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a b s t r a c t

Energy geostructures (EGs) represent an innovative technology in the sustainable energy agenda
and are useful for satisfying the energy needs of the built environment. They are usually involving
geostructures such as piles, walls, tunnels, shafts, and sewers. The application of such technology to
infrastructure projects may have considerable thermal potential because of the large surfaces that
can be thermally activated. This study focuses on thermo-active walls (energy walls, EWs), which
are retaining structures used to sustain the sides of excavations. Key features related to their thermal
design are examined, and a design methodology is proposed. The heat-exchange modes involving EWs
and the surrounding materials (concrete, soil, air) are investigated via extensive three-dimensional
hydrothermal finite-element simulations involving the non-isothermal flow in the heat exchangers
(HEs), as well as all other heat-exchange modes. The results are first presented as charts related to
the thermal behavior of the HEs under different hydrothermal environments. Finally, a methodology
for early-stage thermal performance design is proposed, and a corresponding flowchart is presented.
This study may be helpful for incorporating EGs into the engineering design.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Geothermal energy is among the most important renewable
nd sustainable energy sources on Earth1, and many different
echnologies exist for capturing this type of energy. This study
ocused on a particular type of shallow geothermal application:
nergy geostructures (EGs)2. EG, which are also called thermo-
ctive geostructures, are innovative civil engineering geostruc-
ures that couple the structural role with a heat exchanger role.
he transition from regular geostructures to EGs is simple, it
nly requires heat exchangers (HEs) to be installed and secured
o the reinforcing cage whenever a new geostructure is needed.
ome of the main advantages of this technology are that en-
rgy is continuously available, regardless of weather conditions,
t is available almost everywhere and it is usable in a wide
ange of applications3–10. Possible applications of EGs and shal-
ow geothermal systems include: (i) heating and cooling of civil
ngineering structures (residential and commercial buildings, in-
ustries, etc.)11–14, (ii) production of hot water for agricultural
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needs15–17, (iii) de-icing of deck, bridge and road pavements18,19.
EG technology has been developed over the past decades20 and
exhibits a good potential for energy production11, enabling the
satisfaction of the heating and cooling needs of the built environ-
ment.

In this study, thermo-active walls, i.e., energy walls (EWs), are
investigated. Typical examples of EW are single and multi-floored
underground infrastructures (e.g., train stations, underground car
parks, and basements of high-rise buildings) and shallow cut-
and-cover tunnels21–27. Among the various types of EGs, EWs
represent a relatively new technology; consequently, numerous
challenges exist. First, the heat transfer modes and the inter-
actions between the EWs and the surrounding materials are
not fully understood. Second, there is a lack of methods and
guidelines for the thermal and mechanical analysis and design of
EWs.

This study focused on the definition of the thermal perfor-
mance of EWs. The objective was to develop a methodology
for early-stage thermal performance design based on analysis
of the hydrothermal behavior of EWs implemented in a one-
level underground infrastructure. Herein, the main characteristics
of the hydrothermal behavior of EGs that must be considered

in the thermal performance design are first outlined. Second,
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Fig. 1. View of the 3D model, indicating the boundaries: 1-left; 2-rear; 3-right; 4-front; 5-bottom; 6-top.
o
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the features of a numerical model employed to investigate the
hydrothermal behavior of EWs are presented. Then, the results of
extensive numerical analyses (i.e., parametric analyses) are pre-
sented as charts that describe the thermal potential of installing
EWs in different thermal environments and geometrical condi-
tions. Finally, a design methodology with a sound theoretical
basis that links the heat transfers, fluid dynamics, and seepage
in porous media is developed and presented as a flowchart. This
technique can easily be employed by designers to evaluate the
thermal potential of EWs at a known site.

2. Materials and methods

2.1. Hydrothermal phenomena related to thermo-active walls

Thermal activation of walls and, more generally, of geostruc-
tures involves multiphysical phenomena interacting at two differ-
ent scales: the infrastructure scale (i.e. lengths of 100 to 103 m),
as reported and described by Ref. 28, and the HE scale. At the HE
scale (i.e. lengths of 10−2 to 100 m), a fluid flows in the pipes
under non-isothermal conditions, and exchanges heat with the
surroundings. Mutual, concurrent interactions between the two
scales occur during thermal activation and affect the hydrother-
mal behavior. To thoroughly account for all such phenomena,
three-dimensional (3D) hydrothermal finite element modeling is
used in this study. To describe the thermal performance of EWs
in different environmental and geometrical conditions, extensive
numerical (parametric) analyses were performed, as described in
the following sections.

2.2. Features of numerical analyses

In the analyses, a portion of an underground infrastructure
was modeled using the finite element software Comsol
Multiphysics c⃝. The dimensions of the model along the x-, y-, and
z-axes were as follows: 8Hwall + Ltunnel, 8Hwall, 5Hwall, respectively
(Fig. 1) where Hwall represents the EW height and Ltunnel is the
tunnel width. The soil and concrete were considered as isotropic
and homogeneous porous media. The soil was fully saturated
by water. Six adjacent HE pipe loops28 were modeled as linear
entities embedded in the concrete walls.
2

The HE pipes had an outer diameter of 32 mm and an inner
diameter of 25 mm. Water was selected as the circulating fluid,
with the inflow velocity and temperature specified in Section 2.4.
The pipe layout had a vertical W configuration.

The model formulation is reported in Annex A. The model
mesh was created with the following features: (i) the HEs had a
maximum mesh size of 10 cm; (ii) the infrastructure had a mesh
size that ranged from 10 cm in the vicinity of the HEs to 1 m; (iii)
the soil mesh was of 1 m in the vicinity of the EG and it increased
with the distance from the underground infrastructure.

The analysis was divided between two solvers: the first was
a stationary one, where the thermal and hydraulic boundary
conditions were applied. The second was a time dependent solver,
that took the solution of the stationary solver as the initial con-
dition. The fluid flow in the pipes was enabled (i.e., geothermal
activation) during the time-dependent solver. The details of the
thermal input are specified in Section 2.4.

The model performance was first tested by reproducing the
experimental test conducted at the Shanghai Natural History
Museum29. The numerical model geometry presented in Fig. 1
was adapted to account for the experimental data reported for the
Shanghai test29,30. All the model input data are reported in Annex
B. The comparison results for the heat carrier fluid inflow (Tf ,in)
and outlet (Tf ,out ) temperatures reveal close agreement (Fig. 2).

Considering the complex geometry of the model (Fig. 1), vari-
us boundary conditions had to be set. Referring to the numbered
oundaries in Fig. 1, thermal and hydraulic boundaries were set
o account for two groundwater flow directions. Table 1 presents
he selected conditions.

Here H is the total hydraulic head, n represents the normal
outflow unit vector, ρw is the water density, q̇ represents the flow
vector and q̇bc,i represents the heat flux through the ith boundary.
T1,4(z) is the temperature (◦C) distribution along the depth (z, in
meters) approximating the near-surface geothermal gradient in
the shallower 10 m of the subsoil profile:

T1,4 (z) =

⎧⎨⎩T6 − z
T5 − T6
10 m

for 0 < z ≤ −10 m

T6 for z < −10 m
(1)

where T and T can be obtained from Table 2.
5 6
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Table 1
Thermal and hydraulic boundary conditions (the numbered boundaries refer to Figs. 1, 3 and Table 2).
Boundary nr. Perpendicular groundwater flow Parallel groundwater flow

Hydraulic b.c. Thermal b.c. Hydraulic b.c. Thermal b.c.

1 H = −4 m T1,4(z) (Eq. (1)) n · ρwvrw = 0 q̇bc,i = n · q̇ = 0

2 n · ρwvrw = 0 q̇bc,i = n · q̇ = 0 H =

⎧⎪⎨⎪⎩
−7.5 m
−11.0 m
−18.0 m

q̇bc,i = n · q̇ = 0

3 H =

⎧⎪⎨⎪⎩
−5.25 m
−6.5 m
−9.0 m

q̇bc,i = n · q̇ = 0 n · ρwvrw = 0 q̇bc,i = n · q̇ = 0

4 n · ρwvrw = 0 q̇bc,i = n · q̇ = 0 H = −4 m T1,4(z) (Eq. (1))

5 n · ρwvrw = 0 T5 (Table 2) n · ρwvrw = 0 T5 (Table 2)

6 n · ρwvrw = 0 T6 (Table 2) n · ρwvrw = 0 T6 (Table 2)
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Fig. 2. Model performance test: simulation of the Shanghai test29 including a
omparison between the experimental data and the numerical results.

The hydraulic head boundary allows the undisturbed ground-
ater flow velocity (vgw) to be set to different values. In this study
gw ranged from 0 m/d to 2m/d18,31–33. Different wall geometries
ere examined: the total wall height varied between 25.5 m and
0.0 m. The height of the excavated zone remained as indicated
n Fig. 3, while only the embedded height varied. This was chosen
o satisfy the geotechnical requirements as from the Eurocode734.
ccording to this definition, the ratio (rw) between the total wall
eight (Hwall) and the retained height (Hr = 19.9 m as shown in
ig. 3) ranged between rw = 1.28 ÷ 2.01.
The thermal behavior of the EW may be significantly affected

y the hydro-thermal interactions between the wall and the
irflow in the tunnel21,35. In some conditions, the heat exchanged
n this portion of the structure (i.e., at the wall–air interface) may
e predominant: the combination between the air flow velocity
nd the tunnel air temperature defines the heat exchange. In
inite element analyses, convective boundary conditions can be
mployed to describe this phenomenon, avoiding modeling the
omplete airflow circulation in the tunnel. This is a flux boundary
ondition described as follows:

˙ = n · q̇ = h
(
T − T

)
(2)
bc,i a,i a,i ref C

3

able 2
oundary conditions (b.c.) at the wall–air interfaces (the names correspond to
ig. 3).
Boundary details Tmin Tmax vair,min vair,max

5 Bottom 9 ◦C 15 ◦C – –
6 Ground surface 2 ◦C 30 ◦C 0 m/s 5 m/s
7 Tunnel–air interface 10 ◦C 15 ◦C 0 m/s 5 m/s
8 Superstructure–air interface 18 ◦C 0 m/s –

where ha,i is the convective heat transfer coefficient, Ta,i rep-
esents the temperature of the ith boundary, and Tref is the
emperature of the porous medium at the wall–air interface.

It is difficult to describe and monitor the air environment in
unnels with rectangular cross sections36, and there is a lack of
onitored sites21. The air temperature in tunnels varies with

espect to: the distance from the entrance region, the depth of
he tunnel, the influence of the external temperature, the thermal
nergy released by the passage of trains, the energy dissipated
y trains during braking, the crowding of train stations, and
ventually the presence of a lighting system. In this study, the
emperature values for the air in the tunnel were selected after
dedicated literature review on shallow train tunnels located in
ermany, France, Austria and the United Kingdom37–42. The air-
low velocity is directly related to the convective heat transfer
oefficient21. The selected reference values in this study ranged
etween 2.5 W/m2/K and 25.0 W/m2/K.
Moreover, two other environments exchange heat with the

W: a portion of the superstructure and the ground surface
Fig. 3, see locations 8 and 6). At 8, the internal conditions of a
uilding are simulated: the temperature is set as 18 ◦C accounting
or ‘‘near-zero’’ airflow. At 6, the temperature ranges from 2 ◦C
o 30 ◦C, aiming at encompassing various thermal environments
ypical of European climates including worst case scenarios de-
ined as very cold and very hot climates (average temperatures
n Helsinki, Finland43 during winter and Palermo, Italy44 during
ummer), and an average airflow velocity of 2.5 m/s is accounted.
summary is presented in Table 2.
To test the impact of each boundary condition on the thermal

xploitation, a dedicated set of preliminary sensitivity analy-
es was performed, referring to the configurations presented in
able 3. For the analysis, ha,i at the tunnel level was set as
5.0 W/m2/K only.
Neglecting the heat exchanges between the wall and the air

Config. 1) may lead to a critical underestimation of the thermal
otential. On the other hand, accounting for the heat exchanges
n a portion of the superstructure may lead to overestimation of
he thermal potential (Config. 4). In real applications, at shallow
epths, the pipes may be thermally insulated to avoid major
hermal losses in the top part of the excavation. Consequently,

onfig. 3 was adopted for the remainder of the study.
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Fig. 3. Cross-sectional schematic indicating the boundaries (NOTE: the figure is not scaled, quotes are in meters).
Table 3
Configurations used for the comparison of the boundary conditions.
Configuration Description of the b.c.

Config. 1 6, 7, 8 thermally insulated
Config. 2 7 active, 6 and 8 thermally insulated
Config. 3 6, 7 active, 8 thermally insulated
Config. 4 6, 7, 8 active

2.3. Properties of involved materials

The soil description was chosen to perform a thermal char-
cterization typical of fine- and coarse-grained materials. From a
ydraulic viewpoint, the chosen geometric permeability was the
ne typical for coarse-grained materials28,33, as higher groundwa-
er flow velocities are expected to occur for coarser materials. The
nfrastructure was made of concrete, and the HE pipes were made
f high-density polyethylene (HDPE). Water was the circulating
luid inside the HEs and the saturating medium in the soil. The
etails are presented in Table 4.
A wide variety of hydro-thermal environments in the soil and

t the air interfaces were simulated by varying several parameters
Table 5). The variations in the soil thermal conductivity (λs)
aimed at encompassing the majority of shallow subsoil materials,
whereas in the case of concrete (λc), the thermal conductiv-
ity varies in function of a number of parameters, such as the
aggregate mix composition and water content (see Section 3.2).

2.4. Definition and choice of thermal input

The choice of the thermal input is crucial for defining the
thermal behavior of the HE. The selected numerical model in-
cludes the convective and conductive heat transfers within the
fluid, pipe material, concrete, soil and air. In a real application,
the thermal input imposed by the heat pump to the primary
circuit satisfies the (total or partial) energy demand of the served
superstructure. Because this study deals with the preliminary
design stages of a project, there are numerous challenges related
to the selection of the thermal input.

First, a broad variety of energy demand curves exist for differ-
ent types of civil engineering structures and shallow geothermal
applications. It is difficult to define a reliable thermal input that
is representative of all the possible conditions, for winter and
summer operations. Second, the elements constituting the EG
exhibit a response that differs with respect to time and space45
depending on the material characterization and on the ongo-
ing multiphysical phenomena, inducing mutual hydro-thermal
4

interactions28. Third, accounting for a dynamic thermal input
implies a high computational cost and large number of runs.

A trade-off can be achieved by using relatively short-time
constant temperature inputs, to detect the response of the EG
both in the transient and steady flux conditions, providing a
comprehensive overview of the thermal behavior of the HE when
either the short term (intermittent) or long term constant modes
is selected29. With a constant temperature input, the thermal re-
sponse of the HEs is linear depending on the inflow temperature
(Fig. 4), but some correlations to the dynamic response can be
pointed out. It is possible to evaluate the dynamic thermal be-
havior of the HE by applying the Duhamel principle: the dynamic
problem can be solved by accounting for a sequence of infinitesi-
mal impulses of different amplitudes, as shown in Ref. 45. More-
over, at the early stages of EG design, the energy demand curve
may not yet be defined with sufficient accuracy. For these rea-
sons, a constant with time temperature input was set. To account
for temperature limits that are usually prescribed for EGs (i.e.,
soil temperature to be maintained between 0 ◦C and 50 ◦C), the
inflow temperature of the fluid (Tf ,in) in the pipes was set at 5 ◦C
and 25 ◦C for winter and summer operation, respectively, yielding
an average temperature difference between the fluid in the pipes
and the soil of ∓10 ◦C, as shown in Fig. 4. The power extraction/
injection rate (q̇), expressed in W/m2, of the HE loop can be
quantified10,46 as the enthalpy drop between the inflow and out-
flow sections:

q̇ =
APρf Cpf vf ∆Tf

AW
(3)

where ρf , Cpf and vf represent the density, heat capacity and
velocity of the circulating fluid, respectively. ∆Tf is the fluid
temperature difference between the pipe outflow and inflow, and
AW is the equipped surface of the wall.

A constant fluid velocity of 0.5 m/s in the pipes was also
applied to attain turbulent regime. The duration of the analyses
was set to 50 d, which has proven to be sufficient to reach the
steady flux domain.

3. Results and discussion

The results of the numerical analyses are presented in this
section, with a focus on the HE scale and the thermal response of
the HEs. The results are presented as charts corresponding to se-
lected times, allowing the short-term and steady flux responses to
be evaluated. The time dependent HE response is first described.
Second, design charts aiming at highlighting the effects of soil
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Table 4
Material properties.

Material Porosity n (-) Density ρs
(kg/m3)

Geometric
Permeability k∗ (m2)

Heat capacity at constant
pressure Cp (J/(kg K))

Thermal conductivity
λ (W/(m K))

Soil Coarse grained 0.35 2735 10−10 890 1.5 to 3.5
Structure Concrete 0.10 2722 – 837 0.7 to 2.0
Pipes HDPE – – – – 0.4
Fig. 4. Thermal response of a heat exchanger loop at a steady flux with a varying
inflow temperature input.

thermal characterization are proposed. The subsequent section is
dedicated to the structural thermal characterization. Additionally,
a flowchart to be employed for early-stage thermal performance
design is proposed. Table 5 presents the ranges of the parameters
introduced in Section 2.2.

The HE’s thermal response was evaluated accounting to the
ower extraction/injection rate using Eq. (3). A fluid velocity and
temperature were imposed at the pipe inlet, while the fluid

emperature at the outflow was monitored. According to the time
ependency of the thermal response of the HE to a constant
hermal input (Section 2.4), two zones were defined (Fig. 5): (i)
an initial, time dependent portion (the duration depending on the
fluid velocity, the pipe loop length and shape) in which the heat
exchanges were governed by the heat capacity and the thermal
conductivities of the involved materials (called ‘‘transient’’), and
(ii) a time-independent phase where the heat exchanges were
governed by the thermal conductivities of the materials only
(steady flux).

Under transient conditions, the volume of materials affected
by the heat flow quickly increases with time: the portion of soil
affected by the thermal exchange was on the scale of decimeters
to meters. The groundwater flow presence (if any) interacts with
the increasing soil volume in which the heat exchange occurs.
Because of this interaction, for the short-term response, the seep-
age may not significantly enhance the behaviors of the HEs. The
impact of the groundwater flow on enhancing the heat transfer
process increases as steady flux conditions are approached. Ow-
ing to the spatial evolution of the heat exchange processes in the
soil, the power injection/extraction rate decreases with time. The
temperature distribution in the soil was hence transient, and the
heat front moved in the direction of the seepage28.
5

Fig. 5. Applied thermal input, indicating the heat transfer conditions.

Once the steady flux was reached, the thermal response of the
HEs was time independent. This condition was reached after an
activation time on the order of 10 d and allowed us to define
and analyze long term energy exploitation scenarios29. The soil
volume involved in the heat exchange reached its definitive evo-
lution and was recorded on the scale of a few cubic meters around
the EG. If groundwater flow is present, the soil volume affected
by the thermal exchanges was significantly larger depending on
the direction and magnitude of the seepage. In this condition,
mutual interactions among the seepage and the HE occurred: on
one hand, the seepage affected the heat exchanges by moving the
heat in the space, and on the other hand, the thermal activation
induced local seepage variations28.

To study the time-dependent behavior of the HEs’ response,
three time steps were examined, with the aim of comprehen-
sively evaluating the time-dependent heat transfer rates. The
selected timesteps were: 2, 5, and 50 d. The first aimed at defining
the short-term response (e.g. representing highly intermittent
heat pump functioning), the second provided an average value
for the transient condition, and the third provided a measure of
the long-term seasonal performance.

3.1. Thermal behavior of EG under different environmental condi-
tions

In the following section, charts (Figs. 6 and 7) show the power
extraction/injection rate (q̇, on the y axis) with respect to the
groundwater velocity (vgw , on x axis), for two different ground-
water directions and soil thermal conductivities. In both cases,
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Table 5
Ranges of the studied parameters.

λs λc T5 T6 T7 vgw Tf ,in Hwall

min 1.5 W/m/K 0.7 W/m/K 9 ◦C 2 ◦C 10 ◦C 0 m/d 5 ◦C 25.5 m
max 3.5 W/m/K 2.0 W/m/K 15 ◦C 30 ◦C 15 ◦C 2 m/d 25 ◦C 40.0 m
Fig. 6. Charts for groundwater flow parallel to the wall.
Fig. 7. Charts for groundwater flow perpendicular to the wall.
he results refer to the first pipe loop number (i.e., the one with
igher performance); hence all hydraulically induced thermal in-
eractions are neglected. In the subsequent figures, all the results
efer to a concrete thermal conductivity of 2.0 W/(m K). The
6

significance of this key parameter to the results is discussed in
Section 3.2.

To illustrate the effect of increasing the number of HE loops,
Fig. 8 shows the decrement of the power extraction/injection rate
of adjoining HE loops for selected groundwater flow velocities
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Fig. 8. Power extraction/injection rate of adjoining pipe loops in the case of
groundwater flow parallel to the wall.

parallel to the wall. The choice to employ six HE loops was
based on a literature review28, which indicated that the thermal
erformance of the HEs remains constant after a certain number
f HE loops.
Figs. 6 and 7 show the time-dependent decrease (absolute

alue) of the thermal performance (i.e., power extraction/
njection rate) for the HEs transitioning from transient to steady
lux conditions. Notably, the thermal performance of the
eostructure for the condition of groundwater flow parallel to
he wall was higher than that for the corresponding with perpen-
icular groundwater flow conditions. This was expected, because
he magnitude of vgw for the parallel flow was higher than that
for the corresponding case with a perpendicular flow, owing to
the seepage. In contrast, in the parallel flow case, hydraulically-
induced thermal interactions among adjoining loops affected the
thermal behavior, as shown in Fig. 8. Such results may be useful
for a preliminary estimation of the energy potential achievable
with the HEs embedded in retaining walls for early-stage thermal
performance design of the EG. In Figs. 6 and 7, the symbol T
indicates the undisturbed soil temperature (i.e., at the far field).

3.2. Effects of thermal characteristics of structure

The effect of the structural thermal characterization on the
thermal behavior of the HEs is discussed in this section. The
thermal properties of concrete (i.e., the structural material) are
typically affected by seven parameters47: the humidity condi-
tions, age, temperature, water-cement ratio, fine aggregate frac-
tion, type of admixture, and total aggregate volume fraction.
The moisture content and temperature are highly important: the
thermal conductivity in saturated conditions is 50% higher than
that in dry conditions48. Additionally, in experimental studies, the
thermal conductivity increased by approximately 6% with each
increment of 1% in the moisture content49. The aggregate type
7

is another important parameter because concrete is composed of
aggregates for about 60% ÷ 80% of its volume. The thermal con-
ductivity is increased by increasing the coarse aggregate volume
fraction and keeping the sand ratio unchanged48. The density is
another significant parameter: an increase in the density induces
an exponential increase in the thermal conductivity47.

The thermal conductivity of concrete can be engineered to
ome extent: for EG applications, one can choose a concrete
ype with better properties than alternatives, but the long-term
oil–structure interactions and the implications for the thermal
ehavior are hardly definable at the design stage. They depend
ignificantly on the hydro-thermal interactions among the ma-
erials. In the case of the EW, the interactions between the wall
nd the air on the excavated side and between the wall and the
oil on the other side may locally affect the thermal properties
f the structure. To consider such scenarios, in this study, the
oncrete thermal conductivity was varied from 0.7 W/(m K) to
2.0 W/(m K)47. Figs. 9 and 10 indicate the ranges of values of
the power extraction/injection rate with respect to the ground-
water flow velocity for different combinations of concrete and
soil thermal conductivities. The charts correspond to the first pipe
loop, and the hydraulically induced thermal interactions were not
considered.

For each concrete thermal conductivity value, a surface was
identified. The minimum and maximum (absolute) values for
each surface corresponded to the low and high soil thermal
conductivities, respectively.

3.3. A flowchart for early-stage thermal performance design

This section aims at linking the subsoil characteristics and
environmental air conditions to the energy quantities achiev-
able with EWs by defining a flowchart that can be used not
only for the preliminary thermal design of EWs but also for the
decision-making process to decide whether to employ EGs in an
infrastructure project. The required input parameters are related
to the basic hydro-thermal properties of the site: estimations of
the thermal properties of the involved materials and the possible
presence and velocity of groundwater flow that may significantly
interact with the infrastructure. The flowchart comprises two
steps. First, according to the fluid dynamics theory, the main heat
exchange mechanism is defined. Second, by selecting the input
thermal properties, thermal performance of HEs embedded in
EWs is estimated. The objective of this section is to propose a
design methodology for energy evaluations at preliminary design
stages, to address a frequently asked question: how much energy
is achievable by using this technology at a known site?

3.3.1. Analytical solution and Péclet number for steady flux calcula-
tions

To recall some fundamentals of thermodynamics and fluid
dynamics, a simple sketch of an EW was made by consider-
ing the case of a porous material constantly heated from the
side by a rectangular heat source (Fig. 11(a)). In this condition
(i.e., steady flux), it was possible to describe the heat transfer
process (conduction and convection) analytically. The case of a
porous medium fully-saturated with water, with the liquid phase
moving at velocity u̇x, under two-dimensional (2D) conditions, is
resented in Fig. 11(b). Under such conditions, we can determine
n which cases the heat exchanges are dominated by conduction
Pe < 1) and convection (Pe > 1), according to the Péclet number
Pe). This dimensionless quantity is the ratio of the convective
ransport rate and the conductive transport rate in a continuum.
hen applied to hydro-thermal phenomena, it is equal to the
roduct of the Reynolds (Re) and the Prandtl (Pr) numbers:

Pe =
convective transport rate

= Re Pr =
vx

(4)

conductive transport rate α
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Fig. 9. Dependency of power extraction/injection rate on concrete thermal conductivity for groundwater flow parallel to the wall.

Fig. 10. Dependency of power extraction/injection rate on concrete thermal conductivity for groundwater flow perpendicular to the wall.

8
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where v and x represent the velocity field and the geometrical
length of the considered problem and α is the thermal diffusivity.
For the case shown in Fig. 11(b), we have:

Pe =
u̇xa
2α

(5)

This result can also be obtained by using the following ratio of
times50:
1
Pe

=
time for an element in motion to pass the heat source of width 2a

time for the heat to conduct a distance 2a

(6)

=
tconv
tcond

{
if Pe ≫ 1 convective dominated problem
if Pe ≪ 1 conductive dominated problem

here 2a is the width of the heat source (Fig. 11(b)). Then,

conv =
2a
u̇x

(7)

and

tcond =
a2

α
(8)

are obtained by invoking the approximation proposed in Ref. 51
which provides a measure of the spatial extent of the heated
region based on analysis of the error function.

This knowledge can be applied to EWs by analyzing the 2D
case under the following conditions. For groundwater flow par-
allel to the wall, the distance 2a can be considered as the longi-
tudinal length of the thermo-active walls of the infrastructure (it
may range between 100 m and ≈103 m), and u̇x represents the
magnitude of the undisturbed groundwater velocity at the wall–
soil interface (ranges from 0 m/d to ≈ 2.0 m/d). For groundwater
flow perpendicular to the wall, the seepage at the wall–soil
interface is directed vertically; hence the distance 2a can be
considered as the wall height (ranges from 100 m to ≈102 m),
nd u̇x can be considered as the magnitude of the groundwater

velocity at the wall–soil interface (which is significantly lower
than the undisturbed groundwater velocity (vu) because of the
eepage path, usually 1

3vu to 1
8vu)28.

In engineering applications, the Péclet number is typically
arge. Thus, the limit value that separates the conductive- and
onvective-dominated regimes must be studied for small values
f the parameter a, which is defined as half of the length of a
all panel (e.g., diaphragm walls are usually composed of 1.5 ÷

.0 m long adjoining concrete panels) for the case of groundwater
arallel to the wall, and as half of the wall height for the case
f groundwater perpendicular to the wall (Fig. 12). The thermal
iffusivity was studied in the range 1·10−7 m2/s to 2·10−6m2/s33.
The maximum limit value of the velocity for reaching the

ondition Pe < 1 was evaluated: for the parallel groundwater
low, vu = u̇x ≤ 0.5 m/d. For the perpendicular groundwater
low, u̇x ≤ 0.1 m/d, which corresponds to an undisturbed velocity
of vu ∼ (0.3 ÷ 0.8) m/d. In conclusion, a velocity value of vu =

.5 m/d can be used as a separator between the two main heat
xchange modes.

.3.2. Flowchart for early-stage thermal performance design
To propose a flowchart that is based on such results and

heoretical principles, the conditions and implications of each
eat exchange mode must be defined.
In the case of the conductive-dominated regime (i.e., when
groundwater table is not present or vu < 0.5 m/d), the

ong-term sustainability of the project must be guaranteed. It
s essential to ensure an adequate thermal recharge to the soil
ass to avoid unacceptable long term temperature variations52.
9

Fig. 11. Porous medium heated from the side, (a) 3D case and (b) 2D sketch.

n the optimum functioning mode, the cooling and heating op-
rations are balanced. In the case of the convective-dominated
egime, a designer must bear in mind that the heat storage
s inhibited by the fluid flow that dissipates heat in the sur-
ounding soil mass (i.e., only instantaneous cooling can be per-
ormed). Fig. 13 presents the flowchart that can be employed for
arly-stage thermal performance design.

. Conclusions

This paper summarizes some concepts of hydro-thermal in-
eractions applied to EWs and presented a methodology for the
arly-stage thermal performance design of such EGs.
A portion of an energy infrastructure was numerically mod-

led, and the thermal behavior was discussed with reference to
ifferent environmental conditions. Groundwater flow in the soil
nhances the heat exchanges but induces adverse hydraulically
nduced thermal interactions among adjoining pipe loops. The
erformance of one HE loop under parallel groundwater flow con-
itions is higher than that for a perpendicular groundwater flow.
ithin this framework, the time-dependent nature of the HEs

esponse is highlighted. The structural thermal characterization
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Fig. 12. Evaluation of the Péclet number with respect to the groundwater flow velocity for (a) parallel and (b) perpendicular groundwater flow with respect to the
wall.
Fig. 13. Flowchart for early-stage thermal performance design of EWs.
lays a significant role, and precise quantification of the thermal
onductivity is hardly feasible, owing to the broad range of values
vailable in the literature, the dependency on many parameters
such as the density and degree of saturation), and the long-term
nteractions with the soil. Consequently, the response of the HEs
ay vary significantly.
A methodology for early-stage thermal performance design of

Ws was proposed. It has a sound theoretical basis that helps
o account for the multiphysical phenomena interacting with
ne another (thermodynamics, fluid dynamics) at different scales.
nce the basic hydro-thermal characteristics of a site are known,
10
the proposed flowchart can be used to determine the power ex-
traction/injection rates expressed in W/m2 of the thermo-active
surface for heating and cooling operations.

This methodology will help designers to perform a prelim-
inary quantification of the energy achievable by equipping an
infrastructure with EWs during the early-stage design phases.
Moreover, it may impact the decision-making process when the
question is whether or not to install thermo-active elements
on a planned infrastructure project. The data included in this
design tool represent a conservative estimation of the power rate
because of the definition of steady flux conditions with respect to
the selected thermal input.
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Finally, EWs exhibit considerable potential for energy ex-
loitation. The average values for the power extraction/injection
ate range between 10 W/m2 and 50 W/m2. The proposed early-
stage thermal performance design methodology may represent a
decisive tool for designers to close a gap between researchers and
practitioners, enabling the EG technology to be more widely used.
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Annex A. Mathematical formulation of the numerical model

The hydro-thermal behavior is described by the following
equations. The mass conservation equation of the fluid phase in
the porous medium is given as:
∂

∂t
(nρw) + div (ρwvrw) = 0 (A.1)

here n is the porosity of the porous medium, ρw represents the
fluid density, t represents the time and vrw represents the fluid
velocity as from Darcy’s law.

vrw = −Kgrad
(
z +

pw

γw

)
(A.2)

ere, K is the hydraulic conductivity based on the hypothesis of
a homogeneous porous medium, z is the vertical coordinate from
ig. 1, pw is the fluid pressure, and γw = ρwg , with g being
he gravitational acceleration. The hydraulic conductivity, K , is
valuated with respect to the geometric permeability, k∗, ρw , g

and the fluid dynamic viscosity µw .

K = k∗
ρwg
µw

(A.3)

he energy conservation equation can be separated in two parts:
ne related to the conductive and convective heat transfer pro-
esses in the porous materials, and another related to the hydro-
hermal fluid flow inside the HEs.

The former can be expressed as follows:

iv (λ gradT ) = ρCp
∂T
∂t

+ ρwCp,wvrw · gradT (A.4)

where λ represents the effective thermal conductivity of the
materials:

λ = 1 − n λ + nλ (A.5)
( ) s w

11
Here, the subscripts s and w correspond to the solid and fluid
phases, respectively. T is the temperature, and ρCp represents the
effective volumetric heat capacity at constant pressure:

ρCp = (1 − n) ρsCp,s + nρwCp,w (A.6)

The local thermal equilibrium hypothesis is employed, which
finds due justification in the literature28,53–55.

The second part of the energy conservation equation related
to the non-isothermal fluid flow inside the HEs accounts for the
convective heat exchanges within the fluid and the conduction
through the pipe wall:

ρf cf Ap
∂Tbulk,f

∂t
+ ρf cf Apuf · grad

(
Tbulk,f

)
= div

[
Apλf grad

(
Tbulk,f

)]
+ q̇p (A.7)

where ρf , cf , Tbulk,f , uf , λf represent the bulk density, specific
heat at constant pressure, bulk temperature, tangential velocity,
and thermal conductivity of the fluid, respectively. The cross
section of the HE pipe is given as Ap. q̇p represents the heat flux
per unit length through the pipe wall, and is defined as:

q̇p = UPp
(
Text − Tbulk,f

)
(A.8)

where U is an effective value of the pipe heat transfer coefficient
accounting for the thermal resistances of the internal film and
the wall. U is expressed as a function of the hydraulic radius, the
pipe geometry, and the thermal conductivity of the pipe material.
Pp = 2πrint is the wetted perimeter of the pipe cross section, and
Text is the external temperature of the pipe46,56–58.

Annex B. Input data used to reproduce Shanghai Natural His-
tory Museum in-situ test

The input parameters used for the numerical analysis that
reproduced the Shanghai in-situ test are presented in Table B.1.
All the values were obtained from the publications related to such
test29,30.

Table B.1
Input parameters used for the reproduction of the Shanghai in-situ test.
Description Symbol Unit Value

Wall height Hwall m 38.0
Excavated height Hexc m 18.5

Material properties for concrete

Thermal conductivity λc W/m/K 2.34
Thermal capacity Cpc J/kg/K 1046
Density ρc kg/m3 2500

Material properties for soil

Thermal conductivity λs W/m/K 1.74
Thermal capacity Cps J/kg/K 1690
Density ρs kg/m3 1800

Material properties for the pipes

Thermal conductivity λs W/m/K 0.42
Thermal capacity Cps J/kg/K 2300
Density ρs kg/m3 950

Initial conditions

Wall temperature Tc ◦C 23.0
Soil temperature Ts ◦C 16.3

Boundary conditions

Excavation temperature T7 = T8 = T6 ◦C 25.0
Bottom temperature T5 ◦C 16.3

Thermal activation details

Pipe inner diameter din mm 25.0
Pipe thickness tp mm 2.3
Fluid velocity vf m/s 0.6
Inflow fluid temperature Tf ,in ◦C 36
Pipe spacing (U-loop) a m 0.75
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