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Abstract: Energy tunnels having lining equipped with heat exchangers as heat or sink 12 

resources have gained increasing popularity in recent decades to satisfy the energy demand. 13 

This study focuses on numerical simulations based on the continuous operation of thermally 14 

activated segmental linings. It aims to analyze the tunnel environment effect on the energy 15 

performance of a typical metro tunnel section and estimate the concrete lining role in the heat 16 

transfer. Two approaches are expressed to access the system energy efficiency and validated 17 

against existing literature data. The numerical results show the influence of the temperature 18 

difference between the tunnel air and the circulating fluid and the heat transfer coefficient on 19 

the system energy efficiency, which indicates that energy is mainly exchanged with the tunnel 20 

environment in winter, but in summer, the surrounding ground plays a major role for the 21 

studied case. When evaluating the geothermal potential of an energy tunnel, it is necessary to 22 

undertake an initial assessment not only on the ground conditions, but also on the tunnel 23 

environment and the concrete lining thermal properties.  24 
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List of symbols 31 

A   Central area of a zone, m2 32 

Al  Tunnel surface area in contact with the ground, m2 33 

Ceff  Effective volumetric specific heat capacity, J/m3/K 34 

cf   Specific heat of circulating fluid, J/kg/K 35 

cp  Specific heat capacity at constant pressure, J/kg/K 36 

cs   Specific heat of dry solid matrix, J/kg/K 37 

cw  Groundwater specific heat, J/kg/K 38 

Din  Inner diameter of the pipe wall, m 39 

Dout  Outer diameter of the pipe wall, m 40 

fD  Darcy friction factor 41 

heq  Equivalent convective heat transfer coefficient, W/m2/K 42 

hf   Convective heat transfer coefficient of circulating fluid, W/m2/K 43 

ht   Convective heat transfer coefficient at air-lining interface, W/m2/K 44 

k   Hydraulic conductivity, m/s 45 

ṁ   Mass flow rate, kg/s 46 

n   porosity 47 

Pr  Prandtl number 48 

Q̇   Instantaneous heat power, W or J/s 49 

Q̇l  Instantaneous heat power per unit tunnel lining area, W/m2 50 

Qave  The average heat power over an operating period, W/m2 51 

qT  Heat flux, W/m2 52 

q
T 

cond   Conductive heat flux, W/m2 53 

q
T 

conv  Convective heat flux, W/m2 54 

q
T 

v   Volumetric heat source or sink intensity, W/m3 55 

qw  Groundwater flow rate, m/s 56 

Re  Reynolds number 57 

S   Body surface, m2 58 

Sr  Degree of saturation 59 

T   Temperature, ℃ 60 

Ta  Tunnel air temperature, ℃ 61 

Tf   Temperature of the circulating fluid, ℃ 62 

Tin  Inlet temperature of absorber pipes, ℃ 63 

Tini  Initial temperature of the domain, ℃ 64 

Tl   Tunnel lining temperature, ℃ 65 

Tout  Outlet temperature of absorber pipes, ℃ 66 

T0  Initial monitored temperature of tunnel air, ℃ 67 

T∞  Temperature of far field, ℃ 68 

t   Time, s 69 

to   Operating time, day 70 

V   Zone volume, m3 71 
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 72 

List of greek letters 73 

λ   Thermal conductivity, W/m/K 74 

λeff  Effective thermal conductivity, W/m/K 75 

λf   Thermal conductivity of the circulating fluid, W/m/K 76 

λl   Thermal conductivity of tunnel lining, W/m/K 77 

λp  Thermal conductivity of the pipe wall, W/m/K 78 

λs   Solid thermal conductivity, W/m/K 79 

λw   Groundwater thermal conductivity, W/m/K 80 

ρ   Total density, kg/m3 81 

ρd  Dry density of the soil, kg/m3 82 

ρw  Groundwater density, kg/m3 83 

Ω   Body volume, m3 84 

 85 

List of subscripts 86 

x, y, z  Cartesian coordinates, m 87 

i, j  zone numbers 88 

  89 
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1. Introduction 90 

It is estimated that 36% of the total final energy consumption in 2017 was used by built 91 

environments which represented 39% of the global energy-related CO2 emissions in 2017 [1]. 92 

The environmental deterioration is related to the growing energy demand that can be satisfied 93 

by increasing energy supply, for example by finding new ways to exploit oil and gas 94 

reservoirs. However, sustainable solutions rely on both decreasing the consumption of fossil 95 

fuel and developing technologies that harvest renewable energy sources [2].  96 

In recent decades, the ground-coupled heat pump (GCHP) system offered one of the best 97 

ways of providing sustainable renewable energy in an urban environment where the ground 98 

immediately below a city can be utilized as a low-grade energy storage reservoir for its high 99 

energy efficiency and environmentally friendly mechanism for cooling and heating demand 100 

[3]. A modern application of this technology is represented by the so-called energy 101 

geostructures [4–6]. They couple the structural role of geotechnical structures to the low 102 

enthalpy geothermal principles, by integrating in the concrete elements a circuit of 103 

high-density polyethylene plastic pipes for ground heat exchange. These thermally active 104 

systems are mainly related to base slabs, piles and, diaphragm walls [7]. During recent years, 105 

increasing considerations were paid on how this heat transfer technology could be extended 106 

to tunnels as a renewable energy source for energy networks on a city scale [8–10]. The 107 

outstanding advantage of energy tunnels is that substantially larger ground volumes and 108 

surfaces can be activated for heat exploitation in comparison with other geothermal structures 109 

due to their extensive linear characteristics. Urban tunnels are normally built as part of a city 110 

and included in the infrastructure planning, which is considered suitable to supply energy to 111 

built-up areas [11–13]. 112 

An increasing number of tunnels are now being excavated by means of full-face TBMs 113 

for reducing the construction risk when excavated in weak strata, especially for water-bearing 114 

ones. In these cases, the absorber pipes can be simply tied to the reinforcement cage during 115 

the concrete segments prefabrication [12]. An early typical energy segmental lining called 116 

‘Energietübbing’ was designed by Ed. Züblin AG and Rehau AG & Co [15] with the pipeline 117 
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running parallel to the tunnel axis, (Fig. 1a). More recently, a novel energy tunnel precast 118 

segmental lining containing two pipes layers called ‘ENERTUN’ characterized by the main 119 

direction of absorber pipes perpendicular to the tunnel axis and a double circuit to facilitate 120 

the heat exchange with both ground and air was proposed by Barla & Di Donna [16] (Fig. 1b) 121 

and patented by the Politecnico di Torino (Italy).  122 

 123 

             124 

(a)                               (b) 125 

Fig. 1. Existing energy segmental linings: (a) ‘Energietübbingand’ (b) ‘ENERTUN’. 126 

Having the ground on one side and the air on the other side is a typical condition of 127 

tunnels and diaphragm walls, differently from energy piles for instance. Thus the thermal 128 

efficiency of an energy tunnel is influenced by both the tunnel air and the surrounding ground 129 

conditions [17]. The investigation of the thermal exchange with the tunnel air is essential: the 130 

tunnel environment may vary due to inside activities and results in heat exchange alterations 131 

between the tunnel air and concrete lining. The concrete lining acts as a heat transfer medium 132 

that wraps the heat absorber pipes, its role also deserves to be studied. Zhang et al. [18] 133 

carried out a laboratory model test to evaluate the coupling effects of the ventilation and 134 

groundwater flow on the thermal performance of energy tunnel linings. The results revealed 135 

that the tunnel ventilation effectively enhances the heat exchange between the absorber pipes 136 

and the surrounding rock. 137 

Some studies investigated the effects of tunnel air on the energy performance through 138 

numerical modelling [19]. Thermo-hydro numerical analyses conducted by Tinti et al. [20] 139 
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indicated that the tunnel air and the groundwater flow need to be modelled considering both 140 

conduction and convection mechanisms in order to capture its accurate thermal status. 141 

Bourne-Webb et al. [21] showed that energy is mainly exchanged with tunnel environment 142 

rather than with ground and constant temperature boundary can be non-conservative. 143 

Therefore, convective boundary conditions may allow a closer representation of the true state 144 

of an energy tunnel, and the convective heat transfer coefficient is a main parameter that 145 

relates of the tunnel environment to heat transfer rates. Peltier et al. [22] investigated the 146 

relationships between the convective heat transfer coefficient and average airflow velocity for 147 

different concrete surface roughnesses, which provides a way to estimate the convective heat 148 

transfer coefficient value for a tunnel. To assess the influence of some parameters including 149 

the convective heat transfer coefficient on the geothermal potential of energy tunnels, 150 

sensitivity analyses were also carried out by Insana et al. [23], and the effect of this 151 

coefficient variation on the amount of heat flowing between tunnel environment and the 152 

lining was observed. 153 

Despite the previous works, not a lot of data relating to the relationship between tunnel 154 

environment and heat transfer rate of energy tunnels has been published and no quantitative 155 

details between the environmental conditions and the ground conditions are provided, which 156 

motivates the present study. The work presented here is based on numerical analyses. and its 157 

contributions are mainly the following ones: (i) two numerical approaches for quantifying the 158 

thermal efficiency of an energy tunnel are proposed and critically compared as possible 159 

methods to study the influence of tunnel environment, (ii) design charts are provided, for both 160 

heating and cooling modes, to predict the average thermal efficiency as a function of the 161 

tunnel environment conditions, and (iii) the contributions of different components in an 162 

energy tunnel system and the thermal property effect of concrete lining are investigated. 163 

2. Numerical modelling 164 

The heat transfer of a ground heat exchanger system (GHEs) is a complicated process 165 

owing to the conjugate heat transfer of various mechanisms. Generally, heat transfer in soils 166 
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is induced by three main mechanisms: conduction, convection, and water phase change, also 167 

known as latent heat of vaporisation. Radiation in soils usually plays a negligible role for heat 168 

transfer and it is excluded from formulations [3,24]. 169 

Heat transfer by conduction occurs by a collision process between the soil solids 170 

molecules, water and pore air. Heat conduction through air is not of great importance but its 171 

effect should be included in the soil thermal conductivity calculation [25]. The heat transfer 172 

by convection through porous media includes free convection, which accounts for the fluid 173 

motion caused by the density differences due to the temperature variations, and the forced 174 

convection, in which the heat is carried by the fluid motion (underground seepage). Water 175 

phase changes, including water freezing and ice melting, as well as evaporation which leads 176 

to vapor diffusion and subsequent condensation, may also produce latent effects on heat 177 

transfer, but such effects are negligible in the applications studied here. 178 

In the following work, unless specified otherwise, all model components are assumed to 179 

have constant thermal and hydraulic properties. The conductive fluid heat transfer along the 180 

pipes axis is ignored [26,27], and the thermal contact resistance at the interface between the 181 

tunnel lining and the surrounding ground and between the tunnel lining and the absorber pipe 182 

is also considered as negligible. In this study, the ground where the excavation takes place, is 183 

considered as fully saturated. Thus, the following four mechanisms are involved in the 184 

numerical calculations: (1) conductive and convective heat transfer in saturated ground, (2) 185 

conductive heat transfer in the segmental lining, (3) convective heat transfer between heat 186 

fluid and pipes, and (4) convective heat transfer between tunnel air and segmental lining. 187 

2.1. Numerical model geometry 188 

The tunnel geometry was taken from [28] for the sake of validation and comparison. In 189 

order to reduce the complexity and computational time, a 1m-thick model based on the Turin 190 

Metro Line 1 section profile was developed using the finite difference software FLAC3D 191 

(Itasca 2016). The geometry of this model is presented in Fig. 2. The model is composed of 192 

31442 nodes and 15246 hexahedral zones. The modelled tunnel has a 30 cm-thick segmental 193 
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lining with an outer diameter of 6.8m and so that the inner diameter is equal to 6.2m. The 194 

tunnel buried depth is between 18.1m and 24.9m. The excavation was conducted below the 195 

water table which is at 12m below the ground surface. The whole domain is 80m high, 140m 196 

wide and 1m thick. The width is equal to twenty times the outer tunnel diameter, which 197 

allows the boundary effects to be ignored.  198 

 199 

Fig. 2. The geometry and dimension of finite difference model. 200 

The absorber pipes are represented as holes in the model, having a diameter of 25 mm. 201 

The external holes boundaries correspond to the pipe-lining interfaces. The center of each 202 

pipe is at 20 cm from the air-lining interface, with a spacing of 30 cm. No mesh zones are 203 

used for the pipes walls. However, the outside diameter and the pipe walls thickness, which 204 

are respectively equal to 25 mm and 2.3 mm, are taken into account in the computation of the 205 

convective heat transfer coefficient on the pipe-lining interface, as is detailed in section 2.3.  206 

2.2. Mathematical formulation 207 

When only the conductive heat transfer mechanism is considered, the temperature and 208 

the heat flux components are related through the energy-balance equation and transport laws 209 

derived from the heat conduction Fourier's law. The differential equation for an elementary 210 

volume in cartesian coordinates is obtained by substituting the Fourier's law into the 211 

energy-balance equation: 212 
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where λ [W/m/K] is the thermal conductivity and q
T 

v [W/m3] is the volumetric heat source or 214 

sink intensity of the medium, ρ [kg/m3] is the mass density of the considered material, and cp 215 

[J/kg/K] is the specific heat capacity at constant pressure. If the thermal conductivity is 216 

constant, Eq. (1) can be simplified and written as: 217 
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where α = λ/(ρcp) is the thermal diffusivity.  219 

When also convective-diffusive heat transfer mechanism is considered, the energy 220 

balance becomes: 221 

0=−∇+∇+
∂
∂ T

vwww

T

eff qTqcq
t

T
C ρ                    (3) 222 

where qT [W/m2] is the heat flux, qw [m/s] is the groundwater flow rate, ρw [kg/m3] and cw 223 

[J/kg/K] are respectively the fluid reference density and specific heat. Note that Ceff is the 224 

effective specific heat capacity given by: 225 

wwrsdpeff cnSccC ρρρ +==                       (4) 226 

where ρd [kg/m3] and cs [J/kg/K] are respectively the dry density and specific heat, � is the 227 

porosity, and Sr is the degree of saturation. 228 

2.3. Thermal and hydraulic initial conditions 229 

The temperature of the whole domain, including the water in the aquifer, is initialised to 230 

14 ℃, which is assumed to be the undisturbed ground temperature. The position of the 231 

groundwater table is located at a depth of 12.5 m from the surface. The tunnel excavation 232 

takes place below the water table in the homogeneous, fully saturated ground. The material 233 

properties of the tunnel segmental lining and ground are taken from Barla et al. [28] and 234 

listed in Table 1. The same geometry and material properties were also assumed by Ogunleye 235 

et al. [26], and their results are also used here for validation. 236 
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Table 1 237 

Material parameters. 238 

Parameters Ground Concrete lining Groundwater Pipe 

Thermal conductivity, λ [W/m/K] 2.8 2.3 0.65 0.38 

Volumetric heat capacity, ρcp [MJ/m3/K] 2.0 2.19 4.2 - 

Initial temperature, Tini [℃] 14 14 14 - 

Horizontal hydraulic conductivity, kx [m/s] 4.15×10-3 10-16 - - 

Vertical hydraulic conductivity, ky [m/s] 2.08×10−4 10-16 - - 

Porosity, n [-] 0.25 0.05 - - 

2.4. Thermal and hydraulic boundary conditions 239 

Adiabatic boundary conditions are imposed on the vertical surfaces crossing the tunnel 240 

axis, meaning that no heat flux occurs across these boundaries. Constant temperature 241 

boundary conditions are considered on the far-field boundaries (top and bottom model 242 

boundaries as well as on the lateral edges of the model). The temperature is thereby fixed to 243 

the initial temperature applied to the whole domain (i.e. T∞=Tini=14 ℃).  244 

At the interface between the tunnel air and the concrete lining, the heat transfer is 245 

described by a convective boundary condition related to the airflow profile over the concrete 246 

surface [3,7,15,20]. The heat flux component, which is normal to the interface between the 247 

tunnel air and the lining, is written as: 248 

( )alt

T TThq −=                           (5) 249 

where ht [W/m2/K] is the convective heat transfer coefficient that is related to the airflow 250 

velocity and tunnel lining surface roughness [22], Tl [K] is the tunnel lining temperature near 251 

the interface, and Ta is the tunnel air temperature. The tunnel environment is complex and 252 

depends on many factors, difficult to be quantified, which includes the trains circulation, 253 

ventilation and, external climate conditions. For the sensitivity analysis performed in this 254 

study, ht is considered to vary between 2.5 and 25 W/m2/K [21,29]. The boundaries becomes 255 

adiabatic when ht = 0 W/m2/K. 256 
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According to Eq. (5), the tunnel temperature value Ta also plays a significant role in the 257 

heat transfer performance. Fig. 3 shows the polynomial regression of the measured tunnel air 258 

temperature recorded in the Turin Metro from June 2010 to May 2011 [26,28]. The 259 

measurement data taken from this underground tunnel reveals a seasonal oscillation. In the 260 

present study, this curve was subdivided into four phases (Fig. 3). The first 90-days phase 261 

(June to August) was selected for the simulations of the heat injection period in summer, 262 

while a 90-days period (December to February) over the third phase was used for the 263 

simulations of the heat extraction period during winter. This phase represents the highest 264 

heating demand period. The system is considered to be off in phase 2 (September to 265 

November) and phase 4 (March to May) in which the consumption of energy is the lowest. 266 

 267 

Fig. 3. Polynomial regression of the tunnel internal temperature monitored at the metro Torino Metro 268 

[28]. 269 

In terms of hydraulic boundary conditions, pore pressure was fixed on both sides of the 270 

model, according to an hydrostatic distribution. The bottom and vertical surfaces crossing the 271 

tunnel axis are considered to be impermeable boundaries. The thermal and hydraulic 272 

boundary conditions are summarized in Table 2, together with the thermal load which is 273 

imposed in the pipes as a boundary conditions, as detailed in the next section. 274 
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Table 2 275 

Boundary conditions. 276 

 Boundary Type Value 

Thermal 

Lateral sides Temperature fixed Tini = 14 [℃] 

Top and bottom surfaces Temperature fixed Tini = 14 [℃] 

Vertical surfaces Adiabatic - 

Air-lining interface Convective 

ht = 0 – 25 [W/m2/K] 

Ta = see Fig. 7 

Circulating fluid Convective 

Tin = 4.4 and 27.4 [℃] 

heq = 139 [W/m2/K] 

Hydraulic 

Lateral sides Pressure imposed - [Pa] 

Vertical and bottom surfaces Impermeable - [Pa] 

2.5. Thermal load on the absorber pipes 277 

The thermal load on absorber pipes can be considered as a simplified convective 278 

boundary condition that is imposed on the pipe-lining interface.  279 

The radial heat flux applied through the boundary domain surrounding the holes in the 280 

direction of a unit vector n can be expressed as : 281 

( )


 −

=
∂
∂−=

4phaseand2phaseduring0

3phaseand1phaseduringfleq

l

T
TTh

n

T
q λ       (6) 282 

where λl is the tunnel lining thermal conductivity, Tl is the tunnel lining temperature around 283 

the holes, Tf is the temperature of the circulating fluid, and heq [W/m2/K] is the equivalent 284 

convective heat transfer coefficient. For simplicity, the value of heq can be defined as Eq. (7) 285 

by combining the thermal conductivity of the pipe wall λp [W/m/K] and the convective heat 286 

transfer coefficient of circulating fluid hf [W/m2/K] [3]. 287 
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where Dout [m] is the outer diameter of the pipe wall and Din is the inner one. The value of hf 289 
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can be obtained from the Dittus-Boelter equation [30] for a turbulent flow:   290 

in

fn.

f
D

PrRe.h
λ

800230=                          (8) 291 

where Re is the Reynolds number, Pr is the Prandtl number, λf [W/m/k] is the thermal 292 

conductivity of the circulating fluid, n=0.4 for heating and 0.3 for cooling of the fluid. This 293 

equation is valid for Re ≥ 1×105, 0.6 ≤ Pr ≤ 160, L/D ≥ 10, L is the length of the pipe, and D 294 

is the diameter of the pipe. 295 

For Re < 1×105, the Dittus-Boelter equation is no longer recommended because the 296 

deviations increase significantly [31]. Thus, the calculation of hf can be derived from the 297 

Gnielinski correlation [32] for turbulent flow in smooth tubes as follows: 298 

( )( )
( ) ( ) in

f

D

D
f

Df

f
h

λ
⋅

−+
−=

1Pr8/7.121

Pr1000Re8/
3/22/1

                    (9) 299 

where fD is the Darcy friction factor for smooth tubes that can be obtained from the first 300 

Petukhov equation [33]: 301 

( )( ) 2
64.1Reln79.0

−−=Df                        (10) 302 

The Gnielinski correlation is valid for 3000 ≤ Re ≤ 5×106, 0.5 ≤ Pr ≤ 2000, L/D ≥ 10. 303 

For simplicity, in this study, the circulating fluid temperature Tf is represented by an 304 

average temperature along the pipe length at the steady state [34–36]. Tf is considered to be 305 

equal to 4.4 ℃ for the heating mode and 27.5 ℃ for the cooling mode according to [37] 306 

when the groundwater flow rate is equal to 0 m/d. 307 

3. Assessment of exchanged heat  308 

3.1. Numerical approaches 309 

Various numerical approaches were used in literature to investigate the thermal 310 

efficiency of energy geostructures. When the pipes are directly modelled, the exchanged heat 311 

can be computed as [3,23,26,28,37]: 312 

( )inoutf TTcmQ −= &&                            (11) 313 
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where Q̇ [W or J/s] is the heat power, ṁ [kg/s] and cf [J/kg/K] are the mass flow rate and the 314 

specific heat of circulating fluid, and Tout and Tin are the outlet and inlet temperatures of the 315 

pipes respectively. The instantaneous heat power exchanged by the tunnel lining per unit 316 

surface area Q̇l [W/m2] can be computed as: 317 

l

l
A

Q
Q

&
& =                               (12) 318 

where Al [m
2] is the tunnel surface area in contact with the ground. 319 

In other studies, the pipes network are not directly modeled and a thermal loading was 320 

applied instead [38,39]. In the present work, this second approach was chosen and 321 

consequently Eq. (11) is not employed, because this model represents only a section of the 322 

energy tunnel. Thus, defining an appropriate method for the calculating heat exchanged for 323 

this model is needed. In this study, two approaches were developed for estimating the 324 

instantaneous heat exchange of the energy tunnel lining per unit surface area (see approach 1 325 

and 2 below). The average heat power over an operating period Qave [W/m2] can then be 326 

calculated by dividing the total energy exchanged by the operating time to [day]: 327 

( ) ( ) ( )ol

t

o

t

l tAdttQtdttQQ ⋅== ∫∫ //
00

ave
&&                     (13) 328 

Taking into account the heat power at the operation beginning where an unsteady state 329 

exists will overestimate the average thermal efficiency. On the other hand, considering the 330 

steady state value would underestimate it. The heat power for each operation mode was then 331 

averaged after a relative steady state which was defined during a period for which the heat 332 

power variation is lower than 2%.  333 

Approach 1: In this approach, hollow cylinders wrapping the holes (absorber pipes) are 334 

generated with a radial mesh. Thanks to these closed rings, all the heat exchanged with the 335 

pipes flows through the zones in the layers close to the hole. The instantaneous total heat 336 

power exchanged between the pipes and system can be thereby obtained by summing the 337 

energy flow per unit time through each lining zone around the holes. Assuming a total of m 338 

eligible zones wrapping the holes, the equation can be expressed as follows: 339 
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m
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T
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m

i

i AqQQ
11

r&&                         (14) 340 

For the ith zone, the heat power Q̇i can be obtained by the product of the heat flux vector 341 

module T

iq
r

 [W/m2] and the central area Ai [m2] (Fig. 4). The direction of 
T

iq
r

 is normal to 342 

the pipe-tunnel lining interface.  343 

This approach requires less data and has a high computational efficiency. However, it 344 

imposes to adapt the mesh and cannot reflect properly the heat transfer mechanism variation 345 

in each component of the thermally activated system (lining, ground and air-lining interface), 346 

nor evaluate the contribution of the conductive and convective heat exchanged under 347 

different ground conditions. 348 

 349 

Fig. 4. Heat transfer through the zone i around a pipe section. 350 

Approach 2: This approach is an extension of the one developed by Rammal and 351 

co-workers [38] and Delerablee and co-workers [39] for energy walls. The Gauss’s theorem, 352 

also called the divergence theorem, allows to link the heat power to its divergence using the 353 

following equation:  354 

( ) Ω= ∫∫∫∫∫
ΩΩ∂

dqdivSdq
TT rrr

                         (15) 355 

where Ω is the body volume that is subjected to Tq
r

, and S is the body surface. The 356 

calculation of the divergence allows the inlet and outlet fluxes from a ground volume to be 357 

calculated. 358 
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Thus, for the convective-diffusive heat transfer condition, Eq. (3) in its differential form 359 

can be expressed as:  360 

( ) ( ) 0=−++
∂
∂ T

v

T

conv

T

condp qqdivqdiv
t

T
c

rrρ                     (16) 361 

where T

condq
r

 [W/m2] is the conductive heat flux, while T

convq
r

 [W/m2] is the convective heat 362 

flux vector. The internal volumetric heat intensity 
T

j,vq  of a ground zone is equal to zero as 363 

there is no heat source in it, but for each zone in contact with the tunnel air, as it acts as a heat 364 

resource or a heat sink in this system, its value can be defined as: 365 

j

j

T

jT

j,v
V

Aq
q

r

=                               (17) 366 

where Vj [m
3] is the volume of the jth zone, and 

T

j,vq  is positive when the heat is transferred 367 

from the tunnel environment to the tunnel lining and negative when heat flow is in the 368 

opposite direction. The divergence of the convective heat flux can be computed as: 369 

( ) ( )TqdivTqcqdiv wwww

T

conv ⋅+∇⋅= )(
rrrr ρ                     (18) 370 

As the water is considered incompressible, the divergence of the Darcy velocity is equal 371 

to zero, and then the equation becomes: 372 

( ) Tqcqdiv www

T

conv ∇⋅=
rrρ                         (19) 373 

According to the Fourier's law:  374 

Tq eff

T

cond ∇−=
rr λ                            (20) 375 

where λeff [W/m/K] is the effective thermal conductivity, which is isotropic in the convection 376 

formulation. λeff is defined in terms of the solid and fluid thermal conductivities, λs [W/m/K] 377 

and λw [W/m/K], by the equation: 378 

wrseff nS λλλ +=                            (21) 379 

Thus, Eq. (19) can be written: 380 

( )
eff

T

condwwwT

conv

qqc
qdiv

λ
ρ rr

r ⋅−=                      (22) 381 
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Substituting this relation into Eq. (16), it becomes: 382 

( ) T

vpT

T

condwwwT

cond q
t

T
c

qqc
qdiv +

∂
∂⋅= ρ

λ
ρ

-

rr
r

               (23) 383 

The instantaneous heat power exchanged can be calculated by the following equation:  384 

( ) ( )[ ] Ω






 +
∂
∂=Ω+= ∑∫∑∫

ΩΩ

dq
t

T
cdqdivqdivQ

T

vp

T

conv

T

cond ρ-
rr&        (24) 385 

The procedure of this approach was implemented in FLAC3D by the flow chart 386 

presented in Fig. 5. 387 

 388 

Fig. 5. Flow chart showing the program flow of approach 2. 389 

When compared with approach 1, approach 2 has a slower calculation speed because it 390 

needs to consider the temperature gradient and thermal properties of each zone in the whole 391 

domain. Only the heat exchanged by the zones around the absorber pipes is considered in 392 

approach 1. Thus, the two approaches in this study are respectively called ‘local’ and ‘global’. 393 

In particular, the ‘global’ approach offers the possibility to calculate the amount of heat 394 

exchanged by each system component and to distinguish separately the heat transfer by 395 

conduction and convection.  396 

Loop through each zone to obtain mechanical 
and thermal properties ρd, cs, λs, λw  and hydraulic 
propertis n, Sr, ρw, cw (If pore pressure > 0) 

Temperature difference dT at a given 
thermal timestep dt, and conductive 
heat flux vector         (Eq.(20))

Fluid analysis

Effective specific heat Ceff (Eq. (4)), and 
effective thermal conductivity λeff (Eq. 
(21))

Specific discharge vector     
T

condq
r

wq
r

            of each zone (Eq.(22))            of each zone (Eq.(23))

Transient thermal analysis

( )T

condqdiv
r

Intantaneous heat power     (Eq.(24))Q&

( )T

convqdiv
r
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3.2. Validation of the numerical model and approaches 397 

For the validation of the numerical approaches, the model parameters and geometry are 398 

those reported by Barla et al. [28], Ogunleye et al. [26] as well as Di Donna et al. [37]. As 399 

they are all considering the same case study, the initial conditions employed in the literature 400 

are identical to those detailed in section 2.3. Considering the effect of dynamic train loads at 401 

the bottom, only 3/4th of the tunnel lining is considered to be thermally activated for the 402 

comparison with [26]. In this case, the average temperature of the circulating fluid is assumed 403 

to be 5.8 ℃. Phase 3 in Fig. 3 was selected as the tunnel air temperature Ta while the heat 404 

transfer coefficient ht was taken equal to 15 W/m2/K for a 90-day continuous operation for 405 

heating mode. The soil was considered as fully saturated without groundwater flow rate. The 406 

same boundary conditions and properties were adopted for a 30-day cooling operation as in 407 

[37]. For the following sections, the positive value represents extracted heat power, and the 408 

injected heat power is negative. Thus, the magnitude of heat power depends on the absolute 409 

value rather than the sign. 410 

  411 

(a)                                        (b) 412 

Fig. 6. Comparison of heat power per unit of tunnel lining surface: (a) Heating mode, and (b) Cooling 413 

mode. 414 

A good agreement can be observed in Fig. 6a against the numerical results presented by 415 

Ogunleye et al. [26] in which the model was validated by referring to the experimental data 416 
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monitored by Zhang et al. [40]. A higer difference can be observed from 70 to 90 days, and a 417 

maximum difference of 5.4% occurs at the operation end. A perfect match between the local 418 

and global approaches is shown in Fig. 6a and Fig. 6b (considering a groundwater flow rate 419 

of 1.5 m/d). The average heat power obtained from [26] is 31.87 W/m2, while the average 420 

heat power computed by the local and the global approaches are respectively equal to 32.19 421 

W/m2 and 32.64 W/m2, respectively, which means a difference of 1.0% and 2.4% with 422 

respect to the literature data. For the cooling mode (Fig. 6b), different numerical approaches 423 

lead to a difference of 0.2% in average injected heat power over 30 days. As the operating 424 

time increases (tending towards stability), the heat power difference after a 30-day operation 425 

between the literature data and result computed by the local approach is lower than 2.3 W/m2. 426 

In order to reduce the computing time while maintaining an acceptable accuracy level, 427 

the intensity of the mesh near the concrete lining and holes (Fig. 2) was doubled and 428 

quadrupled in order to find the optimum mesh size. The average heat power obtained by the 429 

global approach from cases in Fig. 6a and 6b for the initial model are 32.64 W/m2 and -28.67 430 

W/m2, respectively, while 32.73 W/m2 and -28.52 W/m2 were found for the double meshed 431 

model and, 32.8 W/m2 and -28.43 W/m2 for the quadruple meshed model. No significant 432 

changes are found for the heating mode (maximum error of 0.5%) and cooling mode 433 

(maximum error of 0.8%) in the average heat power beyond the initial mesh size. Therefore, 434 

the initial mesh size of proposed model was selected for the following simulations to save 435 

computational resources and time. It can be deduced that the energy efficiency can be 436 

appropriately calculated by using the proposed model and the two approaches over a period 437 

of continuous heat exchange for the heating and cooling modes.  438 

4. Results of numerical analyses on energy performance 439 

To investigate the thermo-hydraulic behaviour and the related energy performance of 440 

energy segmental linings, it is of interest to assess the effects of other possibly varying 441 

conditions on the thermal efficiency. Two aspects are investigated hereafter: (i) the effect, of 442 

varying the air temperature Ta and the heat transfer coefficient ht on the heat exchange with 443 
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the tunnel environment; (ii) the contribution of each system’s component to the exchanged 444 

heat power. Particular attention is paid to the role of concrete thermal properties on the 445 

contribution of the tunnel lining to the heat exchange. A full ring is thermally activated based 446 

on continuous heating and cooling operations over 90 days for the sake of comparison. 447 

4.1. Tunnel environment influence on total heat power 448 

According to Eq.(5), the heat transfer coefficient related to the tunnel airflow velocity 449 

and tunnel lining wall roughness, as well as the tunnel air temperature may highly affect the 450 

amount of heat flux between the concrete lining and the tunnel environment. To investigate 451 

the influence of tunnel environment on thermal efficiency, different heat transfer coefficients 452 

and tunnel air temperatures were adopted to characterise various environmental conditions. 453 

The parametric study was performed assuming a saturated soil without groundwater flow rate 454 

by varying the heat transfer coefficient ht from 0 W/m2/K to 25 W/m2/K and increasing the 455 

tunnel air temperature Ta from T0-3 ℃ to T0+3 ℃ by increments of 1 ℃, where T0 is the 456 

initial monitored temperature in Fig. 3. The range of Ta during the study period in both modes 457 

is shown in Fig. 7. The other parameters are kept constant as discussed in section 2.  458 

 459 

Fig. 7. The tunnel air temperatures imposed on the air-lining interface 460 

The variations of the instantaneous heat power computed by the local approach and for 461 

two operation modes are plotted for all the considered heat transfer coefficients in Fig. 8, 462 
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together with the air temperature evolution. It can be seen that the instantaneous heat power 463 

has the same varying tendency with the increase or decrease of the tunnel air temperature. 464 

There is an exception for the cases where ht = 0 W/m2/K. This behaviour shows that the 465 

tunnel air temperature is a sensitive factor for the instantaneous heat power when convection 466 

heat transfer coefficient values vary from 5 to 25W/m2/K. Its sensitivity increases with 467 

increasing the heat transfer coefficient. This implies that the tunnel air temperature is an 468 

important factor to take into account in the design when the heat transfer coefficient is greater 469 

than 0. 470 

  471 

(a)                                          (b) 472 

Fig. 8. Variation of the instantaneous heat power per unit of tunnel lining surface (Ta=T0) and the 473 

tunnel air temperature over 90 days for: (a) heating mode, and (b) cooling mode.  474 

The average heat power increases by increasing the convective heat transfer coefficient 475 

ht for all cases for the heating mode (Fig. 9a). However, its rise rate decreases for a 476 

successive increase of the heat transfer coefficient. For example, in the case where Ta =T0 in 477 

heating mode, the average heat power increases by 10.6 W/m2, over an ht range from 478 

5W/m2/K and 10 W/m2/K, and only a 2.4 W/m2/K of difference is observed between the 479 

average heat power at ht = 20 W/m2/K and 25 W/m2/K. 480 

The same trend occurs when assessing the efficiency in the case where Ta is taken lower 481 

than T0 for the cooling mode (Fig. 9b). However, the average injected heat power decreases 482 

as the heat transfer coefficient increases where Ta is equal to or greater than T0. This is 483 
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because the heat power improvement is also influenced by the temperature difference 484 

between the tunnel air and the circulating fluid (Ta - Tf). For the heating mode (winter), since 485 

all instantaneous tunnel air temperatures are always greater than the a verage circulating fluid 486 

temperature (4.4 ℃) during operation, the positive temperature difference allows the tunnel 487 

environment to inject heat into the energy geostructure as a heat source. A higher heat transfer 488 

coefficient then induces higher heat injection efficiency, and consequently, higher heat 489 

extraction of circulating fluid can be achieved. For the cooling mode (summer), since the 490 

average value of T0 is closed to the temperature of circulating fluid (27.6 ℃), the 491 

instantaneous tunnel air temperature is generally lower than the circulating fluid temperature 492 

when Ta is lower than T0. The negative temperature difference causes the tunnel environment 493 

to extract heat from the energy tunnel lining (which is the goal of this fonctionning mode). In 494 

such conditions, the injected heat power of the circulating fluid increases with increasing the 495 

heat transfer coefficient. For Ta ≥ T0, the tunnel environment tends to inject heat to the energy 496 

tunnel lining, and therefore the heat injection of the circulating fluid decreases with 497 

increasing the heat transfer coefficient. In this sense, the efficiency of the system could be 498 

compromised. Generally, a larger positive temperature difference for the heating mode or a 499 

larger negative temperature difference for the cooling mode leads to a greater rise rate for 500 

heat power extraction or injection with increasing the heat transfer coefficient.  501 

  502 

(a)                                      (b) 503 
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Fig. 9. Heat transfer coefficient effect on the average heat power due to differing tunnel air 504 

temperatures in: (a) heating mode, and (b) cooling mode, after 90-day activation. 505 

Fig. 10a and Fig. 10b show a linear relationship between the average heat power and Ta. 506 

The average heat power during the study period differs for different Ta, but remains constant 507 

at 10.22 W/m2 for the heating mode and -14.27 W/m2 for the cooling mode when ht = 0 508 

W/m2/K. In these cases, the ground becomes the only energy resource to exchange heat with 509 

the circulating fluid as the air-lining boundary is considered as adiabatic. As a result, the 510 

value of average heat power reflects the ground heat exchange capacity. The heating mode 511 

results show that the heat exchanged by convection between the tunnel environment and the 512 

energy tunnel lining accounts for a large percentage of the total exchangeable heat. It is even 513 

greater than the ground extracted heat in all cases for the heating mode. Compared to the 514 

thermal insulation condition (ht=0 W/m2/K), the thermal efficiency variation induced by the 515 

tunnel environment for the considered configurations in winter ranges between 147% to 574% 516 

and -112% to 95% in summer. 517 

  518 

(a)                                    (b) 519 

Fig. 10. Tunnel air temperatures effect on the average heat power due to heat transfer coefficients in: 520 

(a) heating mode, and (b) cooling mode, after 90-day activation. 521 

Design charts based on the results discussed above for heating mode (winter) and 522 

cooling (summer) were developed and can be seen in Fig. 11a and Fig. 11b respectively. 523 
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When varying the heat transfer coefficients and tunnel air temperatures, the heat exchange 524 

efficiency ranges in W/m2 are indicated with different colours. Independently of the operation 525 

mode, the highest heat exchange rate is obtained for the maximum heat transfer coefficient, 526 

while the maximum positive temperature difference (Ta - Tf) leads to the maximum heat 527 

extraction rate in summer. The maximum positive temperature difference leads to the highest 528 

heat injection rate. As the heat transfer coefficient decreases, the tunnel air temperature effect 529 

becomes lower, since the contour lines slopes increase gradually. The average heat extraction 530 

rate involving the tunnel environment effect is usually in the range 10 - 65W/m2, and the heat 531 

injection rate varies between 0 and -26W/m2. The heating mode chart is in good agreement 532 

with the recently one proposed by Dornberger et al. [42], but the cooling mode chart shows a 533 

different trend. This is due to the positive temperature difference between the tunnel air and 534 

the circulating fluid, which is different from literature one. 535 

Based on the assumed conditions and geometry, the charts may provide optimistic 536 

results as do not take into account ajacent energy segmental linings. Thus, a more detailed 537 

study should be carried out at the design analysis stage. It is clear that these charts are 538 

typically applicable for cases with similar temperature difference among tunnel air, 539 

circulating fluid and ground. The ground water flow rate is not considered. 540 

  541 

(a)                                         (b) 542 

Fig. 11. Design charts showing the average heat power in W/m2 under different tunnel environment 543 
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conditions and for: (a) heating mode, and (b) cooling mode, after 90-day activation. 544 

4.2. Tunnel environment influence on the heat power of system’s components 545 

The heat exchanged power in each zone can be expressed by its divergence intensity 546 

induced by conduction and convection. Generally, the divergence of a zone as a heat source is 547 

represented by a positive value, while a negative value for a zone represents a heat sink. In 548 

this case, the geothermal system is comprised of three major components: the tunnel 549 

environment, concrete lining and surrounding ground. The mechanism of heat exchange and 550 

divergence in each zone can be obtained by the global method, which allows the calculation 551 

of the instantaneous and average heat power in each component of the geothermal system 552 

during the study period. It is important to note that no groundwater flow rate is considered in 553 

this case study, therefore, the convective term divergence for the concrete lining and the 554 

ground is null.  555 

The conductive divergence distribution maps for two operation modes and two values of 556 

the convective heat transfer coefficient after 90 days are plotted in Fig. 12 a,b,d and e (Ta=T0). 557 

It can be seen that the divergence is symmetrically distributed between the left and the right. 558 

There is a slight difference between the top half and the bottom half section, because the 559 

presence of water table (at 12m depth) makes the effective heat transfer coefficient and the 560 

effective specific heat above the water surface lower than the ones below the water surface. 561 

Considering the tunnel environment influence, even though the heat transfer coefficient is 562 

small (e.g. ht = 5 W/m2/K), the divergence variations of the lining and ground can be large, 563 

thereby significantly affecting the heat power for each component. Fig. 12c and Fig. 12f 564 

show that the tunnel environment and operating mode play a lower role in the divergence 565 

disturbance range. For the heating mode, the conductive divergence in the lining and ground 566 

varies between -0.5 W/m3 and 0.65 W/m3 (right vertical axis) with exception of the inner 567 

tunnel lining wall (left vertical axis). As a heat source, the divergence intensity in the inner 568 

lining wall is significantly higher than that in the other lining parts and the surrounding 569 

ground. An exception appears when the air-lining boundary is considered as adiabatic (inner 570 
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lining divergence is equal to zero), and the divergence in the area around the absorber pipes 571 

shows negative peak values, as they act as a heat sink. When the circulating fluid is cooled, 572 

the opposite trend is expected to occur as shown in Fig. 12f. For both operation modes, the 573 

heat transfer coefficient variation results in the divergence change within the lining and 574 

ground. The position of the maximum divergence intensity in the ground occurs within 3.5 to 575 

4 meters from the air-lining interface, and moves slightly away from the tunnel hole when the 576 

heat transfer coefficient increases. 577 

   578 

(a)                    (b)                              (c)  579 

   580 

(d)                   (e)                            (f) 581 

Fig. 12. Conductive divergence variations around the tunnel: (a) heating mode for ht = 0 W/m2/K, (b) 582 

heating mode for ht = 5 W/m2/K, (c) variations along horizontal direction for heating mode, (d) 583 
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cooling mode for ht = 0 W/m2/K, (e) cooling mode for ht = 5 W/m2/K, (f) variations along horizontal 584 

direction for cooling mode. 585 

After obtaining the divergence of each zone, one can thus derive the average heat power 586 

per tunnel lining surface unit provided by each system’s component (Fig. 13). The term 587 

“tunnel environment” refers to the average heat power obtained from the inner tunnel lining 588 

wall, while the other lining parts are represented by the term “tunnel lining”. The heat 589 

exchanged with the tunnel lining is almost negligible compared with the heat transferred by 590 

thermal conduction through the other two components. For the heating mode, the nonzero 591 

heat transfer coefficient induces that the tunnel lining extract heat from the ambient 592 

environment, resulting in its temperature rise and thus the negative average heat 593 

power/divergence (Fig. 13a).  594 

It can be seen from Fig. 12c and Fig. 13a that although the heat transfer coefficient 595 

increase leads to a lower divergence value for the heating mode, which results in a reduction 596 

in the instantaneous heat power gained from the ground, greater total heat power can be 597 

obtained due to the significant increase in divergence density in the inner lining wall [12]. 598 

The tunnel environment is the primary source of heat extraction in winter, whereas the 599 

ground constitutes the main part for the heat injection in summer (Fig. 13b). The reason for 600 

this phenomenon is attributed to the temperature difference as the key factor discussed 601 

previously. Additionally, the positive average temperature difference in cooling mode during 602 

the study period does not favor heat injection to the tunnel environment, thus reducing the 603 

total system efficiency.  604 
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  605 

(a) Heating mode for Ta=T0                        (b) Cooling mode for Ta=T0 606 

Fig. 13. Average heat power in each system’s component against the heat transfer coefficient. 607 

Since the lining is the medium between the tunnel environment and the absorber pipes, 608 

the contribution of the tunnel environm ent is expected to be highly influenced by the 609 

concrete lining thermal properties as well. In order to understand the role of tunnel lining 610 

thermal properties in the energy performance, the effect of thermal conductivity of the 611 

reinforced concrete was studied through a parametric analysis, by varying it in a reasonable 612 

range according to [43]. Only the different heating mode configurations were investigated 613 

because the tunnel environment influence on the heat power variation is more pronounced 614 

compared to the cooling mode influence. As shown in Fig. 14, the heat power variation in 615 

each component shows the same trend as Fig. 13, i.e. the non-linear increase with the heat 616 

transfer coefficient and the linear increase with the temperature difference between the tunnel 617 

air and the circulating fluid. However, the increase or decrease rate of average heat power in 618 

each component is affected by the thermal conductivity variation. Increasing the tunnel lining 619 

thermal conductivity can facilitate the tunnel environment effect on the energy performance. 620 

Increasing the thermal conductivity for the heating mode can cause an increase of the total 621 

average heat power by around 40% and 21% when considering respectively the maximum 622 

heat transfer coefficient (Ta=T0) and the maximum tunnel air temperature (ht=5 W/m2/K). 623 

These results show that a special attention needs to be given to the tunnel lining thermal 624 

properties when assessing the tunnel environment impact. 625 
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  626 

(a) Heating mode for Ta=T0                 (b) Heating mode for ht=5 W/m2/K 627 

Fig. 14. Average heat power in each system’s component at indicated thermal conductivity of lining 628 

against: (a) heat transfer coefficient and (b) tunnel air temperature.  629 

5. Conclusion 630 

This work presents a numerical analysis of the thermal performance of energy tunnel 631 

linings based on the geometry and geological conditions of the Torino Metro Line 1 section. 632 

It allows to better understand how the heat transfer behaviour of an energy tunnel is af fected 633 

by the tunnel environment. Two numerical approaches were introduced and validated to 634 

calculate the heat exchange efficiency of the model. The main conclusions are as follows: 635 

• The tunnel environment has a crucial role in the thermal performance of an energy 636 

tunnel. The average heat power variation depends on the temperature difference between the 637 

tunnel air and the circulating fluid. The larger the heat transfer coefficient, the greater 638 

magnitude of the heat exchange,  639 

• The heat exchange efficiency shows a non-linear relationship with the heat transfer 640 

coefficient and a linear relationship with the temperature difference between the tunnel air 641 

and the circulating fluid. The presented design charts for different tunnel environments can be 642 

used for the first assessment of a site where similar temperature differences and underground 643 

conditions can be found, 644 

• The change of tunnel environment affects not only the heat exchange between tunnel 645 
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air and geothermal system, but also the amount of energy exchanged with the ground, 646 

however, it has little impact on the volume affected by the heat exchange in the ground. The 647 

ground area with the maximum heat exchange rate is usually located between 3.5 to 4 m from 648 

the air-lining boundary after a 90-day operation, 649 

• In winter, the heat exchange is primarily done with the tunnel environment. In summer, 650 

most of the heat is injected into the ground, 651 

• For the heating mode, maximum improvement of 40% and 21% can be achieved by 652 

varying the thermal conductivity of tunnel lining for various heat transfer coefficients and 653 

tunnel air temperatures. Therefore, to guarantee a reasonable estimation of the tunnel 654 

environment effect on energy performance, special attention should also be paid to the 655 

concrete lining thermal properties.  656 

It is important to note that some results in this study cannot be considered as general to 657 

evaluate the energy exploitation potential of an energy tunnel. A more detailed study should 658 

be carried out at the design stage, which should include detailed aspects of the specific site 659 

installation and working conditions. 660 
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