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ABSTRACT

Nowadays, the increasing deterioration of existing infrastructure requires refurbishment to guarantee service continuation in safe conditions. However, this may
represent a valuable opportunity to renovate the existing heritage of infrastructures not only from a structural but also from a sustainable viewpoint. The paper
illustrates the first-ever documented case of an existing tunnel section systematically converted into an energy geostructure during rehabilitation works. The
geothermal piping arranged in the tunnel lining is connected using pre-insulated collectors to other heat exchanger pipes embedded in the motorway pavement. Such
a geothermal system is now being tested against anti-icing and solar-collecting purposes in winter and summer, respectively. A comprehensive overview of the
additional installation stages needed to energy-retrofit the existing tunnel is provided, along with a description of the adopted methodology. Then, the pressure and
thermal response testing needed to verify the integrity and functionality of the system are described. Finally, the paper discloses the outcomes of the solar-collecting

and anti-icing test campaigns.

1. Introduction

Tunnels are resilient geotechnical structures that generally remain
serviceable for much longer than their designed serviceability, thus
increasing the number of existing tunnels still in operation with an
average service life of more than 50 years (Pigorini, 2020). Suffice it to
think that, for instance, Swiss, Austrian and British railway conces-
sionaires oversee, respectively, around 76.8 km, 250.0 km and 335.0
km, many of which are centenary or even older (Grossauer et al., 2017;
Seywald et al., 2017; Atkinson et al., 2021).

Tunnelling in Italy has always played a pivotal role in the growth of
the national railway and motorway networks because of the complex
orography shaped by the Alps in the North and the Apennines
throughout the whole peninsula. Indeed, Rete Ferroviaria Italiana S.p.A.
runs a network of 24,500.0 km, with roughly 1460 railway tunnels,
which correspond to an overall length of 1,480.0 km. Two-thirds of the
existing track network was built before 1930. Hence, it stands to reason
that 800.0 km of them are ancient tunnels (Fava et al., 2019). Similarly,
as depicted in Fig. 1, Autostrade per U'Italia S.p.A., a major motorway
concessionaire, oversees more than 2,900.0 km of motorways, with
about 365.0 km running through 595 tunnels. Around 60% of them were
built during the booming Italian economy (1960-1980), thus lacking
any waterproofing system (Mazzola et al., 2023) and approaching or
even exceeding 50 years of service (Panebianco, 2023).

Fig. 1 also emphasises another paramount aspect. Taking Autostrade
per Ultalia S.p.A. as an example, it seems evident that the development of
the motorway network has considerably slowed down since the early
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2000s. This is a symptom that attention is edging toward the manage-
ment and refurbishment of the existing network rather than expansion
and development. This applies to most well-established motorway and
railway network overseers. The rationale behind such a shift in
perspective has just been hinted at above and lies in the ageing of
existing infrastructures that is increasingly becoming a risk to owners,
concessionaires and customers in terms of investment and property
value protection, revenue growth and infrastructure safety and effi-
ciency, respectively.

Such a significant shift towards the refurbishment of existing tunnels
rather than the construction of new infrastructures may pave the way for
developing sustainable solutions for instrumenting existing tunnels for
geothermal energy exploitation, thus converting them into energy geo-
structures. These are ground-embedded structures which accomplish the
twofold aim of structural support and heat exchange (Brandl, 2006;
Laloui & Di Donna, 2013). Indeed, heat exchanger pipes are embedded
into structural elements and convey a heat carrier fluid, commonly
water or water-glycol mixtures, thus transforming geotechnical struc-
tures into low-enthalpy geothermal systems. As such, these allow heat
extraction and injection during winter and summer, respectively.

Throughout the years, extensive research has been carried out on
energy tunnels about the implementation aspects (Unterberger et al.,
2004; Adam & Markiewicz, 2009; Franzius & Pralle, 2011; Barla et al.,
2019), the thermo-mechanical implications induced by heat exchange
on the lining (Nicholson et al., 2014; Insana et al., 2020; Ma et al., 2022;
Rotta Loria et al., 2022) and the amount of extractable and injectable
heat as a function of the hydrogeological settings (Di Donna & Barla,
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2016; Bidarmaghz & Narsilio, 2018; Insana & Barla, 2020; Ma et al.,
2021; Alvi et al., 2022), the aerothermal conditions of the underground
environment (Buhmann et al., 2016; Peltier et al., 2019; Ma et al., 2021;
Dornberger et al., 2022; De Feudis et al., 2024) and the design and
operational features (Cousin et al., 2019; Insana & Barla, 2020; Ogun-
leye et al., 2021). However, some technical and non-technical key issues
remain to be addressed to foster their large-scale implementation. For
instance, from the usage viewpoint, the necessity to integrate these
systems with district heating networks and envisage resilient backup
systems arises distinctly (Meibodi & Loveridge, 2022; Barla & Insana,
2023). Also, from the legal point of view, the clear distinction between
the owners of the heat exchanger facilities and the exploitable energy is
paramount, as well as the definition of the customers that can benefit
from the system (Barla et al., 2021; Rotta Loria, 2021).

Furthermore, looking at the energy tunnel full-scale implementation
realised so far (Adam & Markiewicz, 2009; Frodl et al., 2010; Franzius &
Pralle, 2011; Zhang et al., 2014; Buhmann et al., 2016; Barla et al., 2019;
Guan & Cheng, 2023; Kong et al., 2023), these have only dealt with new
tunnelling projects. The sole exception is the Seocheon abandoned
tunnel experimental site, where, however, energy textile modules were
tested to instrument newly built tunnels (Lee et al., 2012, 2016, ). From
this overview, it seems evident that, until very recently, the opportunity
to thermally activate existing tunnels has not been investigated.

Recently, De Feudis et al. (2024) proposed several energy retrofitting
solutions to instrument existing tunnels for heat exchange, taking
advantage of refurbishment strategies, and this paper illustrates the first-
ever existing tunnel converted into an energy geostructure during
rehabilitation works, by employing one of these energy retrofitting so-
lutions. The study aims to demonstrate the feasibility of the energy
retrofitting approach and propose a novel application to enhance road
safety. Indeed, to achieve a seasonal operational cycle, the energy tunnel
is connected to another piping embedded within a motorway pavement
stretch outside the portal. The geothermal anti-icing solar-collecting
system thus realised has the double aim of avoiding hoar frost formation
during winter and catching solar thermal energy to be stored in the
ground during summer.

A comprehensive overview of the additional installation stages
needed to achieve the energy retrofitting of the existing tunnel will be
provided, along with a brief description of the adopted methodology.
Then, the pressure and thermal response testing needed to verify the
integrity and functionality of the system are described, and the results
are interpreted. Finally, the outcomes of a 16.5-day solar-collecting test
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and a 17.0-day anti-icing test performed during, respectively, summer
and winter operations are shown and discussed.

2. Rehabilitation plan for the Olimpia tunnel

The Olimpia tunnel is a twin-tube, three-lane motorway tunnel
located on the A26 motorway stretch between Casale Monferrato and
Alessandria in North-West Italy. The 891.0 m long tunnel was excavated
mainly through the heading-and-bench technique (814.0 m). The
remaining portion (77.0 m) was realised with the cut-and-cover method
due to the small cover at the entrances. The maximum overburden of
about 40.0 m is reached in the central section of the Olimpia tunnel.

The construction works, which were completed around the ‘70s,
envisaged steel lattice girders to support the top-heading excavation.
Thick horizontal beams were built in correspondence with the base of
the preliminary lining to act as springing for casting the vault in place
and allowing the following excavation of the lower bench. Based on
historical documents, the final lining was designed to be 0.9 m to 1.1 m
thick at the crown and the invert and 1.3 m to 1.5 m thick at the
springlines, depending on the tunnel chainage and the standard section
adopted. Besides lining geometry, these also differ based on the presence
and positioning of the steel rebars. Regional geological mapping ex-
amination and on-site geognostic surveys highlighted that the Olimpia
tunnel passes through the Marne di Sant’Agata Fossili (AGA) formation
for almost its entire length, as shown in Fig. 2. This is composed of marls
and is scattered by clayey lenses or calcareous beddings as a function of
depth. At the tunnel depth, the AGA formation is practically dry, except
for localised and temporary seepage associated with rainfall infiltration.

Following the Tunnel Assessment Program put into practice by Auto-
strade per I'Italia S.p.A. since 2020 (Agresti et al., 2022; Mazzola et al.,
2023), the Olimpia tunnel underwent deep inspections and a longitu-
dinal georadar survey. The former revealed inner voids, honeycombing
and deterioration of the construction joints (most of which occurred
during the original concreting phase), spalling of the concrete cover
with corrosion of steel reinforcements, widespread but closed cracks and
water ingress, but limited to some humidity traces strewn all along the
tunnel length. Similarly, the latter detected the presence of vertical and
horizontal cracks, as well as some isolated cases of voids in the lining.
The post-processing of data made it evident that about 50% of the
intrados of the right tube of the Olimpia tunnel was characterised by the
presence of defects. Therefore, an experimental campaign, including
both on-site and laboratory testing, took place.

Fig. 1. Autostrade per UlItalia S.p.A. a) network length evolution and b) number and length of tubes opened to traffic.
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Fig. 2. Longitudinal profile of the Olimpia tunnel and corresponding general, geological, geotechnical and refurbishment information along the tunnel chainage.
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On-site testing results verified the modest state of preservation of the
Olimpia tunnel right tube. Specifically, transversal georadar surveys and
video-endoscopy examinations highlighted the presence of voids inside
the lining and sparse concrete thickness deficiencies along the tunnel
length. Moreover, ultrasonic tomography confirmed further georadar
survey outcomes, thus confirming average crack persistence of
30.0-50.0 cm along the lining thickness. Despite this, unconfined
compression tests revealed an overall competent concrete material with
an average compressive strength of about 20.0 MPa, and flatjack tests
proved the final lining to be systematically unloaded along the entire
tunnel length with a maximum hoop stress of less than 0.5 MPa. At the
same time, laboratory testing allowed the geotechnical characterisation
of the AGA formation, which was subdivided into four units (see Fig. 2)
whose geotechnical parameters are shown in Table 1.

Based on the above, a refurbishment plan for the right tube of the
Olimpia tunnel was designed and realised. As exemplified in Fig. 2, this
consisted of light or heavy structural rehabilitation interventions,
depending on the chainage, to renovate the existing tunnel lining to
different extents.

About 750.0 m of the right tube of the Olimpia tunnel underwent
heavy structural rehabilitation. This intervention aims to install a
waterproofing system and replace part of the existing tunnel vault with a
reinforced concrete intrados shell without involving the invert arch or
modifying the original global static scheme of the structure (Mazzola
et al., 2023) and providing a nominal service life extension of 50 years.

The rehabilitation intervention envisages the implementation stages
listed in the following and depicted in Fig. 3. The workflow between
stages 3 and 8 was performed for longitudinal sections of 6.0 m at a time,
thus not markedly affecting the state of stress of the existing lining and
allowing concurrent implementation in different sections along the
tunnel.

m Stage 1 — preliminary pre-consolidation of the tunnel vault
through fibreglass dowels, thus ensuring worker safety towards
local block detachments.

m Stage 2 — demolition of the sidewalks to uncover the base of the
springlines.

m Stage 3 — partial demolition of the existing lining over the entire
vault through mechanical milling or hydro-demolition for an
overall thickness of 35.0-40.0 cm.

m Stage 4 — removal of potentially unstable blocks, regularisation
of the tunnel wall with a 3.0-5.0 cm thick sprayed concrete
layer and installation of steel rebars to solidly connect the base
of the intrados shell to the existing inverted arch.

m Stage 5 — cast in place of capping beams to act as a foundation
for the shell.

m Stage 6 — installation of the waterproofing and drainage
systems.

m Stage 7 — positioning of pre-assembled steel lattice ribs by
hanging them to eyebolts fixed into the existing lining to act as
reinforcement inside the shell.

Table 1
Geotechnical characterisation of the different geotechnical units identified along
the Olimpia tunnel length.

Geotechnical parameters Unit 1 Unit 2 Unit 3 Unit 4
Unit volume weight [kNm 3] 20.0 18.7 19.6 19.2
Water content [%] 25.72 20.00 24.00 22.00
Plasticity index [%] 26 24 37 32
Overconsolidation ratio [-] 1.5-2.0

Effective friction angle [°] 26 23 23 24
Undrained cohesion [kPa] 60.0 77.0 141.0 98.0
Deformability modulus [MPa] 44.0 149.0 51.0 37.0
Edometric modulus [MPa] 26.0 - 48.0 11.0

Shear modulus [MPa] 33.0 111.0 38.0 28.0
Hydraulic conductivity [mmd™] 0.035 - -
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m Stage 8 — cast in place of the reinforced concrete intrados shell.

m Stage 9 — deep renovation of the motorway structure, conse-
quent roadbed lowering compliant with the in-force legislation
about the required clearance dimension and assembly of the
facilities running through the sidewalks.

The rehabilitation workflow ends with the intrados whitening up to
4.0 m from the motorway surface for visibility reasons.

The waterproofing installation methodology chosen is briefly
described in the following, as it was a major concern for the thermal
activation of the Olimpia tunnel at the design stage. The system consists
of polyvinyl chloride (PVC) sheeting coupled with a geotextile layer, as
shown in Fig. 4a. Such PVC sheeting is installed through fixing bands,
preliminarily nail-gunned along the tunnel wall, generally in a trans-
versal direction, as depicted in Fig. 4b. These act as grasping elements
able to sustain the 2.1 m wide PVC sheeting modules, which are thermo-
welded at the lateral edges to produce seamless waterproofing. The
resulting system also admits using structural anchorages passing
through the sheeting itself. This is the case of the eyebolts needed for
steel lattice ribs positioning. Indeed, these are installed by using a fast-
setting chemical resin with the twofold aim of structural support and
hole sealing.

For the sake of completeness, the light structural intervention plan-
ned in correspondence with the entrances, instead, envisages replacing
and restoring the tunnel intrados for a shorter thickness, including
corroded steel reinforcements. This aims at mitigating the risk related to
local block detachments without providing specific further overall
structural strength with respect to the current tunnel lining conditions.
Such an intervention will not be a matter of discussion in the present

paper.
3. Description of the prototype

During the rehabilitation of the right tube of the Olimpia tunnel, a
14.0 m long section at about 150.0 m distance from the Gravellona-side
portal (see Fig. 2) was instrumented for heat exchange. To this purpose,
the solution referred to as Extrados Energy Mats by De Feudis et al.
(2024) was selected, as perfectly fitting the aforementioned rehabilita-
tion workflow, and implemented after the demolishing phase (Stage 3).

3.1. Site implementation

PE-Xa pipes (20.0 x 2.0 mm) were arranged in a transversal
meandering pattern along four parallel hydraulic circuits, with a spacing
of 40.0 cm, following the schemes depicted in Fig. 5 and Fig. 6. These
were embedded within the non-structural regularisation layer, between
the existing and the renovated tunnel vault and behind the water-
proofing and drainage systems. This modus operandi prevents pipes
from affecting the structural integrity of the intervention and minimises
thermal stresses and strains in the intrados shell. The latter holds
because of the insulating properties of the waterproofing sheeting that
also reduce the impact of the aerothermal conditions of the underground
environment on heat exchange. Since the Olimpia tunnel is expected to
be a cold tunnel, this feature may prove to be paramount to allow proper
geothermal exploitation. Moreover, the pipe spacing was appropriately
selected as a compromise between maximising heat exchange efficiency
and ensuring safe installation, avoiding interference with the eyebolts
(Fig. 5b). Such a pipe arrangement also permits easy management of
unlikely disruptions, as potential heat carrier fluid losses would be
funnelled towards the drainage system by the waterproofing.

Some expedients were put into practice to allow the correct instal-
lation of pipes and minimise their possible interferences with the eye-
bolts and nails for steel ribs positioning and waterproofing sheeting
setup, respectively. To the former aim, six longitudinally wall-attached
metal rods were used to correctly pre-position pipes, as depicted in
Fig. 7, that were subsequently fixed on the tunnel wall through metal
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Fig. 3. Transversal cross-section view of the different rehabilitation intervention stages of the Olimpia tunnel.

clamps with a 1-2 pes.m ™! frequency. To the latter, plastic cable clips
were tied to the pipes with the same frequency as clamps to identify their
position after spraying the regularisation layer, as illustrated in Fig. 8.

After pipe fixing, a preliminary 2.0-hour pressure test was performed
to check for dowelling-related damage. Pipes were temporarily filled
with plain water at 1.5-3.0 bar, and the pressure loss was evaluated at
about 0.1 bar. This was endorsed to minor leaks at both ends of each
subcircuit due to temporary hydraulic fittings.

Henceforth, the rehabilitation workflow envisaged for the Olimpia
tunnel continued as described above (see Fig. 3). Attention was paid to
nail-gun waterproofing fixing bands between pipe branches, thus
avoiding ruptures, as shown in Fig. 9, and saving space for pipe housing
through the lateral capping beams for the connection with the collectors.
The renovation of the 14.0 m long thermally activated lining portion
concluded with the steel ribs positioning and intrados shell cast in place,
as depicted in Fig. 10.

The heat harnessed through geothermal exploitation is transferred
for about 150.0 m in both directions along the tunnel by means of col-
lectors running within the new sidewalks, coherently with the

transversal footprint of the other facilities (fire protection system, op-
tical fibre cables, etc.). To this end, jacketed pre-insulated PE-Xa col-
lectors (32.0 x 3.0 mm) were laid in the sidewalk moulds, as depicted in
Fig. 11a. The 30.0 mm thick insulation foam (see Fig. 11b), charac-
terised by a thermal conductivity of 0.02 Wm 'K, should allow the
heat carrier fluid to travel with negligible heat losses. To have access to
maintenance points to the geothermal serpentine, eight precast inspec-
tion manholes were set along the thermally activated section. Herein,
the inlet and outlet of the corresponding geothermal subcircuit connect
to the return and supply collectors through ball valves, which enable full
disconnection among such subcircuits.

The heat thus transferred is planned to be used for preventing the
development of hoar frost during winter (anti-icing) on a 27.0 x 3.6 m
stretch of the emergency lane outside of the Gravellona-side tunnel
portal (see Fig. 2). On the contrary, in summer, the same motorway
stretch is envisaged to function as a solar collector to retrieve thermal
energy from solar irradiance to be stored in the geological formation
behind the tunnel lining. Hence, according to the scientific terminology
in the field (Mirzanamadi et al., 2018a,b; Mirzanamadi et al., 2019 and
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Fig. 4. Details of the waterproofing system: view of the a) double-layer structure and b) fixing bands transversally nail-gunned along the tunnel wall.

Johnsson & Adl-Zarrabi, 2019, 2020, among others), the motorway
pavement will behave as a hydronic heated pavement (HHP) in winter
and a pavement solar collector (PSC) in summer.

For this purpose, the same PE-Xa pipes (20.0 x 2.0 mm) used for the
thermal activation of the lining were also employed for instrumenting
the motorway pavement. Consistent with the results of a sensitivity
study carried out by De Feudis et al. (2026) aiming to thermally optimise
the pipes arrangement, these pipes were installed in a transversal
meandering pattern with a spacing of 30.0 cm, paying attention to
leaving a 50.0 cm margin from the adjacent slow lane, following the
schemes shown in Fig. 12 and Fig. 13.

This configuration envisages piping bending in correspondence with
the lateral edges of the emergency lane. The rationale is threefold: from
the hydraulic viewpoint, in the perspective of a future scale-up, this
layout allows for fewer pipe bends, thus reducing hydraulic head losses
and running costs. Then, from the structural viewpoint, Zhou et al.
(2021) revealed that mechanical and thermal stresses accumulate at
pipe bends, thus affecting the structural performance of the pavement.
Accordingly, the layout chosen would distance such weak points from
the central portion of the lane, where vehicles are most likely to transfer
load. Finally, from the thermal viewpoint, a uniform thermal gradient in
the travelling direction would be generated, thus avoiding differential
slipping between same-axle vehicle wheels.

The motorway pavement was preliminarily milled for 14.0 cm, and
then the pipes were fixed onto the surface, as depicted in Fig. 14. After, a
5.0 cm thick concrete slab (see Fig. 14c) was poured to cover and protect
the serpentine for the subsequent binder (5.0 cm) and wearing (4.0 cm)
asphalt layer setup (see Fig. 14d). Indeed, hard-grade asphalt mixtures
need to be spread and compacted while hot (around 150.0°C), which
would have damaged the piping permanently in the absence of such a
concrete slab. Similar to the thermally activated lining portion, pipes
were arranged to assemble four parallel circuits fully hydraulically
dissectible through ball valves placed into eight cast-in-place inspection
manholes.

The anti-icing solar-collecting geothermal system was finally con-
nected to a hydraulic pump able to make the heat carrier fluid (pro-
pylene glycol-water mixture 20% by volume) flow within the parallel
geothermal serpentines at about 0.36 m3h ! each, yielding a total sys-
tem flow rate of around 1.44 m>h~!. Heat exchanger and collector
piping diameters were selected according to hydraulic design criteria in
order to ensure the required flow rate, resulting in a Reynolds number of
about 4000 within the heat exchangers. In this way, hydraulic transient

turbulence was achieved, thereby enhancing heat exchange without
severely increasing running costs. The system does not envisage the
presence of a Ground Source Heat Pump (GSHP), thus operating in free-
heating and free-cooling modes during winter and summer, respectively.

To carry out all the above, an additional work burden of 30-40 man-
hours (a work shift considering 3-4-man teams) was assessed for each
subcircuit arranged within the tunnel vault (about 250.0 m of pipe).
These are the results of workers fixing heat exchanger pipes using mo-
bile elevating work platforms and dowelling the clamps with two plugs
each. Using ad hoc working platforms and nail-gunning the clamps was
estimated to reduce up to 50% of the installation time. Regarding the
external portion, instead, an additional work burden of 8-10 man-hours
(half of a work shift, considering 2-man teams) was assessed for each
subcircuit.

The thermo-physical properties of the newly built intrados shell, the
existing tunnel lining, the shotcrete regularisation layer, and the pro-
tection concrete slab embedding the piping within the HHP/PSC were
determined through laboratory testing in compliance with ASTM
D5334-22 and ASTM D7984-16. The campaign revealed that the
existing lining features the highest thermal conductivity (1.86
Wm K1) and capacity (2.81 MJm’3K’1), while the other materials
tested exhibited slightly lower, but consistent values. Further details are
reported in De Feudis (2025) and De Feudis et al. (2025).

3.2. Monitoring and automation system

After closing the hydraulic circuit and connecting it to a multistage
in-line hydraulic pump, the whole system presents itself as shown in
Fig. 15.

A comprehensive monitoring system was installed to assess the
aerothermal conditions of the underground environment, the thermal
behaviour of the newly built intrados shell and HHP/PSC, and the
amount of heat dissipated/harnessed through the latter. Moreover, the
internal and external air temperature is measured, too.

A total of twelve PT1000-A temperature transducers were installed
to measure the temperature of the tunnel lining and road pavement,
with six deployed on the tunnel side and six on the road side. Such
transducers, with an accuracy of +0.3°C, are wired to dataloggers (one
for each triplet of transducers), which operate with a data acquisition
interval of 10.0 minutes and, in turn, wirelessly communicate to an
ethernet gateway (located in a shelter hosting the entire control system)
able to upload monitoring recordings on a dedicated web service
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Fig. 5. A) transversal cross-section of the heat exchanger pipe arrangement (scalel:150) and b) longitudinal detailed profile of the eyebolts-pipe interaction (scale
1:15) of the energy retrofitting solution employed to thermally activate the Olimpia tunnel.

through a GSM router. Each of these dataloggers embeds a NTC10KQ
temperature sensor, able of recording ambient air temperature with an
accuracy of +0.2°C. The velocity of the mass air flowing within the
tunnel, instead, is measured through an EE650 air velocity sensor, with
an accuracy of +0.2 ms™!. This was dowelled on the tunnel intrados at
4.5 m above the slow lane sidewalk in a way to not interfere with the
clearance gauge and detect, as accurately as possible, the movement of
air induced by passing vehicles.

To evaluate the amount of heat dissipated/harnessed through the
HHP/PSC during operation, two measuring points were envisaged along
the collector’s path within the Olimpia tunnel. Each of them is composed
of an MS501 flow meter, a pair of PT500-B temperature transducers and
an MV311 heat meter, which integrates the readings of the other two
components over time to compute the thermal energy, with a data
acquisition interval of 5.0 minutes and an overall accuracy of +0.2%.

Since the hydraulic circuit is closed, a measuring point would have been
enough, assuming that collectors transfer heat without losses. However,
two of them were installed on purpose to validate the second assump-
tion, from the perspective of future applications.

The anti-icing solar-collecting prototype is designed to run auto-
matically based on the monitoring system’s recordings, specifically the
temperature of the motorway pavement at around 2.0 cm depth from the
surface. This is achieved through a hydraulic pump, made “smart” by
integrating a Programmable Logic Controller (PLC). Whenever the
temperature of the pavement goes below 3.0°C during winter, and above
30.0°C during summer, the PLC activates the system that heats up or
cools down the road surface. Based on the needs, the PLC is also able to
operate on the hydraulic pump power, thus modifying the fluid flow rate
up to approximately 2.0 m3h~?.
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Fig. 6. Expanded view of the thermally activated vault of the Olimpia tunnel, represented in a 1.0 x 1.0 m grid (scale 1:150).

3.3. Start-up of the system

3.3.1. Hydraulic pressure tests

Upon completing the prototype’s realisation, hydraulic pressure tests
were carried out to inspect the integrity of the heat exchanger pipes and
the watertightness of the hydraulic connections deployed along the
hydraulic circuit. Compliant with UNI EN 806-4:2010, after flushing the
air out of the pipes, the hydraulic circuit was gradually pressurised until
a testing pressure that exceeded the maximum design value by 10%. This

threshold has been conservatively assessed at 2.7-2.8 bar, so a testing
pressure of about 3.0 bar was selected.

The first test lasted 40.0 hours. Throughout the testing process, the
pressure dropped by about 0.7-0.8 bar from the initial measurement of
3.1 bar. All the inspection manholes hosting hydraulic fittings and
valves or monitoring instrumentations were systematically inspected to
verify their integrity, and no leakages were found along the circuit.
Subsequently, a follow-up test lasting 2.5 hours was conducted, which
resulted in a pressure reduction of 0.1 bar from the initial measurement
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Fig. 7. Pipe pre-positioning through longitudinally wall-attached metal rods: a) view of the left springline and b) detail of the pipe-rod connection with metal wires.

Fig. 8. Pipe equipped with plastic cable clips: view of the coil a) before and b) after spraying the regularisation layer.

Fig. 9. a) Working platform used to install the waterproofing layer, and b) fixing bands nail-gunned along the tunnel wall, between heat exchanger pipe branches.
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Fig. 10. The Olimpia tunnel thermally activated portion after a) positioning the pre-assembled steel lattice ribs and b) casting in place the intrados shell.

Fig. 11. Jacketed pre-insulated PE-Xa collector pipe: a) positioning within the sidewalk mould and b) cross-sectional view.

of 2.8 bar. After this, the system was pressurised to 3.1 bar, and the
pressure drop was re-evaluated after 20.0 days. At that time, the analog
manometer recorded a pressure of 2.0 bar. The testing outcomes just
outlined are depicted in Fig. 16.

Notwithstanding the pressure drops experienced by the hydraulic
piping during testing, two significant and encouraging conclusions may
be drawn. On the one hand, the non-zero pressure measurements at the
end of the tests indicate that the piping has not sustained any macro-
scopic damage or leakages that otherwise would have zeroed the read-
ings of the manometer. This finding is consistent with the results of the
preliminary pressure tests, which highlighted the integrity of the tunnel-
side geothermal piping following the most damage-prone phase of the
rehabilitation workflow (i.e., the installation of the waterproofing
sheeting). On the other hand, the non-zero long-term pressure reading
and the dryness of the manholes prove the absence of microscopic
damage or leakages that otherwise would have made the fluid pressure
drop consistently in a period as long as 20.0 days. The experienced
pressure drops are likely due to the viscoelasticity of the piping.

3.3.2. Thermal response test

After ascertaining the integrity of the entire geothermal system, a
thermal response test was performed to validate the geothermal po-
tential of the 14.0 m long thermally activated portion of the Olimpia
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motorway tunnel. Compliant with VDI 4640:2010, the thermal response
test consisted of dissipating a known constant amount of heating power
in the ground, in this case equal to 4.6-4.7 kW, and recording primarily
the fluid inlet and outlet temperatures, but also the heat carrier fluid
flow rate and the ambient temperature.

The test was run for 12.0 hours; at that stage, the above-mentioned
monitoring system had not yet begun data acquisition. This duration
was chosen because, unlike standard geothermal systems (VDI
4640:2010), the geothermal system is not intended to function regularly
throughout the year, activating only when needed. Thus, mid-term re-
sults are more relevant than long-term data in this context. Throughout
the testing process, the flow rate was kept constant at approximately 1.5
m>h~! with only imperceptible variations observed. The importance of
this aspect cannot be overstated, as it is essential to validate the inter-
pretation of hydraulic pressure tests and confirm the integrity of the
system. Indeed, no additional pressurisation of the piping was required
before starting the test. Notably, unlike conventional borehole heat ex-
changers, the meandering layout of the geothermal piping embedded in
the tunnel lining precludes interpretation based on the Infinite Line
Source (ILS) theory. Consequently, standard test outputs such as effec-
tive ground thermal conductivity or global thermal resistance of the
system cannot be determined analytically. The test was, therefore, car-
ried out primarily to support the start-up of the system and to
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Fig. 12. a) Longitudinal and b) transversal cross sections of the motorway side heat exchanger pipe arrangement and the clearance between emergency and slow

lanes, respectively (scale 1:15).

preliminarily assess its heat exchange potential under controlled con-
ditions. The results of the thermal response test are shown in Fig. 17.

The initial temperature of the fluid coming from the geothermal coil
arranged in the newly built lining of the Olimpia tunnel was attested at
about 12.5°C for an initial duration of 10.0 minutes. In a standard
thermal response test, this value tallies with the undisturbed tempera-
ture of the ground. Nevertheless, given the relatively shallowness of the
pipes within the tunnel lining compared to the depth of more common
borehole heat exchangers, it can be easily imagined that, despite the
presence of the waterproofing layer, the temperature value stated above
is also influenced by anthropogenic heat fluxes from inside the tunnel
(Buhmann et al., 2016). It can be inferred that, given the timing of the
test shortly after the end of the cold season, the undisturbed ground
temperature is likely to exceed 12.5°C. This observation aligns with the
thermal maps presented by Sethi et al. (2021), which indicate temper-
atures of approximately 13.6°C for the site of the Olimpia tunnel.

The Olimpia energy tunnel demonstrated the ability to inject 4.6-4.7
kW into the surrounding ground quite steadily. After experiencing an
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initial temperature rise of approximately 1.1°C in the first 30.0 minutes,
the heat carrier fluid only heated up by about 1.6°C in the following
11.5 hours. Thus, accounting for an average inlet—outlet fluid temper-
ature difference of 2.9°C, the energy tunnel section, in this specific test,
worked at a geothermal efficiency per unit of thermally activated area of
around 15.0 Wm ™2, Within the range of energy tunnel applications re-
ported in the literature, this performance lies in the lower-to-middle
portion of observed heat exchange rates, spanning from 10.0 to 40.0
Wm 2 (Salciarini et al., 2026). Higher values are commonly associated
with extremely favourable groundwater or aerothermal conditions,
whereas the moderate output recorded in the Olimpia tunnel reflects less
advantageous hydrogeological and operational settings.

4. Operation of the system
4.1. Solar-collecting test

The first experimental campaign was conducted between July and
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Fig. 13. Plan view of the HHP/PSC emergency lane stretch (scale 1:150).
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Fig. 14. a) Emergency lane after the milling operations, b) heat exchanger pipes arrangement and inspection manholes setup, ¢) concrete slab pouring and d)

completely restored emergency lane.

September 2025 to assess the system’s solar-collecting potential. During
this period, temperatures in the newly constructed lining and the PSC
were monitored, along with the heat harnessed through the latter and
the ambient temperature within the tunnel structure. Unfortunately,
data from the EE650 air velocity sensor were unavailable at that time.
The results of a 16.5-day continuous solar-collecting test are depicted in
Fig. 18.

The temperature data exhibited distinct daily cycles, most pro-
nounced for the motorway pavement profile, which reached peak values
of approximately 50.0°C, clearly reflecting the influence of solar irra-
diation. In contrast, the temperature of the tunnel lining, measured at
depths of 7.0 cm, 14.0 cm, and 20.0 cm within the concrete element,
showed progressively damped fluctuations with increasing depth, indi-
cating the influence of the thermal inertia of the structural element.
Notably, the inlet and outlet fluid temperatures of both the energy
tunnel and the PSC displayed nearly identical values throughout the test,
indicating negligible thermal losses along heat carrier fluid circulation
path and confirming the effective insulation of the collector system. On
average, an inlet—outlet temperature difference of 2.5°C was observed
during the daytime peak hours.

Over the 16.5-day testing period, the geothermal system captured
1.1 MWh, of solar energy through the PSC, achieving a maximum
collection rate of 50.0 Wm 2, totalling about 5.0 kW across the entire
PSC area. Such a value corresponds to an injection rate on the energy
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tunnel side of approximately 10.0-15.0 Wm ™2, which is in agreement
with the outcome of the thermal response test previously described.

With specific reference to the temperature difference between the
piping-instrumented pavement area and the uninstrumented one, ther-
mal imaging revealed an appreciably lower surface temperature in the
former case, as evident in Fig. 19. Specifically, based on the image re-
gion closest to the camera that is the most reliable one for comparison
reasons, the PSC section reached approximately 37.0°C, compared to
40.0-41.0°C in the adjacent conventional pavement. This temperature
reduction of about 3.0-4.0°C demonstrates the system’s capability to
effectively limit surface overheating, thus contributing to the mitigation
of pavement damage associated with rutting phenomena.

4.2. Anti-icing test

The follow-up experimental phase, spanning from December 2025 to
January 2026, focused on evaluating the system's anti-icing capabilities.
As in the previous case, monitoring encompassed temperatures within
the newly installed lining and HHP, heat dissipated through the HHP,
and tunnel ambient temperature, while EE650 air velocity sensor data
remained unavailable. Unlike previous solar-collecting tests, this
experiment operated intermittently, with the system activating auto-
matically based on the measured HHP temperature. The activation
threshold temperature, as anticipated in Section 3.2, was set at 3.0°C.
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Fig. 15. Plan view of the geothermal system and of the monitoring instrumentation installed in the Olimpia tunnel (scale 1:1250).

Fig. 16. Results of the hydraulic pressure tests carried out to check the integ-
rity of the geothermal system.

When the temperature of the HHP fell below this threshold, the system
operated at the design flow rate (i.e., 1.44 m®h™) for active anti-icing.
Above 3.0°C, a minimal circulation flow rate of 0.4 m®h~! was main-
tained to guarantee system readiness and monitoring over time. The
intermittent anti-icing test, conducted over 17.0 days, yielded the results
shown in Fig. 20.

Beyond the daily cycles, the temperature data also clearly exhibited
distinct operational cycles corresponding to the intermittent working
strategy, most pronounced in the thermal power profile, which precisely
reflected the system's activation state. At the coldest point of the anti-
icing test, the HHP dropped to around —2.5°C, while external ambient
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air temperature reached a temperature of —5.7°C, yielding a tempera-
ture elevation of approximately 3.0°C under these conditions. As also
noticed in the previous test, the internal air temperature demonstrated
an attenuated profile that mirrored the external temperature trend, with
an average temperature shift of about 5.0°C. The inlet-outlet tempera-
ture difference of the heat carrier fluid averaged 1.3°C during active
anti-icing operation and reached 1.8°C during the coldest hours of the
test. During the test, the road surface fell below 0.0°C for only 50.0
hours, whereas the external air temperature remained below freezing for
more than three times this duration.

Over the 17.0-day testing period, the geothermal system dissipated
649.1 kWh; of thermal energy through the HHP, achieving a maximum
heating rate of 30.0 Wm ™2, totalling around 3.1 kW across the entire
HHP area. This corresponds to an extraction rate on the energy tunnel
side of approximately 8.0-10.0 Wm ™2, which remains consistent with
the outcomes of the previous thermal response test, considering the
lower inlet—outlet fluid temperature difference observed in this case.

Regarding the temperature difference between the heated HHP area
and the conventional pavement, thermal imaging revealed an appre-
ciably higher surface temperature in the former, as shown in Fig. 21. The
HHP section maintained a temperature of about 2.0°C, compared to
0.5°C in the adjacent conventional pavement. This temperature eleva-
tion of approximately 1.5°C, expected to increase with more severe
environmental conditions, demonstrates the system's capability to
effectively warm the motorway pavement, thus delaying or preventing
hoar frost formation, thereby enhancing safety and mitigating freeze-
—~thaw damage within the road structure.

5. Conclusions
This paper illustrates the first-ever existing tunnel section, system-

atically instrumented for heat exchange purposes during rehabilitation
works following one of the energy retrofitting solutions proposed by De
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Fig. 17. Inlet and outlet heat carrier fluid and ambient air temperature, fluid flow rate and heating power data recorded during the thermal response test.

Fig. 18. Inlet and outlet heat carrier fluid (from both the energy tunnel and PSC), internal and external ambient air, tunnel lining (at different depths along its
thickness) and motorway pavement temperature and cooling power data recorded during the 16.5-day continuous solar-collecting test.

Feudis et al. (2024). Among several open issues, the thermal activation
of existing tunnel infrastructures had long represented a major research
gap in energy tunnel technology that can now be considered fully
addressed, having been successfully framed and constrained into a real
tunnel rehabilitation workflow with no alterations to standard working
practices and only minimal adjustments to the construction sequence.
The feasibility of this retrofitting approach has been successfully
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demonstrated, requiring only relatively simple on-site operations.
Notably, no specialised expertise is needed beyond the standard skill set
that workers are typically expected to possess.

The energy tunnel implementation was then connected to an HHP/
PSC to enable anti-icing operation during winter and solar thermal en-
ergy storage during summer. The integrity of the entire geothermal
system was also guaranteed through hydraulic pressure testing, and a
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Fig. 19. Surface temperature distribution of the PSC obtained from thermal imaging on 8 July 2025 at 18:30.

Fig. 20. Inlet and outlet heat carrier fluid (from both the energy tunnel and HHP), internal and external ambient air, tunnel lining (at different depths along its
thickness) and motorway pavement temperature and heating power data recorded during the 17.0-day intermittent anti-icing test.

geothermal potential of about 15.0 Wm ™2 was assessed through thermal
response testing. The solar-collecting experimental campaign conducted
between July and September 2025 conclusively demonstrated the
operational reliability and energy-harvesting efficiency of the prototype
in solar-collecting mode under real environmental conditions, con-
firming its ability to capture approximately 60-70 kWh; of solar energy
per day. Instead, the anti-icing experimental campaign carried out be-
tween December 2025 and January 2026 validated the frost-prevention
capability of the prototype in anti-icing mode under real operational
conditions, confirming its ability to maintain a temperature difference of
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approximately 1.5°C relative to unheated pavement sections. Overall,
while both operational modes proved the system's technical viability,
the free-cooling solar-collecting mode yielded superior performance,
driven by the more favourable temperature differential between the
solar-heated pavement and the ground. The free-heating anti-icing
mode, although already demonstrating meaningful frost-prevention
potential in its current free-heating configuration, still leaves room for
further enhancement through two targeted developments: the optimi-
sation of the embedment depth of the piping within the pavement to
improve upward heat transfer efficiency without jeopardizing structural
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Fig. 21. Surface temperature distribution of the HHP obtained from thermal imaging on 27 January 2026 at 08:10.

integrity, and the integration of a GSHP to amplify the available thermal
energy and unlock the full anti-icing potential of the system under more
severe winter conditions.

In addition to demonstrating the feasibility and operational perfor-
mance of the technology, the potential for scaling energy retrofitting, its
cost-competitiveness, and environmental benefits have been assessed in
related studies. De Feudis et al. (2024) and De Feudis (2025) estimated
an average Levelized Cost of Heat (LCOH) of around 100-115 €MWh; 1
making geothermal energy from energy retrofitting economically com-
parable to conventional sources such as natural gas. In addition, with
respect to the latter, geothermal energy is less exposed to price fluctu-
ations and can reduce CO5-eq. emissions by up to 60%. De Feudis et al.
(2026) further evaluated the benefits of the large-scale deployment of
energy tunnel-integrated anti-icing systems, reporting a Return On In-
vestment (ROI) ranging from 12 to 15 years for a purposely selected 9.0
km stretch along the A26 motorway in Italy. Overall, systems like these
embody a more environment- and infrastructure-friendly alternative to
conventional de-icing salt spreading, which has detrimental impacts on
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infrastructures and vehicles, and may provoke substantial damage to
vegetation and freshwater.

The experience gained from the Olimpia tunnel paves the way for
fully unlocking the potential of sleeping geothermal facilities, such as
existing tunnels, for a wide range of applications. These may include the
heating and cooling of buildings, the reducing of ventilation re-
quirements in hot tunnels, or even the implementation of anti-icing or
de-icing systems for road pavements. As an illustrative case, considering
only the motorway network managed by Autostrade per I'Italia S.p.A., the
thermal activation of existing tunnels could allow the exploitation of a
total geothermal output in the range of 200-400 TWhy. To put this figure
into perspective, in 2022 Italy produced approximately 125 TWh; from
renewable thermal energy sources (solar thermal, geothermal, aero-
thermal, hydrothermal, biomass, biogases and bioliquids).
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