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Abstract: Ground-source heat pumps (GSHPs), despite their high efficiencies, are still not
as cost-effective as air-source heat pumps, especially in urban environments, due to the
necessity of drilling/excavation. Integrating GSHPs into existing geo-structures, such as
underground tunnels, can play a vital role in reducing the overall costs of GSHP systems
and promoting their use in cities. Tunnels can be realized through artificial ground freezing
(AGF) by using probes for circulating the freezing fluid, which are left in the ground
once the tunnel is completed. The novelty of the present work lies in the proposal of a
sustainable reuse of AGF probes as ground heat exchangers (GHEs). The idea of converting
AGF probes is both sustainable and cost-effective for GSHPs, as it can reduce installation
costs by eliminating the drilling/excavation process. A test was performed for the first time
in the Piazza Municipio metro station in Naples, Southern Italy, where several AGF probes,
initially used for the construction of two tunnels, have then been converted into GHEs. The
probes have been connected to a testing device called the energy box. The experiments
included testing the heat transfer in the recovered AGF probes through cooling and heating
operations. This work presents a numerical simulation of a test that has been validated
against experimental results.

Keywords: geothermal energy; ground source heat pump; geo-structure; energy tunnel;
sustainable heating and cooling; validation

1. Introduction
The need to work and live in comfortable indoor environments with heating and

cooling technologies is related to increasing energy consumption and environmental impact.
Around 50% of the energy produced is consumed by such technologies, and in Europe,
heating alone consumes 63% of the energy produced [1]. The use of fuels for energy
production accounts for 30% of global greenhouse gas (GHG) emissions [2]. The many
impacts associated with rising GHG emissions include climate change, sea level rise,
extreme weather events, and ocean acidification [3]. The European Green Deal (EGD)
aims to achieve carbon neutrality by 2050, including a 30% reduction in greenhouse gas
emissions by 2030 compared to the 1990 levels [4]. In addition to reducing GHG emissions,
the use of renewable energy is necessary to reduce dependence on fossil fuels, as at
present, technologies running on conventional fuels are meeting most of the global energy
demand [5]. Even though heating is more relevant in the European energy sector, as it still
represents the largest contributor to energy consumption, the need for cooling will increase
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due to global warming. Therefore, the impact of space cooling/heating on energy networks
must be reduced by using more efficient technologies.

Various sustainable technologies are being tested around the world to find viable
alternatives to conventional heating/cooling. Solar and thermal protection (paint coatings),
heat modulation techniques (natural ventilation in buildings), and heat dissipation (roof
gardens) can have a good impact on reducing energy consumption in buildings [6], the
same can be adopted for livestock farms to reduce their impact on the energy grids [7].
Hybrid green roofs can be used to improve cooling performance through a combination of
evaporative cooling and radiation systems [8]. Solar cooling systems can be a substitute
for conventional cooling systems [9]. Natural ventilation can be considered to improve
the cooling loads of buildings [10]. Similarly, sustainable heating techniques like biomass
heating [11–13], phase change materials [14], and solar thermal heating systems [15–17]
are also being studied to reduce the heating loads of buildings in the heating sector. These
technologies can reduce cooling/heating loads. However, there will still be the need for
cooling the remaining loads.

Heat pumps, thanks to their energy efficiency, have been used because of their ver-
satility of operation for cooling/heating and their reduced GHG emissions [18]. It is also
worth noting that heat pumps can integrate different renewable sources to maximize per-
formance [19]. In general, heat pumps can be categorized as ground-source and air-source
heat pumps based on the source/sink categorization, which, in the first case, is the ground
and, in the second case, is the outside ambient air. Table 1 presents a comparison between
GSHP and ASHP in terms of the main factors that affect their employability.

Table 1. Comparison of GSHP and ASHP.

Factor GSHP ASHP References

Heat Source Ground is used as source Ambient air outside the building, even in
cold climates [20,21]

Efficiency More efficient due to stable heat source
The efficiency is less than that of

GSHP systems, especially in
colder/hotter climates.

[22,23]

Installation Comparatively installation require
specialized process of drilling Typically, easy to install. [20,24–26]

Noise Low almost negligible noise production
during operation

Higher noise production
during operations [27,28]

Maintenance The maintenance is lower as compared to
ASHP but when required it can be difficult

The maintenance is easy as components
are easily accessible [29,30]

Cost
High installation costs required, due to
drilling and loop installation but low

operating cost

Lower installation costs but higher
operating costs [29,31,32]

GSHP systems are preferred because of their efficiency, and due to the stable temperature
of the source throughout the year, low noise during operation and low maintenance costs.
These characteristics are very important for cities. However, the main barrier to market entry
for GSHP is the high cost of installation, which accounts for around 50% of the total cost of
the system installation [31] and the difficulties of drilling in urban environments.

GSHP can also be connected with a stable temperature source, which can be any
geo-structure (energy pile, energy tunnel, or energy wall) through vertical/horizontal
loops laid in the ground [33]. From a European perspective, the presence of many geo-
structures, such as underground metro tunnels connecting densely populated areas across
cities, can be a suitable option for GSHP technology [34] to connect heat pumps to a low-
enthalpy ground source for heating and cooling. The use of tunnels with GSHPs has been
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investigated by several researchers. Revesz et al. [35] studied different possibilities of
interaction between underground railway tunnels and GSHPs in London and urged the
need for a combined analysis of heat pump and tunnel. Davies et al. [36] also investigated
the London Underground as a potential source of low-grade heat for heating and sink for
cooling operations. The authors concluded that the system can be utilized for 0.9 MW
of cooling, and it can be used to obtain 1.1 MW for heating operation with the help of
a heat pump. Tong et al. [37] studied the metro tunnel with small pipes along the walls
of the tunnel called capillary heat exchangers (CHE) for air-conditioning and obtained a
heat transfer rate of 36.6 W per unit area for a fluid flow rate of 0.05 m/s. Mao et al. [38]
performed the dynamic analysis using commercial software to study the combined effect of
the hybrid subway-source heat pump system and found that the performance of the subway
tunnel can be increased by 2.52% when put into hybrid operation with active and passive
systems. In a subway tunnel in Qingdao (China) with CHE, Tong et al. [39] observed the
heat transfer capacity per unit area for 7 h. of heating operation in winters was 45–80 W/m2,
and for 14 h of cooling operation in summer was 100–110 W/m2. Ji et al. [40] studied the
heat transfer performance of a CHE and estimated the average heat flux values at the lining
to be 16 and 22 W during the heating and cooling operations, respectively. In another study,
Ji et al. [41] analyzed the long-term performance of CHE for subway heat pump systems for
10 years and observed a distinct ‘thermal inertia’ phenomenon with continuous operation
when the temperature wave is transmitted to the surrounding rocks of CHE. The authors
observed the range for average heat transfer of CHE before and after the critical point and
observed that, for the heating season, it was 11% to 46.16%, while for the cooling season,
the range was 30.19% to 46.12%. Y. Yu et al. [42] summarized the strategies for the reduction
of HVAC energy consumption for underground metro stations. Ji et al. [43] performed a
TRNSYS-based study of a subway-source heat pump system (SSHPS) and validated their
model against the experimental data to evaluate the long-term performance under varying
internal heat source conditions between 0 to 240 W/m. They concluded that an increase in
tunnel air temperature with higher heat loads occasionally exceeds the design limits. They
recommended the integration of auxiliary systems for improved energy supply reliability.
In another study, Ji et al. [44] presented an ANSYS-Fluent R23based numerical analysis
of the tunnel lining CHEs in an SSHPS based on a Qingdao demonstration project. They
concluded that heat transfer performance was greatly influenced by tunnel air temperature,
CHE inlet temperature, and pipe length, while the inlet flow velocity had a minimal effect
on CHE systems. The effect of groundwater seepage on the thermal performance of a
CHE-based SSHPS was also numerically investigated by Ji et al. [45]. They concluded that
high seepage velocity increases the heat exchange capacity by 450% in cooling and 320% in
heating operations of CHEs.

Artificial ground freezing (AGF) is a technique used during tunnel construction that
involves the circulation of a cryogenic substance. It may also be a cooling fluid, normally
liquid nitrogen (LN), to solidify the ground above the excavation region. The schematic of
the process is shown in Figure 1.

LN is passed through the copper pipes inserted in the ground above the desired
excavation area. The freezing temperature of LN exchanged through copper pipes solidifies
the water present in the ground. Because of this, the permeability of that area is reduced,
which ultimately reduces the sub-surface water flow during the tunnel excavation [47].
After completion of the excavation, copper pipes are buried in the ground, and the rest of
the system is disconnected.

The literature analysis provides evidence of the lack of research concerning the reuse
of freezing probes as ground heat exchangers (GHEs). More research efforts are needed on
the modeling and testing of such kinds of systems to demonstrate their efficiency.
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Figure 1. Schematic of artificial ground freezing (AGF) technique and how the ground is solidified
over tunnel area [46].

In Napoli, Southern Italy, the Piazza Municipio metro tunnels have been built using the
AGF technique [48]. A number of copper probes were laid above the tunnel’s periphery, and
LN was circulated in the probes until the groundwater was frozen [49,50]. After completion
of the tunnel excavation, the service pipes providing LN2 were disconnected. Instead
of burying these AGF probes in the ground, as per practice, these were converted into
GHEs to exploit low-enthalpy geothermal energy for demonstration purposes. This paper
examines the results of the demonstration for potential use of such ground probes as GHE
for the integration of underground metro tunnels with a GSHP system [51]. The approach
of converting abandoned AGF probes into GHE is proposed by the authors because of
the significant economic impact, since drilling costs can be avoided, and the freezing
probes can be effectively reused for a heating/cooling system. This type of innovative
application would allow us to avoid about 50% of the cost of the GSHP, which is related
to the drilling and installation of the heat exchange probes. The main motivation of the
present geothermal system is to propose an alternative option for the installation of a GSHP
in densely populated urban areas. The schematic of the system is described in Figure 2.

Figure 2. Simple schematic of the proposed system.
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The experiments carried out by the authors at the underground station of Piazza
Municipio metro station in Napoli, Southern Italy, represent a relevant case study of the
application of such a sustainable approach to circular economy in the construction sector,
by using efficient heating/cooling technology.

The arrangement of the AGF probes over two tunnels is shown in Figure 3. The probes
are numbered from left to right, and eight of them (for the left tunnel probes, 9, 11, 13,
15, and 17, while for the right tunnel, 30, 32, 34, 36, and 38) are converted to test the heat
exchange efficiency. The paper discusses the temperature variation and the effect of probes
9, 11, 13, and 15. In particular, the authors have tested the AGF probes used to construct the
two tunnels, at a depth of 40 m below the ground surface [49], and developed a numerical
model of the converted AGP probes to simulate the heating and cooling scenarios that
were tested during the experiments. Section 2 describes the setup and equipment used
during the experiments. Section 3 describes the governing equations and introduces the
numerical model developed, while Section 4 presents the results and their discussion.
Finally, Section 5 draws out the conclusion of the paper and the work that can be carried
out in the future.

Figure 3. Actual AGF arrangement on tunnel periphery. The converted pipes have an inner pipe and
annulus diameters of 32 mm and 76 mm, with a pipe length of 40 m.

2. Experiment Setup
AGF technique is used to ease the construction of underground tunnels in many countries

around the world [48,52]. Some of the copper AGF tubes, used to solidify the ground around
the excavation area by reducing the permeability of the ground for tunnel construction at
Piazza Municipio in Southern Italy, are converted into GHEs for these experiments. These
pipes were left buried in the ground after the completion of tunnel construction.

The novelty of the present work lies mainly in the reuse of the AGF probes and their
transformation into GHEs that are capable of transferring heat to and from the ground
for coupling with the GSHP. A detailed description of the experimental setup is given in
this section. The length of the tunnels is about 40 m, and they are located 40 m below the
street level. The cross-section of the tunnel is 3 m, and the total height of the tunnel is
approximately 7 m. A total of 8 AGF probes were converted into GHEs on both tunnels, as
mentioned in Figure 3. The 28 mm copper pipes used during the AGF have been changed
to 32 mm HDPE and connected to the manifold, to obtain a coupling with a heat pump
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placed above the tunnel in a box with auxiliary systems and data acquisition systems, called
the energy box. Figure 4 shows the test site.

 

Figure 4. Experimental site near Piazza Municipio, Naples, Southern Italy.

Figure 5 shows the experimental arrangements at the site. The components in the
Energy Box are a 20 kW heat pump with a maximum operating temperature of 55 ◦C and
a maximum flow rate for the heat transfer fluid (HTF) of 12 m3/h (3.36 kg/s). Two steel
tanks, insulated with polyurethane for energy storage, with a maximum operating pressure
of 6 bars, are used to store water at a fixed temperature to represent the heating/cooling
loads for the system. Apart from the equipment mentioned, there are various sensors to
measure the flow and temperatures at different locations in the energy box.

Flowmeters (RIF100) and temperature probes (PT100) were used to measure the flow
rates and temperature of the HTF, respectively. Flowmeters are present in the energy box,
along with the control valves to adjust the flow in the system accordingly. Temperature
sensors are connected to each ground probe to measure the temperature of the fluid at the
outlet section. The placement of the temperature sensors at the construction site can also be
seen in Figure 5.

Following the installation of the experimental test setup, a remote monitoring and
management data system is used for data acquisition. The converted AGF probes’ data
were recorded between June and November, after the construction of the tunnels. The flow
rate of HTF was initially maintained at around 2000 l/h (0.56 kg/s) and then increased
to around 4200 l/h (1.17 kg/s) once the system was stabilized. Furthermore, during the
test, one tunnel was used as the source (extracting heat from the ground during heating
mode) and the other was used for injecting heat (simulating cooling mode). The system was
analyzed for cooling and heating applications by changing the HTF inlet temperature, and
the response of the system was observed and recorded for analysis. The initial undisturbed
ground temperature was 18.5 ◦C when the tests started. The cooling operation of the
system was carried out for two months (July and August), with an inlet temperature of the
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HTF maintained around 26 ◦C in July and varied in the range of 23–35 ◦C in the month
of August, to observe the cooling behavior of the tunnel. Similarly, to realize the heating
operation (September to November), the inlet temperature of the HTF was maintained
at 13 ◦C to observe the behavior of the tunnel as a heat source. In particular, the inlet is
common for all the probes, while there are four measurements for the outlet temperature,
with one for each probe, as mentioned above. The outlet temperature of the probes
has been recorded and analyzed to evaluate the heat transferred between the HTF and
the ground.

Figure 5. Experimental setup, showing the arrangements in a single tunnel with converted AGF
probes indicated as 9, 11, 13, and 15. Placement of different sensors is also indicated.

The data-sampling frequency of 30 s was used to obtain the values for the temperature
and flow rates from the sensors installed to monitor the parameters of the HTF. The stored
data was then filtered to remove outliers. To observe daily trends, raw data were aggregated
by calculating the arithmetic mean over every 24 h, to obtain daily average values used
for subsequent analysis. The measurement uncertainty associated with the experimental
data is calculated using type ‘a’ and type ‘b’ measurement uncertainties [53]. Equation (2)
is used to calculate the type ‘a’ uncertainty, while the type ‘b’ uncertainty was obtained
from the temperature sensors’ manufacturer’s data sheet [54].

UT = k·uT = k·
√

u2
aT

+ u2
bT

(1)

uaT =
σ√
NT

where σ =

√
∑N

i=1(xi − x)2

NT − 1
(2)

In Equation (1), UT is the combined uncertainty, which can be calculated by the data
points, and the absolute uncertainty of the sensor, as shown by the equations. In this
analysis, the confidence level (k = 2) of 95% has been adopted. Similarly, the uncertainty for
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the flowrate is also calculated, considering the uncertainties provided by the manufacturer’s
data sheet [55].

U .
m = k·u .

m = k·
√

u2
a .

m
+ u2

b .
m

(3)

ua .
m
=

σ√
N .

m
where σ =

√
∑N

i=1(xi − x)2

N .
m − 1

(4)

After calculations of uncertainties for both measuring quantities, the propagation of
uncertainties for the heat transfer rate is calculated by Equation (5).

U .
Q
= k·u .

Q
= k·

.
Q·

√(
UT
∆T

)2
+

(
U .

m
.

m

)2
(5)

The data-processing workflow is shown in Figure 6.

Figure 6. Data-processing workflow followed in experimental campaign.

3. Numerical Model
In this section, a 3D transient numerical model of the heat transfer in the probes,

coupled with a 1D non-isothermal pipe flow is presented. The model is developed for the
simulation of the experiments, and to develop a tool for analysis of the proposed reuseable
AGF heat exchangers. The 3D domain of the model represents the soil over and near the
tunnel, while the 1D non-isothermal pipe flow module has been used to model the flow
and heat transfer to and from the HTF in the converted AGF probes. The numerical model
is validated against the data obtained during the experimental campaign, and it is used to
analyze the effects of the tunnel’s thermal activation on the adjacent ground temperature.
Figure 7 shows the computational domain for numerical simulation with the actual picture
of the tunnel showing the four converted AGF probes.
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Figure 7. Actual tunnel showing converted AGF probes (9, 11, 13, and 15) with 3D computational
domain used for the model.

3.1. Mathematical Model
3.1.1. Heat Transfer Model in Soil Domain

The mathematical equation that describes the heat transfer phenomenon in the solid
domain is basically the energy conservation equation and can be written as Equation (6),
given below:

ρsCps
∂Ts

∂t
− ks∇2Ts = Q (6)

In the above equation, ρs (kg/m3) is the density of the material in the solid domain,
Cps (J/(kg·K)) is the specific heat of the material in the solid domain at constant pressure,
Ts (K) is the temperature, ks (W/(m·K)) is the thermal conductivity of the material in the
solid region, and Q (W/m3) is the heat exchanged with the pipes.

3.1.2. Heat Transfer Model in Pipe

The mathematical model that describes heat transfer phenomena in the pipes in the
proposed numerical model can be written as Equation (7), shown below:

ρ f ACp f
∂Tf

∂t
+ ρ f ACp f u·∇Tf = ∇·

(
Ak f∇Tf

)
+

1
2

fD
ρA
dh

∣∣∣u3
∣∣∣+ Qwall (7)

where ρ f (kg/m3) is the density of the fluid flowing through the pipes, A (m2) is the
cross-sectional area of the pipe, Cpf (J/(kg·K)) is the specific heat capacity of the fluid at
constant pressure, u (m/s) is the mean water velocity in the pipes, Tf (K) is its temperature,
and kf (W/(m·K)) is its thermal conductivity. The second term on the right-hand side takes
into account the frictional losses, and Qwall (W/m) is the heat transfer rate from the tube
walls per unit length of the pipe. The heat transfer Qwall (W/m) between the tubes and the
surrounding soil can be written as:

Q =
Qwall

A
=

(hZ)e f f (TEXT − T)

A
(8)

In the above equation (hZ)_eff is the effective value of the heat transfer coefficient
between the water in the pipes and the surrounding soil, and TEXT is the temperature of
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the soil surrounding the pipes. The following assumptions have been made to solve the
above mathematical model:

1. Water in the pipes behaves as an incompressible fluid;
2. Fluid flow in the pipes is assumed to be fully developed and one-dimensional;
3. A frictional pressure drop is taken into account during the solution;
4. The thermophysical properties of the materials are considered constant;
5. The model is solved for a total duration of the experiments, which is five months, by

simulating both cooling and heating applications of the tunnel;
6. The heat transfer between the air in the tunnel and the surface of the tunnel is neglected.

3.2. Boundary and Initial Conditions
3.2.1. Boundary Conditions

The boundary conditions to solve the model are shown in Figure 8 below.

Figure 8. Boundary conditions for the computational domain.

It is worth noting that the boundary conditions are assumed to be as close as possible
to the actual conditions measured during the experiments, for comparison with the data
obtained during the experimental campaign. On both sides of the solid domain surround-
ing the tunnel, Neumann (adiabatic) boundary conditions are considered. This can be
represented by Equation (9):

.
q(θ)·n = 0 (9)

At the bottom of the solid domain, the Dirichlet boundary condition (Tgrnd) is consid-
ered. The average soil temperature measured during the experimental campaign by the
temperature sensors placed at different locations was used as the boundary condition at the
bottom of the solid domain surrounding the tunnel and is considered constant throughout
the simulations, at a value of:

Tgrnd = 18.5 ◦C (10)

The upper surface of the solid domain surrounding the tunnel is in contact with
the external environment, so a convective boundary condition was used, which can be
represented as:

.
qk(θ)·n = h ·[T − T∞(θ)] (11)

In the above equation, T represents the boundary domain temperature, while T∞ (θ) is
the ambient temperature measured during the experimental campaign, and ‘h’ represents
the convective heat transfer coefficient assumed to be constant for natural convection with
a value of 4 W/m2K for the simulations [56]. The boundary conditions for the fluid flowing
through the pipes are taken from the experimental data to ensure the reliability of the
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model for validation purposes. In particular, the inlet temperature for the HTF and its
mass flow rate are imposed during the heating and cooling applications. Therefore, the
model was given appropriate flow and temperature conditions for the inlet at the pipe flow
module, as given in Equations (12) and (13):

Tin = T(θ) (12)

uin = u(θ) (13)

In the above equations, Tin represents the fluid inlet temperature, which is time-
dependent and changes during the cooling/heating applications. The operating tempera-
ture range for the system is within the range of 12–36 ◦C. The inlet velocity, uin, is calculated
based on the inlet mass flow rate for the HTF, which is also controlled during the operation
within the range of 2000–4200 l/h.

3.2.2. Initial Conditions

The initial condition used for the solid domain surrounding the tunnel is assumed to
be the average soil temperature measured during the experimental campaign. Therefore,
the initial condition for the solid domain can be written as:

T|θ=0 = Tgrnd = 18.5 ◦C (14)

The initial conditions for the pipe flow can be written as:

u|θ=0 = 0 m/s and T|θ=0 = Tin
◦C (15)

At the beginning of the experiment, there is no flow in the pipes, so the mass flow rate
at the flow meter is zero, and the initial temperature of the HTF in the pipes is considered
as the inlet temperature of the fluid.

3.2.3. Material Properties

The material properties used for the soil are those of Pozzolana, the material that was
found in the domain during the excavation around the tunnel. The material properties
were obtained from the available literature [57] and are presented in Table 2.

Table 2. Material properties for the ground, adjacent to the tunnel.

Material Properties (Pozzolana) Values

Porosity E 0.51
Dry density ρd (kg/m3) 1172

Thermal conductivity k (W/m/K) 1.28
Heat capacity Cp (kJ/m3/K) 3150

Permeability kf (m/s) 10−6

3.3. Mesh Sensitivity Analysis

A mesh sensitivity analysis is a crucial step in finite-element analysis (FEA), as it
is aimed at assessing the influence of mesh refinement on the simulation results. The
distribution of the mesh elements can be seen in Figure 9 below:

The size of the elements in the domain becomes coarser away from the tunnel because
the main gradients of the unknown parameters occur near the tunnel, as the probes are
installed close to the tunnel. It is, therefore, necessary to have the fine elements close to
the probes, so that the heat exchange between the probes and the surrounding soil can be
accurately simulated.
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Figure 9. Distribution of mesh elements in the domain and around the tunnel.

Another important aspect of the mesh analysis is the choice of an accurate domain
size to avoid the direct influence of the boundary conditions on the simulation results. For
this purpose, a domain independence analysis was carried out by comparing the different
domain sizes with multiple section lines in a solid domain surrounding the tunnel. The
same can be seen in Figure 10 below:

 
Figure 10. Dimensions of various computational domains for mesh independence analysis.

In the figure above, it can be seen that three different domain sizes are shown, and the
temperature of the domain at depths of −25, −55, and −85 m near the probes is drawn
to observe the temperatures to obtain a suitable domain for the simulation. In total, five
different domain sizes, namely 167, 180, 200, 267, and 367 m, were compared. The domain
temperatures are compared for the same arc length at z = 0, −25, −55, and −85 m, as
shown in Figure 11 below:

From the plots, the temperatures calculated with the domain sizes of 200, 267, and 367
m are close enough to each other at all section lines in the domain. Therefore, the optimal
domain size of 200 m was selected to reduce the computational time. Once the domain
size was finalized, the grid independence analysis was carried out based on the average
domain temperature for both the cooling and heating cycles. The details of the same are
summarized in Table 3.

The appropriate grid was chosen based on the average domain temperatures during
the cooling and heating cycles. In the simulations, the maximum probe inlet temperature
for the cooling cycle and the minimum probe inlet temperature for the heating cycle were
considered. The mesh with a temperature variation of less than <1% for both the cooling
and heating cycles was adopted for the simulations. Mesh-type fine, indicated in Table 3,
was therefore selected.
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Table 3. Summary of mesh independence parameters with respect to average domain temperatures
for cooling and heating cycles.

Mesh Level No. of
Elements

Avg. Domain Temp.
(Cooling)

(◦C)

Avg. Domain Temp.
(Heating)

(◦C)

Coarse 5109 21.455 21.763
Medium 16,067 21.927 21.788

Fine 68,331 21.807 21.938
Extremely Fine 178,948 21.751 21.888

 

Figure 11. Comparison of temperature to obtain a mesh-independent domain.

4. Results
This section presents the validation of the proposed model by comparing the exper-

imental data with the simulation results. Two sub-sections discuss the use of the tunnel
as a heat sink during the summer season, to obtain a cooling effect, and then the use of
the same tunnel as a heat source during the winter season, to simulate heating operation.
Therefore, this section describes the cooling and heating operation modes of the tunnel.

4.1. Cooling Mode

The tunnel has been used to simulate cooling during the months of July and August
in Napoli, Southern Italy. The idea was to evaluate the heat exchange performance of the
system when it interacts with the ground surrounding the tunnel, which has a significantly
lower temperature with respect to the external air during these months. A temperature dif-
ference of 0.5 ◦C is observed between the inlet and outlet temperatures, due to heat transfer
with the ground during the month of July. Similarly, during August, the inlet temperature
and flow rate vary between 23 and 34 ◦C and 2.1 and 2.5 kg/s, respectively, through
observing the system response at the outlet. The measured data have been compared to
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the model results to validate it. Figure 12 shows the variation in the outlet temperature
when the mass flow rate is changed during the experimental campaign and in the proposed
model to test the thermal response of the system.

 

Figure 12. Comparison of mass flow rate and temperature variation for the month of August.

The red continuous line in Figure 12 represents the outlet temperature of one of the
probes, and the black continuous line is the experimental outlet temperature recorded
during the experiments. The blue dotted line represents the variation in flow rate during
the month. As expected, the reduced flow rate increased the outlet temperature and vice
versa. The simulation results well-described the measured data.

The graphs in Figures 13 and 14 show the comparison between the computed and
measured outlet temperatures for the months of July and August for the converted AGF pipes.

 

Figure 13. Comparison of probe temperatures with simulated values for the month of July.
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Figure 14. Comparison of probe temperatures with simulated values for the month of August.

The experimental data is plotted with uncertainty, obtained for a 95% confidence
level (k = 2). The modeling results (red continuous line) show good agreement with the
experimental data. The maximum percentage difference between both values remained
below 10%. The red dots in the Figure indicate the position of the probes near the tunnel.

As the cooling operation started in the month of July, the graphs show a slight hike,
which shows the initial behavior of the system before achieving the constant inlet temper-
ature of 26 ◦C for the rest of the month. To check the response of the system to varying
conditions, the inlet temperature varied during the month of August. From the graphs in
Figure 15, it can be observed that, for the month of August, the outlet temperatures for
the converted AGF probes in the simulation model responded in the same way as those
measured in the experimental campaign.

The ground temperature surrounding the converted AGF probes after the heat transfer
is important for the evaluation of the long-term performance of the system. During the
cooling operation, the heat rejection by the probes will increase the temperature of the
adjacent soil. Figure 16 presents the temperature contours in the domain during the cooling
operation. It is worth mentioning that the effect of ambient temperature at the ground
surface also contributes to the temperature rise close to the tunnel area during the summer
months. Due to surface temperature interference, it is considered to simulate the month of
June with ambient conditions without thermally activating the tunnel to obtain close-to-
actual thermal conditions for the months when the tunnel is thermally activated. During
June, no flow for HTF was considered, and the related boundary conditions were applied.
It can be noted that the surface temperature affected the temperature of the domain in the
vicinity of the tunnel and, therefore, the heat transfer phenomenon during the cooling cycle.
Different isotherm contours in the domain can be observed when the tunnel is activated for
a cooling operation.
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Figure 15. Temperature variations in the domain with continuous operation of the system during the
cooling operation.

 

Figure 16. Comparison of probe temperatures with simulated values for the month of September.

Further details with isothermal lines are shown in the Appendix A, which presents
the isothermal lines for the month of June above the tunnel, as the tunnel was not activated
during the month of June. For the months of July and August, the temperature above the
tunnel is increased due to diffusion of heat from the surface and the heat transferred from
the probes, as a high temperature region can be observed around the tunnel, as seen in
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the iso-surfaces in August. During the cooling operation, heat is rejected into the tunnel
domain, which ultimately reduces the HTF outlet temperatures by exchanging the heat
between the AGF probes and the domain. Therefore, the temperature around the tunnel
starts increasing, as shown in Figure 15.

4.2. Heating Mode

The heating operation of the tunnel consists of three months (September, October,
and November). The tunnel’s operational mode is converted from cooling to heating
by lowering the fluid inlet temperature of the probes and allowing it to gain heat from
the surrounding soil. Appendix B compares the inlet temperature and outlet recorded
temperature of the probes to determine the tunnel’s heating operation. The graphs in
Appendix B demonstrate that the outlet temperature of all probes is higher than the inlet
temperature, denoted as Tin, for the months of September, October, and November.

The probe temperatures of the simulated model for the heating period consist of
September, October, and November and are validated against the experimental data ob-
tained during the experimental campaign. Figure 16 shows the comparison of the calculated
outlet temperature of probes, shown in a continuous red line, with the experimental values
(black dots with error bars). The simulated results demonstrate good agreement with the
experimental data. The graphs presented in Figure 16 show the temperature drop measured
after the operation of the tunnel is changed from cooling to heating. This drop is due to the
change in operation from cooling to heating. Once the inlet temperature for the heating
operation is stabilized at 13 ◦C, the system is maintained at the same temperature during
the heating operation.

Figures 17 and 18 show similar graphs for the months of October and November. It can
be seen in the graphs for October and November that the outlet temperature is stabilized
because of the continuation of the heating operation when compared with the month of
September, when the operation modes were switched from cooling to heating.

 

Figure 17. Comparison of probe temperatures with simulated values for the month of October.
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Figure 18. Comparison of probe temperatures with simulated values for the month of November.

The model is validated with the experimental data with a confidence level of 95% for
the heating operation, and a good agreement between experimental and simulated values
shows that the numerical model predicted the outlet temperatures within a maximum
percentage error of 10% range for the heating operation.

As the heat exchanged between the HTF and the ground affects the temperature
distribution in the ground, it is important to monitor any changes that occur.

Figure 19 depicts the temperatures around the tunnel and nearby ground for the
months of September, October, and November. The heat withdrawn by the HTF affects
the area surrounding the probes, as evidenced by the lower temperature near the tunnel.
As the heating operation continues, the temperature around the tunnel starts reducing,
and during the month of November, it is evident that the temperature in the vicinity of
the tunnel reduces due to the energy exchange. More information and detailed plots are
included in the appendices for further consultation.

4.3. Heating Transfer

In this section, the heat exchanged by the probes during the experiments is discussed.
As four probes were transformed into the GHE, the heat transfer for those probes is
calculated during cooling and heating periods, and experimental and numerical data are
compared to determine the system’s potential for improvement. Figure 20 depicts the
cumulative monthly average of heat transfer in probes 9, 11, 13, and 15 for the cooling and
heating periods.

Figure 20 shows a comparison of the monthly average heat transfer rate per unit
length for probes 9, 11, 13, and 15 during the cooling and heating phases for both the
experimental and numerical results. Negative values of heat transfer refer to the cooling
phase, indicating that the tunnel serves as a sink and heat is rejected into it. Positive heat
transfer rate values represent heat recovered from the tunnel during the heating cycle.
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Figure 19. Temperature variations in the domain with continuous operation of the system for
September, October, and November.

 

Figure 20. Comparison of average heat transfer through probes during the operational period with a
numerical model.
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Figure 21a compares the combined experimental and numerical average daily heat
transfer from all probes, whereas Figure 21b compares the system’s combined average monthly
heat transfer from all probes over the whole operational time. During the cooling period, flow
rate fluctuations have a significant impact on heat transfer. The black circles with error bars in
Figure 21a represent the combined daily experimental heat transfer from all probes, whereas
the red line represents the heat transfer calculated using numerical simulations.

Figure 21. Average heat transfer during the cooling and heating period. (a) Showing the comparison
of average heat transfer per unit length for all the probes; (b) compares the average cumulative heat
transfer in a month.

The black dotted lines in Figure 21a indicate the system shut-down period, during
which the HTF was not flowing through the pipes. The numerical and experimental trend
validation can be seen in the figure. Figure 21b presents the collective heat transfer of
all probes during the months of July, August, September, October, and November. The
graph shows that the greatest heat transfer occurred in September, when the operation
mode was switched from cooling to heating. The underprediction of heat transfer observed
from September to November in Figure 21 can be justified by the likely increment in the
ground moisture content during autumn, which is not indicated by simulations keeping
the properties of the ground constant. High moisture content in the ground layers enhances
thermal conductivity of the ground, resulting in higher heat transfer values during the
experimental campaign. In order to account for such variation in the results, seasonal
variations in the ground’s properties should also be considered.

5. Conclusions and Future Work
The work’s major conclusions from the results are presented as follows:

• The experimental campaign in Piazza Municipio, Napoli, Italy, aimed to convert
artificial ground-freezing probes into a ground heat exchanger for ground-coupled
heating/cooling systems. This could greatly reduce the installation costs for ground
loops for ground-source heat pump systems, which typically represent 50% of the
total cost;

• Data collection for the experimental campaign included 151 days, demonstrating
tunnel performance for cooling and heating applications from July to November;

• A numerical model was developed and validated with the experimental data. The
model simulates operations under similar conditions to understand the impact of heat
transfer on the tunnel’s adjacent ground;
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• The average values for combined heat transfer per unit length in W/m from all probes
are 10.27 W/m and 18.4 W/m during cooling operation for the months of July and
August, respectively. During the heating operation, the system obtained the average
heat transfer values per unit length of 36.4 W/m, 29.9 W/m, and 21.2 W/m during
the months of September, October, and November, respectively. The average cooling
and heating energy extracted by the probes during the entire operation is calculated to
be 1.3 MWh and 7.06 MWh, respectively.

This experimental effort laid a solid basis for ground-linked systems in densely pop-
ulated cities, where it might be difficult to follow standard drilling operations due to the
close spacing between buildings. It also provides a cost-effective and long-term alternative
to the high installation costs of ground loops. Another advantage of such a system is the
ease of integration with the city’s district heating/cooling networks, as most metro tunnels
link densely populated areas.

Throughout this experimental campaign, the tunnel’s performance was evaluated as a
standalone system, and temperatures were recorded throughout the cooling and heating
phases to determine the system’s behavior. It may also be observed in conjunction with the
fifth-generation DHC systems, which integrate several sources and sinks on a single loop
to generate a very constant temperature loop for producers and consumers.
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Abbreviations
The following abbreviations are used in this manuscript:

Acronyms
IEA International Energy Agency
GHG Greenhouse Gas
AGF Artificial Ground Freezing
COP Coefficient of Performance
GSHP Ground Source Heat Pump
EGD European Green Deal
GHE Ground Heat Exchanger
ASHP Air-Source Heat Pump
HTF Heat Transfer Fluid
HDPE High-Density Polyethylene
Miscellaneous
uT Uncertainty in temperature
u .

m Uncertainty in mass flow rate
N No of terms
Ts Solid temperature
ks Thermal conductivity of solid
Q Heat transfer with pipe
ρ f Density of fluid
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Cp f Specific heat capacity of fluid
k f Thermal conductivity of fluid
Tgrnd Ground temperature
T∞ Ambient temperature
σ Standard deviation
u .

Q
Uncertainty in heat transfer rate

Cps Specific heat capacity for solid
Qwall f l

Heat transferred between fluid and surroundings
ρs Density of solid
A Area of pipe
Tf Fluid temperature
u Fluid velocity
qk Convective heat transfer
θ Time

Appendix A
Graphs for Cooling mode

Figure A1. Comparison of inlet and outlet temperatures of probes 9, 11, 13, and 15 for the month of
July during cooling operation.

Figure A2. Comparison of inlet and outlet temperature of probes 9, 11, 13, and 15 for the month of
August for cooling operation.
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Figure A3. Tunnel cross-section from the inlet side showing the isothermal lines over domain
temperatures shown for the cooling operation. The values indicated by the digits on the figure show
the temperature of those lines on the cross-section.

Appendix B
Graphs for Heating mode

 
Figure A4. Comparison of inlet and outlet temperature of probes 9, 11, 13, and 15 for the month of
September for heating operation.
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Figure A5. Comparison of inlet and outlet temperature of probes 9, 11, 13, and 15 for the month of
October for heating operation.

 

Figure A6. Comparison of inlet and outlet temperature of probes 9, 11, 13, and 15 for the month of
November for heating operation.

Figure A7 depicts the isotherms for the months of September, October, and November.
The iso-lines show the temperature distribution during the heating operation of the tunnel.
As the heat from the adjacent domain is exchanged with the low temperature HTF in the
probes to obtain heating effect. Due to this heat exchange, the temperature domain reduced
near the probes in the domain, as shown by the iso-therms. High temperature zones formed
because of the heat transfer are also indicated by the iso-thermal lines, showing that heat
was extracted from the domain by the HTF near the tunnel.
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Figure A7. Tunnel cross-section from the inlet side showing the isothermal lines over domain
temperatures shown for the heating operation. The values indicated by the digits on the figure show
the temperature of those lines on the cross-section.
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