normalized difference, confirming that well
radius plays a secondary, though non-negligible, role compared to the distance
between wells.

The green rectangle in Figure 93¢ highlights a variation range within £15%.
Within this interval, r» spans from a few meters up to approximately 200 m,
indicating that, at the urban scale, a reference distance of r = 50 m represents a
reasonable compromise. For this range of distances, the associated variability in
thermal power remains within the same order of magnitude as typical engineering
uncertainties, supporting the robustness of the adopted reference value for practical
applications.
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Figure 93. Trend of (a) flow discharge, (b) thermal power, and (c) normalized differences as a function
of the distance from well 1, as reported in Equation (3), for different well radii.
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Analogously to what was done for the well radii, a sensitivity analysis was
carried out to investigate the effect of drawdown on the hydraulic and thermal
behaviour of the system.

Figure 94 shows the trends of flow discharge (a—b), thermal power (c—d), and
normalized differences (e—f) as functions of the distance from well r2. The
drawdown at the pumping well was varied between 5% and 25%, while the
drawdown at distance r2 ranged from 0.05 m to 0.5 m. When the drawdown is
imposed at the pumping well (Figure 94a, c, ¢), the flow discharge exhibits a
marked decrease with increasing r2, particularly for higher drawdown values. This
behaviour reflects the reduced hydraulic influence of the pumping well as the
distance increases, with the largest sensitivity occurring at short distances (12 < 50
m).

When the drawdown is applied at distance r (Figure 94b, d, f), both flow
discharge and thermal power display a more limited sensitivity to distance. The
curves are flatter compared to the previous case, indicating that variations in
drawdown away from the well mainly induce local effects and have a reduced
impact on the overall system performance.

The normalized differences (Figure 94e—f) further emphasize these trends. In
the case of drawdown at the pumping well, normalized differences increase rapidly
at short distances and then tend to stabilize, highlighting a strong sensitivity of the
system close to the well and considering high values for r2. Conversely, when
drawdown is imposed at 2, the normalized differences show a smoother and more
gradual increase with distance, confirming a weaker and more distributed influence.
Overall, Figure 94 demonstrates that drawdown at the pumping well plays a
dominant role in controlling both hydraulic and thermal responses, especially at
short distances from r. In contrast, drawdown variations occurring away from the
well have a secondary effect, mainly affecting local conditions without significantly
altering the overall system behaviour.

Among the well-related parameters, drawdown at the pumping well emerges as
the most sensitive. In this context, the adopted value of 10% of the aquifer thickness
can be considered a reasonable compromise between system productivity and the
long-term resilience of the aquifer.
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Figure 94. Trend of (a-b) flow discharge, (c-d) thermal power, and (e-f) normalized differences as a
function of the distance from well r2, as reported in Equation (3), for different drawdown values at the pumping
well (a, ¢ and ¢) and at a distance r2 (b, d and f).

With regard to the aquifer-related parameters, the sensitivity analysis was
conducted by considering a reasonable range of variation for each parameter and
by evaluating both the least and the most severe configurations for discharge
assessment. The term “reasonable” refers to parameter values representative of the
hydrogeological context of Turin, which, for an alluvial aquifer in an urban setting,
can also be considered representative of many other geological contexts.

Figure 95 illustrates the envelope of discharge and the corresponding thermal
power as functions of the distance to the controlling well, which in the model
represents the cell size. The maximum and minimum curves, derived from all
combinations of the hydrogeological parameters (Table 9), delineate the range of
variability of system performance.
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Table 9. Range of variability of the aquifer-related parameters.

Value
Aquifer parameters min max
b [m] 5 35
K [m/s] 0.0001 0.010
i[-] 0.001 0.01

Regardless of the distance r2, both discharge and geothermal power may differ
by up to three orders of magnitude, highlighting the strong influence of hydraulic
parameters on their estimation and, consequently, on the resulting model
classification.

It should be noted, however, that this variability represents a spatial variability
driven by the heterogeneous hydrogeological properties of the aquifer. At the local
scale, such variability does not occur to the same extent, as each model cell is
characterized by a single representative set of parameters. Apart from a limited
uncertainty related to the availability and density of hydrogeological information,
this approach significantly reduces the effective sensitivity of the model at the cell

scale.
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Figure 95. Range of variation of discharge and thermal power (secondary axis) as functions of the distance
to the controlling well (i.e., the model cell size), bounded by the maximum (black dashed line) and minimum
(black dotted line) values obtained from all combinations of the hydrogeological parameters.

The reliability of the proposed method is further supported by comparison with
some existing open-loop geothermal plants across the city. The validation of the
GAP method was carried out using a dedicated dataset collected in 2025 by the
Politecnico di Torino, consisting of five geothermal abstraction wells located on the
university campus (named P1, P2, P5, P1E and P1C shown in Figure 96). These
wells represent the only monitoring points within the urban area of Turin for which
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simultaneous measurements of extracted flowrate and associated drawdown are
available. Although the GAP method is intended for application across the entire
city, no comparable datasets exist for private or municipal open-loop geothermal
installations. Consequently, the validation relies exclusively on these five
university wells. This constraint introduces a fundamental limitation: the dataset is
spatially restricted, and not fully representative of the variability expected across
the broader urban aquifer. The results presented here should therefore be interpreted
as an initial, partial validation rather than a definitive assessment of the method’s
performance at the city scale.
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Figure 96. Politecnico di Torino (Polito) geothermal wells location.

The intake geothermal wells and the main hydraulic properties used for
validation are summarised in Table 10. Two operational scenarios were considered
to test the robustness of the GAP method under different hydraulic conditions. The
first scenario corresponds to the maximum abstraction flowrate recorded for each
well, representing the upper operational limit of the geothermal systems. The
second scenario reflects a standard operating flowrate, representative of typical
open-loop system functioning during regular thermal demand.
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Table 10. Main properties of the Polito geothermal wells used for validation.

Hydraulic Aquifer Max Max Standard | Standard

Name | conductivity | thickness | flowrate | drawdown | flowrate | drawdown
[m/s] [m] [Vs] [m] [Vs] [m]
P1 0.0031 21.6 47.21 0.7 18.33 0.38
P1C 0.0022 15.7 40.82 1.1 20.99 0.6
P1E 0.0035 22.16 11.11 0.21 5.05 0.15
P2 0.0031 21.5 62.69 1 24.99 0.44
PS 0.0033 21.85 27.77 0.38 13.89 0.21

Figure 97 presents the scatter plot comparing predicted and observed
maximum flowrates. The GAP method shows strong agreement with field
measurements, with a global coefficient of determination of R* = 0.996. The mean
absolute error (MAE) for the maximum-flow scenario is 1.921/s, while the
root-mean-square error (RMSE) is 2.21 1/s. The 95% confidence band around the
regression line is narrow, confirming the stability of the relationship and the low
dispersion of residuals under maximum-flow conditions.
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Figure 97. Predicted vs observed maximum flowrates scatter plot for the five monitored geothermal wells
(P1, P1C, P1E, P2, P5). The 1:1 reference line represents perfect agreement, while the regression line and its
95% confidence band quantify the predictive performance of the GAP method. The strong correlation (R? =
0.996) and narrow confidence interval indicate high accuracy under maximum-flow conditions, with a
systematic but limited underestimation of the extracted flowrate.

- 136 -



Figure 98 repeats the analysis for standard operating flowrates. The correlation
remains positive, with R = 0.963, but the predictive performance is weaker than in
the maximum-flow scenario. The MAE increases to 2.05 1/s, and the RMSE rises to
2.441/s. Deviations from the 1:1 line are particularly evident for well P5, which
exhibits the highest relative error. The wider 95% confidence band suggests
increased variability and reduced predictive accuracy when wells operate at lower
flowrates.
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Figure 98. Predicted vs observed standard operating flowrates scatter plot. Although the correlation
remains positive (R? = 0.963), deviations from the 1:1 line increase compared to the maximum-flow scenario,
particularly for well P5. The wider 95% confidence band reflects greater variability and reduced predictive
accuracy at lower pumping rates.

To complement the correlation analysis, Figure 99 and Figure 100 provide
Bland—Altman plots for maximum and standard flowrates. For maximum flowrates
(Figure 99), the mean difference between predicted and observed values is —1.92 /s,
with limits of agreement spanning approximately +3.9 I/s around the bias. These
relatively narrow limits indicate that prediction errors remain well-bounded across
the full range of maximum flowrates. In contrast, the standard-flow Bland—Altman
plot (Figure 100) shows a more pronounced negative bias (—2.051/s) and wider
limits of agreement (approximately +4.8 I/s), confirming that the method tends to
underpredict more substantially under standard operating conditions. The increased
dispersion at lower mean flowrates highlights the sensitivity of the method to local
aquifer variability when pumping rates are reduced.
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Figure 99. Bland—Altman plot for maximum flowrates showing the difference between predicted and
observed values as a function of their mean. The mean bias (—1.921/s) indicates a slight systematic
underestimation by the GAP method, while the relatively narrow limits of agreement (+1.96 SD) demonstrate
that prediction errors remain well-bounded across the full range of maximum pumping conditions.
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Figure 100. Bland—Altman plot for standard operating flowrates. The more pronounced negative bias (—
2.051/s) and wider limits of agreement reveal increased dispersion and stronger underestimation under
standard-flow conditions.

Figure 101 summarizes the RMSE values for each well under both scenarios.
RMSE values for the maximum-flow scenario range from 0.731/s (P1) to 3.82 /s
(P5), while for the standard-flow scenario they range from 0.45 1/s (P1E) to 4.48 I/s
(P5). In this representation, RMSE values are plotted as negative bars to visually
emphasize the conservative nature of the GAP method, which systematically
underestimates the extracted flowrate. This graphical choice highlights a key
property of the method: it does not overestimate the available groundwater
resource. From a resource-management perspective, such conservative behaviour
is advantageous, as it reduces the risk of over-allocating groundwater volumes in
urban geothermal planning.
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Figure 101. RMSE bar chart per site for maximum and standard flow scenarios. RMSE values are plotted
as negative bars to visually emphasize the conservative nature of the GAP method, which systematically
underestimates the extracted flowrate across all wells and scenarios.

The GAP method offers a rapid and accessible approach for preliminary
assessment of open-loop geothermal potential over extensive urban areas. It
leverages open-access data and QGIS platform, using techniques such as
interpolation of hydrogeological parameters and simple analytical calculations to
generate maps. Its modular design allows users to adjust key parameters (e.g. well
separation distance, acceptable drawdown percentage, cell size) according to
specific project requirements, facilitating sensitivity analyses without requiring
advanced numerical modelling expertise. Furthermore, the workflow produces a
structured geodatabase that can serve as input for detailed groundwater simulations
(e.g., MODFLOW, FEFLOW), ensuring the time invested in data preparation also
benefits more advance modelling efforts.

Notwithstanding the aforementioned advantages, the method introduces
uncertainties at each interpolation stage, from kriging of hydraulic conductivity and
piezometric surface to the estimation of aquifer thickness and hydraulic gradient.
These cumulative errors are inherent to geospatial modelling and cannot be reduced
within GAP itself, unlike in calibrated numerical models. Furthermore, the method
treats each 50x50 m grid cell as hydraulically independent, using a simplified
analytical solution (Thiem—Dupuit, Equation 3) that does not account for well
interference or local heterogeneities. This assumption limits the method’s accuracy,
especially in densely developed or geologically complex areas. The use of fixed
cell dimension also constrains spatial resolution: finer heterogeneities remain
unresolved, while larger cells may obscure critical variations. Furthermore, the
method assumes a standardised geothermal plant configuration, such as a fixed
distance between the intake and discharge wells (50 m). Modifying this parameter
would alter the calculated potential. However, such discretisation facilitates visual
interpretation, enabling clear identification of zoned with low, moderate, or high
potential. This categorisation supports planning decisions by simplifying complex
data and enhancing the readability of maps stakeholders.
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The primary strength of GAP lies in its operational efficiency and user-
friendliness (Table 11). Professional with basic hydrogeological and GIS
knowledge can produce high-resolution geothermal potential maps much faster than
would be possible with full 3D numerical simulations. The capacity to quickly test
variations in input parameters, such as drawdown limits or well spacing, empowers
decision-makers to prioritise the most promising areas before undertaking
expensive studies. Furthermore, GAP’s use of open-source software and publicly
available data fosters comprehensive transparency, reproducibility and accessibility
for public agencies, consultants and academic institutions. In dense urban contexts,
where space is limited and planning decisions are complex, GAP provides an
effective screening tool to optimise the siting of open-loop systems, support retrofit
strategies, and contributing to the broader transition toward renewable heating and
cooling solutions.

Table 11. Strengths and limitations of GAP method.

Rapid Results: Uncertainty Propagation:

Simple analytical calculations via QGIS
Field Calculator allow generation of
high-resolution maps in minimal time.

Errors from multiple interpolation steps (K,
thickness, gradient) accumulate and cannot
be reduced via calibration within GAP.

Parameter Flexibility:
Key variables (well spacing, drawdown
percentage, cell size) can be adjusted
casily for sensitivity analyses.

Cell Independence:
Each 50x50 m cell is treated as hydraulically
isolated, so interference between adjacent
cells or existing wells is not modeled.

Single-Platform Workflow:
All data processing—from geodatabase
creation to statistical interpolation and
cartography—is performed in
open-source QGIS.

Simplified Analytics:
Relies on Thiem—Dupuit assumptions and
uniform cell values, limiting accuracy in
heterogeneous or densely exploited settings.

Geodatabase Ready for Numerical
Models;
Data preparation steps align with
requirements of MODFLOW/FEFLOW,
enabling seamless transition to detailed
simulations if needed.

Resolution Constraints:
Fixed grid size resolves only features > cell
dimension; finer heterogeneities remain
unrepresented.

Broad Accessibility:
Requires only hydrogeological and GIS
skills—no advanced numerical
modelling expertise—expanding
potential user base.

Preliminary Screening Tool:
Ideal for rapid, large-area assessments to
identify promising zones for geothermal
open-loop installations before
committing to resource-intensive
numerical modelling.
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The results obtained from the MODFLOW modelling case studies align closely
with published literature findings on open-loop GWHP aquifer behaviour, plume
evolution, and system interaction. The thermal plume's length and width respond
predictably to operational parameters (injection temperature and flow rate),
groundwater velocity, aquifer geometry, dispersivity, and porosity, as highlighted
in recent sensitivity analyses and numerical studies [76,189]. The observed
longitudinal extension (up to 300 m) and rapid dissipation between operational
cycles are typical of well-managed systems in transmissive urban aquifers [190].
The calibration approach employing Pilot Points and advanced inversion modelling
ensures that local heterogeneity and hydrodynamic factors are captured, producing
more accurate drawdown and thermal plume predictions than conventional zonation
methods. The spatially distributed hydraulic conductivity field obtained through
PEST-driven optimization reflects the complex depositional history of the Turin
alluvial plain and enables the model to reproduce observed piezometric and
temperature responses.

Real-time monitoring via multiparametric probes, validated through
comparison with simulation results, demonstrates minimal risk of system
interference or aquifer destabilization. The thermal anomalies traced by
temperature time series (Figure 66) and mapped thermal plumes (Figure 67, Figure
68, and Figure 69) respect both regulatory limits and aquifer health thresholds.
Maximum temperature increases of 3-4°C above background remain localized
within 50-100 m of injection points, and the 16-17°C isotherms (representing 1-2°C
increases) define the practical extent of measurable thermal impact at 200-300 m
downstream. The absence of thermal interference between installations, even under
conservative continuous operation assumptions, demonstrates that current system
spacing is adequate for independent operation. This finding is significant for urban
groundwater resource management, as it suggests that multiple geothermal systems
can coexist within a shared aquifer if appropriate spacing is maintained and
operational monitoring is implemented. Hydraulic interference was similarly
absent, with localized drawdown and mounding effects (+0.01 to 0.1 m) attenuating
rapidly with distance and showing no overlap between operational zones. This
confirms that extraction and reinjection are hydraulically balanced at each site,
minimizing net aquifer depletion and maintaining regional water budgets. The rapid
hydraulic recovery observed during weekend shutdowns indicates high aquifer
transmissivity and good connectivity, favorable characteristics for sustainable
geothermal exploitation.

Future system expansions or operational adjustments should incorporate
several critical considerations. First, ongoing multiparametric monitoring should be
maintained and potentially expanded to capture vertical temperature stratification
and long-term trends [191]. Second, numerical model refinement should be
conducted periodically as additional data become available, particularly regarding
cumulative and long-term impacts if operational intensity increases. Third,
regulatory compliance with maximum permissible temperature changes (typically
+7°C from background) should be verified continuously through comparison of
monitoring data with model predictions.
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Finally, in the FEFLOW case studies, fundamental methodological distinction
between the Turin North and South case studies, rigorous PESTPP-GLM
calibration versus interpolation without calibration, has profound implications for
model reliability and predictive confidence. The high-density pilot point
parameterization strategy (1,137 pilot points) enabled flexible representation of
aquifer heterogeneity while maintaining computational tractability through kriging
interpolation between pilot point locations. This approach represents a significant
advancement over traditional zonation methods, wherein hydraulic conductivity is
assumed uniform within predefined geological units, and zone boundaries are often
subjectively determined. The pilot point method allows hydraulic conductivity to
vary continuously throughout the model domain according to patterns that emerge
from the calibration process itself, rather than being constrained by prior geological
interpretations that may not fully capture the complexity of fluvial depositional
systems. However, several sources of uncertainty remain even in the rigorously
calibrated Turin North model. First, the calibration targets only hydraulic head data;
thermal parameters (volumetric heat capacity, thermal conductivity, thermal
dispersivity) were specified based on literature values and limited site-specific
measurements rather than being calibrated through comparison with observed
temperature data. The absence of comprehensive thermal monitoring during the
calibration period precludes rigorous validation of thermal transport predictions,
introducing uncertainty regarding thermal plume extent, temperature distributions,
and heat budget quantification. Second, the calibration represents a non-unique
inverse problem: multiple different hydraulic conductivity distributions may yield
comparable agreement with observed head data, particularly in areas distant from
observation wells where parameter sensitivity is low. The calibrated parameter set
should be interpreted as one realization that provides good agreement with
observations, rather than a unique determination of true aquifer properties.

For the Turin South model, the absence of calibration introduces substantially
greater uncertainty in all model predictions. The interpolated hydraulic conductivity
field, derived from limited pumping test data and geological correlations, represents
a reasonable first-order approximation but lacks the rigorous validation provided
by systematic comparison with observed head data. Consequently, predictions of
thermal plume extent, temperature distributions, and thermal recycling onset should
be interpreted with appropriate caution, and comprehensive monitoring during
initial operational phases is essential to validate model assumptions and implement
adaptive management strategies if actual system behaviour diverges from
predictions.

The contrasting results between the large-scale Turin North installations (300
1/s per plant, 8,860 kW thermal power) and the smaller Turin South systems (25-40
1/s per plant, 2,750 kW combined) highlight fundamental relationships between
operational scale, well spacing, and system sustainability. The Turin North
upstream plant, despite extracting more than three times the flow rate of all Turin
South plants combined, exhibits no evidence of thermal recycling over the three-
year simulation period, with intake well temperatures remaining stable at 15°C. In
contrast, the Turin South installations, though operating at much smaller individual
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scales, exhibit measurable thermal interference (less than 1°C temperature
depression) within the five-year simulation period. This apparent paradox, wherein
larger systems demonstrate greater sustainability than smaller systems, is resolved
by recognizing the critical importance of wells spacing and aquifer characteristic.
This depends not only on saturated thickness and porosity but also on hydraulic
conductivity and associated groundwater velocity. These findings have critical
implications for sustainable geothermal development strategies. High-
transmissivity aquifer systems can support large-scale installations with substantial
thermal extraction rates, provided that adequate well spacing is maintained to
prevent thermal recycling. Lower-transmissivity systems require more conservative
approaches, including reduced extraction rates, increased well spacing (which may
be spatially constrained in urban settings), or hybrid operational strategies such as
seasonal aquifer thermal energy storage (chapter 4 ATES) that balance heating and
cooling loads to minimize net thermal deficit.

The methodological framework presented for open-loop systems in the Turin
alluvial aquifer demonstrates particular strengths under conditions of moderate to
high hydraulic conductivity, unconfined aquifer geometry, and stable regional
hydraulic gradients. However, the sustainability and operational viability of open-
loop systems are critically dependent on site-specific hydrogeological
characteristics, necessitating careful evaluation when considering deployment in
alternative geological contexts. A substantial body of literature documents the
challenges associated with open-loop GWHP deployment in fractured rock
systems, particularly granite, gneiss, and metamorphic formations prevalent in
Alpine and pre-Alpine regions. In these environments, groundwater occurrence is
controlled by fracture aperture, fracture density, and orientation rather than matrix
porosity. Consequently, aquifer yield estimation becomes significantly more
uncertain, and groundwater flow paths are inherently anisotropic and often poorly
characterized. The thermal plume behaviour in fractured media differs
fundamentally from porous media: thermal breakthrough may occur more rapidly
due to preferential flow along fracture networks, and thermal recovery may be
substantially reduced due to the limited contact area between circulating water and
rock matrix. Carbonate formations including limestone and dolomite present
distinct challenges and opportunities for open-loop systems. These aquifers
typically exhibit high transmissivity due to secondary porosity created by
dissolution, enabling substantial water extraction. However, the high hydraulic
conductivity (often >1.0x1072 m/s) combined with conduit-dominated flow patterns
creates conditions conducive to rapid thermal plume migration and potential
upstream thermal recycling. Additionally, karst phenomena including sinkholes,
losing streams, and preferential recharge zones introduce complexity in
groundwater tracing and thermal plume prediction. In such environments,
numerical modelling incorporating fracture networks and preferential flow paths
becomes essential; analytical methods assuming homogeneous porous media flow
grossly underestimate thermal plume extent. The Turin case study focuses on
unconfined aquifer conditions where recharge is direct and water table fluctuations
influence seasonal thermal response. In contrast, confined aquifers protected by
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thick clay aquitards present fundamentally different scenarios. These systems
typically exhibit slower thermal plume migration due to reduced advective
transport, enabling longer operational life before thermal breakthrough. However,
they also present regulatory and practical challenges: drilling costs increase
substantially with depth, water quality may be more variable, and regulatory
restrictions typically protect deeper aquifers to preserve water supplies. The GAP
methodology developed in this thesis, based on shallow unconfined aquifer
assumptions, would require modification for confined aquifer applications. Semi-
confined situations, where multiple aquifer layers are present with moderate vertical
conductivity (as in the Turin subsurface), require multi-layer numerical models like
those demonstrated in Chapter 2.5.2, with careful attention to cross-formational
flow and potential thermal migration between aquifer units. The three-tier analytical
framework (GAP, MODFLOW, FEFLOW) developed for Turin demonstrates
robust transferability to alternative hydrogeological contexts.
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2.7 Conclusion & Further Investigation

The comprehensive analysis presented in this chapter, integrating regulatory
frameworks, methodological innovations, and detailed numerical case studies,
establishes that open-loop groundwater heat pump systems represent a technically
viable, environmentally sustainable, and strategically important renewable energy
resource for urban decarbonization, provided that deployment occurs within
carefully designed governance, technical, and monitoring frameworks that ensure
long-term groundwater resource protection.

The European-national-regional regulatory cascade, from Water Framework
Directive 2000/60/EC through Italian Legislative Decree 152/2006 to Piedmont
Regional implementation instruments, establishes a comprehensive but complex
governance framework that simultaneously promotes renewable energy
deployment (RED II/III directives) while maintaining rigorous groundwater
protection standards. The AUA, introduced through Presidential Decree 59/2013,
attempts to streamline permitting but continues to require substantial technical
documentation, particularly for large installations (exceeding 10 1/s discharge),
including three-year thermal plume modelling, demonstration of absence of feasible
discharge alternatives, downstream piezometer installation, and annual monitoring
reporting.

The GAP methodology, demonstrates that shallow unconfined aquifers in
alluvial urban settings possess substantial geothermal potential capable of
supporting district-scale heating and cooling applications. The validation
demonstrates that the GAP method provides robust and conservative estimates of
abstraction flowrates under maximum pumping conditions and reasonably accurate
predictions under standard operating conditions. The systematic underestimation
observed across all wells and scenarios, bias values of —1.92 1/s (max) and —2.05 1/s
(standard), is a desirable feature for preliminary assessments, as it ensures that the
method does not overpredict the exploitable resource. However, the limited number
of monitoring points and their concentration within a single university campus
represent a significant constraint. A more comprehensive validation across the
wider urban area of Turin would require additional datasets, including
measurements from private and municipal geothermal installations. Until such data
become available, the results presented here should be interpreted as an initial but
incomplete assessment of the method’s performance, highlighting both its potential
and the need for further data collection to support city-wide application.

The Turin metropolitan area exhibits thermal power potential ranging from 5-
20 kW per well doublet in zones with thin aquifers (Class 1, suitable for single-
family homes) to exceeding 500 kW in high-transmissivity zones (Class 6, suitable
for multi-building districts or neighborhood-scale networks). This spatial
heterogeneity, characteristic of fluvial-glacial depositional environments,
necessitates site-specific hydrogeological characterization rather than relying on
regional average parameters for system design.
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The MODFLOW urban-scale cumulative impact assessment, simulating 154
existing installations across Turin, confirms that properly designed and spatially
distributed open-loop systems can operate without creating significant hydraulic or
thermal interference over multi-year operational periods. However, scenarios with
high extraction rates and extended operational seasons demonstrate potential for
cumulative thermal impacts that could affect downstream installations,
emphasizing the critical importance of strategic spatial planning and cumulative
thermal budgeting at the aquifer sector scale.

The FEFLOW site-specific case studies reveal fundamental scale-dependent
relationships between aquifer properties, well spacing, and system sustainability.
The Turin North installations, exploiting high-transmissivity aquifers (hydraulic
conductivity up to 1.16x1072 m/s) and hundreds of metres of spacing, successfully
sustain large-scale extraction (300 1/s per plant, 8,860 kW thermal power) without
thermal recycling over three-year operational periods. In contrast, the Turin South
installations, constrained by lower transmissivity (maximum 4.91x107* m/s), and
tens of metres of spacing, exhibit incipient thermal recycling (less than 1°C
temperature depression) after five years despite substantially smaller operational
scales (25-40 1/s per plant, 2,750 kW combined). This apparent paradox underscores
that system sustainability depends primarily on aquifer advective thermal capacity
(product of transmissivity, hydraulic gradient, and saturated thickness) and well
spacing rather than absolute extraction magnitude.

The integration of MODFLOW and FEFLOW modelling platforms provides
complementary capabilities: MODFLOW's computational efficiency enables
urban-scale cumulative assessment of dozens to hundreds of installations, while
FEFLOW's advanced finite element discretization enable representation of complex
aquifer heterogeneity and rigorous parameter uncertainty quantification.

Open-loop geothermal systems offer multiple strategic advantages for urban
decarbonization that extend beyond simple thermal energy delivery and barriers
summarise in Table 12. The table organizes factors across five dimensions:
technical performance, spatial planning, economic considerations, social impacts,
and regulatory frameworks. Advantages (left column) highlight the strategic value
proposition, while barriers (right column) identify systematic challenges requiring
policy interventions and technical solutions for widespread deployment.
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Table 12. Comparative assessment of advantages and barriers for open-loop geothermal systems in urban
decarbonization contexts.

Dmension [ vapvantaces [ XBARRERS |
Insufficient hydrogeological data:
Superior system efficiency: COP Comprehensive aquifer
4-6 vs. air-source heat pumps COP | characterization requires substantial
2.5-4 public investment in monitoring
networks
Reliable year-round
performance: Stable groundwater
temperature (14-16°C) eliminates -
degradation during extreme
weather
TECHNICAL AND
PERFORMANCE
Dual heating-cooling capability:
Bidirectional operation addresses )
both winter heating and increasing
summer cooling demands
District heating compatibility:
Integration with fourth-generation
networks (50-70°C supply -
temperature) reduces distribution
losses
Minimal §urface footprmt; Spatial constraints: Adequate well
Subsurface infrastructure avoids . et ) .
) A spacing may be difficult to achieve in
conflicts with limited urban surface
dense urban areas
area
Retrofit compatibility: Integration Subsurface conflicts: Potential
SPATIAL AND ith existing buildinas th h interference with metro tunnels, utility
URBAN PLANNING | W' €XiSting bulidings throug networks, and other underground
basement or green areas .
infrastructure
Distributed generation: Reduces | Cumulative impact management:
transmission infrastructure needs | Multiple installations in same aquifer
compared to centralized systems | require coordinated spatial planning
ECONOMIC AND Lower operational cos_ts: High qpfront_capital costs: drilling
Reduced expenses vs. fossil fuels and installation expenses create
FINANCIAL . . - . X
with 8-15 year payback periods financing barriers
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Favorable lifecvcle economics: Insufficient financial incentives:
ECONOMIC AND Lona o erationgl lifetime (20_30' Lack of feed-in tariffs and tax credits
FINANCIAL 9 op! - . comparable to solar and wind
years) with minimal maintenance
systems
Enhanced energy security: Social acceptance challenges:
Indigenous renewable resource | Concerns about groundwater impacts
SOCIAL AND reduces import dependence and environmental risks
ENERGY
SECURITY Climate resilience: Load-
independent performance during )
heat waves and cold snaps when
grid stress is maximum
Renewable energy alignment: Complex authorization
Supports RED II/lll directives and | procedures: Multi-agency approvals
national decarbonization targets extend permitting to 12-24 months
Environmental compatibility: Risk-averse regulatory
REG‘}‘:\IXIADTORY Proper design enables operation interpretation: Absence of
within groundwater protection precedents encourages overly
GOVERNANCE standards conservative restrictions
Cumulative monitoring potential: Fragmented governance:
Operational data can improve Overlapping municipal, provincial,
regional hydrogeological regional, and basin authorities create
knowledge coordination difficulties

Open-loop groundwater heat pump systems represent a mature, technically
proven, and strategically critical renewable energy technology capable of
delivering substantial contributions to urban heating and cooling decarbonization
targets established under the European Green Deal and national climate
commitments. The shallow alluvial aquifers characteristic of many European urban
areas, including Turin and comparable Po Valley cities, possess exceptional
thermal capacity (Class 4-6 potential supporting 100-500+ kW installations) when
exploited through properly designed systems incorporating adequate well spacing
(500-1,000 meters), rigorous hydrogeological characterization, and adaptive
monitoring.

The methodological framework established in this chapter, progressing from
rapid GAP screening through urban-scale MODFLOW cumulative assessment to
detailed FEFLOW site-specific validation with rigorous pilot point calibration,
provides a replicable, scientifically defensible decision support system applicable
to urban geothermal development globally. The open-access implementation using
QGIS and public-domain modelling codes (MODFLOW 6, PEST++) democratizes
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access to sophisticated assessment tools, enabling municipalities and regional
authorities to conduct strategic planning without prohibitive consulting costs.

Realizing the full potential of urban open-loop geothermal systems
requires integrated governance reforms addressing current fragmentation:
streamlined permitting through designated "geothermal acceleration zones" (as
envisioned in RED III), establishment of clear quantitative cumulative impact
thresholds, development of public hydrogeological databases enabling informed
cumulative assessment, and financial incentive alignment with other renewable
technologies. The Council Conclusions on Geothermal Energy
Promotion (December 2024) provide political momentum for these reforms, calling
for a European Geothermal Action Plan and harmonization of regulatory
procedures across Member States.

The question is not whether open-loop systems can sustainably contribute to
urban energy transitions, but rather how to optimize deployment patterns,
governance frameworks, and monitoring infrastructures to maximize renewable
energy delivery while maintaining rigorous groundwater resource protection. The
Turin case study demonstrates that with appropriate technical design, regulatory
oversight, and adaptive management, urban aquifers can support large-scale
geothermal exploitation over multi-decadal timeframes without compromising
either groundwater resource sustainability or system thermal performance. This
achievement positions open-loop geothermal systems as an indispensable
component of the diversified renewable energy portfolio required to achieve
climate neutrality by 2050 while respecting the essential character of groundwater
as a common heritage resource requiring careful stewardship for present and future
generations.
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Chapter 3

Closed-loop

“[...] This theory of the phenomena

we had witnessed seemed satisfactory to me;

for however great and stupendous the phenomena of nature,
fixed physical laws will or may always explain them.”

Jules Verne (1864)°

Closed-loop geothermal systems utilise sealed underground heat exchanger
networks to exploit subsurface thermal stability for building heating and cooling
without direct groundwater contact. The treatment establishes fundamental
operating principles, heat transfer mechanisms across multiple temporal scales, and
thermal interference phenomena constraining multi-borehole installations. Ground
thermal properties, thermal conductivity, diffusivity, and volumetric heat capacity,
fundamentally determine system performance and long-term sustainability. Two
analytical methodologies are presented: the simplified VDI 4640 approach,
discussed for contextual understanding of small-scale installations using tabulated
heat extraction rates, and the comprehensive ASHRAE methodology, which is
employed for all system sizing calculations. The ASHRAE framework, based on
cylindrical source theory, incorporates temporal load variations through
superposition of thermal resistance components across daily, monthly, and annual
time scales, explicitly accounts for thermal interference through temperature
penalty calculations weighted by borefield geometry, and establishes hydraulic
design criteria through Reynolds number analysis. Two case studies in the Turin
metropolitan area demonstrate practical application. A commercial building with
mixed heating and cooling reveals that cooling mode typically governs sizing
despite balanced annual energy consumption due to fundamental thermodynamic
asymmetries in heat pump operation. A large-scale industrial heating application
with continuous operation explores multiple borefield configurations ranging from
deep borehole strategies minimizing land requirements to shallow multiple
borehole approaches optimizing hydraulic performance, revealing fundamental
trade-offs between capital costs, operational efficiency, land area constraints, and
thermal interference penalties.

3 Journey to the Center of the Earth, Chapter XXXVII ‘The Liedenbrock Museum’, Jules Verne,
(1864).
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3.1 Overview

Closed-loop geothermal systems, also referred to as ground-coupled heat pump
(GCHP) systems or borehole heat exchanger (BHE) systems, represent a highly
efficient and sustainable renewable energy technology that exploits the thermal
stability of the subsurface for building heating and cooling applications [192,193].
These systems consist of a sealed circulation network buried underground,
facilitating heat exchange with the surrounding ground through a continuously
circulating heat transfer fluid, without direct contact with groundwater resources
[194]. This fundamental characteristic distinguishes closed-loop systems from
open-loop alternatives, precluding the necessity for groundwater extraction or
reinjection, thereby making such systems less invasive from a regulatory and
environmental perspective [195,196].

The fundamental components of a closed-loop geothermal system comprise
several integrated subsystems that function synergistically to enable efficient
thermal energy exchange with the subsurface. The primary heat exchange
mechanism consists of high-density polyethylene (HDPE) pipes arranged in various
configurations, most commonly the double-U configuration for vertical borehole
installations. The double-U configuration (Figure 102 B) employs four individual
pipes connected to form two parallel flow paths within a single borehole,
maximizing heat transfer surface area while maintaining structural integrity and
installation feasibility [197,198]. This configuration has been demonstrated to
provide 26-29% higher thermal efficiency compared to single U-tube (Figure 102
A) arrangements due to the increased contact area between the heat transfer fluid
and the surrounding ground. Alternative configurations include single U-tubes,
coaxial heat exchangers (Figure 102 C, and Figure 102 D), and spiral
configurations, each offering distinct advantages depending on geological
conditions, borehole depth, and thermal performance requirements [199-202].
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Figure 102. BHE configuration available in FEFLOW: [A] Single U-shape; [B] Double U-shape; [C]
Coaxial (anular intlet); [D] Coaxial (centered inlet).

The pipe material selection is critical for long-term system performance and
durability. HDPE pipes with typical outer diameters ranging from 25 to 40 mm
(DN20 to DN32) exhibit excellent chemical resistance, mechanical strength, and
thermal stability over the operational lifetime of the system, typically 25-50 years
[203,204]. The thermal conductivity of HDPE, approximately 0.40-0.50 W/(m-K),
represents a thermal resistance component that must be carefully considered in
system design calculations [205,206]. The thermal interface between the heat
exchanger pipes and the surrounding ground is established through careful borehole
construction and grouting procedures. The borehole diameter, typically ranging
from 100 to 150 mm depending on pipe configuration and geological conditions,
must accommodate the pipe assembly while minimizing material usage and drilling
costs [207]. The annular space between the pipe configuration and the borehole
wall, typically 20-40 mm in radial thickness, 1s filled with specialized grout material
that serves multiple critical functions [208]. The grout material must provide
structural support to maintain proper pipe positioning, prevent vertical groundwater
migration along the borehole annulus, protect groundwater resources from surface
contamination, and establish efficient thermal coupling between the pipes and the
surrounding ground formation. Traditional cement-based grouts exhibit thermal
conductivities in the range of 0.7-1.2 W/(m-K), while thermally enhanced grouts
incorporating additives such as silica sand, graphite, or specialized minerals can
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achieve thermal conductivities of 2.0-3.0 W/(m-K) or higher [207]. The selection
of grout thermal conductivity represents a critical design parameter, as increasing
grout thermal conductivity from 1.0 to 2.5 W/(m-K) can reduce required borehole
length by 15-25% for equivalent thermal performance. Recent research has
demonstrated that grout thermal conductivity improvements beyond 4-5 W/(m-K)
provide diminishing returns, as the soil thermal resistance becomes the limiting
factor in overall system performance. Furthermore, thermally enhanced grouts
incorporating high specific heat capacity in addition to high thermal conductivity
provide superior performance under intermittent operation modes, which better
represent actual building heating and cooling load profiles [208].

In multi-borehole installations, thermal interference between adjacent heat
exchangers represents a critical design consideration that significantly influences
long-term system performance and sustainability [209,210]. The degree of thermal
interference depends on multiple factors: borehole spacing (typical practical
recommendations report minimum spacings on the order of 5-8 m in compact
fields, with larger spacings advised for high-load or long-duration operations),
operational patterns (continuous vs. intermittent operation, heating-dominated vs.
cooling-dominated or thermally balanced regimes), ground thermal properties (in
particular thermal diffusivity, which controls the radial thermal penetration and
temporal evolution of the thermal plume), and system configuration (hydraulic
circuit arrangement, i.e. series versus parallel connections, which alters per-
borehole flow rate, inlet/outlet temperatures and thus local thermal gradients) [211—
213].

The economic viability of closed-loop geothermal systems depends on the
balance between higher initial capital costs (primarily borehole drilling and
installation) and reduced operational costs through improved energy efficiency
[214,215]. Recent technological developments in drilling technology, improved
design methodologies, policy incentives, and increasing conventional energy costs
have progressively improved the economic competitiveness of geothermal heat
pump systems across diverse applications and geographic contexts [216].
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3.2 Regulatory Framework

The regulatory framework governing closed-loop geothermal systems has
evolved significantly across European, national and regional levels, reflecting the
growing recognition of shallow geothermal energy as a sustainable solution for
building heating and cooling. At the European level, harmonisation initiatives aim
to establish common technical standards, environmental protection requirements,
and administrative procedures to facilitate cross-border technology transfer and
market development [217]. These efforts concentrate on establishing uniformity
across member states whilst respecting national sovereignty and local conditions,
acknowledging that excessive regulatory intricacy has the potential to hinder the
adoption of renewable energy sources and that inadequate oversight may
compromise environmental protection or system performance [218].

In Italy, the regulatory evolution has undergone significant development
through the implementation of Legislative Decree No. 22 of February 11, 2010,
which established a national reorganization of the regulatory framework concerning
the exploration and exploitation of geothermal resources [92]. The decree defines
small local geothermal heat utilisations as those that simultaneously satisfy specific
conditions. These conditions include the construction of plants with thermal power
below 2 MW, obtained from geothermal fluid at a conventional effluent
temperature of 15 degrees Celsius, and obtained through the drilling of wells up to
400 metres for exploration, extraction, and utilisation of geothermal fluids or hot
water for a total thermal power not exceeding 2,000 kW. The decree explicitly
includes closed-loop systems among small local uses of geothermal heat and
establishes that closed-loop geothermal probe plants are not subject to mining
regulations pursuant to Royal Decree No. 1443 of 1927 and Article 826 of the Civil
Code, thereby recognising the fundamental difference between closed-loop systems
and traditional geothermal extraction.

The most significant regulatory advancement occurred with the Legislative
Decree enacted on 30 September 2022, known as the Geothermal Probes Decree,
which represents the first effective instrument to formalise and regulate the
implementation of closed-loop geothermal plants [93]. This decree applies to small
local utilisations and establishes requirements for the installation of plants for
heating and air conditioning of buildings, identifying cases where the
implementation of such plants, up to a thermal power of 100 kW, falls under either
the free construction regime or the simplified authorization procedure pursuant to
Article 6 of Legislative Decree No. 28 of 2011 [219]. Prior to this decree,
geothermal probes were subject to Decree January 22, 2008, No. 37, which
generally addressed the installation of systems within buildings. However, this
decree was not specific to geothermal installations, necessitating regional
adaptation with local regulations. The 2022 decree establishes a two-tier regulatory
system based on system characteristics and installation parameters. In the context
of the free construction regime, installations are required to adhere to stringent
technical specifications with the objective of minimising environmental impact and
ensuring system reliability. Geothermal probes may be extended horizontally to a
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depth of 2 metres from ground level or vertically to a depth of 80 metres from
ground level, with a thermal power limitation of 50 kW. The installations in
question are required to serve existing buildings without altering volumes or
surfaces, without modifications to usage designations, without interventions on
structural elements, and without increasing the number of housing units or urban
planning parameters.

The Simplified Authorisation Procedure (PAS) extends the regulatory
framework to accommodate larger installations, allowing horizontal geothermal
probes to extend to depths not exceeding 3 metres from ground level and vertical
probes to reach depths up to 170 metres. Thermal power thresholds are increased
to 100 kW in order to accommodate larger residential complexes, commercial
buildings, and small industrial applications. The regulatory framework incorporates
specific technical requirements for system design and installation procedures, with
a particular emphasis on environmental protection through groundwater protection
requirements, thermal impact limitations, and geological stability considerations.
For plants equipped with closed-circuit geothermal probes and thermal power
ranging from 50 kW to 100 kW, design procedures may employ Thermal Response
Tests (TRT) to assess subsurface thermal parameters or conduct comprehensive
survey campaigns. Conversely, installations with thermal power below 50 kW may
resort to previously conducted studies as alternatives to new investigations,
provided such studies adhere to prevailing technical standards. The national
regulatory framework allocates specific implementation responsibilities to regional
and autonomous provincial authorities. These authorities are responsible for the
electronic registration of interventions within their respective territories, as well as
the establishment of verification procedures to ensure the congruence between
submitted data and actual installations.

At the regional level, the Piedmont region has a regulatory framework that is
aligned with national objectives, but which also includes specific provisions aimed
at the valorisation of local resources. The regulatory foundation for energy resource
management is provided by Regional Law 23/2002. The promotion of the use of
renewable sources and energy efficiency is a key element of this law, as is the
definition of regional energy planning as an instrument to favour the transition
towards a sustainable energy system. In this context, geothermal systems are to be
fully utilised. The Region has implemented measures to encourage the adoption of
low-emission technologies through the Regional Air Quality Plan (PRQA), which
is currently undergoing an update that commenced on 12 September 2024. The
PRQA offers incentives for the utilisation of geothermal systems as a substitute for
fossil fuels for heating purposes, thereby contributing to the enhancement of air
quality. Specific financing schemes, co-financed by the Regional Operational
Program of the European Regional Development Fund (POR FESR), have been
implemented to support the adoption of these innovative technologies, with
particular reference to their integration in urban and industrial energy efficiency
projects. Notwithstanding the advantageous regulatory framework, the
implementation of geothermal projects in Piedmont may be impeded by intricate
authorisation procedures and the paucity of detailed hydrogeological and geological
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data. However, the Region is adopting targeted strategies to streamline regulatory
processes and promote the establishment of geological data sharing platforms to
facilitate the planning and development of new projects. The regulatory experience
of Italy with closed-loop geothermal systems provides valuable insights for
European harmonisation efforts. The Italian experience demonstrates effective
approaches to balancing environmental protection, administrative efficiency, and
technology promotion through a tiered regulatory system that accommodates
diverse system scales while maintaining appropriate oversight and environmental
safeguards. This comprehensive regulatory framework ensures that closed-loop
geothermal installations maintain compatibility with existing environmental
conditions while promoting the sustainable development of shallow geothermal
energy systems across multiple administrative levels.
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3.3 Methodology

This chapter provides a comprehensive analysis and detailed design of a closed-
loop geothermal system. The analysis and design are carried out utilizing a rigorous
analytical approach with the ASHRAE methodology as presented in Appendix A
of UNI 11466:2012, the national reference standard for the sizing of vertical
borehole heat exchanger (BHE) systems. The simplified procedure, based on the
VDI 4640 guidelines, is also presented as a suitable methodology. Nevertheless, it
was not utilised in the case studies presented, as these exceed the minimum power
requirements. However, it is a valid method employed for small-scale systems and
is therefore mentioned and presented as a possibility in the dimensioning of BHE.

The system design is centred on the optimisation of the number and depth of
geothermal boreholes, in accordance with spatial constraints and the requisite
thermal performance. The core dimensioning equations from VDI 4640 and UNI
11466 are applied systematically, with all calculations executed in Microsoft Excel.
These analyses yield preliminary results for the closed-loop system's sizing.
Nevertheless, in order to enhance the fidelity of system modelling, especially with
regard to the impact of local groundwater flow, numerical modelling will be
necessary, as water movement has been shown to considerably affect the efficiency
of closed-loop systems where aquifers with moderate velocities are present.
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3.3.1 VDI

VDI 4640 is a widely adopted methodology for preliminary sizing of borehole
heat exchangers (BHEs) in shallow geothermal systems [220]. The VDI 4640
standard provides a systematic approach for the design and dimensioning of closed-
loop geothermal systems, offering both simplified methods for small installations
and more sophisticated approaches for larger systems. The VDI 4640 guideline
establishes distinct design approaches based on the scale and complexity of the
geothermal installation. The methodology delineates between small systems with
heating capacities up to 30 kW and larger installations exceeding this threshold.
The guideline provides tabulated values for specific heat extraction rates and
nomographic tools for preliminary sizing of small systems (Table 13). These tools
enable rapid sizing without the need for complex computational analyses.

The simplified approach is applicable to installations that meet specific
technical constraints, such as borehole lengths ranging from 40 to 100 metres,
minimum inter-borehole distances of 5 metres for depths of 40-50 metres and 6
metres for depths exceeding 50 metres, exclusive heat extraction operation (no
cooling), and utilisation of double U-pipes with diameters DN20, DN25, or DN32,
or coaxial heat exchangers with diameters exceeding 60 mm [221]. The validity of
the tabulated extraction rates is ensured by these parameters, which also prevent
thermal interference between adjacent boreholes. For systems with a heating
capacity in excess of 30 kW or an annual operating duration exceeding 2400 full-
load hours, the VDI 4640 necessitates the implementation of more advanced
analytical or numerical calculation methodologies [222]. This requirement
acknowledges the increased complexity and thermal interactions present in larger
installations, where simplified tabulated values may lead to inadequate system
performance or oversizing.

Table 13. Different values of underground (W/m) from [220].

underground spec. extraction rate

for 1800 h for 2400 h
general figures:
bad underground (A <1.5 W/m/K) 25W/m 20 Wim
regular rock and water saturated sediments (A =1.5 -
3.0 Wm/K) 65 W/m 50 W/m
rock A > 3.0 Wm/K 84 W/m 70 W/m
different underground:
gravel. sand dry <25 W/m <20 W/m
gravel. sand water-saturated 65— 80 W/m 55-65 W/m
clay. loam humid 35-50 W/m 30 —40 Wim
limestone (massive) 3570 W/m 45— 60 W/m
sandstone 65— 80 W/m 55-65 W/m
acid magmatites (e.g. granite) 65— 85 W/m 55 — 70 W/m
basic magmatites (e.g. basalt) 40 — 65 W/m 35-55 W/m
gneiss 70 -85 W/m 60 —70 W/m
high groundwater-flow in gravel/sand for single sys- 80— 100 W/m
tems
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The methodology's core component involves the extraction rates of specific
heat, expressed in watts per metre of borehole length (W/m), which correlate
directly with the geological and hydrogeological characteristics of the installation
site. The VDI 4640 acknowledges the significant influence of groundwater presence
on thermal performance. The standard differentiates between dry and water-
saturated conditions for unconsolidated sediments, acknowledging that water
saturation substantially increases thermal conductivity and heat extraction
potential. For instance, dry gravel and sand formations typically yield extraction
rates below 25 W/m for 1800 operating hours, while water-saturated equivalents
can achieve 65-80 W/m under similar conditions. This differentiation is indicative
of the enhanced heat transfer mechanisms present in saturated formations, where
groundwater movement can contribute significantly to convective heat transport in
addition to pure conduction [223]. The methodology incorporates two operational
scenarios based on annual full-load hours: 1800 hours and 2400 hours represent
divergent heating demand profiles and system utilisation patterns. An increase in
the operational hours of the system has been shown to result in a reduction in
specific extraction rates due to the increased thermal depletion of the surrounding
ground. This temporal consideration ensures sustainable long-term operation while
preventing excessive ground temperature depression that could compromise system
efficiency.

The total required borehole length for simplified VDI approach is calculated
using:

Equation 25

Qn

Liotar =
s

Where L¢y¢q; 18 the total required borehole length [m], Qj, is the peak heating
capacity of heat pump [W], g, is the specific heat extraction rate [W/m] selected
from tabulated values based on geological conditions and operating hours.
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3.3.2 ASHRAE

The ASHRAE methodology, as implemented in standards including UNI
11466:2012 and documented in ASHRAE design guides, provides a rigorous
analytical framework based on cylindrical source theory for precise borehole heat
exchanger sizing [224]. This approach accounts for temporal variations in building
loads across multiple time scales and provides high accuracy for complex
installations including both heating and cooling applications [225].

The fundamental formula for total BHE length is:

Equation 26

_ {Qa ' Rga + QghD ' [Rb + (PLthD : Rgm) + (Rgd ’ Fsc)]}

L
h [9 wz + 9wo _ ep]
hD

_ {Qa ' Rga + Qg cp [Rb + (PLchD : Rgm) + (Rgd ’ Fsc)]}
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L

where:

- Ly : is the BHE total length calculated for heating mode [m]

- L. : is the BHE total length calculated for cooling mode [m]

- Q. : is the average heat flow exchanged with the ground over the year [W]

- Qg,hD: is the design heat output on the ground side during the heating season
(W

- Qg,cp¢ 1s the design heat output on the ground side during the cooling season
[W]

- PLFE;; p,: 1s the partial load factor in the design heating month

- PLE,,;,: is the partial load factor in the design cooling month

- Fgc: 1s the loss factor for possible thermal short-circuiting in the ground heat
exchanger between the flow pipe and the return pipe

- Ryp:isthe equivalent thermal resistance per unit length of the heat exchanger
corresponding to the heat exchange between the heat transfer fluid and the
borehole surface (interface surface between the borehole fill and the ground)

K
w
m ]
- Ry is the effective thermal resistance of the ground, per unit length,
referred to the annual impulse [m %]
- Rgmt is the effective thermal resistance of the ground, per unit length,
referred to the monthly impulse [m %]
- Rygq: is the effective thermal resistance of the ground, per unit length,
referred to the daily impulse [m %]

- 04: is the temperature of the undisturbed ground (not affected by heat
exchange) [C°]
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- 0,,: is the temperature of the heat transfer fluid entering the ground heat
exchanger (temperature at the heat pump outlet) under design conditions
[C°]

- 0,,,: is the temperature of the heat transfer fluid leaving the ground heat
exchanger (temperature entering the heat pump) under design conditions
[C°]

- 0p: is the penalty temperature (parameter indicating the temperature
variation of the ground) [C°]

Each term has a specific physical meaning and will be analysed in detail
individually.

Following Eq. A.9 of UNI 11466 [224], the mean annual ground heat exchange
is:

Equation 27

[Qh,hp,outp ) (1 - %Pms) * Tp Tt Qc,hp,outD : (1 - %Rms) ) Tc]

8760

Q =

where the terms T, and T, represent, respectively, the number of equivalent
full-load hours per year of the heating and cooling system, calculated using the
following equations:

Equation 28

12
_ Zi=1 Qh,hp,outi
Th ="
Qh,hp,outD

where Qp npour 18 the monthly thermal energy demand supplied by the heat
pump [Wh].

The monthly partial load factor PLF,, , , indicates the percentage of operating
time of the system during the design month:

Equation 29

Qh,hp,outD

PLF =
m,hp .
24 - Qh,hp,outD ’ Ndays project month

where:
- Qnhp,outy: 18 the energy requirement in the design month for heating [Wh]
- Q hhp,outy’ 18 the design thermal power of the heat pump [W]

N days project monen?® 1 the number of days in the project month

The equivalent thermal resistance of the exchanger R; is the sum of three
components according to the equation:

Equation 30

Ry = Ryp+ Rgr + Ry
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where Ry, is the thermal resistance of the pipe through which the fluid flows,

Ry, is the thermal resistance of the filling material (pipe/soil interface) and R, is the

thermal resistance of any external pipe (normally removed at the end of drilling and
therefore zero for calculation purposes).

Equation 31 allows the resistance of the pipe in which the heat transfer fluid

flows to be calculated:

Equation 31
1 d, 1
:[Z'H')‘pp ln(d_l)+ﬂdlhl]
e Ahﬂpes
where:

d.: is the external diameter of the pipe [m]
d;: is the internal diameter of the pipe [m]

App: is the thermal conductivity of the pipe material equal to 0.3 [(r:/_x)]

h;: is the heat transfer coefficient for convection inside the pipe [W]

Npipes: is the number of pipes that make up the heat exchanger for the

double U, equal to 4

The coefficient h; is calculated as follows:

Equation 32

(22p)

e d; In (fl—j)

For double-U type borehole heat exchangers, the thermal resistance of the
filling can be calculated using the following formula:

Equation 33
1 D, 3 /D\* 1 D\®\ 1 V2D
b= e [0 3G - (- ()4
I 2mig, ln d,) 4 \p,) "+ " D, 2 "\ 7a,
1 ] (Z-D
4 "\g,
where:
- Agy: is the thermal conductivity of the filling material [%]

Dy 1s the perforation diameter [m]
d,: is the pipe external diameter [m]
D: is the spacing between the legs of the double U = 0,0452[m]
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The thermal resistances of the soil surrounding the borehole in which the heat
exchanger is inserted are of the impulse type and are divided according to the
duration of the impulse itself. The thermal resistance Ry, is defined as the annual
impulse, i.e. the time it takes for the soil to reach a new level of stability in heat
exchange, which can take one or more years. The thermal resistance Ry, is defined
as the monthly impulse corresponding to the average heat exchange in the design
month. The thermal resistance R is defined as the daily impulse corresponding to
the peak heat exchange in the design hours.

In order to establish a correlation between the temporal parameters that define
the exchange impulse and the geometric characteristics of the heat exchanger, as
well as the properties of the soil, the following relationship is employed, wherein
the Fourier number is defined as follows:

Equation 34
4rag-t

o — Dg

where:
. . .. . Ae [m?
- ag: is the diffusivity of the soil = ™ [T]
49

- T:1s the duration of the impulse considered [s]
- Dy is the diameter of the borehole [m]

The impulse considered for calculating the annual equivalent thermal resistance
has a duration of 3650 days (10 years), as it is assumed that this period of time is
sufficient for the thermal flow exchanged with the ground to stabilise. The impulse
considered for calculating the monthly equivalent thermal resistance has a duration
of 30 days. The impulse considered for calculating the daily equivalent thermal
resistance has a duration of 0.25 days (6 hours).

It is necessary to define three Fourier numbers in consideration of the following
pulse durations:

- 7,= 3650 days (315.360.000 s)
- 7,= 3650 + 30= 3680 days (317.952.000 s)
- Tp=3650 + 30 + 0,25= 3680,25 days (317.973.600 s)

In conjunction with Equation 34, which is employed to calculate the Fourier
numbers necessary for defining the equivalent thermal resistances of the soil, the
following relationships are utilised:

Equation 35

4-a, (te— T
F, = glng 1)
b
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Equation 36

Equation 37

4-a,- T
_ g ‘f
F"f_—Dg

For each Fourier number obtained using the above equations, the corresponding
G-Factor is calculated using the following relationship:

Equation 38

G =0,0758 - In(F,) + 0,1009

The three equivalent thermal resistances of the soil are therefore calculated
using the following equations:

Equation 39
n = G G
ga A
g
Equation 40
_ G- G
Rym = N
g
Equation 41
Ryq = -
g
where:

- Gy: is the G-Factor relative to the Fourier number F, ¢
- Gq: 1s the G-Factor relative to the Fourier number F,4
- G,: 1s the G-Factor relative to the Fourier number F,4

: . . S [ w
- Ay is the equivalent thermal conductivity of the soil [%]

Equation 26 in the denominator contains the relationship from Equation 42,
which defines the temperature difference in the geothermal heat exchanger,
designated as Adgg,:

Equation 42
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The measurement of the undisturbed ground temperature ¥, can be
accomplished through various investigative methodologies. A common technique
involves the profiling of the vertical temperature distribution within the borehole
exchanger by means of the immersion of a data acquisition and transmission probe.
This enables the calculation of the geothermal gradient at discrete depths. An
alternative and widely adopted approach is the Thermal Response Test (TRT),
which evaluates the ground's thermophysical properties by inducing a controlled,
forced circulation of the heat transfer fluid within the borehole heat exchanger in
the absence of other thermal sources. In a standard TRT procedure, a constant heat
load is applied to the circulating fluid, and the consequent temporal evolution of the
fluid's inlet and outlet temperatures is carefully monitored. The temperature data
thus acquired facilitates the determination of key thermal parameters, namely the
effective thermal conductivity of the ground and the borehole thermal resistance,
both of which are critical for the accurate design and sizing of ground heat
exchanger systems. The significance of TRT in geothermal system design is well-
established and has been extensively reviewed in recent scientific literature [226].
This is particularly true in regard to its integration with geotechnical site
characterisation, which promotes widespread and cost-effective application of
shallow geothermal technologies.

Recent technological advancements have introduced enhanced thermal
response test (ETRT) methodologies that significantly expand the capabilities of
conventional TRT procedures through the integration of distributed temperature
sensing (DTS) systems with optical fibre technology [227,228]. These innovative
approaches utilise fibre optic cables equipped with actively heated elements,
thereby enabling continuous temperature measurements with high spatial resolution
(typically 0.25-1 m) along the entire borehole depth during both the heating and
recovery phases. The DTS technology utilises the principles of Raman or Brillouin
scattering, whereby laser pulses are transmitted through the optical fibre and the
backscattered signals are analysed to determine temperature profiles based on the
time-of-flight principle and amplitude ratios of Stokes and anti-Stokes signals
[229]. Enhanced TRT systems have been demonstrated to exhibit superior
performance in identifying thermal heterogeneities and groundwater flow effects
within geological strata [227]. These systems provide depth-dependent thermal
conductivity measurements and enable the detection of localized convective heat
transfer that may not be captured by conventional averaging methods. The
enhanced methodology typically requires lower heating power (<20 W/m)
compared to standard TRT while maintaining measurement accuracy, and the
permanent installation of hybrid cables allows for repeated testing throughout the
system's operational lifetime, facilitating long-term monitoring of ground thermal
behaviour and borehole performance assessment [230].

For the results chapter, an undisturbed temperature of 18 °C was assumed,
which is presumably the temperature of the ground at a depth of 100 m (average
geothermal gradient in Turin 2-3 °C per 100 m). The depth of 100 m was determined
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by the necessity to incorporate a solitary undisturbed ground temperature value that
could approximate both the lower surface values and the higher deep values.

The temperature of the heat transfer fluid at the inlet 9,,; and outlet 9,,,, is a
critical parameter in the design of closed-loop heat exchangers. It is notable that a
substantial disparity exists between the mean temperature of the fluid within the
exchanger and the temperature of the undisturbed ground. This disparity facilitates
a reduction in the size of the heat exchange system, thereby rendering the
construction process more economical. However, this approach has a greater impact
on the thermal state of the surrounding ground and generally leads to lower heat
pump performance, increasing the system's energy consumption. The presence of a
low discrepancy between the mean temperature of the fluid within the exchanger
and the ambient temperature of the undisturbed ground facilitates enhanced
performance of the heat pump and reduced energy consumption of the system.
However, this approach gives rise to a substantial heat exchange system with the
subsoil, which results in the construction of the system becoming excessively
costly.

Achieving the correct balance between the various factors influencing the
choice (system size and heat pump performance) necessitates consideration of the
range within which the difference between the temperature of the fluid leaving the
heat exchanger 9,,, and the ground temperature J, in heating mode varies: namely,
6 to 11 °C. It is imperative to investigate the temperature disparity of the incoming
heat transfer fluid, ensuring that the fluid flow rate through the pipes is sufficient to
maintain a non-laminar flow regime inside the pipes (Reynolds number > 2300)
and that the fluid's velocity does not result in excessive pressure drops, thereby
necessitating the utilisation of an excessively energy-intensive pumping system. It
is generally accepted that, for the purpose of calculating ¥,,;, a temperature
difference of 3 to 5 °C is sufficient to balance the aforementioned system
parameters.

The penalty temperature facilitates the execution of analytical adjustments to
the average temperature difference between the ground and the heat transfer fluid,
thereby ensuring the consideration of mutual interference from the thermal fields
induced by the heat exchangers active in the ground.

Subsequent to the determination of the quantity and geometric configuration of
the heat exchangers to be installed, the following relationship can be utilised:

Equation 43

_ 1 " N4 +O,5 - N3+O,25N2 +0,1N1
P Neot 7l

(2

where:

- N,: is the number of exchangers surrounded on all four sides by other
exchangers;

- N;3: is the number of exchangers surrounded on three sides by other
exchangers;
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- N,: is the number of exchangers surrounded on two sides by other
exchangers;

- Nj: is the number of exchangers surrounded on one side by other
exchangers;

- 8,1: is the penalty temperature for a ground heat exchanger surrounded on
all four sides by other similar exchangers.

Equation 43 relates to a specific grid arrangement of ground heat exchangers.

The penalty temperature, designated as 6, is determined through a
comprehensive consideration of the thermal storage capacity exhibited by the
parallelepiped of soil, which is influenced by the operational dynamics of the heat
exchanger. This determination is achieved by employing the following relationship:

Equation 44

Qstored

9, = —>oret
prcyrdé-L

pl

where:

- Qstoreq: 1 the heat accumulated in the ground by the geothermal heat pump
system after 10 years of operation [J];

: . . K
- p: is the equivalent volumetric mass of the ground [m—gg];

g , : J_].
- Cp: is the equivalent specific heat of the ground [ 7 -1()]’

- dg: is the distance between the ground heat exchangers [m];
- L: is the total length of the ground heat exchangers [m].

The heat accumulated in the ground after 10 years Qg;oreq 1S Obtained using the
linear source solution and considering a cylinder with a radius of 8 to 10 m, as these
are the average distances of interest for heat transmission over this period of time
[231]. Given that the temperature gradient is not constant along the radius of the
cylinder under investigation, the average temperature variation between concentric
circular rings (Figure 103) is considered. The calculation of Qgoreq 1S Obtained
from:

Equation 45
n

Qstored = ZP'Cp'”'L'((Ri+AR)2_ R?)'Aggi

i=1
where:

- R;:is defined as the inner radius of the circle (equal to 0.5 d;) [m];

- AR: is defined as the increase in radius [m];

- AB,;: is the temperature variation of the i-th surface compare the
undisturbed ground temperature J, [C°].
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Figure 103. Schematic representation of heat accumulation in the ground.

The temperature difference Afy; is calculated using the following formula:

Equation 46

). - I(X
26y = Qa - I(X)
2-n-7\g-L

where:

- Q.: is net annual average heat transfer to the ground [W]
- Ag4: is the equivalent thermal conductivity of the ground [ (mw_/K)];

- I(X): is the coefficient calculated from the term X.

Equation 47
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Equation 48

I(X) = —-0,57707078 - In(X) + 0,1 per05<X>1

Equation 49

I(X) = —0,932002 - In(X) — 0,14601 per 0,01 <X >0,5

where:
- R:is the average radius considered (R; + 0,5 - AR) [m];
- 7: time (3650 days).
. oo e A
- ag:is the diffusivity a, = ﬁ

The final step is to calculate the total water flow rate in the circuit using:

Equation 50

1
Qh,hp,outD ) (1 - TPD)
Cp ' A@hD

mt=

In the case of the ground heat exchangers being connected in parallel, carrier

fluid discharge in the single BHE is mg = i [kg/s]. It depends by the total number

Nbhe
of boreholes in the closed-loop plant and their disposition. However, since they are

double U probes, it can be shown that each individual pipe has a flow rate equal to

% . It is recommended that the flow regime within the pipes be examined. The

thermophysical properties of water that are of interest at a temperature of 10°C are
as follows:

- Density p=999.7 [%4]

- Dynamic viscosity pu=1,31 - 107 [(WIL{—QS) .

The Reynolds number is a dimensionless parameter that quantifies the ratio
between inertial forces and viscous forces in a flow. It is utilised to predict the flow
regime (laminar, transitional, turbulent) as a function of flow rate/velocity,
geometry and fluid properties. The calculation is derived from the following
formula:

Equation 51
4 - my
mToditp
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Values below 2000 correspond to laminar flow, characterised by parallel flow
lines and losses that are proportional to velocity. In the range between 2000 and
4000, the flow transitions to a state of transitional flow, which is sensitive to
disturbances and boundary conditions. Finally, values above 4000 indicate a
turbulent flow state, marked by the presence of mixing and vortices. The
recommended Reynolds number, Re > 2500, is indicative of non-laminar flow, and
should be used as a minimum design value to avoid excessively high values that
unnecessarily increase pumping power. ASHRAE guidelines recommend
maintaining Re within the range of 2500—4000 as a typical design range. Indeed, at
flow rates below 2300, the flow becomes laminar, thereby exacerbating internal
convective exchange. Conversely, at flow rates much higher than this, pumping
energy increases significantly, although with marginal thermal benefits.

Finally, it is also useful to check the value of the water velocity inside the
exchanger to ensure compatibility with pressure drops using the following
relationship:

Equation 52
4-mg

V=——
ﬂ'diZ'P

Typical design velocities range from 0.3 to 0.6 m/s for double U-tube

configurations, balancing heat transfer performance against pressure drop and
pumping power requirements.
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3.4 Case Study

Two representative case studies are presented to demonstrate the application of
the ASHRAE comprehensive methodology to practical installations with distinct
thermal characteristics and operational requirements.

Two case studies were hypothesised: the first system was used to heat and cool
an office building (30,000 m?) with a thermal power of 300 kW for heating and 280
kW for cooling. The second was purely industrial purpose, with a design thermal
power of 2500 kW exclusively for heating, with a constant monthly thermal
consumption of 1,041,667 kWh distributed evenly over the twelve months of the
year, corresponding to a total useful annual energy of 12.5 GWh.
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3.4.1 First Case Study

The monthly thermal energy consumption demonstrates the seasonal variation
characteristic of mixed heating-cooling applications in temperate continental
climates (Table 14).

Table 14. Monthly thermal consumption for heating and cooling an office building in Turin.
Month Thermal Consumption (kWh) Load Type
January 82,800 Heating
February 72,000 Heating
March 69,000 Heating
April 66,000 Heating
May -64,860 Cooling
June -73,920 Cooling
July -77,280 Cooling
August -77,280 Cooling
September -62,040 Cooling
October -40,020 Cooling
November 66,000 Heating
December 69,000 Heating

The key heat pump performance indices are:

e COPj =3.8: Design coefficient of performance for heating
e COPys=4.7: Seasonal average coefficient of performance
e EERjp =3.3: Design energy efficiency ratio for cooling

e EER,=4.1: Seasonal average energy efficiency ratio
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Operating fluid temperatures are specified as:

e Ow; = 6°C (inlet to heat pump in heating mode)
e Ow,=2°C (outlet from heat pump in heating mode)
e 0O¢; =28°C (inlet to heat pump in cooling mode)
e 0Oc,=32°C (outlet from heat pump in cooling mode)

The chosen solution incorporates double-U tube BHEs with the following
specifications:

e Outer pipe diameter (de): 32 mm

o Inner pipe diameter (d;): 26.2 mm

e Pipe spacing (D): 45.2 mm

e Thermal conductivity of pipe (App): 0.3 W/mK

e Borehole diameter (Db): 150 mm

e Minimum distance between BHEs (ds): 7 m (to minimize thermal
interference)

The installation site exhibits geological characteristics typical of the Turin
metropolitan area, consisting of quaternary alluvial deposits with moderate water
saturation:

e Undisturbed ground temperature (0g): 15.7°C
e Thermal conductivity (»): 1.7 W/mK

o Density (p): 2200 kg/m?

e Specific heat (¢p): 1091 J/kgK

e Volumetric heat capacity (Sve): 2.4 MJ/m*K
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3.4.2 Second Case Study

This case study examines a large-scale closed-loop geothermal system serving
an industrial facility requiring continuous process heating throughout the annual
cycle. The constant thermal load profile represents a distinctly different operational
scenario compared to the previous commercial building case study.

Thermal Load Profile:

Design heating capacity: Qp up,outp= 2,500 kW

Annual energy consumption: 12,500,000 kWh (12.5 GWh)

Monthly energy consumption: 1,041,667 kWh (constant year-round)
Load profile: Constant 24/7 operation with minimal seasonal variation
No cooling requirement (heating only)

The key heat pump performance indices are:

COPp =3.8: Design coefficient of performance for heating
COP,s = 4.7: Seasonal average coefficient of performance

Operating fluid temperatures are specified as:

Ow; = 12°C (inlet to heat pump)
Ow,= 7°C (outlet from heat pump)

The chosen solution incorporates double-U tube BHEs with the following

specifications:

Outer pipe diameter (de): 32 mm

Inner pipe diameter (di): 26.2 mm

Pipe spacing (D): 45.2 mm

Thermal conductivity of pipe (App): 0.3 W/mK

Borehole diameter (Dpb): 100 mm

Minimum distance between BHEs (ds): 8 m (to minimize thermal
interference)

The ground properties utilised for system sizing are:

Undisturbed ground temperature (0g): 18°C
Thermal conductivity (A): 1.7 W/mK
Density (p): 2200 kg/m?

Specific heat (¢p): 950 J/kgK

Volumetric heat capacity (Sve): 2.09 MJ/m*K
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3.5 Results

Two distinct closed-loop geothermal configurations were designed to serve
different thermal demand profiles using the ASHRAE comprehensive
methodology. The first case study addresses a commercial office building with
mixed heating and cooling requirements, while the second examines a large-scale
industrial heating application with constant thermal load. The following sections
present the quantitative results obtained through systematic application of the sizing
equations presented in Section 3.3.2 ASHRAE.
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3.5.1 First case study

The sizing procedure began by calculating the equivalent full-load hours for
both heating and cooling using Equation 28. The annual heating energy of 424,800
kWh divided by the design heating capacity of 300 kW yielded 1,416 equivalent
hours per year for heating, while the 395,400 kWh cooling energy divided by 280
kW design cooling capacity produced 1,412 equivalent hours for cooling. These
values indicate moderate operational intensity compared to continuously operating
industrial applications. The annual average ground heat exchange was determined
using Equation 27, which accounts for the heat pump efficiency factors and
equivalent operating hours for both heating and cooling modes. The calculation
yielded Q. =-17,971 W, with the negative value indicating net heat rejection to the
ground. This result demonstrates that despite higher heating energy consumption,
the cooling operation generates greater ground-side thermal loads.

The borehole thermal resistance and the ground thermal resistance components
were calculated using the methodology described in Equation 28 through Equation
41. The temperature penalty calculation, which accounts for thermal interference
between multiple boreholes using Equation 43 and Equation 44, was performed
iteratively. For the preliminary sizing, a rectangular borehole array with 7-meter
spacing was assumed, and the accumulated heat in the ground after 10 years of
operation was calculated considering the net annual thermal imbalance. The
iterative process converged to a temperature penalty of 6,= -1.2 °C. The negative
value indicates that the net cooling operation produces ground warming rather than
cooling, which actually benefits heating mode operation by increasing the effective
temperature difference while reducing the driving force for cooling mode.

The fundamental ASHRAE sizing equation (Equation 26) was applied
separately for heating and cooling design conditions. For heating mode, the
numerator combined the annual average thermal load of -17,971 W multiplied by
the annual ground resistance of 0.2071 (m-K)/W with the design thermal load of
221,053 W multiplied by the sum of borehole resistance (0.0793 (m-K)/W),
monthly ground resistance weighted by the part-load factor (0.371 x 0.2068 =
0.0767 (m-K)/W), and daily ground resistance weighted by the short-circuit loss
factor (0.1020 x 1.05 = 0.1071 (m-K)/W). The denominator represented the
effective temperature difference between the undisturbed ground temperature of
15.7°C and the mean fluid temperature of 4°C during heating operation, adjusted
by the temperature penalty of -1.2°C, yielding an effective difference of 12.9°C.
The calculation produced a required length of 4,220 meters for heating operation.

For cooling mode, the same equation structure was applied with cooling-
specific parameters. The design ground heat rejection during peak cooling was
calculated as Qg,CDZ 280,000 x (1 + 1/3.3) = 364,848 W. With the mean fluid
temperature of 30°C during cooling, the effective temperature difference between
ground and fluid was 15.7 - 30.0 - (-1.2) =-13.1°C. The negative sign indicates heat
rejection to ground, and the calculation yielded a required length of 7,612 meters
for cooling mode.
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The design requirement is determined by the larger of the two calculated
lengths, establishing the cooling mode as the dimensioning condition with 7,612
meters total borehole heat exchanger length required. This result reflects the
fundamental asymmetry in ground-source heat pump systems, where cooling
operation typically imposes greater demands on the ground heat exchanger due to
the combined rejection of building cooling load plus compressor work, even when
annual energy consumption is nearly balanced.

The total length of 7,612 meters was distributed among 80 individual boreholes
arranged in a rectangular borefield geometry optimized for the available site
configuration. The borefield was designed with 8 rows and 10 columns, maintaining
the 7-meter inter-borehole spacing established during the thermal interference
analysis. This configuration yields a total land area of approximately 49 meters X
63 meters, or roughly 3,087 m?, providing a compact footprint suitable for many
different commercial building complexes. Each individual borehole was designed
to a depth of 95 meters, representing a practical drilling depth that balances
construction feasibility, equipment accessibility, and cost-effectiveness while
remaining well within the capabilities of standard drilling equipment. The 95-meter
depth provides access to the thermally stable ground zone below the influence of
seasonal surface temperature variations, ensuring consistent system performance
throughout the annual cycle.

The hydraulic analysis using Equation 50 through Equation 52 determined the
circulation system requirements for the final borefield configuration. The total
system flow rate of approximately 12.8 kg/s was distributed equally among the 80
boreholes, yielding an individual borehole flow rate of 0.16 kg/s. For the double U-
tube configuration, this flow divides equally between the two parallel U-tube legs,
resulting in 0.08 kg/s per individual pipe. The Reynolds number calculation yielded
Re = 8,427, indicating fully developed turbulent flow well above the transition
regime threshold of 2,300. While this Reynolds number exceeds the optimal design
range of 2,500-4,000 recommended in ASHRAE guidelines, it remains acceptable
for commercial applications where the enhanced convective heat transfer
coefficients associated with higher Reynolds numbers can improve thermal
performance during peak load conditions. The corresponding flow velocity of 0.25
m/s represents a moderate value that ensures adequate heat transfer while
maintaining reasonable pressure drops throughout the circulation system.
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3.5.2 Second case study

The second case study examines a large-scale industrial heating application
requiring continuous process heating with constant thermal load throughout the
annual cycle. The sizing procedure commenced with calculation of equivalent full-
load hours using Equation 28, which yielded 12,500,000 kWh / 2,500 kW = 5,000
hours per year, substantially exceeding the commercial building application and
approaching continuous operation. The annual average ground heat exchange was
determined using Equation 27, producing Q. = 1,123,336 W, a substantial positive
value confirming sustained net heat extraction from the ground characteristic of
heating-dominated industrial applications. The part-load factor for the design
month was calculated using Equation 29 as 1,041,667 kWh / (24 hours x 30 days X
2,500 kW) = 0.560. This significantly higher value compared to the commercial
building reflects the constant operational pattern with 56% continuous utilisation
throughout each month. The design ground heat output was calculated as 2,500,000
x (1 - 1/3.8) = 1,842,105 W. The borehole thermal resistance and the ground
thermal resistance components were calculated using the methodology described in
Equation 28 through Equation 41.

Given the substantially larger scale of this installation, multiple borehole
configurations were analysed to explore trade-offs between individual borehole
depth, total number of boreholes, and available site constraints. Four distinct
configurations were evaluated through iterative application of the temperature
penalty calculation using Equation 43 and Equation 44 and the fundamental sizing
equation.

Configuration I: (Deep Borehole Strategy) employs deep individual boreholes
to minimize land area requirements. The temperature penalty calculation converged
to 6, =2.9°C for a rectangular array of 46 rows by 4 columns with 8-meter spacing.
Application of Equation 1 with the effective temperature difference of (18.0 - 9.5 -
2.9) =5.6°C yielded a total required length of 146,109 meters. This was distributed
among 184 boreholes with individual depths of 397 meters, occupying
approximately 8,640 m? total area. The hydraulic analysis produced total system
flow of 87.78 kg/s, individual borehole flow of 0.239 kg/s, Reynolds number of
8,847, and flow velocity of 0.44 m/s. The substantially elevated Reynolds number
indicates fully turbulent flow with enhanced heat transfer coefficients but
substantially increased pumping power requirements due to quadratic pressure drop
dependencies.

Configuration 2: (Shallow Multiple Borehole Approach) explores optimized
hydraulic conditions through reduced individual drilling depths. The significantly
higher borehole density resulted in increased thermal interference, with the
temperature penalty calculation converging to 6,= 3.3°C. The reduced effective
temperature difference of (18.0 - 9.5 - 3.3) = 5.2°C necessitated increased total
length of 157,348 meters. This was distributed among 572 boreholes with 138-
meter depth arranged in a 44 x 13 rectangular array, occupying 33,024 m? area. The
substantially larger number of boreholes reduced individual flow rates to 0.077
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kg/s, yielding Reynolds number of 2,846 and velocity of 0.14 m/s. These hydraulic
parameters reside within the optimal design range of 2,500-4,000, ensuring efficient
operation with minimized pumping power while maintaining adequate turbulent
mixing for effective convective heat transfer.

Configuration 3: (Intermediate Balance Solution) represents a balanced
intermediate approach with 323 boreholes at 243-meter depth arranged ina 17 X 19
array occupying 18,432 m? The temperature penalty of 3.29°C produced total
length requirement of 157,046 meters. The hydraulic conditions yielded flow rate
of 0.136 kg/s per borehole, Reynolds number of 5,040, and velocity of 0.25 m/s.
While the Reynolds number exceeds the optimal upper limit of 4,000, it remains
within acceptable operational range.

Configuration 4: (Minimized Footprint with Reduced Spacing) explores
maximizing spatial utilisation through reduced inter-borehole spacing of 5 meters
rather than 8 meters. The decreased spacing significantly enhances thermal
interference effects, with temperature penalty reaching 6, = 4.94°C. The
substantially reduced effective temperature difference necessitated total length of
229,835 meters distributed among 420 boreholes with 274-meter individual depth.
The Reynolds number of 3,876 and velocity of 0.19 m/s remain within acceptable
ranges, though the enhanced thermal interference substantially increases total
drilling requirements.

The selection of these configurations is contingent on a number of site-specific
constraints (Table 15). These include the available land area, the drilling cost
structures (which typically exhibit exponential increases beyond 250-300 metre
depths), the costs of land acquisition or leasing, regulatory constraints on borehole
density or individual depths, and the relative economic importance of minimising
capital investment versus operational pumping energy consumption over the 25-50
year system design lifetime.

Table 15. Comparison of Borefield Configuration Parameters for Industrial Heating Case Study.

Total ;Iow W
Configuration Length  Width  Number Depth Pipe Reynolds ::e Vealctaecgt
9 (m) (m) of BHEs (m) Length  Number ’I;ipe (m/s) y
(km) (kg/s)
1 382 32 184 397 146 8,847 023 044
2 382 110 572 138 157 2,846 0.076 0.14
3 158 200 323 243 230 5,040 0.135 0.25
4 382 32 420 274 230 3,876 0.10 0.19
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3.6 Discussion

The comprehensive analysis of closed-loop geothermal systems through two
distinct case studies reveals fundamental insights into the design methodology,
operational characteristics, and critical trade-offs that govern system performance
and economic viability. The ASHRAE methodology, as implemented in
international standards including UNI 11466:2012, provides a rigorous analytical
framework capable of accurately sizing borehole heat exchanger installations across
diverse thermal demand profiles and operational patterns.

The first case study, addressing a commercial office building with mixed
heating and cooling requirements, demonstrates the importance of comprehensive
thermal load characterization throughout the entire annual cycle. The calculation of
annual average ground heat exchange yielded -17,971 W, indicating net heat
rejection to the ground despite nearly balanced annual heating and cooling energy
consumption. This counterintuitive result emerges from the fundamental
thermodynamic asymmetry in ground-source heat pump operation, where cooling
mode rejects the sum of building cooling load plus compressor work to the ground,
while heating mode extracts only the difference between building heating load and
compressor work. This asymmetry produces cooling-dominated ground thermal
loads even in apparently balanced applications, with profound implications for
long-term thermal sustainability and system sizing requirements. The design
analysis revealed that cooling mode governs the dimensioning condition, requiring
7,612 meters total borehole length compared to only 4,220 meters for heating
operation. This 80% difference underscores the necessity of analyzing both heating
and cooling conditions rather than relying exclusively on peak capacity or annual
energy consumption metrics. The temperature penalty of -1.2°C calculated for this
application warrants careful interpretation. The negative value indicates that
sustained net heat rejection to the ground produces progressive ground warming
rather than cooling, effectively increasing the temperature difference driving force
during heating mode while reducing it during cooling operation. This phenomenon
suggests that over multi-decade operational periods, the system performance may
actually improve for heating while gradually degrading for cooling as ground
temperatures drift upward. Long-term monitoring strategies incorporating
distributed temperature sensing capabilities would enable quantification of these
thermal evolution effects and potentially inform adaptive operational strategies to
maintain thermal balance.

The final borefield configuration of 80 boreholes at 95-meter depth arranged in
an § x 10 rectangular array occupying approximately 3,087 m? represents a practical
solution compatible with standard drilling equipment and conventional installation
practices. The Reynolds number of 8,427, while exceeding the optimal design range
of 2,500-4,000, reflects a conscious design decision prioritizing adequate thermal
performance during peak cooling loads over minimized pumping power. For this
moderately sized commercial application, the incremental pumping energy penalty
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remains proportionally small compared to total system energy consumption, and
the enhanced convective heat transfer associated with fully turbulent flow provides
operational benefits during design conditions. Alternative design iterations
reducing the Reynolds number through increased temperature difference (5-6°C
rather than 4°C) or modified borefield geometry would reduce pumping
requirements but potentially compromise thermal performance margins.

The second case study, examining large-scale industrial continuous heating
applications, reveals fundamentally different design considerations emerging from
sustained thermal extraction at 2.5 MW annual average over multi-decade
operational periods. The equivalent full-load hours of 5,000 hours per year
approach continuous operation, producing substantially higher part-load factors
(0.560) compared to the commercial building (0.371) and imposing
correspondingly greater demands on ground thermal capacity. The exploration of
four alternative borefield configurations demonstrates the complex optimization
space governing large-scale installations, where competing objectives including
minimized land area, optimal hydraulic performance, drilling cost structures, and
long-term thermal sustainability must be simultaneously addressed. The
temperature penalty analysis reveals systematic increases with borefield density,
from 2.9°C for Configuration 1 to 3.3°C for Configuration 2, and reaching 4.94°C
for the densely spaced Configuration 4. These values quantify the progressive
thermal interference effects as borehole spacing decreases and thermal extraction
density increases. The 70% increase in temperature penalty from Configuration 1
to Configuration 4 directly translates to proportionally reduced -effective
temperature difference driving heat transfer, necessitating substantially increased
total borehole length to maintain equivalent thermal performance. This relationship
underscores the critical importance of adequate borehole spacing in large
installations, where the impulse to maximize spatial utilisation must be balanced
against fundamental thermal physics governing ground heat transfer.

The comparative methodology analysis demonstrates that the ASHRAE
approach provides substantially improved accuracy compared to simplified VDI
4640 methods for complex applications. For the commercial building case study,
the VDI simplified approach would estimate approximately 5,200 meters total
length using tabulated extraction rates of 65 W/m for water-saturated sand and
gravel formations, representing 32% underestimation compared to the ASHRAE
cooling-mode requirement of 7,612 meters.
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3.7 Conclusion & Further Investigation

The comprehensive analysis of closed-loop geothermal systems presented in
this research demonstrates the maturity and practical reliability of consolidated
analytical design methodologies, while simultaneously highlighting clear
opportunities for continued advancement aimed at improving system optimization,
monitoring strategies, and long-term thermal management. The ASHRAE
comprehensive methodology provides a rigorous framework for accurate system
sizing across diverse applications, explicitly accounting for temporal load
variations, thermal interference effects, and ground thermal property influences that
fundamentally govern performance and long-term sustainability.

The case study analyses confirm that optimising the design of closed-loop
geothermal systems requires the simultaneous consideration of multiple objectives,
which are often competing. It is important to note that no single configuration can
be assumed to universally optimise all design targets. This highlights the
importance of conducting site-specific analyses, which necessitate the evaluation
of local constraints, cost structures, hydraulic performance and operational
priorities as a unified entity. In the context of commercial applications characterised
by a combination of heating and cooling demands, the selection of cooling mode
frequently dictates the sizing requirements. This is primarily due to the
thermodynamic asymmetries inherent in the operation of ground-source heat
pumps. Consequently, there is a compelling need for a more comprehensive annual
load characterisation rather than a simplistic approach that relies on peak-condition
sizing. In the context of large-scale industrial heating applications, the
configuration of borefields is predominantly influenced by considerations
pertaining to land availability and the cost structures associated with drilling. The
implementation of deeper borehole solutions is known to minimise the footprint of
the project; however, this is often accompanied by increased drilling costs and the
potential for sub-optimal hydraulics. Conversely, the employment of multiple
shallower borehole configurations has been shown to enhance operational
efficiency. Nevertheless, this approach necessitates a substantially larger land area.
These findings serve to confirm the robustness of the ASHRAE framework for
design decision-making, while concomitantly clarifying the physical mechanisms
that should be better represented when moving towards higher-fidelity performance
prediction.

Future research directions that would substantially advance closed-loop
geothermal technology implementation, and specifically those that would allow the
ASHRAE method to evolve towards results more directly comparable with
advanced numerical simulation tools (e.g. FEFLOW), include several key areas.
Enhanced ground thermal characterisation is a primary priority. The integration of
distributed temperature sensing and depth-resolved measurements within thermal
response testing would enable the identification of vertical variations in thermal
properties, the detection of groundwater-driven anomalies, and the derivation of
more representative parameters for analytical sizing. In particular, the assumption
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of homogeneous ground properties over the full borehole depth can be considered
as a common simplification. A more nuanced approach, one which acknowledges
the potential variability of ground properties with depth, could lead to a more
precise definition of effective stratified properties or depth-dependent parameter
sets that better reflect real geological conditions.

A secondary critical development pertains to the explicit representation of
geological heterogeneity within the analytical procedure. Whilst the ASHRAE
approach relies on effective parameters, future work could investigate systematic
strategies to incorporate layered stratigraphy and laterally variable formations
through equivalent-medium formulations, interval-based property weighting, or
hybrid correction factors calibrated against site data. This would enhance the
analytical method's capacity to capture non-uniform heat transfer domains, thereby
reducing the discrepancy between simplified analytical predictions and high-
resolution numerical outputs.

The effects of groundwater flow represent a significant area for methodological
enhancement. In circumstances where advection is a pertinent factor, analytical
assumptions that are exclusively conductive in nature have the potential to generate
estimates of long-term temperature evolution and thermal interference that are
subject to bias. It is recommended that subsequent studies investigate the potential
for groundwater influence to be screened, parameterised, and integrated into the
ASHRAE methodology through the utilisation of practical correction terms,
effective transport parameters, or simplified advection—conduction modules. Such
developments would enable the analytical framework to reproduce, at least in an
approximate but defensible way, the additional heat transport mechanisms that are
naturally resolved in advanced numerical simulators such as FEFLOW. Three-
dimensional simulations incorporating realistic geological heterogeneity,
groundwater flow, and spatially variable thermal properties can be used to quantify
when and why analytical assumptions break down. They can also be used to derive
calibration relationships that translate numerical insight into improved analytical
formulations. Whilst the computational requirements may limit the routine use of
fully three-dimensional models in everyday design, continued progress in
computing power and model reduction techniques may progressively enable a
broader application of such models. In the near term, a pragmatic pathway is the
development of hybrid workflows in which numerical simulations are applied
selectively, for example, to complex sites or large installations, in order to validate
analytical sizing, calibrate correction factors and define more reliable long-term
sustainability envelopes.

Despite the fact that double U-tube configurations are a mature and well-
researched solution, alternative coaxial or enhanced geometries may offer
performance improvements or cost reductions that become increasingly significant
as design evolves towards more compact footprints and higher extraction/rejection
densities. In addition, the ongoing evolution of policy and regulatory frameworks
continues to exert a significant influence on the potential deployment of these
technologies. The hypothesis that the streamlining of permitting processes for low-
risk closed-loop installations could result in a reduction of non-technical barriers
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and an acceleration in the rate of adoption is one that merits investigation. This is
provided that there is assurance in the continued robustness and alignment of
technical standards with improved characterisation and monitoring practices, thus
ensuring environmental protection, long-term performance, and public safety. This
chapter corroborates the robustness of the ASHRAE analytical framework for
closed-loop geothermal design, while delineating a clear trajectory for future
research. The overarching objective of these efforts is to facilitate more reliable,
site-specific, and sustainable system design.
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Chapter 4

“[...] Anything one man can imagine, other men can make real.”

Jules Verne (1873)°

ATES

Aquifer Thermal Energy Storage (ATES) systems represent an advanced
technological solution for seasonal thermal energy management in urban
environments, offering significant potential for reducing energy consumption and
greenhouse gas emissions through the strategic storage and recovery of thermal
energy in subsurface aquifer formations. This chapter presents a comprehensive
analysis of three innovative ATES system configurations implemented in an urban
area in northern Italy, specifically examining their integration with heat pump
systems for building thermal management. The investigation addresses the unique
challenges posed by high groundwater flow velocities and develops novel
operational strategies that enable effective thermal energy storage under conditions
typically considered unfavorable for conventional ATES applications.

¢ Around the World in Eighty Days, Jules Verne, (1873).
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4.1 Overview

ATES systems utilise naturally occurring aquifer formations as seasonal
thermal energy storage reservoirs, exploiting the substantial thermal capacity of
groundwater-saturated geological formations to store and subsequently recover
thermal energy across seasonal cycles. Unlike conventional thermal storage
systems that rely on purpose-built tanks or engineered structures, ATES technology
leverages existing hydrogeological resources, offering significant economic and
spatial advantages for large-scale thermal energy management applications.

The fundamental operational principle involves the bidirectional exchange of
groundwater between extraction and injection wells configured as doublets or
multiplets, with well functions alternating according to seasonal thermal demands
(Figure 104 A). During cooling-dominated periods (summer), relatively cool
groundwater is extracted from designated cold wells, circulated through building
systems or heat exchangers to provide cooling services, and subsequently reinjected
at elevated temperatures into warm wells where the thermal energy is stored within
the aquifer formation. During heating-dominated periods (winter), this operational
cycle reverses: warmed groundwater is extracted from warm wells, thermal energy
is recovered through heat pump systems, and the cooled water is reinjected into
cold wells, completing the seasonal storage cycle (Figure 104 B).

Due to its sustainable nature and wide applicability, interest in investing in
ATES technology is experiencing significant growth worldwide. In Flanders
(northern Belgium), the number of operational systems has steadily increased from
30 to 368 over the past5 years, demonstrating rapid market adoption driven by
favorable regulatory frameworks and growing recognition of ATES benefits [232].
In Wallonia (southern Belgium) and Brussels (central Belgium), this growth
manifests differently, with more complex aquifers, respectively a shallow alluvial
aquifer and a fractured bedrock aquifer, being targeted for ATES development
despite higher technical uncertainty [233]. Meanwhile, the Netherlands continues
to lead global ATES deployment with thousands of operational systems, benefiting
from decades of experience, comprehensive regulatory frameworks, and extensive
hydrogeological characterization [234]. This growing international interest has
stimulated substantial research investment in this field to improve understanding of
the coupled groundwater flow and heat transport processes occurring within aquifer
systems.
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Figure 104. [A] operating principles of ATES plant (modified from [235]); [B] cross section of
conventional ATES using FEFLOW.
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The successful implementation of ATES technology is fundamentally
dependent on specific hydrogeological characteristics that determine aquifer
suitability for thermal energy storage applications. The primary hydrogeological
parameters include [236-240]:

»  Hydraulic Conductivity: the aquifer must possess sufficient hydraulic
conductivity (typically exceeding 10 m/s) to enable adequate well
yields without excessive hydraulic drawdown that could cause
operational problems or environmental impacts. Higher hydraulic
conductivity enables operation at higher flow rates, increasing thermal
capacity and improving economic viability;

= Saturated Thickness: adequate aquifer thickness (generally > 10 meters)
ensures sufficient three-dimensional storage volume and reduces the
influence of thermal exchange with confining layers, which represent
major pathways for conductive heat loss. Thicker aquifers provide
larger thermal storage capacity and improve efficiency by reducing the
relative importance of boundary heat losses;

= Effective Porosity: aquifer effective porosity (typically 20-30% for
unconsolidated sediments) determines the volume of water available for
thermal storage and influences the rate of thermal plume migration
under natural groundwater flow. Higher porosity increases thermal
storage capacity but may also increase thermal dispersion, requiring
careful optimization in system design;

= Natural Groundwater Flow Velocity: this parameter represents perhaps
the most critical constraint for conventional ATES design. Natural
groundwater flow velocities below 25 m/year are specified in
conventional design guidelines to ensure thermal plume stability and
high recovery efficiency. This threshold exists because excessive
groundwater flow causes advective transport of stored thermal plumes
away from injection wells, reducing recovery efficiency and potentially
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causing thermal interference with neighboring systems or sensitive
environmental receptors;

= Thermal Conductivity: the thermal conductivity of aquifer materials
and surrounding confining layers influences conductive heat losses
during thermal storage periods;

= Confinement Conditions: the aquifer must be confined or semi-confined
by low-permeability geological layers (aquitards) to minimize vertical
thermal losses and ensure thermal plume containment within the storage
formation. Complete confinement is ideal, but semi-confined
conditions can still support effective ATES operation if vertical
hydraulic conductivity is sufficiently low (Figure 105).

Summer

20-25°C

Figure 105. ATES double working principle [240].

Traditional ATES system design assumes minimal ambient groundwater flow,
enabling thermal plumes to remain relatively stationary near injection wells
throughout storage periods, facilitating efficient recovery during subsequent
extraction cycles. Under these idealized conditions, well doublets are typically
spaced 50-150 meters apart, with specific spacing determined by aquifer
transmissivity, operational flow rates, and thermal storage requirements. However,
many urban aquifer systems exhibit groundwater flow velocities substantially
exceeding conventional ATES design thresholds, particularly in alluvial basin
settings characterized by coarse-grained sediments and appreciable hydraulic
gradients. The Po River plain in northern Italy, including the Turin metropolitan
area, represents an example of this hydrogeological setting, with Quaternary
alluvial deposits (coarse gravel and sand) exhibiting high hydraulic conductivity
and groundwater flow velocities frequently exceeding 1000-1500m/year.

Under such conditions, traditional ATES configurations experience
significantly degraded thermal recovery efficiency due to advective displacement
of stored thermal plumes with injected thermal energy migrating substantial
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distances downgradient before it can be recovered. This chapter addresses this
fundamental limitation through three innovative system configurations that
explicitly account for advective thermal transport and strategically position wells to
intercept migrating thermal plumes. These modified approaches transform the
typically detrimental effect of groundwater flow into an asset, enabling thermal
energy storage and recovery in hydrogeological settings previously considered
unsuitable for ATES applications.

The key conceptual innovation involves abandoning the conventional paradigm
of attempting to minimize thermal plume migration through close well spacing and
low flow rates. Instead, these designs embrace thermal advection as an inherent
characteristic of the hydrogeological system and position extraction wells
downstream to intercept migrating thermal plumes. This strategic approach enables
successful ATES operation even when groundwater flow velocities exceed
conventional design limits by one to two orders of magnitude.

The three case studies examined in this research demonstrate progressively
increasing sophistication in exploiting advective thermal transport:

» Case Study 1 implements a hybrid sequential activation strategy where
a conventional open-loop system is operated initially to establish
thermal plume behaviour, followed by activation of a downstream
extraction well positioned to intercept the migrating thermal plume;

» Case Study 2 employs a seasonal reversible four-well configuration
with asymmetric flow rates optimized to match regional heating and
cooling demands while maintaining thermal balance within the aquifer
system;

» Case Study 3 demonstrates a cascaded thermal plume recovery concept
where two separate open-loop installations operate synergistically, with
the downstream system intercepting and recovering thermal plumes
generated by the upstream system, enabling unprecedented scale and
efficiency.
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4.2 Case Studies

Figure 106 presents a location map showing the model areas for the three
ATES case studies, all situated in the northern metropolitan area of Turin. The study
area selection was based on available green area and favourable and detailed
hydrogeological characterization data from regional monitoring networks.
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Figure 106. Case studies location map.

Figure 107 displays a simplified geological map of the Turin metropolitan area,
illustrating the distribution of Quaternary deposits that host the shallow aquifer. The
geological setting is dominated by fluvial and fluvioglacial deposits of Pleistocene

to Holocene.
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Figure 107. Simplified geological map of Turin area.
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4.2.1 Case Study 1

The first case study analysed a pioneering approach to ATES system design
under challenging hydrogeological conditions, demonstrating how conventional
open-loop geothermal installations can be strategically enhanced through sequential
well activation to achieve seasonal thermal storage capabilities. The system
confronts the fundamental challenge of operating in an aquifer characterized by
natural groundwater flow velocity of approximately 378 m/year (1.04 m/day), more
than ten times the conventional ATES design threshold of 25 m/year. The
innovative aspect of this design lies in its phased implementation strategy, which
manages technical risk while enabling validation of numerical model predictions
before committing to full ATES configuration. This approach offers significant
practical advantages for real-world implementation, particularly in aquifer systems
where thermal plume behaviour may be uncertain due to geological heterogeneity
or limited prior characterization.

The model area contains various stratigraphic profiles available from the
regional environmental agency (ARPA Piemonte) geoportal database[168]. Figure
108 and Figure 109 present two representative simplified stratigraphic cross-
sections (designated S1 and S3) from boreholes in the study area, used to construct
the numerical model geometry and assign appropriate hydrogeological parameters.
The water table occurs at approximately 15-15.5 meters depth across the study area.
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Figure 108. Simplified stratigraphic cross section number 102046, named S1 (data from [168]).
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Figure 109. Simplified stratigraphic cross section number 102048, named S3 (data from [168]).

Figure 110 illustrates the three-dimensional model domain and layer
discretization developed in FEFLOW to represent these hydrogeological
conditions. Three main layers were simulated to adequately represent the geological
formations:

- Layer 1 (topographic surface to 18 m depth): Gravel and sand with
hydraulic conductivity of 3.3x1073 m/s;

- Layer 2 (18-40 m depth): Sand and clay with hydraulic conductivity of
8x10~* m/s;

- Layer 3 (below 40 m depth): Confined deeper aquifer of sandy gravel
and silt and clay interval with low hydraulic conductivity of 1x107° m/s.

Layer 3 is designated as a strategic aquifer reserve for potable water supply and
therefore cannot be exploited for geothermal applications under regulatory
constraints. Nevertheless, its explicit inclusion in the numerical model enhances
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both physical and numerical stability of ATES simulations. The low permeability
of Layer 3 is precisely the property that creates confinement of overlying layers,
thus defining the confining units as observed in standard hydrogeological
terminology. Although not directly utilised for ATES operations, Layer 3 serves
critical functions in model accuracy: it provides a realistic lower boundary
condition representing the transition to aquitard material, thereby eliminating
arbitrary boundary assumptions at 40 m depth that could introduce spurious vertical
transport effects. Furthermore, the low thermal conductivity and water flux in Layer
3 establish thermally stable lower boundary conditions, permitting accurate
specification of geothermal gradients without artificial heat effects. In transient
coupled thermal-hydraulic simulations, the low-permeability layer enhances
numerical stability by preventing unrealistic pressure and temperature fluctuations
at depth-discretised boundaries, a factor which is of particular importance for long-
term ATES cycles. This three-layer discretisation provides a scientifically justified
balance between model complexity and computational efficiency, while capturing
the essential hydrogeological features controlling thermal plume behaviour in the
shallow aquifer. This is consistent with standard numerical modelling practice for
shallow geothermal systems [241-243].

<% FEFLOW 8.1

Figure 110. 3D model domain and layer discretisation.
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Figure 111 displays the well positions and finite element mesh for Case Study
1, showing the strategic spatial arrangement of the three-well system. The figure
illustrates the high-resolution triangular mesh refinement near well locations to
accurately represent steep thermal and hydraulic gradients, with coarser
discretization in far-field areas
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Figure 111. Wells position and FEFLOW triangular mesh (ATES Case 1).

During the initial two years, the system functions as a conventional open-loop
geothermal installation with well P1 serving as the extraction point and well P2 as
the injection point, separated by approximately 30 meters. This configuration
operates continuously at a flow rate of 5 I/s, intentionally limited to prevent thermal
interference between intake and discharge wells in the closely-spaced doublet
configuration. The system provides thermal energy for heat pump operation while
simultaneously establishing a thermal plume that migrates downgradient with the
natural groundwater flow. The relatively low flow rate (5 1/s) corresponds to a
theoretical thermal power capacity of approximately 150 kW. The theoretical power
calculations are calculated from the Equation 2 assuming a temperature delta of 7
and using the volumetric heat capacity of water (4.18 MJ/Km?®). The selection of a
7 AT is driven by compliance with the environmental regulatory framework of the
Piedmont Region, which establishes absolute thermal thresholds for reinjected
groundwater, specifically prohibiting discharge temperatures above 22°C or below
8°C. Given an average undisturbed aquifer temperature of 15°C, a thermal
alteration of 7°C represents the maximum permissible deviation. Consequently, this
value was adopted to model the system under conditions of maximum
thermodynamic performance while ensuring strict adherence to environmental
constraints.

During this phase, several monitoring piezometers were positioned
downgradient of well P2 to track thermal plume evolution and validate numerical
model predictions of plume trajectory, migration velocity, and temperature
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distribution. These monitoring data provide critical information for confirming that
the thermal plume develops as predicted and reaches the intended location for well
P3, validating the fundamental concept before significant additional investment.

The critical innovation occurs during Phase 2, implemented after two years of
open-loop operation when sufficient observational data confirms thermal plume
behaviour and optimal positioning for the downstream extraction well (P3). well P1
is converted from extraction to injection well as well P2, then well P3 is now
operating as extraction well. positioned strategically downstream to intercept the
thermal plume generated during the previous operational phase. This configuration
inverts the conventional well arrangement, with injection occurring upstream and
extraction downstream, explicitly designed to capture advectively transported
thermal energy. The increased separation between injection wells (P1, P2) and
extraction well (P3) enables a substantial flow rate increase to 20 1/s total (10 I/s
each for P1 and P2, 20 I/s for P3), corresponding to a theoretical thermal power
capacity of 574 kW, nearly four times the Phase 1 capacity.
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4.2.2 Case Study 2

The second ATES case study area is the same of the open-loop plant case 2
(chapter 2.4 Case Studies). This installation demonstrates a more sophisticated
approach to seasonal thermal energy storage, implementing a four-well
configuration with bidirectional seasonal operation designed to serve substantial
heating and cooling demands while achieving enhanced thermal recovery efficiency
through optimized operational strategies. This system represents a significant scale
increase compared to the first case study installation, with substantially higher flow
rates and thermal capacities suitable for district-scale applications serving multiple
buildings or large institutional facilities. This design plant employs four wells
arranged in two doublets, with well functions alternating seasonally according to
thermal demand characteristics (Figure 112). During summer cooling operations,
Wells P1-P2 function as injection points receiving heated water from building
cooling systems, while Wells P3-P4 serve as extraction points providing cool
groundwater for cooling services. During winter heating operations, this
configuration reverses completely: Wells P1-P2 become extraction points
providing warmed groundwater for heat pump systems, while Wells P3-P4 serve as
injection points receiving cooled water returned from heat pump evaporators. The
distance between P2 and P4 is 190 m. This bidirectional operational strategy creates
distinct warm and cold thermal zones within the aquifer formation, with each zone
serving alternately as thermal source and thermal sink across seasonal cycles. The
spatial separation between doublets enables development of substantial thermal
storage capacity while maintaining sufficient distance to prevent short-term thermal
interference between simultaneous injection and extraction operations.
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Figure 112. Wells position and FEFLOW triangular mesh (ATES Case 2).

A critical innovation implemented involves asymmetric flow rates optimized
to match seasonal thermal demand profiles characteristic of the installation location.
Summer cooling operations utilise a flow rate of 80 1/s, while winter heating
operations employ an increased flow rate of 125 1/s, reflecting the higher thermal
power requirements for space heating compared to space cooling in the regional
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climate. This asymmetric flow strategy directly addresses the common challenge in
ATES systems of matching seasonal energy input and extraction to maintain long-
term thermal balance within the aquifer. By adjusting flow rates according to actual
thermal demands, the system achieves more effective utilisation of stored thermal
energy while avoiding excessive thermal drift that could compromise long-term
performance. Five-years of operating system are simulated and presented in the
chapter 4.3 Results.
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4.2.3 Case Study 3

The third ATES case study is the most ambitious and innovative configuration
examined involves the coordinated operation of two geographically separated open-
loop plant (open-loop case study 1 and 2 chapter 2.4 Case Studies) positioned
strategically to exploit natural groundwater flow for cascaded thermal plume
recovery (Figure 113). This integrated approach demonstrates how multiple open-
loop systems can be designed to operate synergistically, with downstream
installations operating as ATES plant intercepting and utilizing thermal plumes
generated by upstream systems. The case study integrated system comprises sixteen
wells total distributed across two distinct installation sites separated by
approximately 826 meters in the direction of natural groundwater flow. The
upstream open-loop plant, employs eight wells configured as case 1 in chapter 2.4
Case Studies and work as standalone open-loop plant. The downstream plant,
similarly employs eight wells with operational parameters adapted to optimize
thermal plume recovery from the upstream installation. The 826-meter separation
distance represents a carefully optimized value that balances competing design
objectives. Sufficient separation enables thermal plumes generated at upstream
plant to develop fully and migrate to the downstream location under the influence
of natural groundwater flow (~ 2 km/year), providing opportunities for thermal
recovery. Simultaneously, the separation must not be excessive, as greater distances
increase thermal losses through conductive heat exchange with surrounding
geological formations and reduce the magnitude and quality of thermal energy
available for recovery. Both installations operate with combined flow rates of 300
I/s, representing a substantial increase in system scale compared to the previously
described configurations. This high flow rate enables significant thermal power
output suitable for large urban district applications while creating substantial
thermal plumes with sufficient thermal content to remain viable across the inter-site
separation distance.
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Figure 113. Wells position and FEFLOW triangular mesh (ATES Case 3).
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The conceptual innovation of cascaded recovery transforms what would
conventionally be considered thermal pollution or environmental impact from the
upstream plant into a valuable thermal resource for the downstream plant,
exemplifying circular economy principles applied to urban thermal energy
management. To identify optimal operational strategies and quantify performance

under various operating conditions, five distinct operational scenarios were
evaluated through comprehensive numerical modelling. These scenarios explore
different combinations of heating and cooling operation at each site, representing
various potential end-use requirements and system integration possibilities (Table

16).

Table 16. Plant configuration for different scenarios, indicating the months of operation for heating and cooling.

Scenario

Upstream plant Downstream plant

Flowrate Heating Cooling Flowrate Heating  Cooling
(I/s) (month) (month) (U/s) (month)  (month)

300 6 6 300 6 6
300 12 0 300 6 6
300 6 6 300 12 0
300 12 0 300 12 0
300 0 12 300 12 0

Scenario 1 - Balanced Bidirectional Operation: Both plants operate
with 6 months heating and 6 months cooling, representing buildings
with balanced thermal loads such as modern office buildings with high
internal gains year-round,

Scenario 2 - Upstream Heating Only, Downstream Balanced:
Upstream plant operates year-round heating (e.g., residential buildings
without air conditioning), while downstream maintains balanced
operation;

Scenario 3 - Upstream Balanced, Downstream Heating Only:
Upstream maintains balanced operation while downstream focuses on
heating;

Scenario 4 - Both Plants Heating Only: Both installations operate
exclusively in heating mode, representing a heating-dominated district
without cooling services;

Scenario 5 - Complementary Operation: Upstream operates year-round
cooling while downstream operates year-round heating, creating ideal
conditions for cascaded thermal energy recovery. This represents
specialized facilities such as data centres (upstream) paired with
residential districts (downstream).
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4.3 Results

4.3.1 Case Study 1

Figure 114 presents the thermal interference pattern in horizontal section after
360 days of simulation, representing conditions at the end of the first winter season
in open-loop configuration. The figure clearly demonstrates that the thermal plume
generated by injection at Well P2 has successfully migrated to reach the intended
location for Well P3, validating the fundamental design concept. The thermal plume
exhibits an elongated morphology aligned with the groundwater flow direction
(west-southwest),with temperatures elevated 2-4°C above ambient aquifer
conditions. Figure 115 displays a cross-sectional view of thermal interference after
360 days, revealing the vertical distribution of the thermal plume within the aquifer
system. This visualization demonstrates that thermal effects are largely confined to
Layer 1 and 2 (the shallow aquifer), with minimal vertical migration into underlying
Layer 3. These Phase 1 results provide confidence to proceed with Phase 2 ATES
configuration, confirming that thermal plumes develop as predicted and will be
accessible for recovery at the P3 location.
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Figure 114. Thermal interference of the ATES case study 1 in horizontal section after 360 days of
simulation.
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Figure 115. Cross section of the thermal interference of the ATES case study 1 after 360 days of
simulation.

From the third year the new P3 well is operating as the intake well and wells
P1 and P2 as discharge. Thanks to this new configuration the flowrate is augmented
to 20 /s for intake P3 and 10 I/s for discharge P1 and P2 each.

The results at the end of the winter of the fifth year of simulation (after 1620
days and 1800 days) are shown in Figure 116 and Figure 118. These figures
demonstrate a fundamentally different thermal pattern compared to Phase 1, with
the active ATES configuration creating distinct seasonal thermal zones. The
cold/hot plume generated during the previous summer has been effectively
absorbed by extraction at Well P3, while thermal effects are limited to the area
between injection wells and extraction well, with minimal thermal pollution
extending beyond P3. The extraction temperature at Well P3 reaches approximately
2 °C differences relative to ambient conditions of 15°C baseline (Figure 120).

Figure 117 and Figure 119 present the corresponding cross-sectional view
after 1620 and 1800 days, confirming that vertical thermal containment remains
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effective throughout ATES operation, with all significant thermal effects occurring
within the shallow aquifer layer.
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Figure 116. Thermal interference of the ATES case study 1 in horizontal section after 1620 days of
simulation.
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Figure 117. Cross section of the thermal interference of the ATES case study 1 after 1620 days of
simulation.
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Figure 118. Thermal interference of the ATES case study | in horizontal section after 1800 days of
simulation.
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Figure 119. Cross section of the thermal interference of the ATES case study 1 after 1800 days of
simulation.

The three-dimensional visualizations presented in Appendix A, ranging from
Figure 170 (day 1495) to Figure 173 (day 1800). These visualizations depict
isosurfaces corresponding to two distinct thermal thresholds: the 20°C isotherm
(orange) and the 12°C isotherm (blue). This representation facilitates a
comprehensive assessment of the complex three-dimensional thermal dynamics
inherent to the aquifer system. Analysis of the thermal distribution reveals that
volumes exceeding 20°C are spatially confined to limited zones and exhibit rapid
thermal dissipation. Similarly, the cold plume, defined by temperatures below
12°C, remains localized within the near-field region of the reinjection wells. These
specific reference temperatures were selected as indicators to quantify the spatial
extent of thermal anomalies and to evaluate the potential thermal interference
within the aquifer.

Figure 120 displays the temperature evolution at all three wells throughout the
five-year simulation period, providing comprehensive insight into system thermal
dynamics. Well P1 functions as an extraction well during Years 0 to 2 in the open-
loop phase, maintaining near-ambient temperature of approximately 15°C, then
converts to an injection well during Years 2 to 5 in the ATES phase, exhibiting
strong seasonal variation between 8°C for winter injection and 22°C for summer
injection. Well P2 functions as an injection well throughout the simulation showing
seasonal temperature variation, while Well P3 remains inactive during monitoring
phase then functions as extraction well during ATES phase, exhibiting
characteristic sinusoidal variation with approximately 2°C amplitude centered on
15°C ambient temperature. The P3 temperature profile demonstrates winter thermal
recovery with extraction temperatures reaching approximately 17°C, representing
successful recovery of summer-stored heat at 2°C above ambient, and summer
thermal recovery with temperatures declining to approximately 13°C, representing
recovery of winter-stored cooling at 2°C below ambient. This approximately 2°C
temperature recovery, while modest compared to ideal ATES systems, represents
significant improvement over conventional open-loop systems operating at constant
ambient temperature. The recovered temperature differential translates directly to
improved heat pump coefficient of performance. The cyclical fluctuation of well
P3 confirms successful thermal energy storage and recovery across multiple
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operational seasons. The system maintains full compliance with applicable
regulatory temperature limits for groundwater reinjection wells P1 and P2,
specifically 8°C minimum during winter operations and 22°C maximum during
summer operations. These constraints, established to protect groundwater quality
and aquifer ecosystem integrity, represent fundamental design constraints that limit
achievable temperature differentials and consequently system thermal capacity.
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Figure 120. Aquifer temperature plot in the different geothermal wells location during 5 years of
simulation, the blue line is P1, the black one is P2 and the red one is P3.

Figure 121 presents the heat rate budget throughout the five-year simulation,
expressed in kilowatts of thermal power, with negative values corresponding to
winter heating and positive values corresponding to summer cooling. During Phase
1 spanning Years 0 to 2, relatively stable power output around 150 to 200 kilowatts
is observed. During Phase 2 spanning Years 2 to 5, substantially increased power
output with pronounced seasonal variation is evident, with winter heating power
ranging from negative 500 to negative 650 kilowatts and summer cooling power
ranging from positive 600 to positive 785 kilowatts. Figure 122 provides a detailed
view of the final summer period, revealing that maximum power output approaches
785 kilowatts during optimal conditions in the fifth year. The achieved maximum
thermal power of 785 kilowatts represents approximately 37% improvement over
standard open-loop performance at equivalent flow rates where 20 liters per second
with fixed 7°C temperature differential yields 574 kilowatts.
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Figure 121. Water thermal power plot: negative value corresponds to winter period (heating), positive
value corresponds to summer period (cooling).
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Figure 122. Water thermal power plot zoom, last summer simulation period (from 1620 day to 1800 day).

4.3.2 Case Study 2

The results show the creation of two distinct thermal plumes (hot and cold) that
are partially reabsorbed by the system. The water flow in this area is very fast and
the system is only able to recover part of the generated thermal plume. Nevertheless,
it achieves a general improvement in extractable power. Figure 123 and Figure
126 present the thermal interference pattern in horizontal section after 1620 and
1800 days of simulation corresponding to the end of the fifth year for the four-well
seasonal reversible system. The figure demonstrates partial thermal plume recovery
rather than complete reabsorption, which is a consequence of the high groundwater
flow velocity estimated at 2000 meters per year causing substantial advective
transport and different flowrate. The cold thermal zone in the north area consists of
residual effects from previous winter injection. Figure 124 and Figure 125 display
cross-sectional views along two transects at day 1620, revealing vertical thermal
distribution patterns. Both cross-sections demonstrate primary thermal activity
confined to shallow layers corresponding to the upper 15 to 20 meters of the first
aquifer. Vertical thermal gradient exhibits warm water slight upward migration due
to buoyancy while cool water shows modest downward tendency.
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Figure 123. Thermal interference of the ATES case study 2 in horizontal section after 1620 days of
simulation.
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Figure 124. Cross section 1 of the thermal interference of the ATES case study 2 after 1620 days of
simulation.
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Figure 125. Cross section 2 of the thermal interference of the ATES case study 2 after 1620 days of
simulation.

Figure 127 and Figure 128 present corresponding visualizations for the end of

winter at day 1800, showing the seasonal reversal of thermal patterns.
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Figure 126. Thermal interference of the ATES case study 2 in horizontal section after 1800 days of

simulation.

-207 -



Temperature
- Continuous -

| 2

[]

21
19.5
18
16.5
15
14
12

0 &0 100

11 .

1800 [d] )
9

Figure 127. Cross section 1 of the thermal interference of the ATES case study 2 after 1800 days of
simulation.
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Figure 128. Cross section 2 of the thermal interference of the ATES case study 2 after 1800 days of
simulation.

The three-dimensional visualizations in Appendix A (Figure 174 and Figure
175) employ 20°C yellow-orange and 12°C blue isosurfaces to delineate thermal
zones. These figures reveal asymmetric plume geometries where the blue plume at
12°C extends more than 2 kilometers downstream during winter reflecting higher
winter flow rates of 125 liters per second, while the yellow plume at 20°C is limited
to approximately 800 meters during summer corresponding to lower flow rates of
80 liters per second. This asymmetry is intentional and beneficial, serving heating
optimization as larger cold plume volume provides greater thermal storage capacity,
cooling constraint as smaller warm plume reduces potential urban heat island and
climate change contributions.

Figure 129 displays water thermal power during the final summer period from
days 1440 to 1620, comparing ATES performance against theoretical open-loop
baseline. The ATES performance demonstrates maximum power of approximately
4500 kW during early summer, declining to approximately 2000 kW by end of
summer, with average performance around 3000 kW. The open-loop baseline
maintains constant power of 2300 kW throughout summer. Performance analysis
reveals peak improvement of 74% enhancement during early summer, end-of-
season performance approaching baseline as stored thermal resource depletes, and
seasonal average showing approximately 30% improvement over open-loop
operation. The declining summer performance reflects progressive depletion of the
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cold thermal plume stored during the previous winter and the assimilation of the
same seasonal plume, resulting in reduction of power.
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Figure 129. Water thermal power plot: negative value (black line) corresponds to winter period (heating),
positive value corresponds to summer period (cooling). This represents the last summer period (cooling mode
from day 1440 to day 1620), blue line represents a theoretical open-loop plant operate with a fixed AT.

Figure 130 presents the analysis for the final winter period from days 1620 to
1800, comparing ATES performance against open-loop baseline. The ATES
performance demonstrates maximum power of approximately 7000 kilowatts
during early winter, moderate decline with power stabilizing around 3700 to 4000
kilowatts through winter, and average performance around 5000 kilowatts. The
open-loop baseline maintains constant power of 3650 kilowatts. Performance
analysis reveals peak improvement of 92% enhancement during early winter, end-
of-season performance maintaining 10 to 15% improvement even after partial
thermal depletion, and seasonal average showing approximately 37% improvement
over open-loop operation. The winter performance characteristics differ from
summer exhibiting higher absolute performance, better sustained performance, and
greater thermal recovery, reflecting the system's optimization for heating-
dominated operation consistent with regional climate characteristics.
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Figure 130. Water thermal power plot: negative value (black line) corresponds to winter period (heating),
positive value corresponds to summer period (cooling). This represents the last winter period (heating mode
from day 1620 to day 1800), blue line represents a theoretical open-loop plant operate with a fixed AT.

4.3.3 Case Study 3

Figure 131 displays thermal interference in horizontal section after 910 days
for Scenario 1, where both upstream and downstream plants operate with balanced
6-month heating and 6-month cooling periods. The figure reveals the upstream
plant thermal pattern exhibiting distinct cold and warm zones alternating seasonally
with thermal plumes migrating eastward with groundwater flow. The downstream
plant thermal pattern successfully intercepts upstream thermal plumes while
creating its own seasonal thermal zones and demonstrating partial thermal recovery
from upstream operations. The interaction zone between plants shows complex
thermal mixing with temperature gradients indicating thermal energy transfer
between systems. Figure 132 presents a cross-sectional view after 910 days,
confirming vertical thermal containment throughout the 826-meter separation
distance.
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Figure 131. Thermal interference of the ATES case study 3 in horizontal section after 910 days of
simulation (Scenario 1).

Temperature
- Continuous -

[*C]

22 300 [m]
21 2685 [m)]
19.5 i
18
16.5
15
14
12

11 — ) 150 [m]

0 50 100

—

8 910 [d] [m]

Figure 132. Cross section of the thermal interference of the ATES case study 3 after 910 days of
simulation (Scenario 1).

Figure 133 and Figure 134 show corresponding conditions after 1095 days at
the end of summer, illustrating seasonal reversal with warm thermal plumes
dominating the upstream area and the downstream plant successfully accessing
warmed groundwater.
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Figure 133. Thermal interference of the ATES case study 3 in horizontal section after 1095 days of
simulation (Scenario 1).

-211-



Temperature
- Continuous -
[*C]
- 22 300 [l
21.5 295 fm]
205 _ e
19.5
18
17
16
15 | ‘ I N N
14 B ]
13 0 50 100

12 1095 [4] [m]

DO TR 2 ml.
: : ] 55 ]

SR [m]

[m]

Lo [m]

i ()

&l [m]

Figure 134. Cross section of the thermal interference of the ATES case study 3 after 1095 days of
simulation (Scenario 1).

The sequential three-dimensional visualizations in Appendix A from Figure
176 (day 744) to Figure 180 (day 1095) track thermal plume evolution in Scenario
1. At day 744 representing early winter, developing cold thermal plumes from
winter injection are evident with residual warm plumes from previous summer
migrating downgradient. By day 784 mid-winter, expansion of cold thermal zones
occurs with progressive advection of warm plumes toward downstream and
establishment of continuous thermal connection between installations. At day 910
end of winter demonstrates maximum extent of cold plumes with downstream
positioned to intercept upstream warm water from previous summer. At day 1095
end of summer shows maximum extent of warm plumes with cold plumes reaching
downstream and full thermal connectivity established. The 3D vertical cross-
section (Figure 180) confirms all thermal effects remain confined to the shallow
aquifer.

Figure 135 presents temperature trends for all wells in Scenario 1, with
upstream plant wells exhibiting strong seasonal variation between 8°C and 22°C,
while downstream extraction wells display moderate variations from 11°C to 19°C
reflecting thermal benefit from upstream operations. Figure 136 detailed view
shows sinusoidal temperature variation at downstream wells with winter extraction
temperatures elevated 2 to 4°C above ambient and summer extraction temperatures
reduced 2 to 4°C below ambient, confirming successful thermal energy transfer via
groundwater advection.
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Figure 135. Graph showing temperature trends for each simulated well in Scenario 1 throughout the
simulation period. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Figure 136. Graph showing temperature trends for each simulated well in Scenario 1 in the last year of
simulation. The blue, green and pink lines correspond to the intake wells in the downstream plant.

In Appendix A all the related figure to the different Scenarios are presented.

Figure 181 displays thermal interference for Scenario 2 with upstream heating
only and downstream balanced operation. This configuration creates continuous
cold plume generation at upstream causing interference with downstream
operations and reduced downstream heating performance. Figure 182 and Figure
183 confirm that continuous upstream cooling creates persistent cold thermal zones
impacting downstream warm water extraction. Figure 184 and Figure 185
temperature time-series reveal downstream extraction wells show depressed winter
temperatures negatively impacting heating though enhanced cooling performance
in summer, demonstrating suboptimal performance due to thermal demand
mismatch and the importance of operational coordination.

Figure 186 through Figure 193 document Scenario 3 with upstream balanced
and downstream heating only. The thermal patterns reveal upstream creates
balanced seasonal zones while downstream generates continuous cold plumes,
resulting in moderate thermal recovery. The 3D visualizations show extensive cold
plume generation from downstream continuous heating with partial interception of
upstream warm plumes and asymmetric thermal distribution. Temperature time-
series indicate downstream maintains elevated winter temperatures but with limited
summer recovery representing unused capacity and moderate overall efficiency.
This scenario shows better performance than Scenario 2 but remains suboptimal.

Figure 194 through Figure 198 examine Scenario 4 with both plants
continuously heating, representing worst-case interference. Thermal patterns show
continuous cold generation at both locations with severe thermal depletion in
interaction zone. The 3D visualization reveals extensive interconnected cold zones
with limited recovery potential. Temperature time-series demonstrate severely
depressed downstream temperatures from 11°C to 13°C with minimal benefit from
upstream and poor performance. This scenario confirms necessity of
complementary or balanced operations for effective cascaded recovery.

Figure 199 through Figure 203 document Scenario 5 representing
complementary configuration with upstream cooling only and downstream heating
only. The thermal patterns reveal upstream generates continuous warm plume from
year-round cooling, this warm plume migrates efficiently to downstream location,
downstream successfully extracts warmed water for heating, and minimal thermal
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waste occurs. The 3D visualization in Figure 201 shows clear thermal connectivity
with continuous warm plume from upstream to downstream, efficient thermal
transport across 826-meter separation, and compact thermal footprint indicating
effective recovery. Temperature time-series in Figure 202 and Figure 203
demonstrate downstream extraction wells maintain consistently elevated
temperatures from 17°C to 20°C, exceptional thermal recovery of 5 to 7°C above
ambient during heating operations, and stable performance throughout operational
period.

The quantitative performance comparison presented in Table 17 shows
maximum extractable water power for all five scenarios. Scenario 1 demonstrates
balanced performance with highest combined capacity of 21.08 megawatts heating
and 19.97 megawatts cooling, providing operational flexibility for mixed demands
with moderate efficiency. Scenario 2 exhibits upstream heating penalty with
severely reduced downstream heating of only 1.50 megawatts though enhanced
downstream cooling of 16.35 megawatts, yielding overall poor performance and
demonstrating destructive interference. Scenario 3 shows moderate performance
maintaining good heating capacity of 21.08 megawatts total but reduced cooling of
only 8.18 megawatts, underutilizing potential cooling capacity. Scenario 4
represents worst case with catastrophic downstream heating of only 1.50
megawatts, no cooling capacity, and total heating of 10.95 megawatts less than half
of Scenario 1, confirming severe negative consequences of misalignment. Scenario
5 demonstrates optimal operation with downstream heating of 16.52 megawatts,
modest cooling of 8.18 megawatts, and optimal suitability for complementary
demand profiles.

Table 17. Results of the different simulated Scenarios (maximum extractable water power).

Total Total
water | water
Upstream plant Downstream plant power | power
heating | cooling
. Water Water . Water Water
Flowrate Heating ower | Coolin ower Heating ower | Coolin ower
Scenario P R g P . P R g|p . (MW) (MW)
(1/s) (month) heating | (month) | cooling (month) heating | (month) | cooling
(MW) (MW) (MW) (MW)
1 300 6 9.45 6 8.18 6 11.63 6 11.79 | 21.08 19.97
2 300 12 9.45 0 0 6 1.50 6 16.35 10.95 16.35
3 300 6 9.45 6 8.18 12 11.63 0 0.00 21.08 8.18
4 300 12 9.45 0 0 12 1.50 0 0.00 10.95 0.00
5 300 0 0 12 8.18 12 16.52 0 0.00 16.52 8.18
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4.4 Discussion

The three case studies presented demonstrate conclusively that innovative
ATES system design can successfully overcome the fundamental limitations
typically associated with high groundwater flow velocities, substantially expanding
the potential application domain for ATES technology. Conventional ATES design
guidelines specify maximum acceptable groundwater flow velocity of
approximately 25 meters per year based on requirements for thermal plume stability
and recovery efficiency in bidirectional doublet configurations. The study sites
exhibit groundwater flow velocities ranging from 378 meters per year in Case Study
1 to approximately 2000 meters per year in Case Studies 2 and 3, exceeding
conventional limits by factors of 15 to 80 times. These conditions would typically
preclude ATES consideration under conventional design paradigms, relegating
such sites to simple open-loop geothermal systems with no thermal storage
capability. The fundamental innovation implemented across all three case studies
involves strategic well positioning that explicitly accounts for advective thermal
transport, transforming groundwater flow from a detrimental factor causing thermal
loss into an operational asset enabling thermal energy transport and recovery.
Rather than attempting to minimize thermal plume migration through close well
spacing and low flow rates, these designs embrace thermal advection as an inherent
characteristic of the hydrogeological system and position extraction wells
downstream to intercept migrating thermal plumes. This conceptual shift from
preventing thermal migration to strategically exploiting it represents a paradigm
change in ATES technology with broad implications for expanding applicability to
alluvial aquifer systems worldwide that exhibit high transmissivity and appreciable
hydraulic gradients.

The cascaded thermal plume recovery concept demonstrated in Case Study 3,
particularly in Scenario 5, represents a particularly innovative approach with
potential for widespread application in urban energy systems. Urban areas
frequently contain multiple buildings or facility clusters with differing and often
complementary thermal demand profiles, creating natural opportunities for
integrated ATES system design. Examples include data centers generating
continuous cooling loads paired with residential buildings in temperate climates
that are heating-dominated, hospitals requiring year-round heating paired with
office buildings having significant cooling loads, industrial facilities rejecting low-
grade heat paired with district heating networks, and food storage facilities
requiring continuous cooling paired with agricultural greenhouses requiring
heating. This approach achieves improved individual system efficiency, enhanced
urban energy integration where waste heat becomes resource, reduced
environmental impact through conversion of thermal pollution to useful resource,
implementation of circular economy principles, and economic optimization through
shared infrastructure. The 826-meter separation distance suggests cascaded ATES
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systems can integrate buildings or facilities several city blocks apart, providing
substantial flexibility for urban energy planning.

The relationship between groundwater flow velocity and optimal well spacing
represents a critical design parameter requiring site-specific optimization. The case
studies demonstrate that higher groundwater flow velocities necessitate greater well
separation to enable thermal plume migration to downstream extraction points,
careful alignment with groundwater flow direction, and provide potential for larger
system capacity due to continuous thermal transport. However, excessive
separation causes increased conductive losses proportional to transport time,
reduced thermal plume temperature due to dispersion, greater uncertainty in timing
and characteristics, and higher risk of external interference. The optimal separation
distances ranging from 137 to 200 meters for small systems up to 826 meters for
large integrated systems provide initial guidance, though site-specific optimization
through numerical modelling remains essential.

While detailed economic analysis extends beyond the scope of this thesis,
several important economic and practical factors merit discussion regarding ATES
implementation feasibility and deployment potential. ATES systems involve
substantial initial capital investment for well drilling, installation, equipment, and
control systems, but offer significant operational cost savings through reduced
energy consumption compared to conventional heating and cooling systems.
Capital cost analysis indicates that well drilling and installation typically represents
40-60% of total ATES project costs, with specific values depending on well depth,
geological conditions, and required number of wells [244]. The expected payback
time is less than 10 years in the worst case. The multi-well configurations required
for the modified ATES designs presented here involve higher drilling costs than
conventional two-well doublet systems, potentially affecting project economics.
However, the improved performance and efficiency achieved through these
configurations may justify the additional capital investment through enhanced
operational savings. The sequential activation approach implemented in the first
case study offers particular economic advantages by enabling phased system
development with reduced initial investment risk. Initial implementation as a
conventional open-loop system requires only two-well installation, with the third
well added subsequently after confirming system performance and thermal plume
behaviour. This phased approach reduces initial capital requirements and enables
validation of numerical model predictions before committing to full ATES
configuration.

Regulatory requirements represent critical considerations affecting ATES
deployment. Groundwater use requires permits for water extraction, injection
authorization, environmental assessment, and building system permits. The
Netherlands provides premier example with dedicated ATES regulations
establishing clear technical requirements, monitoring obligations, thermal radius
zones preventing interference, coordinated permitting, and balance between
environmental protection and technology facilitation [245]. The Dutch approach
has enabled thousands of systems with minimal environmental incidents.
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ATES systems contribute significantly to environmental sustainability through
greenhouse gas emission reductions of 40 to 60% in primary energy consumption,
with Case Study 2 scale avoiding 500 to 1000 tons CO: per year and Case Study 3
scale avoiding 1500 to 3000 tons per year. ATES enhances renewable energy
integration where thermal storage decouples generation from consumption timing,
enables excess renewable electricity utilisation, provides grid balancing services,
and facilitates higher renewable penetration. ATES cooling applications combat
urban heat island effects through active aquifer cooling reversing warming trends,

reducing surface temperatures, and creating extensive cold zones with Case Study
2 plumes extending over 2 km.
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4.5 Conclusion & Further Investigation

This research has demonstrated that innovative ATES system design can
successfully enable seasonal thermal energy storage in aquifer systems
characterized by groundwater flow velocities exceeding conventional design
thresholds by one to two orders of magnitude. The hybrid sequential ATES in Case
Study 1 achieved 37% performance improvement over conventional open-loop
systems through phased implementation with downstream thermal plume
interception, validating the fundamental concept of exploiting rather than
preventing thermal advection. The seasonal reversible ATES in Case Study 2
demonstrated 30 to 37% seasonal performance improvements through asymmetric
flow rate optimization and four-well bidirectional configuration, proving suitable
for district-scale applications with balanced or heating-dominated thermal
demands. The cascaded recovery ATES in Case Study 3 achieved exceptional
performance through synergistic operation of upstream and downstream
installations, with optimal complementary operation in Scenario 5 delivering 16.52
megawatts downstream heating capacity representing state-of-the-art performance
for open-loop derived systems. The fundamental design innovation involves
strategic well positioning that explicitly accounts for advective thermal transport by
natural groundwater flow, positioning extraction wells downstream to intercept
migrating thermal plumes rather than attempting to minimize migration through
close spacing. This conceptual transformation expands ATES technology
applicability substantially with significant implications for urban areas worldwide
situated on alluvial aquifer systems with high transmissivity and appreciable
hydraulic gradients.

While numerical modelling results provide substantial insights, several
important limitations merit acknowledgment. The models employ simplified
representations of heterogeneous aquifer systems with assumed homogeneous
properties that may not fully represent actual conditions. Field-scale heterogeneity
could influence thermal plume migration patterns and recovery efficiency. The
models assume transient-state groundwater flow with constant direction and
velocity, whereas actual systems may exhibit temporal variations related to seasonal
recharge, nearby pumping, boundary condition changes, and climate cycles
affecting flow patterns. Geochemical reactions and temperature-induced effects on
mineral precipitation, gas solubility, microbiological activity, and well performance
receive limited treatment and could influence long-term operation. The five-year
simulation provides insights into performance after initial transients but may not
represent very long-term behaviour over decades-long operational lifetimes.
Progressive thermal accumulation or depletion over multi-decadal periods could
affect sustainability. The models lack long-term field validation of thermal plume
predictions, with direct observation over multiple seasonal cycles strengthening
confidence and enabling refinement. Long-term field monitoring programs at
operating ATES sites under high groundwater flow conditions are critically needed
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to validate numerical predictions, quantify actual thermal recovery efficiency,
assess long-term sustainability, document thermal and hydraulic evolution, and
identify operational issues and maintenance requirements. Monitoring should
include temperature at multiple depths and distances, hydraulic head measurements,
water quality sampling, well performance testing, and energy metering for accurate
quantification.

Economic analysis and life cycle assessment providing comprehensive
evaluation of costs, benefits, and environmental impacts across full system
lifecycles would support decision-making regarding ATES deployment and inform
policy development. Comparative analysis with alternative heating/cooling
technologies under various economic and regulatory scenarios would clarify
conditions favoring ATES implementation. Investigation of ATES integration with
fourth and fifth generation district networks, renewable energy systems, multi-
energy optimization frameworks, thermal grids, and seasonal solar thermal storage
would enhance renewable integration. Development of ATES-specific regulatory
frameworks informed by performance data, monitoring results, international best
practices, and stakeholder input could accelerate adoption. Technology transfer
through training programs, knowledge sharing, demonstration projects, and public
outreach would facilitate broader implementation. With continued research,
development, and field experience, ATES technology can play substantial role in
advancing sustainable energy futures based on efficient renewable resource
utilisation and optimal urban energy system integration.
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Chapter 5

“[...] Because the sea, my boy, may be considered as an immense reservoir, in
which is stored the heat of the summer. When winter comes, it restores this heat,
which insures for the regions near the ocean a medium temperature, less high in

summer, but less low in winter.”

Jules Verne (1874)"

BTES

Borehole Thermal Energy Storage systems represent an innovative technology
enabling seasonal thermal energy accumulation within subsurface geological
formations through networks of closely-spaced vertical boreholes equipped with
heat exchangers. Unlike open-loop systems requiring adequate aquifer properties
or closed-loop installations serving instantaneous building demands, BTES
technology leverages the inherent thermal inertia of soil and rock formations to
store substantial thermal energy quantities over extended operational horizons,
subsequently recovering that energy during periods of peak heating or cooling
demand. The fundamental operating principle involves circulating thermal fluids
through borehole heat exchangers to transfer energy conductively into surrounding
geological media during charging phases, with subsequent reverse circulation
enabling thermal recovery during discharging phases, effectively transforming
subsurface formations into long-term thermal batteries suitable for seasonal load
shifting and renewable energy integration. The technology encompasses distinct
temperature classifications spanning low-temperature building applications
operating below 40°C through high-temperature systems exceeding 80°C suitable
for seasonal solar thermal storage, industrial waste heat recovery, and absorption
cooling applications. Global deployment demonstrates geographical concentration
within Scandinavia and Central Europe where mature design practices and
supportive regulatory frameworks have established operational experience
informing technology adaptation to diverse geological contexts worldwide. The
investigation synthesizes worldwide BTES distribution patterns, characterizes key
design parameters and their performance influences, develops rigorous coupled
numerical modelling methodologies, and examines case studies validating technical
feasibility for district-scale renewable thermal applications.

7 The Mysterious Island, Chapter 20, Jules Verne, (1874).
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5.1 Overview

Declaration: The topic described in this chapter was previously published in the
following publication:

e Berta A., Tiwari A. K., Singh R.M., Taddia G.: Optimizing High-
Temperature Borehole Thermal Energy Storage (HT-BTES) Systems, a
case study from Trondheim, Norway. European Geothermal Congress
(EGC25), 2025.

BTES does not necessitate the utilisation of particular aquifers, thereby
conferring greater versatility and enabling its implementation in a more expansive
array of geological settings. Furthermore, BTES systems can markedly diminish
energy consumption and GHGs emissions in buildings by employing borehole heat
exchangers (BHEs) to facilitate heat transfer between the ground and building
systems, resulting in reduced energy costs and a smaller environmental footprint
[246]. Despite the higher initial costs associated with drilling, BTES remains a cost-
effective solution over time, particularly in comparison to battery storage systems
[247]. While batteries are constrained by the degradation of chemical reactions over
time, BTES offers increasing energy returns, thereby further substantiating its role
as a promising option for long-term energy storage [44]. Furthermore, the emphasis
on energy efficiency in buildings, particularly in public structures that constitute a
substantial proportion of national energy expenditure, has prompted European
governments to prioritise solutions such as BTES in their energy efficiency
strategies [248].

BTES operates by harnessing the thermal capacity of subsurface materials, such
as soil or rock, for the storage and retrieval of thermal energy. The energy is
exchanged with the surrounding medium predominantly through conduction,
utilising multiple closely spaced boreholes equipped with BHEs, which circulate a
fluid, typically water or brine, that acts as a heat exchanger [249]. This approach
allows BTES systems to store significant quantities of heat, thereby compensating
for the reduced specific heat capacity of the storage medium by increasing the
storage volume and reducing the necessity for the transportation of energy over long
distances by storing it at local BTES fields [250].

The inherent characteristics of subsurface heat storage frequently impede the
recovery of more than 60% of the stored heat, owing to the occurrence of thermal
losses to surrounding areas [251]. Conventional BTES systems operated on annual
cycles rarely achieve cyclic energy recovery factors of 45%-56% after multiple
years of operation [252]. However, recent research has demonstrated that by
reducing the charge—discharge cycle to a timescale of days, a concept termed "short-
cycle" BTES, thermal recovery can be significantly enhanced [253]. Analytical and
numerical models indicate that shorter cycle durations enhance the ratio of charge
rate to loss rate, reducing the absolute amount of heat lost per cycle and thereby
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boosting recovery efficiency. In particular, the utilisation of BTES arrays on daily
to weekly cycles has been demonstrated to facilitate the recovery of factors that
exceed 85%. The operation of such short cycles has been demonstrated to increase
the fraction of heat retrieved each cycle. Furthermore, it has been shown to allow
higher cumulative thermal throughput per year without raising overall losses [253].

When adequately designed, BTES systems have the capacity to achieve high
coefficients of performance (COP), frequently exceeding those of conventional air
and ground-source heat pumps [254]. This enhancement is attributable not only to
the relatively elevated and stable subsurface temperatures, but also to the
integration of a "free-heating" mode, in which heat is extracted directly from the
borehole field whenever the average borehole-surface temperature exceeds the
building's required supply temperature, with a minor adjustment for approach
differences. In this mode, the energy consumption is limited to circulation pumps
alone. Consequently, operational energy use, cost and emissions are all reduced to
almost zero.

A compelling demonstration of free-heating design is provided by the very-
high-temperature BTES (VHT-BTES) case study in Uppsala, Sweden, which
targets a mid-scale residential field of 25 houses [255]. The numerical modelling
simulation in this study utilises concentrated solar collectors (CSC) to charge a
concentric, double-ring array of ten 80-m boreholes, with the objective of achieving
an average surface temperature of 140°C during the four-month summer period.
Optimisation of the borehole spacing and CSC capacity yielded seasonal COP
(SCOP) values rising from 8 to 23 over the initial four years, with both heat-pump
and free-heating modes active. It is important to note that, from the fifth year
onwards, the borehole field attains a minimum discharge temperature above the
free-heating threshold. At this point, the system meets 100% of its heating demand
via free heating alone. This effectively provides cost-free, emission-free space
heating for the entire winter season, with the exception of the minimal power
needed by circulation pumps. The findings emphasise the significance of site-
specific optimisation, encompassing factors such as solar collector sizing, borehole
layout, and cycle scheduling. The results demonstrate that free-heating BTES
designs have the potential to achieve remarkably high COPs and near-zero
operational costs, even in cold climates [255].

Several review papers have been published on TES systems, each of which has
contributed to a greater understanding of these technologies [256—-260]. Moreover,
several comprehensive reviews of the state of the art of BTES have been published,
offering deeper insights into its potential, advancements, and challenges
[44,250,252,261-273], but none of them analyses the actual distribution and main
characteristics of the plants. BTES represents a well-established form of seasonal
thermal energy storage, recognised for its economic efficiency and broad
applicability across various sectors [249,274]. The utilisation of BHESs installed in
the subsurface enables the storage and retrieval of substantial quantities of heat,
thus facilitating thermal management over varying timescales [275].

The comprehensive investigation of BTES systems presented herein builds
upon a systematic analysis of 75 operational BTES installations distributed globally
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to establish classification frameworks, characterize critical design parameters,
document numerical modelling methodologies, and validate long-term system
performance through rigorous case studies (chapter 5.2).

Given the lack of a universally accepted classification framework in the
literature, BTES systems can be systematically organised along two principal axes:
operating temperature and thermal energy source. The temperature-based
classification (Table 18) distinguishes high-temperature (HT) from low-
temperature (LT) configurations. HT-BTES systems operate with storage
temperatures typically above 40 °C and frequently within the 60-90 °C range
during both charging and discharging phases [262]. Such systems are
predominantly supplied by industrial or municipal waste heat, high-temperature
district heating return lines, and solar thermal plants [44] [276]. HT-BTES systems
are highly effective in stabilising district heating networks, particularly those reliant
on seasonal or intermittent sources such as solar thermal energy [274]. Case studies
demonstrate the efficacy of HT-BTES in stabilising high-temperature district
heating networks, even in cold climates. For instance, a power-constrained, HT-
BTES integrated with curtailed wind power at the University of Edinburgh's King's
Buildings campus utilised a maximum storage temperature of 95°C. The system
delivered return-line preheating, which boosted overall system COPs to over 200%
[276]. The medium to deep HT-BTES configurations extend the potential for
storage by utilising deeper borehole arrays, thereby offering increased thermal
capacity and improved insulation from ambient ground temperatures [275,277].
Their main functional objective is to buffer substantial surpluses of high-grade heat
during periods of low demand (often in summer) and to make this heat available
during the heating season. A characteristic feature of HT-BTES is a multi-year
start-up or “conditioning” phase, generally lasting three to six years, during which
the subsurface is gradually heated until a quasi-steady operational temperature is
reached. In this regime, annual heat losses stabilise and the system approaches an
approximate balance between yearly injection and extraction. Heat losses in HT
systems are comparatively higher than in LT systems because they scale with the
temperature gradient between the storage core and the surrounding undisturbed
ground, and they are also controlled by the surface-to-volume ratio of the array and
the effectiveness of any insulation applied [252].

In contrast, LT-BTES systems operate at temperatures typically only 10-20 °C
above undisturbed ground temperature. These installations are commonly
integrated with heat pumps in configurations where heat extracted from buildings
in summer is injected into the ground, and later retrieved in winter to cover heating
demand. The closer proximity of storage temperature to ambient ground
temperature implies lower thermal losses and reduced thermal stresses on both the
ground and engineered components, making LT systems particularly suitable for
widespread deployment in diverse geological and climatic contexts. At large scales
and with appropriately optimised layouts, storage efficiencies of 80-90% are
reported, as a consequence of the reduced loss term and the more uniform
temperature field [254]. LT-BTES is therefore a strong candidate for mainstream
adoption in both individual buildings with balanced heating—cooling needs and in
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multi-building complexes, where it can support low-temperature district loops and
contribute to the decarbonisation of heating and cooling [278].

Table 18. Temperature BTES classification.

Aspect HT-BTES LT-BTES
Typical T° range | > 40 °C, often 60-90 °C | ~10-40°C, typically 10-20°C
above ambient

Main sources

Solar thermal, waste
heat, DH surplus

Heat pumps, ambient and internal

gains

Main applications

District heating,
industrial processes

Building heating and cooling, DHC
support

Start-up behaviour

Multi-year conditioning
to quasi-steady

Rapid equilibrium on seasonal
timescales

Heat loss drivers

High AT to surroundings;
shape factor

Low AT; mainly
geometry-controlled

Scale

Medium to large
(district/campus)

From single building to district

The second classification axis is based on the type of thermal resource
supplying the BTES field. Four primary source categories can be identified: solar
energy, district heating, waste heat, and heat pumps (Table 19). An analysis of the
75 case studies indicates that approximately half of the installations are powered
primarily by heat pumps, more than 40% by solar energy, while the remainder
utilise hybrid or other thermal sources (Figure 137).

43%

1.22% l 0.328%

1.17%

Heat Pump

Solar

District Heating

Waste Heat

Gas

District Heating + Solar

Solar + Surplus Gas + District Heating

Figure 137. Pie chart representing the percentage of the different BTES source from the 75 case studies.
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Solar-driven BTES systems combine solar thermal collectors with the storage
field to capture summertime surpluses and release them during winter. Solar fluid,
heated in the collectors, circulates through the boreholes and raises the temperature
of the storage volume, creating a high-temperature zone that acts as a seasonal
reservoir [279]. In winter, a colder fluid is passed through the same boreholes to
recover the stored heat for space heating [248,261,280,281]. Such systems have
been shown to substantially reduce the mismatch between solar availability and
heating demand at both building and district scale. Numerical simulations and field
data demonstrate that, when adequately dimensioned, solar-BTES can cover a large
fraction of winter heating loads in cold climates and significantly lower greenhouse
gas emissions compared with fossil-based reference systems, with reported
reductions in global warming potential of the order of several tens of percent
relative to conventional boilers [248,264,270,274,281-302].

BTES coupled to district heating (DH) plays a crucial role in the evolution
towards fourth-generation district heating (4GDH) systems, which operate at
supply temperatures of 50—70 °C rather than the approximately 100 °C typical of
third-generation networks [73,303—305]. The transition to lower temperatures is
motivated by the need to integrate low-temperature renewable and waste heat
sources, reduce distribution losses, and improve overall exergy efficiency. BTES
provides the seasonal storage function needed to balance variable renewable inputs
and heating demand on annual timescales. In DH contexts, surplus heat from waste
incineration plants or industrial processes, often around 85 °C, can be stored in the
BTES field at intermediate temperatures (for example 45—60 °C) and later upgraded
with heat pumps to deliver supply temperatures exceeding 70 °C where required
[306] [307]. Solar district heating configurations with BTES frequently employ a
hierarchy of short-term (tank) and long-term (BTES) storage, with control systems
diverting heat to the borehole field when short-term capacity is saturated.
Distributed placement of BTES fields within the DH network helps reduce average
network temperatures, decrease line losses, and enhance the COP of any integrated
heat pumps [282] [308]. Further details on DH-BTES can be found in the following
papers [249,265,287,290,308-314].

Waste-heat-driven BTES constitutes a particularly effective strategy for
industrial and urban systems characterised by relatively constant waste heat
production and strongly seasonal heat demand [252]. Continuous heat outputs from
combined heat and power plants, metallurgical processes, and waste incineration
facilities often exceed local demand in summer [249]. Since waste streams cannot
usually be stored, the associated heat is frequently rejected. The integration of
BTES allows this surplus to be accumulated underground and utilised later,
increasing the overall utilisation factor of the primary energy input and improving
plant economics. In urban settings, such configurations can feed into district heating
and cooling networks, contributing to shorter payback times for the infrastructure
and enabling a higher share of renewable and recovered heat in the energy mix
[315] [250].
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Heat pump-driven BTES systems constitute the most widespread configuration,
particularly at building and campus scale. In these installations, the BTES field
operates close to undisturbed ground temperature, and the thermal level required by
the buildings is reached or supplied by a heat pump. In summer, the heat pump
(operating in cooling mode or via a dedicated chiller) rejects heat from the building
to the borehole field, typically raising the fluid temperature to approximately 20—
25 °C [252]. In winter, the heat pump extracts heat from the BTES field via fluid
typically maintained just above freezing, thereby exploiting the stored energy and
benefiting from a seasonally elevated ground temperature due to prior charging
[289]. This approach serves to minimise thermal losses and preserve storage
efficiency. This renders LT-BTES systems particularly efficacious for space
heating and cooling in buildings, as they can support balanced thermal loads
throughout the year [273]. By stabilizing the BTES temperature close to natural
ground levels, these systems reduce thermal fluctuations and enable heat pumps to
operate within their optimal temperature ranges, thereby improving overall system
efficiency. Achieving optimal performance necessitates meticulous system design,
ensuring a balance between storage efficiency and the integration of renewable
energy sources [278]. Similar configurations are increasingly adopted in
non-residential buildings (offices, hospitals, greenhouses) where simultaneous or
overlapping heating and cooling loads can be balanced via the BTES storage.

Table 19. Comparison of BTES source types.

Source type Temperature range Role of BTES Main benefits
. . Seasonal .
Solar thermal Medium t(; high (40-90 storage of High RES share, strong
O] emission reduction
summer surplus
District heatin Medium (5070 °C, S‘fgzgn:ﬁi}’t‘ilfer’ Higher flexibility,
& 4GDH) N8 | reduced fossil backup
peak shaving
Storage of
Medium to high (=80-90 | continuous Valorisation of waste
Waste heat o S
) surplus for energy, economic gain
winter use
Low to medium (~10-25 Seasc_)nal High COP, widespread
Heat pump °C) balancing of anplicabilit
building loads pp Y
Optimised Increased resilience and
Hybrid Combinations of above | multi-source . oot
. . operational flexibility
Integration
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From a performance standpoint, the storage efficiency of BTES is often
evaluated by the recovery factor, which serves as a major indicator of the system's
overall performance. The recovery factor (Equation 53) is defined as the ratio of
extracted energy to charged energy, representing the proportion of energy recovered
from the total energy initially charged. In order to obtain a more accurate

representation, the storage efficiency (1) can be defined as follows:
Equation 53
Eout

a Ein

When inlet and outlet mass flow rates and heat capacities are constant, this

reduces to the simple ratio of temperature differences:
Equation 54

_ ATe;»ctraction

ATcharge

where ATexiraction = Toutex — Tinex and ATcharge = Tinchar — Tout,char -
This straightforward metric provides a clear, directly measurable indicator of
system performance and facilitates comparison across different BTES designs and
operating conditions. An effective BTES configuration aims to minimise thermal
losses and optimise the actual storage efficiency, which is crucial for evaluating the
practical viability of BTES systems as sustainable energy solutions [316]. A
number of studies on sensitivity analysis have been conducted to refine these factors
[193,199,252,281,317-324], enabling BTES systems to achieve higher storage
efficiencies and contributing to the broader adoption of renewable thermal energy
solutions.

The most influential design and operating parameters include array geometry,
borehole spacing, grout and soil/rock thermal conductivity, charging and
discharging rates, inlet and outlet temperatures, groundwater flow conditions, and
the specific BHE configuration. Array geometry has a strong impact on the
surface-to-volume ratio (the so-called shape factor) of the storage [262]. Cylindrical
or compact circular arrays are generally preferred over elongated or sparse layouts
because they minimise the contact surface between the hot storage zone and the
colder surrounding ground for a given stored volume, thereby reducing radial
thermal losses and promoting a more uniform internal temperature field [246].
Circular arrays also facilitate the implementation of controlled charging and
discharging strategies, for instance by charging preferentially from the core
outwards and discharging from the periphery inwards, often coupled with reversible
flow paths [278]. In situations where groundwater flow is significant, elliptical or
otherwise deformed geometries aligned with the flow direction can reduce
advective heat losses by minimising the path length along which the hottest regions
are exposed to moving water [316].

Borehole spacing is a significant determinant of the system's thermal
performance and overall efficiency. Proper borehole spacing serves to minimise
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thermal interference between adjacent boreholes, optimise land use and balance the
costs associated with installation and operation [317]. If the spacing between
boreholes is insufficient, thermal interference may occur. However, excessive
spacing between boreholes can also diminish system efficiency by necessitating a
larger land area and augmented pumping energy to transport the heat transfer fluid
across greater distances [319]. This configuration not only results in increased costs
but also introduces complexity to the circulation requirements within the BTES
system [316]. In BTES systems, the spacing is typically closer than in conventional
GSHP systems, where the objective is to prevent thermal interaction. In the context
of BTES applications, the optimal borehole spacing is typically within the range of
1.5 to 3 metres. This range has been demonstrated to provide an equilibrium
between the competing demands of maximising thermal interaction and minimising
land area usage and operational costs. Research by Woloszyn [320] and others has
identified that this distance allows for optimal thermal performance, enabling the
heat transfer fluid to interact effectively with the surrounding thermal zones without
causing excessive thermal overlap that could reduce the gradient necessary for
efficient heat transfer [261,316].

The thermal conductivity of the grout filling the annulus between the BHE
pipes and the borehole wall is a key engineered parameter, as it directly influences
the radial heat transfer capacity of the system. High-conductivity grouts (for
example, those enhanced with silica sand or graphite) significantly reduce the
thermal resistance between the fluid and the surrounding formation, thereby
improving both charging and discharging performance [317,291]. Likewise, the
thermal conductivity of the soil or rock controls the spread of the thermal plume
and the rate at which the storage exchanges heat with the far field. Materials with
higher conductivity facilitate faster charging and more uniform temperature
distributions but also increase the rate of heat loss to the surroundings at high
operating temperatures [289]. Groundwater flow can further complicate the
dynamics of heat transfer [74]. The occurrence of high groundwater flow can result
in a notable decline in the efficiency of BTES systems. This is due to the rapid
transportation of thermal energy away from the boreholes, which disperses heat
from the storage area and impedes the effective recovery of energy during the
discharging phase [261]. In an optimal BTES setting, soils with stable
characteristics, such as low porosity and minimal groundwater flow, are preferable.
Low permeability and reduced hydraulic gradients facilitate more uniform
temperature distributions within the BTES volume, thereby minimizing heat loss
and enhancing retrieval efficiency. Furthermore, soils with low thermal
conductivity and limited saturation levels reduce radial heat dissipation, thus
maintaining the temperature gradients essential for efficient energy storage and
recovery [261].

Charging and discharging rates, together with inlet and outlet temperatures,
define the temporal structure of the thermal loading of the BTES. Higher charge
rates and larger temperature differences allow more rapid accumulation of energy
but can create stronger temperature gradients and higher losses [280] [319]. Some
academic papers address the design of BTES systems at elevated temperatures,
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although such high-temperature applications present a number of unique challenges
[249,252,254,265,266,281,288,307,308,313,325,326].
yearly cycles to short-cycle operation, with repeated charge—discharge events on
the scale of days or weeks, has been shown to increase the ratio of useful recovered
energy to losses by decreasing the time window available for diffusion-driven
dissipation in each cycle. Finally, the choice of BHE configuration (single U-tube,
double U-tube, coaxial, etc.) affects the borehole thermal resistance and hence the
required borehole length and number for a given load (detail in chapter 5.2.2).

Table 20. Key parameters characteristics.

The shift from traditional

Parameter Physical role | Main design objective | Typical design tendency
Controls
Arrav seomet shape factor Minimise Compact
ye ™Y'| and heat loss | surface-to-volume ratio circular/cylindrical arrays
area
Governs
. . thermal Balance interference vs. | Moderate spacing (few
Borehole spacing | interference - .S
drilling cost metres), optimised
and volume
use
Grout Sets radial Reduce borehole Use grouts conductivity
. heat transfer . =
conductivity . thermal resistance similar to ground
capacity
Soil/rock Controls Ensp re adequate Leverage high-k for LT;
. plume spread | charging, acceptable it
conductivity mitigate for HT
and loss rate losses
Charge/discharge Deﬁn§s cycle Maximise recovery Move from annual to
duration and o shorter cycles where
rate factor, limit peak losses .
AT feasible
Determines
Inlet/outlet usable AT and Match source/sink Optimise within source
temperature free-heating | levels and system COP and demand limits
potential
Groundwater Introdu_ces Minimise advective loss | Align geometry to flow
advective . . N
flow or exploit beneficially direction
transport
Determines
BHE tvpe borehole Optimise heat transfer | Select configuration per
yp resistance and vs. complexity scale and budget
hydraulics
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5.2 BTES Worldwide Distribution

This chapter presents the first comprehensive review of BTES installations
worldwide, providing a geospatial analysis and database to map their current
distribution and characteristics design parameters. While previous studies have
analysed international research activity, collaboration networks, and technological
trends in the BTES field, these have not provided specific insights into the
geographical distribution, technical specifications, and operational characteristics
of actual installed systems. To address this gap, this review identifies 75 BTES case
studies globally through meticulous bibliographic research, focusing exclusively on
data traceable to peer-reviewed scientific literature, and conference proceedings
with verifiable source documentation. This approach ensures the reliability,
transparency, and reproducibility of the data compilation process, enabling future
researchers to validate and extend the database.

Nevertheless, it is evident that the actual number of BTES installations
worldwide is considerably higher than the number of cases identified in this study
(Table 21). For example, a comprehensive census conducted in Sweden in 2020
reported approximately 76 operational installations, which is significantly higher
than the 19 installations documented through literature sources and included in this
chapter [327]. This substantial discrepancy underscores the limitation of relying
exclusively on published academic sources and highlights the need for more
systematic reporting mechanisms, national registry databases, and standardized
documentation protocols for BTES systems on a global scale.

In order to enhance transparency and reproducibility, a structured literature
search and selection protocol was implemented. Peer-reviewed publications were
identified through comprehensive searches of Web of Science, Scopus, and Google
Scholar, covering the period from 1980 to 2025. The search strategy encompassed
the utilisation of keywords such as "UTES," "BTES," "case study," "numerical
modelling," and "technical report" to identify site-specific reports of real-world
installations. Inclusion criteria for the study comprised data sets that yielded
spatially referenced information (e.g., coordinates or detailed location) and
documented at least one key system parameter. From an initial yield of
approximately 500 potentially relevant records identified through database
searches, abstract and conclusion screening reduced the pool to approximately 150
full-text articles warranting detailed review, of which 75 case studies meeting all
inclusion criteria were incorporated into the final geodatabase. For each selected
case study, the following data fields were systematically extracted when available:
country of installation, precise geographic coordinates or location description,
borehole heat exchanger (BHE) configuration type (single U-tube, double U-tube,
or coaxial), borehole depth range, total number of boreholes in the field, thermal
storage capacity (MWh), operational temperature range, and year of
commissioning. It was ensured that every database entry remains fully traceable to
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its original published source, with complete bibliographic references provided to
facilitate verification and future database expansion.

Table 21 provides a comprehensive listing of identified BTES plants organized
by country, indicating the total number of documented installations in each nation
and the associated paper references that constitute the evidence base for each entry.
The table reveals substantial geographic concentration in certain regions, with
Sweden leading with 19 documented installations, followed by China (11
installations) and Norway (9 installations). Other countries with notable BTES
deployment include Germany (7 installations), Finland (6 installations), and
Canada (3 installations).

Table 21. List of BTES plants by country

Number of BTES Paper Referen
Country plants aper keterence
Canada 3 [247,278,282,286,292,297,302,32
5,328,329]
. [246,265,274,280,291,299,300,33
China 11 0-337]
Denmark 1 [309,314,338]
Finland 6 [311,339-343]
France 1 [344,345]
Germany 7 [275,277,298,338,346-352]
Italy 3 [189,248,283,290,353,354]
Netherland 1 [294]
Norway 9 [249,273,288,301,308,355-358]
Poland 1 [273]
Romania 2 [359]
South Corea 1 [284]
[254,266,295,296,307,313,327,36
1
Sweden 9 0-370]
Switzerland 3 [310,371,372]
United
2 199,263,373-375
Kingdom [199,263,373-375]
United
ntte 4 [264,293,376]
States
Czech
1 377
Republic 377)

To illustrate this distribution, a geodatabase was created using QGIS, version
3.34.13-Prizren, resulting in detailed maps and graphs that depict the geographic
and statistical spread of BTES installations. This geodatabase provides a foundation
for the future tracking and updating of global BTES developments. By offering a
clear, structured, and spatially explicit repository of data on BTES systems, this
geodatabase aims to provide a foundational resource for researchers, practitioners,
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policymakers, and technology developers seeking to understand current
deployment patterns, identify best practices, and expand the strategic deployment
of BTES technologies worldwide.

A geopackage file containing the complete geodatabase, attribute tables, and
metadata documentation is available for download free of access from the
Mendeley Data repository, facilitating data sharing, collaborative analysis, and
continuous database refinement by the international research community [378].

Borehole Thermal Energy Storage (BTES) systems are classified based on
depth into two main categories: low-depth BTES (LD-BTES, up to 250 meters) and
high-depth BTES (HD-BTES, 250 to 1000+ meters), with borehole depth
fundamentally influencing thermal efficiency, storage capacity, drilling costs, and
geological risk. Low-depth BTES systems, typically extending to 150 meters,
currently dominate global installations due to lower drilling costs and proven
performance in residential heating, small-scale commercial buildings, and district
heating networks with moderate thermal demands. However, these systems face
inherent limitations including restricted thermal storage capacity, increased thermal
losses in shallow subsurface environments, and potential impacts on nearby
aquifers. Despite these constraints, LD-BTES remains the predominant approach
for moderate-climate applications where seasonal storage complements but does
not dominate the overall heating system.

High-depth BTES systems represent a technological advancement, accessing
depths from 250 to 1000+ meters with significantly larger formation volumes per
borehole, making them ideal for space-constrained urban and industrial settings.
These systems accommodate higher temperature inputs (60-90°C or higher)
suitable for integration with concentrating solar thermal systems, industrial waste
heat recovery, and combined heat and power systems, while substantially
improving heat pump performance. However, only limited HD-BTES installations
currently exist worldwide, with the majority of performance data derived from
numerical simulations rather than long-term field monitoring, highlighting the
critical need for comprehensive field demonstration projects to validate predictions
and build technological confidence [262,273,275,312,346,379].

The 75 documented BTES installations (Figure 138) reveals that the majority
of operational systems worldwide are situated at relatively shallow depths, with
median depths in the range of 100-150 meters and a strong concentration below 200
meters. To date, only a limited number of installations have been developed to
greater depths (>250 m), with documented examples primarily located in Canada,
Norway, Finland, and Germany, countries with either strong policy drivers for
renewable heating, favorable deep geology, or active research programs exploring
advanced BTES concepts. It is therefore evident that while HD-BTES demonstrates
considerable technical promise and potential advantages for specific applications,
the majority of existing operational insights, performance data, and lessons learned
are derived from numerical simulations and modelling studies rather than long-term
monitoring of actual installations [199,275,277,322,346,351,352,379-383].

This observation highlights a critical knowledge gap and research need: field
demonstration projects with comprehensive monitoring programs are essential to
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validate simulation predictions, characterize actual long-term thermal behaviour,
assess geological and mechanical impacts, and build confidence in HD-BTES
technology among developers, financiers, and regulatory authorities.
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Figure 138. Barchart of the average depth in different countries.

The geographical distribution of BTES capacity, measured in megawatt-hours
(MWh) across countries, provides essential insights into the global adoption
intensity and aggregate thermal storage infrastructure deployment, revealing
significant regional variations in technology diffusion and renewable heating
integration. The worldwide analysis of 75 documented BTES installations
demonstrates substantial geographical disparities in thermal energy storage
capacity deployment (Figure 139). Sweden emerges as the global leader with
capacity in the tens of thousands of MWh annually, reflecting its pioneering BTES
development since the 1980s, supportive national energy policies including carbon
taxation and renewable heating mandates, extensive district heating networks, and
favorable crystalline bedrock geology. Similarly, China and Canada exhibit
considerable BTES deployment driven by distinct motivations: China pursues
urban air quality improvement and rapid district heating network expansion
supported by carbon reduction policies, while Canada's heating-dominated climate
creates significant seasonal energy imbalances coupled with strong renewable
energy policies and historical research leadership in thermal storage technologies.
However, the analysis reveals critical documentation deficiencies: approximately
28% of'the 75 installations lack available thermal storage capacity data, with several
countries including Romania and France exhibiting completely undocumented
BTES systems regarding thermal energy capacity and operational performance.
These gaps highlight the urgent necessity for improved international data sharing
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mechanisms, standardized BTES registries with uniform reporting templates, and
enhanced emphasis on comprehensive performance documentation in both
academic and industry technical reports to facilitate evidence-based assessment of
global thermal storage infrastructure development and technology diffusion
patterns.
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Figure 139. Worldwide map representing the total power in MWh of the 75 BTES by country.
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5.2.1 Country and Temporal Distribution

This chapter presents a comprehensive analysis of the geographical and
temporal distribution of BTES installations identified in the systematic literature
review, with a particular focus on the examination of observed spatial clustering
patterns, and temporal deployment trends.

Figure 140 provides a visual representation of the geographic distribution of
the 75 identified BTES installations worldwide. The map employs green triangles
to indicate individual installation locations with their respective geographic
coordinates, providing precise spatial reference for each documented system.
Countries are color-coded using a graduated color scheme to represent the total
number of BTES plants in each nation, with darker shades indicating higher
concentrations of installations. This visualization technique facilitates immediate
identification of geographic clusters and regional adoption patterns. The map
demonstrates that BTES plants are predominantly concentrated in Northern Europe,
particularly Scandinavia, with substantial clustering observed in Sweden, Norway,
and Finland. These regions are characterized by their strong renewable energy
policies, ambitious carbon neutrality targets, well-established district heating
infrastructure, technological leadership in sustainable heating and cooling systems,
and favorable geological conditions (crystalline bedrock with good thermal
properties). The prevalence of BTES in Scandinavian countries also reflects
supportive regulatory frameworks, including streamlined permitting processes, and
financial incentives for renewable heating technologies.
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Figure 140. BTES Country distribution: the green triangles indicate the 75 BTES plants and their
respective locations. The varying colours in the map indicate the total amount of BTES plants in each country.
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Secondary clusters are evident in Central Europe (Germany, Switzerland) and
Asia (China), reflecting growing interest and deployment in regions with different
climatic conditions and energy system configurations. The relative scarcity of
documented installations in Southern Europe, Africa, South America, and large
portions of Asia suggests either limited adoption of BTES technology in these
regions, application of alternative thermal storage technologies more suited to local
conditions, or insufficient documentation and reporting of existing systems in the
scientific literature.

Figure 141 presents a bar chart quantifying the number of BTES plants in each
country, providing a clear comparative visualization of installation frequencies
across nations. The chart illustrates that Sweden is the nation with the highest
concentration, with 19 identified BTES plants included in this literature-based
review. However, as previously indicated, a comprehensive national census
conducted in Sweden in 2020 reveals that the actual number of installations in the
country is considerably higher, with a minimum of 76 recorded operational plants.

Following Sweden, China and Norway occupy the second and third positions
respectively in terms of documented installations, with 11 and 9 systems identified
through literature sources. This ranking reflects the growing prominence and
accelerating deployment of BTES technology in both Scandinavian countries
(where heating demand, renewable energy targets, and district heating networks
drive adoption) and in Asia (where rapid urbanization, air quality concerns, and
diversification of heating sources motivate interest in seasonal thermal storage).
This clustering reflects the advanced integration of BTES technologies in regions
with supportive frameworks, while also indicating potential areas for further
adoption in other parts of the world.

20

% & 8 C.
e ’7’4‘5: »p,z?@ “e% 00’9-') ch’ﬁ' 9,,073 /%g
#500; ] Vg g,

5l

f)
o,

Figure 141. Bar chart of the sum of BTES plants for each country.
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From a temporal perspective, Figure 142 illustrates the evolution of BTES
deployment over time, revealing important trends in technology adoption rates and
maturation. Figure 142 presents a dual-axis temporal distribution graph with an
orange line representing the cumulative sum of BTES plants year by year (total
installed capacity over time) and a blue line showing the number of new BTES
plants commissioned each year (annual installation rate). The graph demonstrates a
gradual increase in BTES installations since the early 1980s, when pioneering
demonstration projects first validated the technical feasibility of large-scale
seasonal thermal storage in boreholes. A notable acceleration in deployment rate is
observed after 2008, coinciding with several catalyzing factors: the global financial
crisis and subsequent green stimulus investments, growing awareness of climate
change and associated policy responses, rising fossil fuel prices increasing the
economic competitiveness of renewable heating, and maturation of BTES design
methodologies and modelling tools. The post-2008 acceleration suggests that BTES
technology has transitioned from an experimental demonstration phase to an
established commercial technology with growing market adoption, though
deployment rates remain concentrated in specific geographic regions with favorable
conditions.
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Figure 142. Temporal distribution of BTES plants: the orange line represents the sum of BTES plants
year by year, while the blue line shows the number of BTES plants built each year.

-237 -



5.2.2 Type of Borehole Distribution

The selection of the BHE type represents a crucial design choice in BTES
systems, exerting a direct influence on the system's thermal performance, material
requirements, and operational efficiency. This chapter presents an analysis of the
distribution of three main BHE configurations (single U-tube, double U-tube, and
coaxial designs) across 75 case studies. The analysis aims to highlight the
prevalence, regional adoption, and functional attributes of these configurations.
Information on the specific type of BHE employed is available for 59 of the 75 case
studies analysed (approximately 79% data completeness), thus providing a detailed
and statistically meaningful perspective on global trends in BHE configuration
selection.

Single U-tube BHEs represent the most prevalent configuration, comprising
approximately 65% of the installations examined (Figure 143). These systems
typically comprise a single loop of high-density polyethylene (HDPE) or cross-
linked polyethylene (PEX) pipes inserted into the borehole, with fluid circulating
down one leg and returning through the other. Standard pipe dimensions include an
outside diameter of 40 mm, though 32 mm pipes are also occasionally employed,
particularly in shallower boreholes or installations with spatial constraints [317].
The widespread adoption of single U-tube configurations can be attributed to
several advantageous characteristics: uncomplicated design facilitating
straightforward installation procedures, cost-effectiveness with lower material
requirements compared to double U-tube systems, simplicity of installation
reducing labour time and specialized equipment needs, well-established installation
practices and widespread contractor familiarity, and proven long-term reliability
across diverse geological conditions. These factors have rendered single U-tube
BHEs a standard selection for a multitude of applications, particularly in smaller-
scale BTES systems, residential heating projects, and installations where moderate
thermal performance is sufficient to meet demand requirements.

Double U-tube BHEs represent approximately 28% of documented
installations, constituting the second most common configuration globally. These
systems are characterized by two independent U-shaped pipe loops installed within
a single borehole, with heat transfer fluid typically flowing in opposite directions
through each loop (parallel or series configuration depending on hydraulic circuit
design). This configuration substantially increases the contact surface area between
the circulating fluid and the surrounding subsurface formation, thereby enhancing
the efficiency of heat transfer per unit borehole length and improving the thermal
performance per borehole [317]. Double U-tube systems exhibit several
performance advantages: higher thermal capacity per borehole enabling more
compact borehole field layouts, improved thermal contact with formation reducing
borehole thermal resistance, enhanced system flexibility through independent loop
operation or zoning possibilities, and better performance in formations with lower
thermal conductivity where increased heat transfer area compensates for reduced
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formation properties. These characteristics make double U-tube BHEs particularly
advantageous in projects that require higher thermal capacity to meet substantial
heating or cooling loads, installations constrained by limited surface area for
borehole placement (urban sites, building footprints), or geological settings with
moderate thermal properties where enhanced heat exchange efficiency justifies the
additional cost.

Coaxial BHEs, representing less than 10% of total documented installations,
constitute a specialized and less commonly adopted configuration. These systems
comprise a central flow pipe (typically the supply line) surrounded by an outer
concentric return pipe, or alternatively an outer annular supply with central return
pipe, creating a coaxial geometry along the full borehole length. This configuration
is specifically designed to minimize hydraulic flow resistance through larger flow
cross-sections, maximize heat exchange efficiency through optimized thermal
contact geometry, reduce thermal short-circuiting between inlet and outlet flows
compared to U-tube designs, and provide superior performance in deep boreholes
where pressure losses in U-tubes become prohibitive. However, the specialized
design, higher manufacturing costs, more complex installation procedures requiring
specialized equipment, limited contractor familiarity and installation experience,
and higher material costs represent significant barriers to widespread adoption of
coaxial systems. Despite these limitations, coaxial BHEs are particularly suitable
for specific applications including very deep boreholes (>200 m) where pressure
drop considerations favor the configuration, high-temperature applications
requiring optimized thermal performance, and research or demonstration projects
exploring advanced BHE technologies.

Figure 143 presents a pie chart visualizing the percentage distribution of the
three different types of BHE configurations employed in the 75 documented BTES
installations worldwide. The chart clearly illustrates the dominance of single U-tube
systems (approximately 65%), followed by double U-tube configurations
(approximately 28%), with coaxial designs representing a small fraction (less than
10%) of the total. This distribution pattern reflects the pragmatic balance between
thermal performance requirements, economic constraints, and installation
complexity considerations that govern BHE selection in real-world projects.

Figure 144 presents a polar plot of the global distribution of these BHE types,
with single U-tube systems situated at the centre, coaxial designs in the mid-range,
and double U-tube configurations occupying the outer edges. The plot reveals that
only a few countries, such as Sweden, Switzerland, and Germany, employ all three
BHE types, which demonstrates a flexible and diversified approach to system
design. In contrast, other nations, including the United States, the United Kingdom,
Norway, Canada, and Finland, demonstrate exclusive reliance on single U-tube
systems, which suggests a preference for simpler and more standardised solutions.
These findings demonstrate the considerable impact of regional and project-specific
factors on BHE selection, including geological conditions, technological expertise,
and economic considerations.
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Figure 143. Pie chart representing the percentage of the three different type of BHE in the 75 BTES.

Figure 144 presents a polar plot visualization of the global distribution of BHE
types across different countries, providing insight into regional preferences and
technology adoption patterns. In this polar representation, single U-tube systems
are positioned toward the centre of the plot, coaxial designs occupy the mid-range
radial positions, and double U-tube configurations are located at the outer edges.
The plot reveals that only a few countries, notably Sweden, Switzerland, and
Germany, employ all three BHE types in their documented installations, which
demonstrates a flexible, diversified, and technologically mature approach to system
design. This diversity suggests well-developed technical expertise, willingness to
optimize BHE selection based on site-specific conditions, and active research and
development activities exploring advanced configurations. In contrast, other
nations, including the United States, the United Kingdom, Norway, Canada, and
Finland, demonstrate exclusive reliance on single U-tube systems, which suggests
a preference for simpler and more standardised solutions. Understanding these
regional patterns provides valuable insights for technology transfer initiatives,
identification of markets ready for advanced BHE configurations, and strategic
planning for BTES deployment in emerging markets.
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Figure 144. Polar Plot of type of tubes utilised in BTES in the different countries.
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5.3 Case Studies

Two main case studies were analysed for the BTES systems analysis, in
completely different geological and hydrogeological contexts: the first in
Trondheim, Norway; and the second in Turin, Italy. These -contrasting
environments provide valuable comparative insights into BTES performance under
diverse subsurface conditions, enabling evaluation of technology adaptability
across climatic zones, geological formations, and thermal storage requirements.
This case study originates from the collaboration between NTNU University and
the Applied Geology group of the DIATI Department at Politecnico di Torino,
which promotes a six-month Erasmus period at NTNU Trondheim University (NO),
contributing to joint research activities and technical exchange within the BTES
system investigations.

5.3.1 Case Study 1

In the context of Norway, where approximately nine BTES installations have
been documented in the southern regions (Figure 145 A), there is a growing interest
in expanding BTES projects into the northern areas [281,384]. This study focuses
on a high-temperature BTES project in Norway, located in the Nyhavna area of
Trondheim (Figure 146). As part of a broader urban redevelopment initiative
transforming an industrial harbour into a Zero Emission Neighbourhood (ZEN), the
project exemplifies the integration of sustainable energy solutions into urban
planning strategies (Figure 145 B). The surplus thermal energy generated by an
adjacent waste incineration plant is planned to be stored in the subsurface via a
network of borehole heat exchangers (BHEs) and subsequently extracted during the
colder months to meet local heating demands. This waste heat integration strategy
represents a critical component of circular economy principles in urban energy
systems, converting otherwise-discarded industrial process heat into valuable
seasonal thermal storage, reducing primary energy consumption and associated
greenhouse gas emissions.
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Figure 145. [A] BTES distribution maps in Scandinavian area; [B] Design representation of Nyhavna
BTES project (modified from [385]).
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Figure 146 displays the study area framework, providing geographic context
for the Nyhavna district within the broader Trondheim metropolitan area. The
figure shows the coastal location of the site, proximity to Trondheim Fjord,
topographic features, and spatial relationships with surrounding infrastructure and
natural resources.
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Figure 146. Study area framework.

The performance and efficiency of BTES systems are strongly dependent on
the geological properties of the host formation, including thermal conductivity,
volumetric heat capacity, hydraulic properties, and mechanical stability under
cyclic thermal loading [352]. In this section, the Nyhavna BTES project is
underpinned by a comprehensive geotechnical investigation that includes drilling
of seven test boreholes, and detailed geomechanical analyses involving laboratory
point load tests on greenstone core samples subjected to cyclic thermal loading
[386,387]. An average effective thermal conductivity of approximately
3.86 W/m-K (excluding anomalous results due to localized water-bearing
conditions) indicates favourable conditions for heat storage. This thermal
conductivity value substantially exceeds typical values for sedimentary formations
(1.5-2.5 W/(m'K)) and confirms that the crystalline metamorphic bedrock at
Nyhavna provides excellent thermal transport properties that facilitate efficient heat
injection and extraction while maintaining thermal plume confinement.

Moreover, laboratory testing reveals that cyclic thermal exposure may enhance
the mechanical strength of the bedrock, a critical factor for the long-term stability
of the storage system [386]. This phenomenon contrasts with thermal degradation
observed in some sedimentary rocks and confirms the suitability of the Trondheim
greenstone for high-temperature thermal cycling over decades of operation.
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Complementing the laboratory and field measurements, a detailed 3D geological
model of the area was developed using FEFLOW software. This model integrates
lithological data from boreholes and cone penetration tests with digital elevation
models and orthophotos, enabling refined subsurface visualization and
interdisciplinary collaboration for infrastructure planning.

The BTES design that has been proposed for Nyhavna is one that entails the
installation of a network of 65 boreholes , each drilled to 100 meters depth. The
system has been designed to operate at a maximum temperature of 80°C. This
ensures that any surplus thermal energy collected during the summer months is
effectively stored for subsequent use in the winter. This design is notable for its
integration of waste heat from proximate facilities, a feature that is both a
component of the local renewable energy strategy and a significant contributor to
the reduction of greenhouse gas emissions.

Nyhavna is a coastal neighbourhood in Trondheim, Norway. This area,
formerly characterised by industrial harbour facilities, is currently undergoing a
transition into a sustainable, zero-emission district. Nyhavna's topography is
distinguished by its low-lying nature, characterised by gentle slopes that seamlessly
blend urban development with the natural coastal landscapes of the region.

The underlying geology, characterised by unconsolidated Quaternary deposits
superimposed on a resilient Precambrian bedrock, further delineates the physical
environment, combining varied sedimentary characteristics with a stable geological
foundation. This influence both hydrological and thermal dynamics.

The bedrock in the Trondheim area is predominantly composed of
metamorphic volcanic and sedimentary rocks formed within a Precambrian
depression. The geological framework is dominated by greenstone, tuff, and
putelava formations, with an estimated age of approximately 500 million years
[388,389]. The region was significantly affected by the Caledonian orogeny around
400 million years ago, an event that not only deformed the pre-existing volcanic
rocks but also thrust sedimentary layers, such as shale and sandstone, originally
deposited on the seabed, up onto the continent [390]. Due to the intricate tectonic
evolution of the region, the stratigraphy does not invariably exhibit a
straightforward vertical age progression; in certain instances, younger rock
formations have been observed to occur beneath older formations. The bedrock at
the Nyhavna area is overlaid by a variable cover of Quaternary deposits (gray color
in Figure 147), which are primarily the result of deglaciation and subsequent
human-induced fill activities. The uppermost layer, as documented by Norwegian
geological surveys, consists of fill material that largely originates from historical
dumping practices between 1885 and 1937, as well as later urban development
processes [391].
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Figure 147. Geological map of Trondheim city (modified from [392]).

The hydrogeological data indicate that groundwater conditions are largely
dictated by the fracture systems within the bedrock and the characteristics of the
overlying sediments. In addition, tidal fluctuations have been recorded at some
locations, suggesting that the groundwater level may be partly modulated by the sea
level, as well as by the local drainage basin dynamics [386].

From a geotechnical perspective, the complexity of the stratigraphy at Nyhavna
area presents several challenges for engineering and construction. The interface
between the competent bedrock and the overlying loose sediments is well defined,
with the latter consisting predominantly of fill deposits, sand, and clay. The
mechanical properties of the loose overburden, including the compressibility and
potential for settlement, are of particular importance given the planned installation
of up to 65 energy boreholes [393]. These geotechnical parameters, when
incorporated into numerical stability and settlement models, provide the basis for
assessing the initial stability and deformation behaviour of the area during and after
drilling.

5.3.2 Case Study 2

The second case study presents the design and numerical simulation of a
shallow BTES system for a site located in the northern sector of Turin, Italy. The
system is conceived to provide seasonal thermal energy storage for heating
applications, utilizing excess heat available during warmer months to meet heating
demands during the cold season. The site represents a typical urban setting where
space constraints, hydrogeological conditions, and the presence of shallow aquifers
impose significant design considerations that influence borehole depth,
configuration geometry, and operational parameters. The subsurface model domain
comprises two distinct hydrostratigraphic layers representing the shallow and deep
aquifer systems characteristic of the Turin alluvial plain. The thermophysical
properties of these two aquifers exhibit significant differences related to
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mineralogical composition, grain size distribution, and degree of sediment
compaction (Table 22).

Table 22. Thermophysical characteristics of the two layers simulated using FEFLOW.

Shallow
i D ife
Unit aquifer (0-50 eep aquifer

Parameters measurement

m) (>50 m)

Hydraulic
107 1-10°

: 020 020
Thermal Conductivity W/(m-K) 1,7 2,5

1 ic H
MY/ K) 2,09 =
Capacity

m 0-50 =

1
Lithology - Gras\;jl dand Sand and silt

The first shallow aquifer (0 to 50 m depth) consists predominantly of gravels
and sands with a thermal conductivity of 1.7 W/(m-K), a value that is moderate yet
adequate for low-to-medium enthalpy geothermal applications. The volumetric heat
capacity of the solid matrix reaches 2.09 MJ/(m?-K), indicating favorable thermal
storage capacity per unit volume and suggesting effective retention of injected
thermal energy. These properties are consistent with coarse-grained fluvial deposits
typical of Quaternary alluvial sequences in the Po Plain. The second deeper aquifer
(>50 m depth) exhibits a thermal conductivity of 2.5 W/(m-K), reflecting the
increased presence of high-conductivity mineralogical components (quartz,
feldspars) and higher degree of compaction and diagenetic alteration with depth.
The volumetric heat capacity is reduced to 1.5 MJ/(m3-K) due to different

mineralogical composition, finer grain size (sands and silts), and reduced porosity
associated with deeper burial and compaction. The determination of optimal
borehole depth for this BTES installation was governed not primarily by soil
physical properties, but rather by the presence and characteristics of the shallow
groundwater table.

In the northern Turin study area, the shallow aquifer exhibits elevated
groundwater flow velocities, which would substantially reduce the effectiveness of
seasonal thermal storage in saturated zones through advective heat dissipation.
Under conditions of significant groundwater flow, stored thermal energy is
transported downstream by the moving groundwater, substantially reducing storage
efficiency and causing thermal plumes to extend far beyond the borehole field. The
average depth to the water table in the study area is approximately 22 meters below
ground surface. To avoid thermal interference with the mobile groundwater and
minimize advective heat losses, the BTES system was designed as a shallow
installation with 20-meter deep boreholes, entirely situated within the unsaturated
zone above the water table. This design strategy ensures that thermal storage occurs
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in porous media where heat transport is dominated by conduction rather than
advection, substantially improving storage efficiency and thermal plume
confinement. The 20-meter installation depth represents an optimized compromise
between multiple competing factors: maximizing storage efficiency by remaining
above the aquifer, minimizing drilling complexity and associated costs compared
to deeper installations, providing adequate storage volume for the target heating
application, and limiting thermal losses to the atmosphere from excessive shallow
placement. The BTES installation occupies a total surface area of approximately
490 m? with a field radius of 12.4 meters, employing a circular borehole
arrangement designed to maximize thermal storage efficiency by creating a
thermally concentrated central core zone that better retains heat over extended
storage periods (Figure 148). Circular configurations have been demonstrated to
provide superior thermal performance compared to linear or rectangular arrays by
minimizing the surface-to-volume ratio of the heated storage volume, thereby
reducing conductive losses to surrounding cooler formations (Section 5.1).

Figure 148. BTES array and mesh discretisation.

The principal technical parameters common to all simulated scenarios are
summarized in Table 23. The system comprises 155 boreholes, each 20 meters
deep, configured with single U-tube borehole heat exchangers. Single U-tube
configurations represent the most widely adopted BHE design globally, accounting
for approximately 65% of BTES installations due to their design simplicity,
installation ease, cost-effectiveness, and proven long-term reliability. Each U-tube
consists of high-density polyethylene (HDPE) pipes with an outer diameter of 26
mm and wall thickness of 2.9 mm, dimensions commonly employed in shallow
geothermal systems and providing adequate mechanical strength while maintaining
low thermal resistance. The hydraulic system is configured with parallel connection
of all 155 boreholes, ensuring uniform fluid distribution across the borehole field
and enabling consistent thermal loading and extraction across all heat exchangers.
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The heat transfer fluid is demineralized water with anti-corrosion and anti-freeze
additives, necessary to guarantee system longevity, prevent pipe degradation, and
maintain optimal performance across all operational temperature ranges. The
discharge phase inlet temperature is fixed at 10°C across all scenarios, representing
a typical return temperature from a heat pump evaporator in winter heating mode.

Table 23. Main technical parameters used in the model that were common to all scenarios.

Parameters Unit Measurement Value
Number of BHEs n° 155
Depth m 20
Array geometry - Circular
BHE spacing m 2
Area m? 490
Radius m 12,4
BHE type - Single-U
Pipe diameter mm 26 (esterno)
Pipe thickness mm 2,9
Pipe material - HDPE
BHE connection - Parallel
Intlet temperature °C 10

Figure 149 presents a schematic diagram of a single U-tube geothermal probe,
illustrating the fundamental operational principle. The diagram shows fluid
circulation down one leg of the U-tube and return through the other leg, with arrows
indicating flow direction. Key input parameters for numerical simulations include
individual borehole flow rate and inlet fluid temperature, while model outputs
provide outlet fluid temperature that feeds the heat pump system.

fluid fluid
out in
o0 I

@O

Figure 149. Single-U BHE configuration.
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The finite element mesh was adaptively refined in proximity to the borehole
locations and throughout the surrounding thermal storage zone to accurately capture
steep thermal gradients and thermal interference patterns generated by the closely-
spaced borehole array. Figure 150 illustrates the 3D mesh refinement, revealing
both horizontal densification around boreholes and vertical discretization
refinement in the upper 20 meters. Vertical layering was increased in the zone
penetrated by boreholes, with layer thickness of 1 meter throughout the 20-meter
borehole depth, ensuring adequate vertical resolution to capture axial temperature
variations and heat exchange with surrounding strata.

Figure 150. Cross section of the 3D mesh refinement.

Five distinct operational scenarios were simulated to comprehensively evaluate
BTES performance under varying charging temperatures, flow rates, and seasonal
cycle durations (Table 3). These scenarios were designed to explore the parameter
space relevant to integration with different heat sources (low-temperature waste
heat vs. high-temperature solar thermal or industrial processes) and different heat
extraction strategies (continuous moderate extraction vs. intensive peak demand
extraction). The variation in flow rates between charging and discharging phases in
some scenarios reflects operational strategies aimed at optimizing thermal balance,
where lower discharge flow rates increase residence time in boreholes and enhance
heat extraction efficiency.

Table 24. Main operating characteristics in the various analysed scenarios.

e Charging | Dischargin Chargin
Scenarios Charging time flow %ateg flow ragte © tempergatugre
month (I/s) (I/s) (C°)
1 6 0,6 0,4 35
2 6 0,6 0,4 80
3 12 0,6 1 35
4 12 0,6 1 80
5 6 1 1 35
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5.4 Results

The successful design and optimisation of BTES systems require a careful
evaluation of several interrelated parameters that govern thermal exchange, storage
efficiency, and operational viability. The results presented here provide quantitative
performance benchmarks and design insights to support strategic deployment of
shallow BTES technology as a component of sustainable urban energy systems.

5.4.1 Case Study 1

In the first case study, a comprehensive parametric investigation was
performed, testing multiple configurations to ensure that the final design met the
technical criteria for the Nyhavna project. The final configuration that was selected
for the initial numerical analysis consists of a circular array comprising 65 borehole
heat exchangers (BHEs), with a spacing of 2 metres and a drilling depth of 100
metres below the surface.

The geometry of the array has been demonstrated to exert a direct influence on
the thermal performance and land use efficiency of BTES installations. A range of
geometrical configurations were evaluated, incorporating linear, rectangular, and
circular arrangements. The final configuration implemented in this study adopts a
circular (cylindrical) array. This geometry has been shown to minimise the surface-
area-to-volume ratio, thereby reducing thermal losses from the periphery and
enhancing overall heat retention [255]. Furthermore, the symmetry provided by the
circular arrangement optimises the distribution of temperature gradients, which is
crucial during both the charging and discharging phases [364]. The configuration
of 65 BHEs that has been selected ensures that the cumulative thermal capacity
meets the project's heating requirements while maintaining a compact installation
footprint.

Borehole spacing has been identified as a critical factor in the analysis of
thermal interaction between adjacent BHEs. Insufficient spacing can lead to
excessive thermal interference, thereby reducing the temperature gradient necessary
for efficient heat exchange. Conversely, excessive spacing may result in
underutilisation of the available subsurface space and increased pumping costs
[246]. It was determined through the implementation of various parametric
modelling tests that a spacing of 2 metres was the adequate distance for this specific
case study. This space is sufficient to minimise thermal overlap, thereby ensuring
that each borehole operates under near-ideal conditions while maintaining compact
array geometry [320,394].

The depth at which the BHEs are installed is pivotal in achieving effective
thermal storage without adversely affecting the surrounding geotechnical
conditions [352]. In the Nyhavna project, BHEs are drilled to a depth of 100 metres,
with the thermal exchange starting below the clay layer (from a depth of 30 metres).
It 1s critical to thermally insulate the clay layer to prevent a decrease in storage
performance and to ensure the integrity of the soil's mechanical properties.
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The thermal performance of a BTES system is not solely a function of its
physical configuration; operational conditions play a significant role as well. In this
study, two fundamental operational phases were identified as the primary focus:

a) Charging Phase (Summer period): During the charging phase, a high inlet

temperature is essential to store an adequate amount of thermal energy. The
system was designed to operate with an inlet fluid temperature (Tin) of 80°C,
the outlet temperature (Tou) varying from 45 to 60°C.

b) Discharging Phase (Winter period): For efficient energy recovery, the
system is configured to operate with a lower discharge temperature. The Tin
during the discharging phase is maintained at 10°C, maximizing the
temperature difference between the stored heat and the Tou during
extraction.

In addition to temperature control, the flow rate of the heat-transfer fluid is a
critical parameter that must be taken into consideration. A single flow rate of 1 I/s
(both charging and discharging phase) was selected for each borehole, thus
balancing the need for rapid heat transfer with the minimisation of hydraulic energy
losses. It is posited that this flow rate is sufficient to maintain a stable thermal
profile in the boreholes, whilst ensuring that the pumping energy remains within
economically feasible limits. The total water flow of BTES is 65 1/s.

The selection of the BHE type represents a crucial design choice in BTES
systems, exerting a direct influence on the system's thermal performance, material
requirements, and operational efficiency. In this study, the Single U-Tube is
evaluated (Figure 151).

. | pipe-out

! b-in b-out

j d-in d-out

Figure 151. Single U-Tube setting on FEFLOW BHE.
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The Single U-Tube design is one of the most prevalent configurations used in
BTES systems [255]. This design consists of a single continuous U-shaped pipe,
typically fabricated from high-density polyethylene (HDPE), which is inserted into
the borehole. The fluid circulates downward through one leg and returns upward
via the opposing leg, thereby establishing a temperature gradient along the borehole
wall. The Single U-Tube system offers simplicity and cost efficiency, making it a
popular choice in many applications. Its design (Table 25) is well documented and
characterized by predictable thermal behaviour in moderate-depth installations
[280].

Table 25. BHE value used in FEFLOW.

BHE geometry Value (m)

Borehole Diameter (D) 0.15

Pipe Distance (w) 0.04

Inlet Pipe Diameter (d-in) 0.032
Inlet Pipe Wall Thickness (b-in) 0.0029
Outlet Pipe Diameter (d-out) 0.032
Outlet Pipe Wall Thickness (b-out) 0.0029

The numerical model incorporates site-specific thermal properties such as the
thermal conductivity, volumetric heat capacity, and hydraulic conductivity of the
different layers. In Table 26 the geotechnical and thermal properties are
summarised. By integrating these geotechnical parameters into the FEFLOW-
based numerical model, the simulation accurately reproduces the transient heat
transfer processes and the effect of groundwater flow on heat distribution. This
integration is critical for predicting long-term performance, assessing thermal
recovery factors, and optimizing the overall design of the BTES system.

Table 26. Main parameters used in FEFLOW.

. Specific Volumetric
Hydraulic 5 Thermal
Depth Temperature . ) Heat Density Heat .
Layer o Conductivity | Porosity . 3 i Conductivity
Range (°c) (m/s) Capacity | (kg/m3) | Capacity (W/m-K)
(3/kgK) (3/m?3K)
Sand Layer 0-5m 8 1x1073 0.3 830-1000| 1800 1.8x10° 2.5
Clay 5-25m 8 ~1x107° 0.44 1537 1951 3.0x10° 1.32
Bedrock 25m-—up| 8atupper |~1x1078(for
to 100 m bedrock, fractured s
(Greenstone/ i . i 0.015 850 2900 2.465x10 3.2
Greenschist) (and increasingto | crystalline
deeper) 10at 100 m rock)

Particularly, FEFLOW provides specialised modules for simulating Borehole
Heat Exchangers representing BHEs as one-dimensional elements embedded
within the 3D finite-element mesh. The software integrates preprocessing,
simulation, and postprocessing workflows, including specific tools for configuring
BHEs and visualizing energy performance metrics.
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The simulation domain is divided into three stratigraphic layers:
e Sand Layer (upper unconsolidated deposits): Characterized by relatively
high hydraulic conductivity and thermal conductivity.
o Clay Layer: Exhibiting low hydraulic conductivity, high porosity, and lower
thermal diffusivity.
e Fractured Rock Layer (bedrock): Featuring low porosity but relatively high
thermal conductivity.
Each layer is assigned constant properties based on field characterization. The
3D mesh is generated by extruding a 2D mesh into vertical layers (Figure 152 A);
additional horizontal slices are inserted every 2 meters to capture vertical
temperature gradients accurately. To capture the detailed thermal plume generated
by the BTES operation, the mesh is locally refined around each BHE (Figure 152
B).
An initial steady-state groundwater flow simulation was performed to establish
the hydraulic field. This steady-state solution provided the initial conditions for the
subsequent transient thermal simulation.

Figure 152. [A] 3D model setup and layer discretization; [B] Refinement around BHEs.

The model is constrained by two distinct types of boundary conditions (flow
and thermal conditions). In the context of flow analysis, the implementation of
fixed-head (Dirichlet) boundaries at the inflow and outflow zones is a fundamental
approach. In contrast, other boundaries are designated as no-flow boundaries. With
regard to the thermal boundary condition, a variable inlet temperature flux is set
from the surface (8°C) to the bottom (10°C), in order to simulate the natural
geothermal gradient of the area. In the case of BHE, the operational cycles are
simulated by a prescribed inlet temperature condition. This condition involves an
inlet temperature of 80°C during the one-and-a-half-year charging phase, and 10°C
during the six-month discharging phase.

The BHE array is modeled using FEFLOW’s BHE module. The 65 BHEs are
connected in a circular configuration, and each borehole is assigned properties,
including geometry (Single U-Tube), grout characteristics, and fluid parameters,
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using the dataset editor. The integrated BHE interconnection establishes a
continuous circuit, which allows the simulation of a unified BTES plant. This
approach simplifies the network by assigning a common inlet and outlet condition
across the array and allows the simulation of simultaneous heat injection or
extraction for the entire system. The transient simulation is conducted over a three-
year period, applying different flow rate depending on the cycle, thereby capturing
the dynamic thermal response during both the charging and discharging phases (six
months each).

The initial charging phase is comprised of a 1.5-year period of charging,
succeeded by a 6-month discharging phase. The third year is characterised by a 6-
month cycle of charging and discharging. During the charging process, thermal
energy is injected at a temperature of 80°C, while the discharging process is
conducted with a reinjection temperature of 10°C. The flow rate of both phases is
1 1/s each BHEs. The horizontal temperature distribution at a depth of 37 m after
545 days of charging is illustrated in Figure 153 A. The circular thermal plume is
centred around the borehole array and exhibits a radially symmetric structure, with
maximum temperatures in the core exceeding 67°C above ambient (9°C). The
isotherms extend laterally from this central zone, indicating a gradual decrease in
temperature with increasing radial distance. The dense triangular mesh and refined
nodes surrounding the boreholes ensure an accurate representation of the steep
thermal gradient near the heat sources. This distribution serves to emphasise the
efficacy of the system in establishing a well-confined thermal storage zone,
characterised by minimal lateral losses. This accomplishment is attributable to two
primary factors: geological confinement and optimised spatial design.

As illustrated in Figure 153 B, the vertical temperature cross-section of the
subsurface following the initial charging phase is represented. The thermal anomaly
1s distinctly confined below 25 metres, corresponding to the clay-bedrock interface,
with the plume penetrating deep into the fractured bedrock. The maximum
subsurface temperatures are close to 68°C, and the geometry is principally
cylindrical, extending vertically to depths in excess of 80 m. This stratigraphic
control enhances the vertical propagation of the plume while preventing upward
heat migration, thus reducing the risk of thermal interference with sensitive shallow
layers. The symmetrical configuration of the thermal plume is indicative of the
homogeneous thermal loading conditions and the high degree of mesh refinement
implemented around the boreholes, ensuring a seamless depiction of radial
temperature gradients. The vertical slices, inserted at 2-metre intervals, serve to
enhance the resolution, thereby facilitating the precise observation of vertical
thermal stratification.
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Figure 153. [A] Areal map of temperature after first charging phase, the green line indicates the vertical
cross section trace; [B] Cross section of vertical temperature distribution after charging phase (1.5 years).

As illustrated in Figure 154 A and Figure 154 B, the horizontal and vertical
profiles are shown at the conclusion of the two-year simulation and the end of the
discharging phase. The thermal plume displays a significant decrease in
temperature, with maximum temperatures falling below 23°C. The central zone
exhibits a slight elevation, indicative of residual thermal energy stored within the
bedrock matrix. The symmetry and shape of the plume are largely preserved, but
with reduced intensity due to the processes of heat extraction and conductive
dissipation. This demonstrates that the BTES system can effectively discharge
stored energy over the winter period, with predictable and localized cooling
behaviour.
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Figure 154. [A] Areal map of temperature after discharging phase, the green line indicates the vertical
cross section trace; [B] Cross section of vertical temperature distribution after discharging phase.

As demonstrated in Figure 155, the graph presents the development of the inlet
and outlet temperatures of the BTES system. The coloured lines represent the
temperature of the individual BHEs, with those in the core exhibiting higher
temperatures and gradually decreasing in the discharging phase until after four
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months. Subsequently, these values are aligned with the temperatures of the
outermost layers.

It appears that the efficiency of the system is subject to a decline over time,
attributable to the rapid dissipation of heat approximately halfway through the
discharge period (3 months). Subsequent to this juncture, the outlet temperatures
on average fall below 25°C, which, while still providing some useful heating
capacity, represents diminished thermal quality and reduced system efficiency as
the temperature difference between supply and return narrows. Flow rates are
maintained at steady state (1.0 I/s per borehole) throughout each phase, ensuring
consistent hydraulic conditions.

The operational performance of the Nyhavna BTES system has been evaluated
through FEFLOW Heat Rate Budget and simulation, revealing both the thermal
behaviour of the subsurface and the energy balance of the system. As is the case
with the majority of HT-BTES installations worldwide, the initial years of operation
are dominated by a thermal charging phase, during which a significant quantity of
heat is injected into the ground to establish a suitable thermal regime. This start-up
period typically spans one to six years depending on system size, operating
temperature, geological conditions, and target storage volume, and is essential for
elevating the temperature of the storage medium and its surrounding geological
volume to a functional level that enables efficient seasonal cycling.

During this phase, thermal energy is dissipated radially and vertically from the
borehole array into the fractured bedrock, gradually reducing the temperature
gradient between the heated core and the surrounding subsurface. As the system
progresses toward a quasi-steady state, heat losses stabilise and annual energy
balances improve. Although it may take decades to reach full thermodynamic
equilibrium, a stable operating condition, where heat injection and extraction
become more efficient and predictable, is generally reached after the initial few
years of operation.
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Figure 155. Inlet/outlet temperature graph: the blue stable line is the inlet temperature, the different
colored lines represent the 65 different BHESs outlet temperature.
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In the case of the Nyhavna installation, the results (Figure 156 A) demonstrate
that after 550 days of operation, a total of 1400.87 MWh of thermal energy was
injected during the charging phases, while only 315.23 MWh was recovered during
the discharging periods (day 730). This corresponds to an early-cycle efficiency of
approximately 22.5% (calculated as extracted energy / injected energy X 100),
reflecting the substantial energy investment required to establish the thermal
reservoir and overcome natural thermal losses during the system maturation phase.
The maximum subsurface temperature was recorded at 66.8°C at the conclusion of
the second-year charging period, subsequently decreasing to 20.5°C upon
discharging. This observation signifies the system's capacity for heat accumulation
and the substantial energy reserves remaining in the storage zone following
extraction.

In the third year (days 730-1095), representing the first full seasonal cycle with
6-month charging and 6-month discharging phases, thermal input decreased
markedly to 500.03 MWh during the charging phase. Furthermore, thermal
recovery exhibited a substantial increase, reaching 272.15 MWh during the
discharge phase. This development led to an enhancement in the energy recovery
ratio to 54.4% (272.15/ 500.03 x 100%), signifying a dramatic improvement in the
efficiency of energy utilisation as the thermal regime matured and the system
transitioned toward quasi-steady operation. The peak temperature recorded at the
conclusion of the third charging phase was marginally lower, at 64.13°C, and the
post-discharging temperature stabilised at approximately 20.46°C (Figure 156 B).
This finding indicates the occurrence of a thermal plateau phase, during which the
storage zone begins to stabilize its thermal conditions between consistent upper and
lower temperature bounds, a hallmark of the transition to quasi-steady operational
phase where annual temperature oscillations become repeatable and system
performance becomes predictable.
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Figure 156. [A] Rate Budget chart of BTES plant; [B] summary of the main results.
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5.4.2 Case Study 2

The second case study presents comprehensive numerical simulation results for
the five BTES operational scenarios over a five-year simulation period, focusing on
thermal performance metrics including outlet temperatures, thermal plume spatial
extent, energy balance, and storage efficiency. Each scenario is analysed
individually to elucidate the influence of operational parameters on system
performance, followed by comparative analysis highlighting key design insights.

Scenario 1 simulates five years of BTES operation with 6-month charging and
discharging cycles, employing a charging flow rate of 0.6 1/s per borehole at 35°C
inlet temperature, followed by discharge at 0.4 1/s per borehole with 10°C inlet
temperature. The asymmetry in flow rates (higher during charging, lower during
discharging) was implemented to maximize thermal energy accumulation during
the summer charging phase while slowing heat extraction during winter to increase
mean system temperature and improve heat pump source conditions. Total system
flow rates reach 93 1/s during charging and 62 1/s during discharging.

Results demonstrate that during the charging phase, the maximum mean outlet
temperature from boreholes reaches 26°C by the end of the fifth-year summer
period (Figure 157). The plot reveals cyclical temperature oscillations
corresponding to alternating charging (higher outlet temperatures) and discharging
(lower outlet temperatures) phases. Temperature variations between individual
boreholes are visible, reflecting their positions within the circular array, central
boreholes experience stronger thermal interaction and higher sustained
temperatures, while peripheral boreholes show greater temperature fluctuations and
faster thermal recovery between cycles.
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Figure 157. Graph showing the outlet temperatures from each BHEs throughout the entire simulation
period.

During the discharge phase, the initial mean outlet temperature at the beginning
of winter heating season reaches approximately 20°C, declining to a minimum of
12.5°C by the end of the 6-month extraction period (Figure 158). The gradual
decline to 12.5°C over the discharge period indicates progressive depletion of the
stored thermal energy as heat is extracted from the subsurface storage volume.
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Figure 158. Graph showing the outlet temperatures from each BHESs at the end of the fifth year.

The spatial extent of thermal impact is quantified through horizontal and
vertical cross-sections of subsurface temperature at peak charging conditions.
Figure 8 shows the horizontal thermal interference pattern at the end of the fifth
charging period, revealing a thermally anomalous zone extending approximately 30
meters radially from the borehole field centre (Figure 159). The thermal plume
exhibits roughly circular geometry consistent with the circular borehole
arrangement, with peak temperatures exceeding 25°C in the central core and
gradual attenuation to background temperatures (~15-16°C) at 30-meter radius.

Figure 159. Thermal interference of the BTES system in horizontal section at the end of the fifth charging
period.

Figure 160 illustrates the vertical thermal interference pattern in cross-section
at the end of the fifth charging period. The thermal anomaly penetrates to
approximately 21 meters depth, extending slightly below the 20-meter borehole
depth.
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Figure 160. Thermal interference of the BTES system in vertical section at the end of the fifth charging
period.

Figure 161 presents the horizontal thermal plume at the end of the fifth
discharge period, showing substantially reduced thermal anomaly extent and
Figure 162 displays the vertical thermal cross-section at the end of the fifth
discharge period, revealing that thermal effects remain concentrated in the upper
15-18 meters.

Figure 161. Thermal interference of the BTES system in horizontal section at the end of the fifth
discharging period.
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Figure 162. Thermal interference of the BTES system in vertical section at the end of the fifth discharging
period.

The energy balance for the first Scenario, averaged over the five-year
simulation period, reveals that an average of 110 MWh of thermal energy were
injected into the subsurface per charging season, while 37 MWh were extracted per
discharge season, yielding a mean storage efficiency of 33.5%. Figure 163 presents
the annual energy budget and efficiency evolution, showing relatively stable
performance across the five-year period. The moderate efficiency reflects
substantial thermal losses through conduction to surrounding cooler formations,
losses to the atmosphere through the shallow overburden, and incomplete thermal
recovery during the 6-month discharge period. However, the extracted 37 MWh per
year provides significant heating energy equivalent to approximately 3,700 m? of
natural gas combustion, representing substantial fossil fuel displacement and
carbon emission reduction.
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Figure 163. BTES energy budget and efficiency chart.
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The second Scenario employs identical operational duration and flow rates as
first Scenario but increases the charging temperature to 80°C, representing high-
temperature thermal storage. This substantial temperature increase dramatically
alters system thermal behaviour, energy capacity, and efficiency. During the

charging phase, the maximum mean outlet temperature reaches 52°C at the end of
the fifth summer (Figure 164).
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Figure 164. Graph showing the outlet temperatures from each BHEs throughout the entire simulation
period.

During the discharge phase, the initial maximum outlet temperature reaches 28°C
after one month of operation, declining to a minimum of 14°C by the end of the
discharge period (Figure 165).
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Figure 165. Graph showing the outlet temperatures from each BHEs at the end of the fifth year.

The total energy balance over five years reveals that 1,792 MWh were injected
during charging periods, while 370 MWh were recovered during discharge,
yielding a mean efficiency of 20.6%. Thermal plume figures for the second
Scenario (placed in Appendix B, Figure 204, Figure 205, Figure 206, and Figure
207) demonstrate substantially larger thermal impact zones compared to the first

Scenario, with thermal anomalies extending beyond 50 meters from the borehole
field.
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Figure 166. BTES energy budget and efficiency chart.

The third Scenario introduces a fundamentally different operational strategy:
the first year is dedicated exclusively to thermal activation, with continuous heat
injection at 35°C throughout the entire first year to pre-heat the subsurface storage
volume from natural ground temperature to operational temperatures.

From the second year forward, the system operates with standard 6-month
charging and discharging cycles, but with different flowrate (0.6 I/s during charging
and 1 1/s during discharging). This difference is due to enhance the discharge rate.
Results demonstrate that during the charging phase, the maximum mean outlet
temperature reaches 27°C, similar to first Scenario despite higher flow rates,
indicating that the extended first-year activation successfully elevated baseline
subsurface temperatures. During discharge, the initial maximum temperature
reaches 20°C, declining to 13°C by the end of the discharge period (Appendix B,
Figure 208 , and Figure 209). With regard to energy, 703 MWh were fed into the
ground system during the charging period, over a period of five years, while 342
MWh were extracted during the discharging period. The total average system
efficiency was found to be 49%. However, system efficiency increases substantially
over time, exceeding 60% from the second year onward after the thermal regime
stabilizes. The figures relating to the thermal impact are shown in the Appendix B
(Figure 211, Figure 212, Figure 212, and Figure 213).
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Figure 167. BTES energy budget and efficiency chart.

The fourth Scenario combines high-temperature storage (80°C) with the
extended first-year activation strategy employed in the third Scenario. Results show
that during charging, the maximum mean outlet temperature reaches 53°C. During
discharge, the initial maximum temperature reaches 35°C, declining to 13°C by
period end (Appendix B, Figure 214, and Figure 215). The total energy balance
indicates 2,247 MWh injected and 630 MWh recovered, yielding a mean efficiency
of 28%. However, like the third Scenario, efficiency increases from 34% in year 2
to over 36% in year 5 as the thermal regime stabilizes. Figure 168 illustrates this
efficiency evolution and energy budget. The figures relating to the thermal impact
are shown in the Appendix B (Figure 216, Figure 217, Figure 218, and Figure
219).
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Figure 168. BTES energy budget and efficiency chart.

The fifth Scenario represents a simplified operational approach with balanced
1.0 L/s flow rates during both charging and discharging, 6-month cycles, and 35°C
charging temperature, without the first-year activation employed in the third and
fourth Scenario. Total system flow reaches 155 I/s during both phases. This scenario
explores whether high balanced flow rates alone, without extended activation, can
achieve favorable efficiency by accelerating thermal regime development. Results
show that during charging, the maximum mean outlet temperature reaches 26°C,
similar to the first and third Scenario. During discharge, the initial temperature
reaches 20°C, declining to 13°C by period end (Appendix B, Figure 220, and
Figure 221). The energy balance indicates 804 MWh injected and 354 MWh
recovered over five years, yielding a mean efficiency of 44% (Figure 169).
Thermal impact figures are shown in Appendix B (Figure 222, Figure 223, Figure
224, and Figure 225).
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5.5 Discussion

The numerical simulation results for both case studies provide valuable insights
into the complex interplay between operational parameters, geological conditions,
and thermal storage performance in BTES systems across diverse settings, high-
temperature bedrock storage in Norway and shallow unsaturated-zone storage in
Italy.

The operational performance observed in the Nyhavna BTES system aligns
well with established trends in high-temperature BTES technology worldwide,
confirming that the simulation results are physically realistic and representative of
actual system behaviour. These trends are consistent with the performance
trajectories observed in other high-temperature BTES systems. For instance, the
Emmaboda BTES plant in Sweden, operational for over 15 years with similar
operating temperatures (70-85°C), has achieved a long-term recovery efficiency
stabilized at approximately 69% after the initial 5-7 year maturation period. The
Emmaboda system employs 140 boreholes drilled to 150 m depth in crystalline
bedrock (granite-gneiss) with thermal conductivity 3.0-3.5 W/(m-K), and stores
industrial waste heat from a wood processing facility [395]. In comparison, the
Lulea BTES in northern Sweden, which utilises industrial waste heat as thermal
input from a steel manufacturing facility, has reported recovery efficiencies ranging
from 30% to 55% during the first 5 years of operation, progressively increasing to
60-65% efficiency after 10 years of continuous operation. The Luled system
comprises 144 boreholes to 150 m depth, operates at 55-70°C charging temperature,
and is situated in glacial till overlying crystalline bedrock [395]. The Neckarsulm
BTES in Germany, integrated with a large-scale solar thermal collector field (7,300
m? collector area), employs 528 boreholes to 30 m depth in saturated sand-gravel
aquifer and achieves 40-50% seasonal efficiency at operating temperatures 30-
80°C. The SKEWS BTES in Berlin, Germany, uses 80 boreholes to 70 m depth
with 60-75°C operating temperatures, achieving 45-55% efficiency [396,397].

When evaluated within this comparative framework, the Nyhavna system
performance, 22.5% efficiency in the initial operational phase (first 2 years)
increasing to 54.4% efficiency in year 3, is worthy of note and highly consistent
with international experience. While other full-scale HT-BTES systems, including
those located in Sweden (Emmaboda, Luled), Germany (Neckarsulm, SKEWS),
and Belgium (Mol), have reported seasonal recovery rates ranging from 10% to
70%, the majority of these systems required 3-7 years of continuous operation in
order to approach the higher efficiency levels (>60%). The Nyhavna trajectory,
reaching 54% efficiency in year 3, suggests that the system will likely achieve
higher efficiency within 5-7 years, matching or exceeding the performance of
established international installations.

The numerical simulation results for the northern Turin BTES system provide
valuable insights into the complex interplay between operational parameters,
geological conditions, and thermal storage performance in shallow unsaturated
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zone applications. The observed storage efficiencies ranging from 21% to 49%
across the five scenarios reflect multiple concurrent heat loss mechanisms inherent
to shallow BTES systems operating in unsaturated porous media. Conductive losses
to surrounding formations represent the dominant loss pathway, with heat
propagating radially and vertically from the heated storage volume toward cooler
undisturbed ground at natural temperature (~15.5°C). The findings indicate
insufficient thermal performance of the systems across all Scenarios. In fact, after
approximately 1-2 months, the temperature during the discharge phase falls below
the average undisturbed soil temperature. The BTES system functions effectively
for a period of approximately two months during the discharge phase, that is to say,
until the BTES temperature remains higher than or equal to that of the ground. This
limitation is primarily attributable to the geology of the area, and its mitigation can
be achieved through the optimisation of the system design. However, it should be
noted that this limitation cannot be fully eliminated. In the event that the primary
objective of the system is to achieve and maintain elevated temperatures, this
principle applies to both HT and LT Scenarios. It is possible, albeit at the expense
of the overall efficiency of the system, to construct three distinct BTES systems that
possess identical characteristics and utilise them in the discharge phase for a period
of only two months. This approach encompasses the six winter months and
optimises temperature. It is evident that the efficiency of the systems will undergo
a decline as a consequence of the annual cycle of charging and discharging, which
will be distributed over a period of 10 months and 2 months, respectively. However,
it should be noted that the temperature will be maintained at a higher level. This
rotational approach would mitigate thermal drawdown, and support sustained high-
temperature output, but at the expense of performance. This strategy raises
questions about optimal zone sizing, discharge sequencing and year-round thermal
management tailored to specific project objectives.
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5.6 Conclusion & Further Investigation

This chapter has presented a comprehensive investigation of Borehole Thermal
Energy Storage technology through systematic literature review, global deployment
analysis, and detailed numerical simulations of two contrasting case studies in
Trondheim (Norway) and northern Turin (Italy). The research advances
understanding of BTES performance determinants, design optimization strategies,
and technology deployment potential in diverse geological and climatic contexts,
providing critical insights for broader adoption of seasonal thermal energy storage
in decarbonized urban energy systems.

Comparative analysis illuminates critical geological controls: deep bedrock
BTES (100 m, Nyhavna) substantially outperformed shallow unsaturated-zone
BTES (20 m, Turin) across efficiency metrics (54% vs. 21-49%), but performance
advantages must be weighed against 3-5x higher drilling costs per meter, site-
specific geological constraints, and regulatory complexity. Both systems
demonstrated spatial thermal impacts compatible with urban deployment (25-70 m
plume extent depending on temperature), while unsaturated-zone placement
eliminates groundwater thermal contamination concerns complicating saturated-
zone permitting. The research confirms BTES technology has achieved sufficient
maturity for confident deployment in appropriate settings with proper design
optimization, supported by validated numerical tools (FEFLOW), established
performance benchmarks (20-30% activation-phase efficiency, 40-70% steady-
state), and identified critical success factors (rigorous site characterization,
optimized operational strategies, comprehensive monitoring).

While this research advances BTES understanding, several critical priorities
warrant focused investigation. The most urgent priority is comprehensive
instrumented monitoring of operational shallow unsaturated-zone BTES systems
with multi-depth temperature sensors, high-frequency thermal and hydraulic
measurements, long-term performance tracking (5-10 years), and validation of
predicted efficiencies, thermal geometries, and operational constraints. The scarcity
of published operational data from shallow systems represents a fundamental
knowledge gap limiting technology confidence. The planned Nyhavna construction
offers exceptional validation opportunities through dense subsurface monitoring
networks including fiber-optic distributed temperature sensing, thermal response
testing across the array, continuous inlet/outlet monitoring for all 65 boreholes, and
long-term groundwater thermal impact assessment. The novel multi-zone rotational
concept warrants detailed investigation including optimal zone sizing, discharge
sequencing strategies, integrated control algorithms, and techno-economic
assessment. Hybrid BTES-ATES configurations combining unsaturated-zone
storage with underlying aquifer thermal storage could exploit advantages of both
technologies through optimal vertical distribution, hydraulic isolation, and
integrated control. Temperature-cascading strategies where high-temperature
BTES serves direct loads initially, intermediate-temperature storage supplies heat
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pumps mid-winter, and residual low-temperature storage provides preheating late-
winter could maximize utilisation across full temperature degradation curves.

Development of integrated frameworks coupling detailed BTES models with
whole-building energy simulation platforms would enable holistic optimization
considering building thermal mass, occupancy variability, heat pump performance
curves, and coordinated control strategies. Comprehensive techno-economic
studies incorporating life-cycle cost analysis across regional cost variations,
sensitivity to uncertain parameters, comparison to alternative technologies, and
identification of optimal application niches are essential. Development of
internationally harmonized standards for BTES design, installation, operation, and
monitoring including minimum characterization requirements, thermal impact
assessment methodologies, quality assurance protocols, and standardized
performance metrics would support technology deployment. Systematic assessment
of regulatory barriers across jurisdictions identifying best-practice approaches
balancing environmental protection with renewable heating promotion would
inform policy development in emerging BTES markets.

The research confirms BTES represents a viable and increasingly mature
solution for seasonal thermal storage in urban heating applications, waste heat
valorization, and renewable integration. Realizing full potential requires sustained
research investment, comprehensive field demonstration, interdisciplinary
collaboration, and supportive policy frameworks recognizing strategic value of
thermal storage in decarbonized energy systems. As nations pursue carbon
neutrality targets and renewable heating mandates, BTES will play increasingly
critical roles providing seasonal storage capacity necessary to balance intermittent
renewable supply with winter-peaked heating demands, ultimately contributing to
resilient, sustainable, and economically viable urban energy infrastructure.
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Chapter 6

Concluding Remarks

This doctoral work has developed and applied a comprehensive methodological
framework for assessing and deploying low-enthalpy geothermal solutions in
complex urban environments, with a particular focus on the Metropolitan City of
Turin. In doing so, it has progressively addressed the set of questions articulated in
Figure 10 and introduced in Chapter 1. After an initial phase devoted to exploring
the current definition of energy transition, the role of geothermal energy in
supporting renewable energy systems, and the main challenges in integrating
thermal energy sources, the core of the thesis has concentrated on three further
groups of questions. The first group (Q1) concerns the definition and assessment of
technologies: which geothermal solutions are the most effective, how geological
and hydrogeological conditions influence technology selection, and which
methodological steps are essential for a comprehensive evaluation. The second
group (Q?2) relates to the application of numerical tools: which simulation methods
maximise result accuracy and how model prediction can be improved using model
calibration. The third group (Q3) is explicitly associated with this concluding
chapter: what the key outcomes of the research are, what implications arise for
geothermal system deployment, and which future research directions are
recommended. The central thread of the thesis has been to determine under which
conditions shallow geothermal energy can become a technically robust,
environmentally sustainable and operationally reliable component of the urban
energy transition, and how these questions can be answered in an integrated
manner.

With respect to the Q1 and Q2 question groups, a key contribution is the design
and implementation of an integrated assessment framework that links regional-scale
screening to site-specific thermo-hydraulic simulation, using only widely
accessible data and standard numerical tools. At the regional scale, the Geothermal
Aquifer Potential (GAP) methodology has been formalised and implemented to
identify zones of higher and lower suitability for open-loop systems by combining
distributed  hydrogeological  information, regulatory  thresholds and
thermo-hydraulic constraints. At finer scales, three-dimensional groundwater and
heat transport models have been developed using MODFLOW, FEFLOW and
PEST to represent existing and prospective installations in the alluvial aquifer of
Turin. These models are constrained by stratigraphic and piezometric data from
regional geoportals and monitoring networks and are refined through automated
calibration where data permit. Together, the GAP mapping, the conceptual models
and the calibrated simulations demonstrate that open-data-based workflows can
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support spatially explicit decision tools for technology selection, design and
cumulative impact assessment in metropolitan contexts.

The analysis of open-loop systems has directly addressed the questions
concerning which geothermal solutions are most effective and how geological and
hydrogeological conditions influence technology selection (Q1), while also
contributing to the evaluation of methodological steps for comprehensive
assessment (Q1) and the role of calibration in improving predictive accuracy (Q?2).
By quantifying the cumulative thermo-hydraulic effects of multiple groundwater
heat pump installations in a densely exploited aquifer, the thesis shows how the
specific characteristics of Turin’s alluvial system condition the suitability and
performance of open-loop schemes. The GAP map developed for Turin delineates
areas of high, moderate and low potential under regulatory and thermo-hydraulic
constraints, thus providing an initial filter for planning. In the most critical zones,
calibrated three-dimensional models have been used to evaluate hydraulic
drawdown, thermal plume evolution and interactions between neighbouring
systems under current and stress-test operating scenarios. Results show that, in the
high-transmissivity alluvial aquifer underlying Turin, and for the range of loads
considered, the simulated hydraulic and thermal impacts remain spatially confined
and compatible with regulatory constraints, provided that well spacing, reinjection
temperatures and cumulative loads are respected.

For closed-loop systems, the thesis has contributed further to the evaluation of
which technologies are most effective under given conditions (Q1) and which
simulation and design methods are most appropriate (Q2). Existing analytical
design methodologies (in particular VDI and ASHRAE) have been critically
examined and tested against more detailed three-dimensional simulations. The case
studies show that closed-loop systems are technically robust and broadly applicable,
especially in areas where groundwater abstraction is constrained by regulation or
hydrogeological conditions. However, the work also demonstrates that analytical
methods have intrinsic limitations when applied to heterogeneous ground
conditions, complex borefield geometries and long-term operation. The thesis
therefore positions analytical approaches as useful first-order design tools, which
should, however, be complemented by numerical modelling for larger or more
complex projects if accurate, long-term predictions are required.

The ATES investigations provide a more exploratory but novel contribution to
the questions on technology effectiveness and simulation methods (Q1 and Q2). By
testing the feasibility of thermal storage systems in a high-velocity alluvial aquifer,
where such applications are not conventionally considered optimal, the thesis shows
that the design space for ATES is broader than often assumed. Through a series of
three-dimensional simulations under different well configurations and operating
regimes, the work demonstrates that it is possible to design ATES schemes that
recover a significant fraction of stored heat, even under strong regional groundwater
flow, provided that the orientation and spacing of warm and cold wells are carefully
aligned with the natural flow field. The comparison with a theoretical open-loop
baseline shows that such storage-enhanced configurations can improve overall
energy utilisation and reduce thermal discharge to the wider aquifer. These results
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extend the perceived applicability domain of ATES and illustrate the importance of
explicitly exploiting, rather than neglecting, advective transport processes in
design, thereby speaking directly to the question of which simulation methods and
design strategies maximise result accuracy.

The BTES work addresses the same set of questions - on technology
effectiveness, the role of geological and hydrogeological conditions, and the
methodological steps required for comprehensive evaluation (Q1 and Q2) — at two
distinct levels. First, a global survey of 75 BTES installations has been compiled,
covering geographical distribution, borehole configurations, depth ranges,
temperature levels and system typologies. This meta-analysis reveals common
design patterns and performance envelopes, which can serve as benchmarks for
future projects and provides a broader context within which to interpret the local
case studies. Second, detailed three-dimensional simulations have been conducted
for BTES systems in deep crystalline bedrock (Nyhavna, Trondheim) and in the
shallow unsaturated deposits of the Turin area. The results confirm the high storage
efficiencies achievable in deep bedrock fields, and show that shallow unsaturated
BTES configurations can still deliver acceptable efficiencies and spatially limited
thermal impacts, with the additional advantage of decoupling from groundwater
and thus potentially facing fewer regulatory constraints. Together, these findings
support the role of BTES as a mature option for seasonal storage in both saturated
and unsaturated contexts within urban environments and demonstrate the value of
combining statistical evidence from the literature with site-specific numerical
analysis.

Taken as a whole, the analyses carried out in Chapters 2—5 allow a comparative
qualitative assessment of the main shallow geothermal options for the Metropolitan
City of Turin, thereby providing an integrated answer to the concluding questions
concerning the key outcomes of the research and the implications for geothermal
system deployment (Q3). Open-loop groundwater heat pumps emerge as
particularly attractive in areas where the alluvial aquifer exhibits high
transmissivity and where regulatory conditions permit abstraction and reinjection
with limited AT. In these zones, high coefficients of performance and high specific
thermal yields can be achieved, subject to explicit management of cumulative loads
and careful siting to avoid interference with potable water wells and sensitive
receptors. Closed-loop borehole systems, by contrast, are especially suitable in
areas of low transmissivity, in multi-layered hydrostratigraphic settings or where
groundwater protection priorities restrict direct use of the aquifer. Their long-term
performance is stable when borefield design accounts for realistic ground properties
and potential advective effects, and they present a lower regulatory burden where
interaction with groundwater is negligible. ATES, in the configurations explored
here, is best suited to clusters of buildings with pronounced seasonal imbalances
between heating and cooling demands, in parts of the aquifer where thickness and
confinement permit repeated storage and recovery cycles; under high groundwater
velocities, its feasibility depends critically on the alignment of well layouts with the
natural flow field. Finally, BTES appears particularly promising for campus- or
district-scale seasonal storage, either in bedrock or in unsaturated deposits, where
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long-term thermal accumulation can be managed and where decoupling from
groundwater offers both environmental and regulatory advantages.

These comparative insights have direct implications for the stakeholders
concerned with the governance and implementation pathways highlighted in Figure
10 and encapsulated in Q3. For municipal and regional planners in the Metropolitan
City of Turin, the work suggests that subsurface information and geothermal
suitability should be more explicitly integrated into spatial planning and energy
strategy documents. GAP maps, calibrated models and thermal impact assessments
provide a basis for delineating geothermal management zones, where cumulative
thermal budgets, allowable well densities and maximum AT thresholds are
explicitly defined rather than inferred case by case. Such zoning would support the
coordinated development of open-loop, closed-loop, ATES and BTES systems
while reducing the risk of undesirable interference and preserving flexibility for
future subsurface uses.

For utilities and project developers, including major actors such as IREN
S.p.A., the thesis illustrates the value of adopting model-based design workflows
grounded in open and standardised tools, directly responding to the questions on
how simulation and calibration can improve predictive accuracy (Q2) and to the
broader deployment implications (Q3). Feasibility studies that incorporate regional
screening, local calibration and scenario simulations can more accurately predict
system performance, assess risks and identify optimal combinations of technologies
in different parts of the metropolitan area. The results also point to the benefits of
diversifying portfolios installations rather than relying on a single technology class.
Utilities are in a strong position to coordinate long-term monitoring of groundwater
levels, temperatures and system performance, and to share anonymised data with
public authorities and researchers. This is a key aspect of reinforcing the open-data
ethical principles that underpin the methodological framework proposed in this
thesis.

For regulators and permitting authorities, the analyses provide an evidence base
for moving towards a more risk-proportionate and model-informed regulatory
approach, in line with the concluding questions on implications for geothermal
system deployment (Q3). GAP maps and numerical models can be formally
recognised as decision-support tools within the authorisation process, with
applications required to demonstrate consistency with these tools commensurate
with system size and risk level. Streamlined procedures could be envisaged for
low-risk closed-loop and unsaturated-zone BTES systems, while more demanding
modelling and monitoring obligations would be reserved for large open-loop and
ATES installations in sensitive zones. The thesis also offers guidance on
standardising monitoring requirements, for example in terms of the number and
placement of observation wells, and the temporal resolution of data collection,
tailored to the thermo-hydraulic risks posed by each technology and configuration.

Despite its breadth, the work is not exempt from limitations, which must be
acknowledged when interpreting the results and when considering extensions of the
framework in relation to Q1-Q3. The quality and density of available data,
especially regarding long-term groundwater temperature series and fine-scale
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stratigraphy, remain imperfect, and in some case studies parameter fields have been
constrained more by literature and analogue information than by local
measurements. Modelling assumptions, such as the representation of heterogeneous
formations by a limited number of homogeneous or weakly heterogeneous layers,
the simplification of boundary conditions and the partial treatment of unsaturated
processes, introduce uncertainties in simulated plume extents and performance
metrics. The thesis has also focused primarily on physical and regulatory feasibility;
while qualitative considerations of costs and non-technical barriers are provided,
comprehensive techno-economic optimisation and socio-technical analysis —
including user behaviour, social acceptance and institutional capacity — lie largely
outside the present scope. Furthermore, while many methodological elements are
transferable, the quantitative findings are specific to the hydrogeological and
regulatory context of Turin and to the particular case studies examined, and should
therefore be adapted before being applied elsewhere.

These limitations naturally point to several directions for future research that
directly address the final question group (Q3) on recommended future research
directions and also deepen and broaden the answers to Q1 and Q2. There is a clear
need for enhanced field validation, through denser and more systematic monitoring
of hydraulic heads, temperatures and, where relevant, water quality in the vicinity
of operating geothermal systems. Such data would enable more advanced joint
calibration of hydraulic and thermal parameters and more rigorous quantification
of predictive uncertainty. The development of integrated three-dimensional digital
twins of the urban subsurface, combining geology, groundwater, infrastructure and
contamination, would allow interactions between geothermal schemes and other
underground uses to be assessed more holistically. Future studies should also
incorporate climate change scenarios explicitly, exploring how shifts in recharge,
groundwater levels, urban heat islands and seasonal load profiles may affect
long-term system performance and design criteria. Coupling thermo-hydraulic
models with detailed cost and revenue models would open the way to
techno-economic optimisation of system sizing, technology mixes and operating
strategies, and to rigorous identification of the most favourable niche applications
for each technology. Finally, there is scope for more extensive comparative analysis
of national and regional regulatory frameworks, with the aim of identifying best
practices for reconciling groundwater protection with the promotion of shallow
geothermal energy in urban areas.

The thesis has shown that shallow geothermal energy can play a central role in
the decarbonisation of urban thermal systems when its deployment is supported by
rigorous hydrogeological characterisation, advanced numerical modelling and
coherent regulatory frameworks. The methodological framework and case studies
developed for the Metropolitan City of Turin provide a coherent and replicable
example of how open-data-based tools can be used to guide technology selection,
design and governance of shallow geothermal systems. In this way, the work
contributes to the broader effort to build sustainable, resilient and low-carbon urban
energy systems in Europe and beyond.
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Appendix A

Figure 170. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 1 after
1495 days of simulation.

Figure 171. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 1 after
1620 days of simulation.

Figure 172. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 1 after
1662 days of simulation.
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Figure 173. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 1 after
1800 days of simulation.

Figure 174. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 2 after
1620 days of simulation.

Figure 175. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 2 after
1800 days of simulation.

-303 -



Figure 176. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
744 days of simulation (Scenario 1).

Figure 177. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
784 days of simulation (Scenario 1).

Figure 178. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
910 days of simulation (Scenario 1).
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Figure 179. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
1095 days of simulation (Scenario 1).

Figure 180. 3D representation of the vertical thermal interference (20°C and 12°C) of the ATES case
study 3 after 1095 days of simulation (Scenario 1).

Temperature
- Continuous -
[*C]

B 2

21
20
18
16.5
15.5
135
B
B o
- o T : i 'Drl%ia‘zara" ‘

1085 [d] [m]

Figure 181. Thermal interference of the ATES case study 3 in horizontal section after 1095 days of
simulation (Scenario 2).
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Figure 182. Cross section of the thermal interference of the ATES case study 3 after 1095 days of
simulation (Scenario 2).

Figure 183. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
1095 days of simulation (Scenario 2).
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Figure 184. Graph showing temperature trends for each simulated well in Scenario 2 throughout the
simulation period. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Figure 185. Graph showing temperature trends for each simulated well in Scenario 2 in the last year of
simulation. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Figure 186. Thermal interference of the ATES case study 3 in horizontal section after 730 days of
simulation (Scenario 3).
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Figure 187. Cross section of the thermal interference of the ATES case study 3 after 730 days of
simulation (Scenario 3).
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Figure 188. Thermal interference of the ATES case study 3 in horizontal section at after 910 days of
simulation (Scenario 3).
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Figure 189. Cross section of the thermal interference of the ATES case study 3 after 910 days of
simulation (Scenario 3).

Figure 190. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
730 days of simulation (Scenario 3).
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Figure 191. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
910 days of simulation (Scenario 3).
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Figure 192. Graph showing temperature trends for each simulated well in Scenario 3 throughout the
simulation period. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Figure 193. Graph showing temperature trends for each simulated well in Scenario 3 in the last year of
simulation. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Figure 194. Thermal interference of the ATES case study 3 in horizontal section after 1095 days of
simulation (Scenario 4).
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Figure 195. Thermal interference of the ATES case study 3 in horizontal section after 1095 days of
simulation (Scenario 4).

Figure 196. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
1095 days of simulation (Scenario 4).
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Figure 197. Graph showing temperature trends for each simulated well in Scenario 4 throughout the
simulation period. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Figure 198. Graph showing temperature trends for each simulated well in Scenario 4 in the last year of
simulation. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Figure 199. Thermal interference of the ATES case study 3 in horizontal section after 1095 days of
simulation (Scenario 5).
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Figure 200. Thermal interference of the ATES case study 3 in horizontal section after 1095 days of
simulation (Scenario 5).

Figure 201. 3D representation of the thermal interference (20°C and 12°C) of the ATES case study 3 after
1095 days of simulation (Scenario 5).
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Figure 202. Graph showing temperature trends for each simulated well in Scenario 5 throughout the
simulation period. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Figure 203. Graph showing temperature trends for each simulated well in Scenario 5 in the last year of
simulation. The blue, green and pink lines correspond to the intake wells in the downstream plant.
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Appendix B

Figure 204. Thermal interference of the BTES system in horizontal section at the end of the fifth charging
period (second Scenario).

Temperature: 280 [m]

- CDm’\r(v:uuus - 278 [m]

I 550303 276 (il
W 605345

55,7393 274 [m]
506430

1 455453 272 [m]

Figure 205. Thermal interference of the BTES system in vertical section at the end of the fifth charging
period (second Scenario).
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Figure 206. Thermal interference of the BTES system in horizontal section at the end of the fifth
discharging period (second Scenario).
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Figure 207. Thermal interference of the BTES system in vertical section at the end of the fifth discharging
period (second Scenario).
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Figure 208. Graph showing the outlet temperatures from each BHEs throughout the entire simulation
period (third Scenario).
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Figure 209. Graph showing the outlet temperatures from each BHEs at the end of the fifth year (third
Scenario).

Figure 210. Thermal interference of the BTES system in horizontal section at the end of the fifth charging
period (third Scenario).
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Figure 211. Thermal interference of the BTES system in vertical section at the end of the fifth charging
period (third Scenario).
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Figure 212. Thermal interference of the BTES system in horizontal section at the end of the fifth
discharging period (third Scenario).
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Figure 213. Thermal interference of the BTES system in vertical section at the end of the fifth discharging
period (third Scenario).
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Figure 214. Graph showing the outlet temperatures from each BHEs throughout the entire simulation
period (fourth Scenario).
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Figure 215. Graph showing the outlet temperatures from each BHEs at the end of the fifth year (fourth
Scenario).

Figure 216. Thermal interference of the BTES system in horizontal section at the end of the fifth charging
period (fourth Scenario).
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Figure 217. Thermal interference of the BTES system in vertical section at the end of the fifth charging
period (fourth Scenario).
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Figure 218. Thermal interference of the BTES system in horizontal section at the end of the fifth
discharging period (fourth Scenario).
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Figure 219. Thermal interference of the BTES system in vertical section at the end of the fifth discharging
period (fourth Scenario).
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Figure 220. Graph showing the outlet temperatures from each BHEs throughout the entire simulation
period (fifth Scenario).
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Figure 221. Graph showing the outlet temperatures from each BHEs at the end of the fifth year (fifth
Scenario).

Figure 222. Thermal interference of the BTES system in horizontal section at the end of the fifth charging
period (fifth Scenario).
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Figure 223. Thermal interference of the BTES system in vertical section at the end of the fifth charging
period (fifth Scenario).
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Figure 224. Thermal interference of the BTES system in horizontal section at the end of the fifth
discharging period (fifth Scenario).
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Figure 225. Thermal interference of the BTES system in vertical section at the end of the fifth discharging
period (fifth Scenario).
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