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Abstract: Thermo-active piles are an upcoming technology for the utilization of subsurface geother-
mal energy in urban areas. This environmentally friendly technology has already been widespread
for the heating and cooling of buildings in temperate regions, whereas in tropical regions it is still
limited due to their unbalanced energy demands. This paper presents 3D thermo-hydraulic coupled
numerical simulations to assess the long-term performance of thermo-active pile systems in tropical
environments for different energy demands. The simulations are based on real data (in situ tests
and field investigations) considering three typical thermal solicitations, thereby maintaining their
practical relevance. Moreover, the energy exchange within soil control volumes is quantified based
on an approach that allows calculating conductive and advective divergence. Parametric analyses
regarding thermal solicitation, pile diameter, and groundwater flow are also performed. The results
indicate that groundwater flow plays the most important role in improving the thermal balance of
thermo-active piles.

Keywords: thermo-active pile; tropical region; conduction; advection; temperature effects

1. Introduction

Heating and cooling demands account for most of the energy consumption of domestic
and commercial buildings. Traditional solutions for heating and cooling buildings consume
large amounts of electricity, natural gas, or fuel. According to REN21 (2022) [1], fossil
fuel sources compose about 78.5% of the worldwide total energy consumption, whereas
only 12.6% is generated from renewable energy sources. To lower the use of fossil fuels
and develop greenhouse gases emission, the Ground Source Heat Pump (GSHP) systems,
also known as geothermal energy systems, have been developed within the last few
decades representing both environmentally and economically friendly solutions to fulfill
the increasing energy demand.

Among various kinds of geostructures (piles, diaphragm walls, basement slabs or
walls, barrettes, tunnel linings) in which heat exchanging pipes can be installed and act
corporately in providing both structural and heat exchange purposes, thermo-active piles
are the most widely applied and are the focus of this study [2–4]. As shown in Figure 1,
piles inject heat into the soil at higher climate temperatures and extract heat from the
ground at lower temperatures. The circulation of the heat exchange fluid is controlled by
the heat pump.

Up to now, most of the existing thermo-active piles have been characterized by a
temperate climate, where the ground temperature stays relatively constant between 10 ◦C
and 15 ◦C over depths from 10 m to 50 m [5]. Whereas in tropical and hot dry climate zones,
the energy demand for cooling is very important (around 56% of electricity consumption),
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and heat is injected continuously into the ground due to the GSHP system operation. The
use of thermo-active piles or geostructures systems may cause an increase in the ground
temperature and then affect their long-term performance.
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Figure 1. The application of thermal-active piles based on energy demand of building: (a) Heating
mode, and (b) cooling mode.

Although the implementation of thermo-active piles/geostructures has been increas-
ing rapidly, till now no common design codes and methodologies exist. Guidelines and
recommendations for the design of thermo-active pile foundations can be found in Ger-
many (VDI,2001) [6], Switzerland (SIA, 2005) [7], UK (NHBC, 2010) [8], and France (French
Recommendations, 2016) [9]. The responses of thermo-active piles are highly affected by
the applied thermal load, the ground conditions, the degrees of end restraints as well as pile
characteristics (geometry and concrete elastic modulus) [10–12]. The main features caused
by thermal solicitations of thermo-active piles are characterized by the axial deformation of
the structure, the stress/load variations induced by the constrained thermal expansion and
contraction, and the resistance changes resulting from heating and cooling [3,13].

The design approaches for thermos-active geosystems affected by groundwater flow
have not been well defined yet. Therefore, analytical solutions for the ground temperature
response functions based on the infinite line heat source approach are adopted in this work
to assess heat transfer with the presence of groundwater flow [14]. Thermo-hydraulic cou-
pled simulations can provide a more thorough understanding of the system temperature
influence on the surrounding environment and heat diversion. In addition, the assess-
ment of thermo-active system performance in various aspects such as the long-term heat
exchange behavior is still an open issue.

The thermal operation of thermo-active structures strongly depends on the regional
heating and cooling energy demands [15,16]. When they are nonsymmetrical over seasons,
the sustainability will be directly affected, especially in tropical climates or cold regions.
Sittidumrong et al. (2019) conducted oedometric tests regarding the tropical Bangkok sand.
In this region, the ground temperature near the pile-soil interface can increase from 28–30 ◦C
to 50 ◦C due to the thermo-active pile’s operation [17]. Morais et al. (2020) performed a
series of laboratory and field tests to evaluate the seasonal thermal performance of a thermo-
active pile in a typical Brazilian tropical soil profile [18]. The studied unsaturated tropical
soil thermal conductivity increases by 32% after the rainy season, leading to a heat transfer
efficiency variation. It is also critical to evaluate the climatic temperature information,
particularly in regions with inherent seasonal variability. Roy et al. (2020) investigated
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the applications of thermo-active structures under tropical and subtropical climates in a
commercial scope [19]. Compared to the subtropical regions, the thermo-active systems in
tropical regions are less economically viable due to their inefficient performance and high
cooling demand. The more balance between heating and cooling, the more economically
feasible is the GSHP system. Casagrande et al. (2021) carried out thermal response tests on
a thermo-active micropile in a typical tropical sedimentary stratified soil profile [20].

The long-term assessment of the thermal balance of the GSHP system provides im-
plications for its thermal sustainability. However, most of the existing literature ignores
this point. Rybach and Eugster (2010) experimentally and numerically demonstrated that
single borehole heat exchanger-coupled geothermal heat pumps can operate sustainably for
decades with combined heating and cooling demands [21]. For the long-term performance,
Zanchini et al. (2012) used the finite-element method to investigate the role of groundwater
flow on the 10-year performance of large borehole heat exchangers, it was shown that the
groundwater flow does not affect the hourly peak thermal loads but improves the long-term
system efficiency [22]. Bidarmaghz et al. (2016) studied numerically the effect of surface
air temperature fluctuations on the GSHP heat exchange rate over 25 years, which would
reduce the length of 30m-deep thermo-active piles by about 11% to achieve economic sav-
ings [23]. This effect was also emphasized by Choi et al. (2018) [24]. Iorio et al. carried out
a numerical analysis to assess 60 years of thermal perturbation from a low enthalpy heating
plant. They showed that sustainability is related to the characteristics of the groundwater
flow (direction and pressure) and the position of the geothermal system [25].

The lack of knowledge of the long-term performance of thermo-active piles in tropical
regions motivates this study. Differing from other studies conducted in temperate regions,
tropical climatic temperatures and geological conditions are taken into account here, and
energy demands in three cities in Brazil are chosen. This work also performed parametric
analysis through coupling thermo-hydraulic numerical simulations. The thermal behaviors
of a thermo-active pile for 10 years are investigated. Additionally, a numerical approach
compiled in the FISH language is used to quantify the heat exchange in terms of conduction
and advection, which distinguishes the contribution of groundwater flow and the ground The
distinction between conduction and advection divergence for the energy exchange with the
presence of groundwater flow is therefore investigated. Some recommendations on the proper
implantation conditions of thermo-active piles at the design stage are addressed at the end.

2. Numerical, Modeling of the Long-Term Performance of Thermo-Active Piles
2.1. Heat Transfer Mechanisms

Heat conduction mainly occurs within solid materials, such as the pile and the ground.
It is governed by the material’s thermal properties. The heat transfer driven by the ground-
water flow and the heat exchange between circulating fluid and pipes are mainly controlled
by the thermal convection mechanism. Generally, compared to the other two phenomena,
radiation is negligible for heat transfer in a thermo-active pile system.

2.1.1. Heat Transfer between Thermo-Active Geostructures and Soil Masses

In soils, conduction is usually the dominant process, but if the groundwater flow is
present, then advection can also be important [26]. In thermo-active piles, conduction takes
place in the concrete and the pipe wall, while convection happens within the pipes owing
to the internal flow of the heat transfer fluid. This study assumes that the heat transfer
in thermo-active pile systems can be simplified into two phenomena: the pile-ground
conduction and the groundwater flow carried advection.

To estimate the total thermal exchange between these two media, most existing studies
use the following equation:

Qtotal = m f c f (Tin − Tout) (1)

where Q_total is the heat exchange (W), mf is the mass flow rate of the heat carrier fluid
(kg/s), cf is the specific heat of the flowing fluid (J/kg/K), Tin and Tout (K) are respectively
the fluid temperatures at inlet and outlet. Considering that the difference between inlet
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and outlet temperatures is usually lower than 5 degrees, it approximates the total thermal
transfer efficiency as a first approach. However, this approach can only assess the total
heat exchange. Also, an average temperature is applied to the finite line heat sources (see
Section 2.2.2). Therefore, a strategy developed by Rammal (2017) and Delerablée et al. (2018)
to evaluate the conductive and advective heat exchange by thermo-active geostructures
and the surrounding soil is adopted [27,28].

The energy balance equation can generally be expressed in its differential form, which
represents the contribution of conduction and advection as:

Ce f f
∂T
∂t

+ div
(
⇀
J cond

)
+ div

(
⇀
J adv

)
− jint = 0 (2)

where Ceff is the effective volumetric specific heat (J/m3/K), T is the temperature (K),
⇀
J cond

is the conductive heat flux (W/m2),
⇀
J adv is the advective heat flux and jint is the production

of internal volumetric heat (W/m3) which is normally ignored in terms of the limited depth
of the structures and the geology.

Ce f f = ρgcg + ngSρwcw (3)

where S is the degree of saturation, ng is the porosity, ρgcg and ρwcw are the volumetric
specific heat of soil and water (J/kg/K), respectively.

This differential form of energy balance equation makes it possible to reveal the
divergence of fluxes by conduction and advection in thermal transfers (depending on the
presence or absence of groundwater flow). The conductive or advective divergence can be
calculated at each instant for each solid element.

Thus, the divergence of the advective flux is defined by the following equation:

div
(
⇀
J adv

)
=
→
∇·

⇀
J adv =

→
∇·
(

ρwcw
→
ν DT(x,y,z)

)
= ρwcw(

→
ν D·

→
∇T(x,y,z) + T(x,y,z)

→
∇·→ν D) (4)

where
⇀
J adv is the vector of the advective term for each zone i and at each time t, ρw is the

density of water (kg/m3), cw is the specific heat of the water (J/kg/K),
→
ν D is the fluid spe-

cific discharge (Darcy velocity in m/s), and T(x,y,z) is the zone temperature. Since the water
is not compressible, the divergence of the Darcy velocity is zero, and the equation becomes:

div
(
⇀
J adv

)
= ρwcw

→
ν D
→
∇T(x,y,z) (5)

Following Fourier’s law, the divergence of the conductive flux is defined by:

⇀
J cond = −λg,e f f

→
∇T(x,y,z) (6)

where
⇀
J cond is the vector of the conductive term, λg,eff is the element effective thermal

conductivity (W/m/K).
λg,e f f = λg + ngSλw (7)

where λg and λw is the thermal conductivity of soil and water, respectively (W/m/K), S
is the degree of saturation and ng is the porosity. All the thermal parameters refer to the
bulk properties.

It should be noted that in this approach, heat exchange pipes are not modeled but
replaced by equivalent line heat sources in the thermo-active piles, so the convective heat
exchange for pipes is zero.
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2.1.2. Thermal Exchange Power Evaluation

The flux-divergence theorem, also known as Ostrogradsky’s theorem, states that the
sum of all sources gives the net flux out of a region. According to the following formula, the
advective and conductive flux is equal to the total heat exchange in the considered volume:

y

V

→
∇·→q dV =

x

Sth

→
q ·→n dS (8)

where V (m3) is the volume of a body,
→
∇·→q is the divergence of the flux (W/m3),

→
q is the

flux density (W/m2),
→
n is the flux vector and Sth is the heat exchange surface (m2). In

steady-state conditions, the equation becomes:

x

V

→
∇·→q dV = 0 (9)

The divergence integration for the total volumetric thermal exchange Pv(t) in a control
volume V at the time t can be defined as:

Pv(t) = ∑N
i=1 Vi(div

(
⇀
J adv,i(t)

)
+ div

(
⇀
J cond,i(t)

)
) (10)

where div
(
⇀
J adv,i(t)

)
and div

(
⇀
J cond,i(t)

)
are the divergence of advection and conduction

for each zone i and at each time t (s), N is the total number of the zones contained in the
control volume.

Consequently, the corresponding energy (J) exchanged within the control volume for
a certain period of time can be calculated by:

Qv(t) = ∑N
i=1 Vi(div

(
⇀
J adv,i(t)

)
+ div

(
⇀
J cond,i(t)

)
)∆t (11)

where ∆t stands for the duration of system operation.

2.2. Energy Demand Assessment

In temperate climates, buildings have relatively balanced needs for cooling and heating.
When only cooling is required or when the energy demands are highly uneven, the thermal
performance of the system may drop after a period. A thermal drift in the ground can then
happen. Determining how much energy can be extracted or stored within the ground is an
essential step to assure the efficiency of the system and restrict the temperature changes
in the entire system. Climate and thermal regulations of the country/region are the main
factors that affect the energy demand of buildings.

2.2.1. Climatic Conditions in Brazil

Brazil is the eighth–largest energy consumer throughout the world, with its vast
tropical areas, the total primary energy consumption in Brazil has increased by 28% in the
past decades due to economic growth [29]. The implementation of an efficient GSHP system
would substantially reduce its primary energy consumption and carbon emissions. Several
exploitations of the thermo-active geostructures were conducted in this region, but its
application is still limited due to the scarcity of reliable thermal design approaches and poor
understanding of its long-term thermo-hydraulic behavior in tropical regions. Anyhow,
the Return On Investment (ROI) has to meet expectations in order to answer economic
questions. Therefore, there is a strong interest in the assessment of the sustainability and
efficiency of this technology in these regions [20].

Although most of Brazil lies in the tropics, the climatic conditions are various in
cities due to its large country size. While in the northern cities of the Amazonas state
(Manaus), the climate can get extremely hot all year. Cities such as São Paulo, Brasília and
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Belo Horizonte have mild climates. The southern cities of Porto Alegre and Curitiba have
mild winters. Therefore, three cities representing different corresponding regional climate
characteristics are selected as the source of different thermal solicitations applied in this
study: Brasilia, Porto Alegre, and Manaus (Figure 2).
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Figure 2. Locations (a) and the monitored monthly average temperature (b) of the three cities
(https://www.123rf.com) (accessed on 9 July 2022).

The variation of ambient temperature in Brasilia can be described by a continuous
sinusoidal curve:

T(t) = Tyear + AT(sin(ωt) + ϕ) (12)

where T(t) is the instant temperature at the time t (◦C), Tyear is the annual average temper-
ature which equals 20.7 ◦C, AT = 1.79 is the maximum annual amplitude, ω = 2.03 × 10−7

is the radial frequency of the annual signal phase, and ϕ = 2.11 specifies where in its cycle
the oscillation is at t = 0.

Considering the same sinusoidal form as in Brasilia, the real annual temperature
variation in Porto Alegre can be converted into a more complicated curve:

T(t) = 5.16 sin
(

2.05 × 10−7·t + 1.39
)
+ 0.04 cos(0.5t + 80) + 19.54 (13)

The temperature is relatively constant in Manaus with an average of 27.4 ◦C.

2.2.2. Thermal Solicitations

Based on the real external air temperature variations in the three selected cities, three
different types of thermal solicitations imposed on the piles can be derived: T1—Brasilia;
T2—Porto Alegre; T3—Manaus. As shown in Table 1, about one-third of the time in a year
in Brasilia, buildings need to be heated. Since the peak cooling power requirements can be
considerably higher than the peak heating power requirements, a smaller amplitude was
adopted for the heating phase [30]. The energy injected and extracted during the year is
proportional to the duration of cooling and heating and maintains a balance of respectively
37 and 63%. In Porto Alegre, it is almost half for heating and half for cooling, while in
Manaus the energy demand is 100 % for cooling.

The heat exchangers (absorber tubes) are modeled by finite line heat sources (FLS)
instead of applying heat flux boundaries in the pile to simulate the energy exchange. For
feasibility studies and pre-design of energy foundations, the decision tree coming from
the Swiss Society for Engineers and Architects (SIA) is used to define the FLS intensity
of thermo-active pile foundations (Figure 3). It considers the operation mode of the

https://www.123rf.com
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geothermal system as well as the ground conditions where the heat exchangers are installed,
in particular the groundwater flow presence. In addition, the comfort air temperature
threshold known from the Passivhaus standard (international energy performance standard
for buildings) is assumed to be 20 ◦C. Therefore, when the temperature is above 20 ◦C, heat
source power is positive, which means heat is injected into the ground to meet the cooling
demand of buildings; while it is below 20 ◦C, the heat source power value is negative,
allowing the pile to extract heat from the soil to meet the heating demand. Considering
these factors, transient line heat source intensities of the whole energy pile for 1 year
(1 cycle) are implemented in relation to the temperature and can be defined in Figure 4. As
shown in this figure, three various typical tropical climate conditions are selected in this
study: Manaus in the Amazonas state of Brazil with a constant high temperature of 27.4 ◦C,
Brasilia with a mild climate zone with a temperature range of 18.9–22.5 ◦C. Porto Alegre
in the south of the South American Plate with a temperature range of 14.4–24.7 ◦C. The
magnitudes of their temperature variations are 0 ◦C, 3.6 ◦C, and 10 ◦C respectively.

The transient thermal power of T1 and T2 fall in the ranges of [−30, 45] W/m and
[−45, 45] W/m, respectively (pile diameter is 1 m), with a negative sign representing
heat exaction. For T3 the power is fixed at 45 W/m. Depending on the temperature
variation, the energy injection or extraction of the pile will also change. The heating peak
and cooling peak of the pile are donated by HP and CP, respectively. In real practice, energy
injection and extraction will not very likely be proportional to the cooling and heating
demands, however, to quantify and compare the impact of imbalanced thermal demands,
the simplified design of thermal solicitations described above is adopted.

2.3. Ground Investigations
2.3.1. Tropical Soil Thermal Properties—In Situ Measurements (TRT)

As tropical weathering involves decomposition and chemical–mineralogical and struc-
tural transformation, tropical soils have different properties and behaviors from the soils in
temperate/cold regions [31]. In Brazil, lateritic soils are abundant. They are the product
of an intensive weathering called laterization. The recurrence of wet and dry seasons
is an important feature of laterite formation. The laterization process is defined by the
migration of particles through water infiltration, creating a highly porous layer with almost
exclusively the most stable minerals (e.g., quartz and kaolinite) and enriching the soil with
iron and aluminum and their associated oxides such as sesquioxide [32]. According to
Vargas (1975), the lixiviation and particle cementation are responsible for the formation of
aggregates and a porous structure, which generally results in a soil with an open structure,
low specific gravity, high void ratio, high permeability, and high resistance to erosion [33].
The macro-porous structure makes these soils highly compressible, aside from usually
exhibiting collapsible behavior.

Table 1. The assessment of heating and cooling demand over 1 year for the three types of
thermal solicitations.

Parameters T1—Brasilia T2—Porto Alegre T3—Manaus

Heating Time [day] 133 187 -
Pmax [W/m] 30 45 -

Cooling Time [day] 227 173 360
Pmax [W/m] 45 45 45

Imbalance % 37–63 52–48 0–100

To choose the most appropriate sites for the implantation of thermo-active geostruc-
tures, the various thermal, hydraulic, and mechanical properties of sites should be taken
into consideration. In terms of porosity, water content, hydraulic conductivity, density,
deformability and strength, standard test methods are used for the quantification of these
properties of soils. For their thermal properties, the “geothermal response test” is rec-
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ommended. Thermal conductivity and volumetric heat capacity are the most significant
thermal properties of soils which are crucial to an engineering design [34].
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Figure 3. Flow chart for energy output for pile heat exchangers. Note: for piles greater than 0.4 m in
diameter, the spacing is usually larger and the above performance can be improved upon, possibly
by up to 50% for large (>1 m) diameters.
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Figure 4. Annual ambient temperature and finite heat source power for three cities (1 year/1 cyclic).
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A Thermal Response Test (TRT) was performed by Morais and Tsuha in Sao Paulo
city [35]. It was carried out by injecting a constant heating power via the heat circulating
fluid within a thermo-active micropile. The pile with a diameter of 0.35 m and a length of
15 m was equipped with a U-shaped pipe. During approximately 10 days of operation, the
inlet fluid was fed at a constant flow rate of 3.52e-4 m3/s and the inlet temperature was
monitored along with the outlet temperature. The site represents a saturated clayey sand
condition of the Brazilian southeast region. The groundwater table varies seasonally from
2–3 m below the ground surface and was 1.9 m when the test was performed.

The TRT results were interpreted based on Kelvin’s linear heat source theory. Parame-
ters were derived from this test:

• The undisturbed ground temperature: 297.85 K,
• The effective thermal conductivity λeff: 2.82 W/m/K,
• The average pile thermal resistance Rb: 0.13 m·K/W.

It is important to know that such thermal response tests are not enough to determine
the properties of soils. Still, the in-situ measurements have the advantage to be done in
‘real conditions’, the measured effective thermal conductivity is adopted in this study as a
reference value in the following parametric studies. It is worth noting that this effective
value is equivalent to sedimentary limestone [36]. According to the soil profile and the
measured thermal conductivity value, the soil specific heat capacity cg is estimated as
2200 J/kg/K based on the table of soil thermal and hydraulic properties from Riederer and
Nguyen (2007) [37].

To verify the reliability of the properties adopted, numerical simulations of a TRT
test performed considering another experimental site were compared, based on the in-situ
results reported by Morais and Tsuha [38] (case of an unsaturated soil). The average of
fluid temperature, i.e., (Tin + Tout)/2, and the variation of the ambient temperature with
time are selected as the thermal loads. Two monitoring points were located at a depth of
7.5 m, with a distance from the pile axis of 1 m and 2 m, respectively. As shown in Figure 5,
the model with the above soil properties is able to accurately capture and replicate the soil
temperature responses to the test and are therefore employed in this study.
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2.3.2. Ground Temperature

In the design of thermo-active geostructures, the ground temperature is an influential
factor. The daily ambient temperature variation cycles will affect the shallow ground
temperature with a maximum depth of 10 m. The soil temperature remains constant at
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depths greater than 10 m. Likewise, at greater depths well below 10 m downward, due to
a small amount of heat being conducted from the earth towards the surface, the average
temperature slightly increases with depth, the gradient is around 2.5 ◦C per 100 m.

The variation of ground temperature in the uppermost few meters forms a sinusoidal
function as expressed in the following equation [39]:

T(z, t) = Tyear + ATe−(
z
d )
(

sin
(

ωt + ϕ− z
d

))
(14)

where T(Z,t) is the temperature at a depth z at an instant t (◦C), ω is the radial frequency
of the annual signal phase and d is the damping depth of the annual temperature signal
(m) and is defined by d =

√
2α/ω, where is the thermal diffusivity of the ground (m2/s),

which can be obtained by α = λ/pc. ρ is the density (kg/m3), λ is the thermal conductivity
(W/m/K) and c is the heat capacity (J/kg/K).

Two of the three cases: T1—Brasilia and, T2—Porto Alegre, adopt this method to rep-
resent ground temperature. For T3—Manaus, the soil temperature is considered constant
at all depths. According to the equations mentioned above, the calculated damping depths
are presented in Table 2.

Table 2. Corresponding damping depths of the three cities.

City T1—Brasilia T2—Porto Alegre T3—Manaus

Damping depth d [m] 2.36 1.37 -

Figure 6 presents a profile of the calculated variations of ground temperature with
depth for T1—Brasilia. The difference between the surface temperatures is in the range of
3.5 to 10 ◦C, and the temperature convergence occurs at depths of 7 m for T1—Brasilia and
3 m for T2—Porto Alegre.
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2.3.3. Groundwater Conditions

In this work, hydrostatic and groundwater flow are considered. Based on the condi-
tions of the in-situ TRT, the groundwater table is fixed at 2 m below the ground surface. The
soil is considered dry above the groundwater table. When groundwater flow is present, the
flow velocity is governed by Darcy’s law, which is related to the hydraulic gradient and the
hydraulic conductivity. If the hydraulic gradient changes, the saturation zone will change,
then the water content variation will significantly influence the thermal conductivity and
the specific heat of soils. In this manner, different permeability values are selected to
maintain the thermal properties of the medium in numerical calculations.
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Note that since the water density and dynamic viscosity are assumed to be constant
values in this study, and the flow rate is relatively large, the impact of temperature variation
on groundwater flow can be neglected.

3. Results
3.1. Geometry and Boundary Conditions

The finite difference numerical analysis is conducted using the software FLAC3D

version 6.0. Unless otherwise stated, groundwater is considered to be static, and natural
convection was not considered in this study. The top of the pile is suitably extended by 0.5 m
to ensure that the temperature in pile head zones varies with the atmospheric temperature.

A thermo-active pile with a diameter of 1 m and a length of 9.5 m is set up in the soil
mass. The soil properties are adopted from the TRT site. A monolayer is considered in order
to reduce the calculation complexity, and its properties are assumed to be homogeneous as
summarized in Table 3.

Table 3. The properties of the soil and the pile.

Material Properties Units Soil Pile

Density, ρ [kg/m3] 2000 2500
Thermal conductivity, λeff [W/m/K] 2.82 1.8
Specific heat capacity, cp [J/kg/K] 2200 1000

Hydraulic conductivity, k [m/s] 1 × 10−6 -
Saturation, S - 1 -

Porosity, n - 0.5 -

The finite line heat sources are applied at 10 cm from the pile-soil interface (see
Figure 7), representing the real positions of the heat exchanger tubes. They are extruded
along the full length of the considered piles, i.e., 9.5 m in this study. The heat power at each
gridpoint is equal to P(t)/2N, P(t) is the total thermal power of pile (W) and is given in
Figure 4. Because only half of a pile is built, the simulated thermal power is also half of the
total power and N is the number of all gridpoints that constitute the finite line source.
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A mesh refinement in the numerical analysis is considered at the pile proximity. A
parametric analysis was conducted to determine the numerical model dimensions to avoid
the boundary effects and to define adequate mesh refinement. The considered mesh
(composed of 103,704 nodes) for the 3D model for the following analyses is shown in
Figure 7.

3.2. Results and Discussions
3.2.1. Influence of Imposed Thermal Solicitation

Temperature variations at the pile-soil interface at different depths from the ground
surface were measured. As shown in Figure 8, it reflects the long-term variation of the
soil temperature at the pile vicinity. When the maximum and minimum temperatures
at a specific position remain unchanged under the cyclic loading, thermal equilibrium
is considered to be reached there. For better visualization, the maximum and minimum
values for each year are connected by dashed lines. In the T1 case, minimum and maximum
temperatures at three points increased rapidly in the first two years and then increased
more slowly. The same increasing trend can be observed in the T3 case. It indicates that the
average temperature around the pile is becoming less favorable to a cooling demand due
to a residual ground temperature increase under these two thermal solicitations.
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For the T2 case, the variation trends of the minimum and maximum temperatures are
different for the three depths. The temperature change magnitude closer to the ground
surface decreases from year to year, while the opposite trend is observed for the depth
of 5 m. The difference between the minimum and maximum temperatures closer to the
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pile bottom is basically constant for the depth of 9 m. The conclusion can be drawn that
an accumulated temperature is induced in the middle part of the pile by the continuous
cooling operation. The heat exchange in the pile head area is influenced by the ambient
temperature and therefore counteracts part of the heat accumulation, and the temperature
in the bottom part is lower than the middle due to a larger heat dissipation area. Unlike the
other two thermal solicitations, the largest temperature change in T3 occurs at a depth of
5 m. The temperature change rate in these three thermal solicitations after 3 years shows
that there is no significant degradation of the system sustainability over its entire service
life (typically 30–50 years).

It is also important to note that the key to justifying the performance of thermo-
active piles is to determine whether the building’s demand for heating and cooling can
be fulfilled without causing an important impact on themselves and their surroundings.
The temperatures along the soil-pile interface to the model bottom at the heating peak and
cooling peak in the last year are considered to represent the maximum values of each phase
and are shown in Figure 9. The ISO 13256-1 standard recommends that the coefficient of
performance (COP) must be higher than 3.3 and should be greater or equal to 4 for economic
reasons [40]. To ensure this condition for the heating mode, the ground temperature should
not be lower than 0 to 5 ◦C while the secondary circuit output temperature should not
exceed 35 to 45 ◦C. The critical temperature threshold for the GSHP system is then defined
between +1 ◦C and +35 ◦C [41].
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Figure 9. Temperatures of the pile-soil interface at heating and cooling peak for the 10th year for
three thermal solicitations.

As shown in Figure 9, in the cases of T1 and T2, the maximum and minimum tem-
peratures occur at the water table position. This is because the alternating operation of
heating and cooling operations results in a smaller magnitude of accumulated temperature
change around the pile with respect to the climate temperature. Therefore, the temperature
in the area affected by air temperature is greater than in other parts of the pile, while
the presence of groundwater increases the specific heat of the soil below the water table
position, which is less affected by changes in air temperature. T3 is the most dangerous
thermal operating mode, which causes a maximum accumulated temperature close to the
temperature threshold. However, all temperatures fall within the limit range (1–35 ◦C) and
ensure the functioning of the system.
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The heat exchange per unit volume in different control volumes is quantified to obtain
the heat inflow Qin and heat outflow Qout over a given operational cycle, which can be
defined as follows:

Qin =

∣∣∣∣∣∣∣
∫

∇T(x,y,z)>0

Pv(t)dt

∣∣∣∣∣∣∣/Vc (15)

Qout =

∣∣∣∣∣∣∣
∫

∇T(x,y,z)<0

Pv(t)dt

∣∣∣∣∣∣∣/Vc (16)

where ∇T(x,y,z) is the temperature difference compared to the last time step at the interest
location (◦C). When it is lower than 0, the heat is considered to flow out of the zone. Vc is
the control volume (m3). The thermal balance in a control volume can be estimated as the
difference between the heat inflow and the heat outflow. It represents the average heat loss
(negative) or heat storage (positive) per unit control volume (kWh/m3).

Qbalance = Qin −Qout (17)

Figure 10 presents the average heat exchange per unit volume in different control
volumes. As the distance against the pile-soil interface increases, Qin and Qout show a
nonlinear decrease trend, and can be expressed by a quadratic equation. x corresponds
to the distance between each control volume center and the pile-soil interface. Under the
T1 thermal solicitation, the heat inflow of the 5 control volumes decreases by an average
of 26% after 10 years and the heat outflow increases by an average of 30%, i.e., the heat
injection capacity decreases but the heat extraction capacity increases. For T2, the heat
injection capacity of the 5 control volumes after 10 years decreases by an average of 20%
compared to the first year, while there is no significant change in heat outflow. T3 represents
a continuous cooling demand, which does not include heat outflow throughout the year.
After ten years of heat injection, the temperatures of the control volumes become stable,
resulting in a smaller temperature change in the zones around the pile. The heat inflow
after 10 years is less than 0.2% of the first year. Comparing these three different thermal
solicitations, all operating modes show varying degrees of degradation in their capacities
to meet the cooling demand after ten years. However, the performance of T2 is relatively
better due to its balanced energy demands.

3.2.2. Influence of Pile Diameter

In this section, two other pile diameters are considered: Ø = 0.7 m and Ø = 1.3 m. A
comparison is made concerning the reference case-T1 because this thermal solicitation can
best represent the thermal operation under tropical conditions. Note that the dimension
of the model changes with the pile diameter, since the length of the model is taken to
be 41 times the pile diameter. The temperature distributions after 10 years are given in
Figure 11. There is a relatively large temperature gradient around the pile with a smaller
pile diameter. Although the pile diameter variation changes the layout of the line heat
sources, it does not affect the ground thermal disturbance range. Only the pile body
temperature is modified.

The variation of the average temperature of the pile over 10 years in Figure 12 shows
that thermal equilibrium is achieved after the 2nd year for three diameters. The maximum
and minimum values for each year are connected by dashed lines. Compared with the
reference case, the pile volume is reduced by 51% for 0.7 m diameter and increased by
69% for 1.3 m diameter. Meanwhile, the maximum and minimum average pile body
temperatures for 0.7 m diameter have increased by about 3.4% and decreased by 2.2% for
1.3 m diameter, respectively. Maintaining the density of the line heat source, change in the
pile diameter, and the location of the line heat source have little effect on the long-term
thermal performance of the system.
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Figure 11. Temperature profiles around the pile with different diameters after 10 years of T1 ther-
mal solicitation.
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Figure 12. The variation of average pile body temperatures over 10 years for three pile diameters.

3.2.3. Influence of Groundwater Flow

The presence and movements of the groundwater can greatly influence the perfor-
mance of thermo-active geostructures. Fromentin et al. (1997) show that when the velocity
of groundwater flow is in the range from 1e-6 to 1e-4 m/s, the groundwater flow has a
non-negligible influence on the heat transfer of thermo-active piles [36]. Di Donna et al.
(2016) have also investigated the influences of groundwater flow velocity and of several
other parameters on the heat exchange by conducting a numerical analysis [2]. When
the groundwater flow is present, with an increase from 0 to 2 m/day, the exchanged heat
improves by a factor of 3 to 8 times compared to the case without groundwater.

In the summer heat injection period, the surrounding soil around the pile may trap
heat. By dissipating the high temperature elsewhere where the soil temperature is lower, the
groundwater flow could be favorable [42]. This can eventually result in a steady condition
and ensure the system performance. The phenomenon, named natural thermal recharging
or natural thermal recovery, corresponds to extracting the heat injected in summer to meet
the heating demand during winter and vice versa. It is worth mentioning that soils with
high groundwater flow (up to 1e-6 m/s) can produce natural heat regeneration [37].

The impact of groundwater flow is then discussed in this section, three groundwater
flow velocities are considered: vD = 0 m/day, 0.1 m/day, and 1 m/day. The thermal
solicitation of T1- Brasilia is adopted for all the cases with a pile diameter of 1 m.

It can be seen in Figure 13a that the pile circular geometry slightly affects the ground-
water flow velocity around the pile in the surrounding soil, creating an asymmetric form
around the pile-soil interface. Compared to the average flow velocity, the flow velocities
on the pile upstream and downstream sides are small, while there is an increase in flow
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velocity near the tangency point of the pile-soil interface. Due to the advective heat trans-
fer, asymmetry is also found in the temperature field (Figure 13b,c). A thermal plume is
developed downstream of the pile and is maintained during the thermal solicitation cycles.
The dissipation of energy leads to a moving thermal front whose velocity is proportional to
the flow velocity.
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Figure 13. Thermal and hydraulic results around the pile after 10 years for vD = 1 m/day: (a) Ground-
water flow vectors, (b) heat flux vectors and temperature profile at cooling peak, and (c) heat flux
vectors and temperature profile at heating peak.

The average temperature of the pile-soil interface reached thermal equilibrium at
the end of the 1st year, except for the case of vD = 0 m/day (Figure 14a), which implies
even a small velocity of water flow can bring the pile temperature to thermal equilibrium
quickly. The fluctuation range of average temperature is also reduced with the increase of
water flow velocity. To better define the relationship between the average pile temperature
fluctuation range after thermal equilibrium and the groundwater velocity, cases with
vD = 0.25 m/s, vD = 0.5 m/s, vD = 0.75 m/s are presented. As shown in Figure 14b, a a
nonlinear relationship is observed and the fluctuation range for the pile-soil interface
temperature follows the same trend. Compared to the case of vD = 0 m/day, the fluctuation
range of average temperature decreases by about 45% for the pile and 55% for the pile-soil
interface in the case of vD = 1 m/day. It implies that the groundwater flow significantly
reduces the pile thermal disturbance induced by the thermal operation, improving the pile
thermal sustainability.

Table 4 visually quantifies the degradation in heat transfer capacity for different control
volumes after 10 years. The energy exchanged induced by conduction and advection per
unit of the control volume is denoted by Q_cond and Q_adv, respectively. With the increase
of groundwater flow velocity, the energy exchanged by conduction decreases slightly but
increases significantly by advection. In DCV_1, the total amount of energy exchange (sum
of Qin and Qout) at 0.1 m/day groundwater flow velocity is 68% higher than the 0 m/day
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one in the first year, and 585% higher when the water flow velocity is equal to 1 m/day.
Due to the relatively large velocity of water flow near the pile, the DCV_1 also has the
largest proportion of energy exchanged in advection to the total energy exchanged.
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Figure 14. (a) Average temperature of the pile-soil interface over 10 years, and (b) fluctuation range
of average temperature of pile-soil interface and pile for different groundwater flow velocities.

Table 4. The energy exchanged in the control volumes for different groundwater flow velocities in
year 1 and year 10.

Time
vD

(m/day) Qin/out

Energy Exchanged (kWh/m3)

DCV_1 DCV_2 DCV_3 DCV_4 DCV_5

Q_cond Q_adv Q_cond Q_adv Q_cond Q_adv Q_cond Q_adv Q_cond Q_adv

Year 1

0
Qin 12.52 - 10.11 - 8.36 - 7.02 - 5.96 -
Qout 7.13 - 5.72 - 4.72 - 3.98 - 3.41 -

0.1
Qin 11.05 10.53 8.57 8.11 6.89 5.87 5.69 4.09 4.82 2.81
Qout 6.74 4.64 5.22 3.66 4.20 2.77 3.49 2.07 2.98 1.57

1
Qin 4.60 90.10 2.84 30.16 2.15 6.68 1.81 2.68 1.60 1.46
Qout 3.26 36.62 2.11 12.59 1.66 3.19 1.44 1.60 1.31 1.14

Year 10

0
Qin 9.06 - 7.38 - 6.17 - 5.24 - 4.51 -
Qout 9.06 - 7.38 - 6.17 - 5.24 - 4.51 -

0.1
Qin 8.00 13.14 6.25 10.29 5.08 7.71 4.25 5.66 3.63 4.15
Qout 8.00 4.80 6.25 3.73 5.08 2.77 4.25 2.02 3.63 1.49

1
Qin 3.42 91.51 2.23 30.76 1.77 6.94 1.53 2.87 1.39 1.58
Qout 3.43 36.79 2.24 12.58 1.77 3.10 1.54 1.51 1.39 1.03

Compared to the first year, the energy exchange capacity in terms of conduction
decreases in the 10th year in all control volumes. When water flow velocity is 0 m/day,
a 7.8% reduction in DCV_1 and a 3.7% reduction in DCV_5 can be observed. Although
a higher water flow reduces the conductive energy exchange capacity more importantly
(12.8% reduction for vD = 1 m/day), the total energy exchange amount increased slightly in
some cases, indicating that the groundwater not only maintained the high energy exchange
performance of the soil around the pile but even improved it.

It is noteworthy that the thermal solicitation of T1 refers to an energy demand dom-
inated by cooling mode. Herein, the thermal balances of the 1st year and the 10th year
in different control volumes shown in Figure 15 are positive. As the distance from the
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pile-soil interface increases, the thermal balance decreases. It indicates a diminution of the
thermal disturbance in the surrounding soil. The thermal balance in DCV_5 is reduced
by 98.9% compared to DCV_1 with vD = 1 m/day in the 10th year. This value is equal to
68% for vD = 0.1 m/day. The heat was driven by a greater groundwater flow velocity to a
wider range, thereby resulting in a smaller temperature difference around the pile. At the
pile-soil interface (DCV_1), the temperature fluctuation range at vD = 1 m/day is half of the
vD = 0.1 m/day one (2.59 ◦C vs. 5.13 ◦C, Figure 14b), while the groundwater flow velocity
is 10 times higher than the vD = 0.1 m/day one. The difference in Qbalance is significant. On
the contrary, in the control volume further away from the pile-soil interface (DCV_5), the
groundwater flow velocity ratio remains constant, but the temperature variations induced
by the heat source at vD = 1 m/day drop drastically, leading to a small Qbalance.
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Figure 15. The thermal balance of the control volumes in the 1st year and 10th year for different
groundwater flow velocities.

Meanwhile, the difference between the thermal balances of the 1st and 10th year
decreases as the groundwater flow velocity increases. As the energy exchanged in the soil
dissipates with the high-velocity water flow, the heat exchange capacities of the control
volumes remain almost unchanged.

Under the combination of various conditions, the presence of groundwater flow is
favorable to the heat transfer of the geothermal pile system thanks to the natural thermal
recharge effect and the heat dissipation downstream. For the design of such structures in
tropical regions, it is then possible to increase the cooling operation in situations where the
groundwater flow is present. At the same time, if consideration is given to the impact on the
pile group, the range of thermal disturbance will increase and may affect the performance of
piles at the downstream side of the thermo-active pile, thus causing unfavorable additional
thermal (including induced mechanical) loads. This needs to be studied alongside specific
field cases. Theoretical development must take into consideration of the above factors prior
to its application.

4. Conclusions

This work focuses on the long-term numerical assessment of a thermo-active pile
in the tropical region by conducting 3D thermo-hydraulic coupled simulations using
the finite difference method (FDM). The model parameters are based on in-situ results
which therefore ensure its reliability. The numerical simulation permits to analyze the
behavior of thermo-active piles in terms of temperature, and energy exchange of the
selected control volumes. Parametric analysis of thermal solicitation and pile diameter as
well as groundwater flow was performed.
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In tropical regions, the thermal solicitation T3 (continuous cooling mode) would
be ideal, but also the most dangerous demand. Compared to T1 and T2, it leads to a
higher accumulated soil temperature. However, the maximum soil temperature around
the pile in the studied cases does not exceed the threshold (35 ◦C). For T1 and T2, the
maximum accumulated temperature occurs at the water table position, while T3 is around
the pile center.

The energy exchange per unit of soil control volumes around the pile can be predicted
by distance functions. After 10 years, the average soil heat injection around the pile
decreased by 26% for the T1 thermal solicitation, but the heat extraction increased by 30%.
While the heat injection decreased by 20% for T2, with no significant change in the heat
extraction. The heat injection after 10 years is only 0.2 % of the 1st year for T3.

Variation of the pile diameter and pipe arrangement does not affect the thermal
disturbance range under the T1 thermal solicitation but affects the pile average temperature.

A groundwater flow allows improving the thermo-active pile thermal sustainability.
High groundwater flow velocity can nonlinearly reduce the average temperature of the
pile-soil interface and pile body. Compared to vD = 0 m/day, the average heat transfer
per unit of soil control volumes increases about 6 times for vD = 1 m/day. The thermal
equilibrium in the 1st and 10th year remains quasi-constant for vD = 1 m/day.

Extensive studies should be conducted to better understand the thermo-active piles’
performance when applied in tropical regions. More particularly, the interaction between
the thermo-active pile groups cannot be ignored, considering the conversion efficiency of
the entire system scale rather than one single functioning pile will allow to quantify its
performance more precisely.
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