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Energy piles are heat capacity systems that have been increasingly exploited to provide both supplies of
energy and structural support to civil structures. The energy and geotechnical behaviours of such
foundations, which are governed by their response to thermo-mechanical loads, is currently not fully
understood, especially considering the different design solutions for ground-coupled heat exchangers.
This paper summarises the results of numerical sensitivity analyses that were performed to investigate
the thermo-mechanical response of a full-scale energy pile for different (i) pipe configurations, (ii)
foundation aspect ratios, (iii) mass flow rates of the fluid circulating in the pipes and (iv) fluid mixture
compositions. This study outlines the impacts of the different solutions on the energy and geotechnical
behaviour of the energy piles along with important forethoughts that engineers might consider in the
design of such foundations. It was observed that the pipe configuration strongly influenced both the
energy and the geotechnical performance of the energy piles. The foundation aspect ratio also played an
important role in this context. The mass flow rate of the fluid circulating in the pipes remarkably
influenced only the energy performance of the foundation. Usual mixtures of a water-antifreeze liquid
circulating in the pipes did not markedly affect both the energy and the geotechnical performance of the
pile.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

storage capabilities of the ground for the heating and cooling of
buildings and infrastructures, particularly when these EPs are

Energy piles (EP) are a relatively new technology that couples
the structural role of canonical pile foundations to that of heat
exchangers. These foundations, already needed to provide struc-
tural support to the superstructure, are equipped with pipes with a
heat carrier fluid circulating into them to exploit the large thermal
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coupled to heat pumps. In these systems, heat is exchanged be-
tween the foundations and the soil in a favourable way, as the
undisturbed temperature of the ground at a few metres of depth
remains relatively constant throughout the year (being warmer
than the ambient temperature in the winter and cooler in the
summer) and the thermal storage capacities of both media are
advantageous for withstanding the process. Geothermal heat
pumps are connected to the piles and can transfer the stored heat
and their energy input to buildings and infrastructures during the
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heating season. On the contrary, they can extract the heat from the
conditioned spaces and inject it (again, in addition to their energy
input) to the soil during the cooling season. Temperature values
that are adequate to reach comfort levels in living spaces and ad-
vantageous for engineering applications (e.g., de-icing of in-
frastructures) can be achieved through this technology with a
highly efficient use of primary energy. Traditionally, geothermal
borehole heat exchangers have been exploited for this purpose.
Recently, the use of energy piles has been increasingly spreading
because of the savings in the installation costs related to their
hybrid character and to the drilling process.

The EPs possess a twofold technological character that has
drawn a dual related scientific interest in their behaviour. In fact,
the energy performance of the energy piles can markedly vary for
different (i) site layouts, (ii) foundation geometries, (iii) pipe con-
figurations, and (iv) soil and foundation material properties. In
addition, the geotechnical behaviour of the energy piles can
strongly vary for different (v) restraint conditions and (vi) applied
thermal loads. Consequently, these two fundamental aspects of the
energy piles are interconnected and coupled through the thermal
and mechanical responses of these foundations.

Over the years, a number of studies have investigated the
thermal behaviour of vertical ground-coupled heat exchangers,
focussing on the processes that occur inside (i.e., the tubes, infill
material and fluid) and around (i.e., the surrounding soil) their
domain. Analytical [1—11] and numerical [12—31] models of vary-
ing complexity have been developed for such purposes. Currently,
various amounts of research have been increasingly performed for
the analysis of the thermal behaviour of energy piles [32—49].
However, the three-dimensional, asymmetric and time-dependent
characterisation of the thermal behaviour of such foundations,
which involves the interaction between the fluid in the pipes, the
pipes themselves, the pile and the surrounding soil, has often been
considered in simplified ways that have been deepened only for
specific case studies and have not been coupled with the mechanics
of the problem. This latter aspect, i.e., the variation of the me-
chanical behaviour of both the foundation and the soil surrounding
the energy piles due to thermal loads, has been investigated in
recent years through several numerical studies in the field of civil
engineering [50—60]. However, except for some of the very latest
research [61,62], these studies generally simplified the numerical
modelling of the complex thermal behaviour of the energy piles by
imposing temperature variations or thermal powers to the entire
modelled foundations, which were considered to be homogeneous
solids, without the inner pipes and the circulating fluid. From a
geotechnical and structural engineering point of view, this
approach put the analyses on the side of safety (especially in the
short-term) because the entire foundation undergoes the highest
temperature variation and hence the maximum induced mechan-
ical effect. However, from an energy engineering point of view, the
physics governing the real problem has been markedly approxi-
mated. In particular, when dealing with models in which ground
heat exchangers are coupled to the other building-plant sub-sys-
tems within a global thermodynamic and energetic analysis
[63—65], the aforementioned simplifications may lead to inaccu-
rate performance predictions and non-optimal design choices.

Energy piles, because of their bluffness, should be analysed as
capacity systems capable of responding to a phase shift in a vari-
ation of the boundary conditions. More specifically, the thermal
behaviour of the foundation should be investigated considering the
complex pipes—pile—soil system as the heat exchange problem is
governed by the temperature differences between these compo-
nents. Together with these aspects, the coupled transient me-
chanical behaviour of the foundation should be analysed as it
governs the bearing response for the superstructure. In this

framework, looking at a thorough assessment of the interplay be-
tween the thermal and mechanical behaviour of energy piles, the
present paper summarises the results of a series of 3-D numerical
sensitivity analyses comprising the considered aspects for a single
full-scale energy pile. This study is performed with reference to the
features of the energy foundation of the Swiss Tech Convention
Centre at the Swiss Federal Institute of Technology in Lausanne
(EPFL), and investigates the roles of different (i) pipe configurations,
(ii) foundation aspect ratios, (iii) mass flow rates of the working
fluid, and (iv) fluid mixture compositions on the transient thermo-
mechanical response of energy piles. This investigation focuses
hence on the influence between the thermal and mechanical be-
haviours of energy piles under transient conditions considering
different technical solutions applicable to such foundations. The
adherence to physical reality characterising the numerical
approach considered herein is corroborated by satisfying numerical
predictions [66] of experimental tests [67,68] that have been
recently performed at the site of interest.

The foundation is tested during its heating operation mode (the
superstructure is heated while the ground is cooled). With respect
to the considered design solutions, the energy considerations
related to (i) the thermal response of the foundation in the short-
term, (ii) the time constants for approaching the steady state con-
ditions of the heat exchange and (iii) the heat transferred between
the fluid in the pipes and the surrounding system are presented.
Geotechnical aspects related to (iv) the stress distribution in the
pile and (v) the displacements fields characterising the foundation
depth are also considered.

In the following sections, the key features characterising the
finite element modelling of the examined problem are first pre-
sented. The results of the numerical sensitivity analyses are then
outlined. Finally, the thermo-mechanical behaviour of the energy
piles and the related energy and geotechnical performances are
discussed with reference to the simulated design solutions.

2. 3-D finite element modelling of an energy pile
2.1. The simulated site

The dimensions of the energy pile and the characteristics of the
surrounding soil deposit considered in this study are those of an
experimental site located at the Swiss Federal Institute of Tech-
nology in Lausanne (EPFL), under the recently built Swiss Tech
Convention Centre. The experimental site includes a group of four
energy piles installed below a corner of a heavily reinforced raft
supporting a water retention tank. The foundation of the tank in-
cludes, besides the four energy piles, eleven other conventional
piles that are not equipped as heat exchangers [67,68]. This study
considers only one of the four energy piles with respect to a
configuration denoted by a null head restraint and a null me-
chanical applied load on the top of the foundation, i.e., the one
before the construction of the water tank. The energy pile is char-
acterised by a height Hgp = 28 m and a diameter Dgp = 0.90 m (see
Fig. 1). The pipes in the shallower 4 m are thermally insulated to
limit the influence of the external climatic conditions on the heat
exchange process. The characteristics of the soil deposit sur-
rounding the piles (see again Fig. 1) are similar to those reported by
Laloui et al. [53] as the considered energy foundation is placed in
close proximity to the one referred in this study. The ground water
table at the test site is at the top of the deposit. The upper soil
profile consists of alluvial soil for a depth of 7.7 m. Below this upper
layer, a sandy gravelly moraine layer is present at the depth be-
tween 7.7 and 15.7 m. Then, a stiffer thin layer of bottom moraine is
present at a depth between 15.7 and 19.2 m. Finally, a molasse layer
is present below the bottom moraine layer.
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Fig. 1. Typical soil stratigraphy surrounding the Swiss Tech Convention Centre energy
foundation.

2.2. Mathematical formulation and constitutive models

To develop a quantitative description of the response of
the energy pile in the considered soil deposit under the me-
chanical and thermal loads, the following assumptions were
made: (i) the soil layers were considered to be isotropic, fully
saturated by water and assumed to be purely conductive do-
mains with equivalent thermo-physical properties given by the
fluid and the solid phases, (ii) both the liquid and the solid
phases were incompressible under isothermal conditions, (iii)
the displacements and the deformations of the solid skeleton
were able to be exhaustively described through a linear kine-
matics approach in quasi-static conditions (i.e., negligible inertial
effects), (iv) drained conditions were satisfied during the ana-
lysed loading processes, and (v) both the soil and energy pile
behaved as linear thermo-elastic materials. Assumptions (i—iii)
have been widely accepted in most practical cases. Hypotheses
(iv—v) were considered to be representative of the analysed
problem in view of the experimental evidence that was obtained
through in-situ tests performed at the site [68,69]. Therefore,
under these conditions, a coupled thermo-mechanical mathe-
matical formulation has been employed in the following
analyses.

The equilibrium equation can be written as

V'O’ij+pgi=0 (1)

where V- denotes the divergence; s;; denotes the stress tensor; p
represents the bulk density of the porous material, which includes
the density of water p,, and the density of the solid particles ps,
through the porosity n; and g; is the gravity vector. The stress tensor
can be expressed in incremental form as

doij = Cijiy(deyg + BydT) (2)

where Gy is the stiffness tensor that contains the material pa-
rameters, i.e., the Young's modulus, E, and Poisson's ratio, v; e is
the total strain tensor; gj; is a tensor that contains the linear
thermal expansion coefficient of the material, «; and T is the
temperature.

As previously mentioned, the ground and the concrete filling of
the EP were assumed to be purely conductive media. With these
assumptions, the energy conservation equation reads

oL g9y = 0 (3)

ot
where c is the specific heat (including water and solid compo-
nents ¢y, and c); t is the time; 1 is the thermal conductivity
(including water and solid components A, and A); and V repre-
sents the gradient. In equation (3), the first term represents the
transient component of the internal energy stored in the medium
and the second term represents the heat transferred by con-
duction (i.e., through Fourier's law). In the considered engi-
neering application, the thermal properties of the fluid
components were considered to be temperature dependent,
whereas those of the solid components were considered to be
temperature independent.

The energy conservation equation for the incompressible fluid
flowing in the EP pipes can be written as

aTlg;:lkf + prpruf,i 'V<Tbulkf> -V [ApAfV(Tbulklf)] T qp

(4)

where py, ¢, Ap, Thuikf Ui, Arare the density, specific heat, pipe cross
sectional area, bulk temperature, longitudinal velocity vector and
thermal conductivity of the operative fluid, respectively; ¢, repre-
sents the heat flux per unit length exchanged through the pipe wall
and is given by

prCrAp

qp = UPp (Text - Tbulk,f) (5)

where U is an effective value of the pipe heat transfer coefficient,
Py = 2mriy is the wetted perimeter of the cross section, and Tey is
the temperature at the outer side of the pipe. The overall heat
transfer coefficient, including the internal film resistance and the
wall resistance, can be obtained as follows:

TP S (6)

1 T Text
hine + Ap In (rint)

where hi,e = Nulg/dp is the convective heat transfer coefficient in-
side the pipe, 4, is the thermal conductivity of the pipe, rex and rip
are the external and internal radii, respectively, dp = 4A,/P; is the
hydraulic diameter, and Nu is the Nusselt number. For a given ge-
ometry, Nu is a function of the Reynolds, Re, and Prandtl, Pr,
numbers, with

Nu = max(3.66; Nuy,p) (7.a)
(fo/8)(Re — 1000)Pr
N h = 7.b
Hourb 1412778 (P - 1) (7:5)
-1
fp = {f 18 1og10<%3>] (7.0)

where

ufd
Rezipffh Pr:uf—cf
Hy A
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Equation (7.b) is the Gnielinski formula [70] for turbulent flows;
the friction factor, fp, is evaluated through the Haaland equation
[71], which is valid for very low relative roughness values.

2.3. 3-D finite element model features

The analyses presented in this study employed the software
COMSOL Multiphysics [72], which is a finite element simulation
environment. In the following sections, sensitivity analyses were
conducted with respect to three different base-case models of a
single energy pile equipped with a single U, a double U, and a W-
shaped type configuration of the pipes. Extra-fine meshes of
107,087, 88,597 and 98,357 elements were used to characterise the
models for the different foundations. Tetrahedral, prismatic,
triangular, quadrilateral, linear and vertex elements were employed
to describe the 50Dgp-2Hgp- 2Hgp 3-D finite element models. Fig. 2
reports the features of a typical model utilised in the study with a
focus on the mesh used to characterise the pile that was equipped
with different pipe configurations. The energy pile was described
by 49,824, 66,722, and 70,970 elements for the single U, double U,
and W-shaped type configurations, respectively. The soil sur-
rounding the pile was then characterised by the remaining 57,263,
21,875, and 27,387 elements for the various models. Tetrahedral
elements were used near the joints of the pipes, whereas the
remaining domain of the pile was covered by means of the swept
method. The pipes were simulated with a linear entity in which the
fluid was supposed to flow. In all of the cases, the centres of the
pipes were placed at a distance of 12.6 cm from the boundary of the
foundation. Fluid flow inside of the pipes and the associated
convective heat transfer was simulated by an equivalent solid [73],
which possessed the same heat capacity per unit volume (i.e.,
specific heat multiplied by bulk density) and thermal conductivity
as the actual circulation fluid.

2.4. Boundary and initial conditions

Restrictions were applied to both the vertical and horizontal
displacements on the base of the mesh (i.e., pinned boundary) and
to the horizontal displacements on the sides (i.e., roller boundary).
The initial stress state due to gravity in the pile and the soil was
considered to be geostatic. The thermal boundary conditions
allowed for the heat to flow through the vertical sides of the mesh
and through the bottom of the mesh (T = 13.2 °C). The initial
temperatures in the pipes, energy pile and soil were set at
To = 13.2 °C, i.e, the average measured temperature at the
considered site during winter. The fluid circulating inside the pipes
(high-density polyethylene tubes) considered in the base-case

Fig. 2. Finite element mesh and boundary conditions used in the simulations.

models was water. The nominal velocity of the fluid inside the
pipes was ur = 0.2 m/s, and the inner diameter of the pipes was
¢ = 32 mm. In all of the tests, the inflow temperature of the fluid
was set at Ty, = 5 °C, which referred to the operation of the energy
foundation in winter. A thermal conductivity 4, = 0 W/(mK) was
imposed in the shallower 4 m of the pipes to simulate the thermal
insulation of the ducts near the ground surface. The finite element
mesh and the boundary conditions used in the simulations are
shown in Fig. 2.

2.5. Material properties

The soil deposit, energy pile and pipes properties were defined
based on the literature review and in view of the technical docu-
ments related to the considered engineering project
[53,67,69,74,75]. They are summarised in Table 1.

3. Thermo-mechanical sensitivity of the energy piles to the
different technical solutions

The results of different numerical sensitivity analyses consid-
ering (i) various pipe configurations inside of the single energy pile,
(ii) foundation aspect ratios, (iii) fluid flow rates inside the pipes
and (iv) fluid compositions are presented in the following sections.
The tests, performed through 3-D transient finite element simula-
tions, occurred over 15 days in winter. This period has been proven
to be sufficient to reach steady-state within the EP domain:
consequently, the enthalpy drop of the fluid from the inlet to the
outlet section of the pipes corresponded to the thermal power
exchanged at the EP outer surface (the one in contact with the soil).
Under such conditions, the heat capacity effects were negligible
and the energy pile behaved as a typical heat exchanger that was
characterised by an equivalent thermal resistance between the
ducts and the soil. The classical effectiveness method for heat ex-
changers [76] was used to evaluate and compare the heat transfer
process among the different EP configurations. The heat exchanger
effectiveness, epe, is defined as

Tout — Tin
Che =7 (8)
he T57p _ Tin
where Ts_,, is the average temperature at the soil—pile interface.
Compressive stresses and strains were considered to be positive,
as were the downward displacements (i.e., settlements).

3.1. Influence of the configuration of the pipes

The thermo-mechanical behaviour of a single energy pile
equipped with a single U, a double U and W-shaped pipes was
investigated.

Fig. 3 shows the axial distributions of the temperature for each
type of configuration. As can be noted, no remarkable temperature
variation characterised the shallower 4 m of the foundation
because the pipes in this region were thermally insulated. After 15
days, the centre of the foundation equipped with single U, double U
and W-shaped pipe configurations underwent an average cooling
of AT=T — Tp = —3.5, —5.5, and -5 °C, respectively. The highest
temperature variation was reached with the double U-shaped ge-
ometry of pipes because it involved the highest quantity of cold
water in the heat exchange process. A more pronounced cooling of
the bottom part of the pile was observed due to the lower thermal
conductivity of the molasse layer, which induced a lower heat ex-
change with the foundation. The temperature distribution along
the axial foundation depth did not remarkably vary in all of the
cases between 7 and 15 days, indicating that the thermal conditions
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Table 1
Material properties of the soil deposit, energy pile, and pipes.
E [MPa] v[-] nl-] ps [kg/m’] ¢s [J/(kg K)] s [W](m K)] a [1/K]
Soil layer
Al 190 0.22 0.1 2769 880 1.8 0.33 x 107°
A2 190 0.22 0.1 2769 880 1.8 0.33 x 107°
B 84 0.4 0.35 2735 890 1.8 033 x 1074
C 90 0.4 0.3 2740 890 1.8 0.33 x 1074
D 3000 0.2 0.1 2167 923 1.11 0.33 x 1076
Energy pile and pipes
Concrete 28,000 0.25 0.1 2500 837 1.628 1x10°°
HDPE - - - - - 0.42 -

Fig. 3. Axial temperature distributions for the different pipe configurations.

inside the pile were already close to steady state during the first
week of operation.

The axial distributions of stress induced by the above-described
temperature variations are shown in Fig. 4 (the initial stress dis-
tribution due to the foundation body load was subtracted).
Maximum values of the stress o, = —800, —1400 and —1300 kPa
were observed along the axial depths of the foundation for the
single U, double U, and W-shaped pipe configurations, respectively.
These results were consistent with the previously observed data
because the configurations of the pipes that led to the greatest

negative temperature variations inside the pile were the configu-
rations for which the greatest stresses were observed from the
foundation thermal contractions. The magnitude of the stress
induced by the temperature variation in the energy pile equipped
with the single U-shaped pipe configuration was close to the one
characterising the results obtained by Gashti et al. [62] for a single
energy pile tested in winter conditions with the same type of pipe
configuration.

Fig. 5 shows the axial distribution of the vertical displacements
for each configuration. Consistent with the distributions of the

Fig. 4. Axial distributions of the thermal vertical stresses for the different pipe configurations.
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Fig. 5. Axial distributions of the thermal vertical displacements for the different pipe configurations.

temperature and stress, the greatest effect in terms of the
displacement of the cold flow within the tubes was observed for the
pile with the double U-shaped pipe configuration, whereas the
smallest effect was observed in the foundation with the single U-
shaped pipe configuration. Maximum pile settlements dz;; = 0.28,
0.47 and 0.46 mm were observed for the energy pile equipped with
the single U, double U, and W-shaped pipe configurations,
respectively. The null point, which represents the plane where zero
thermally induced displacement occurs in the foundation [69], was
close to the bottom of the energy pile for all of the cases. This
occurrence was similarly observed by Gashti et al. [62].

The temperature trends of the water circulating in the pipes are
reported in Fig. 6. As can be observed, the water temperature lin-
early increased along the flow direction. However, the slight
changes of the slope of the curves indicated that the increase was
not uniform because the spatial progressive increase of the water
temperature in the pipe reduced the heat transfer potential with
the soil, which thus led to slower temperature increases. The fluid
outflow temperatures, Ty, were higher for the single U pipe
configuration with respect to the double U configuration, and this
can be attributed to a thermal interference that occurred in the
latter solution between the two U pipes within the pile. The highest
temperature increase was obtained for the W-shaped pipe config-
uration, according to the study proposed by Gao et al. [34].

The trends of the thermal power extracted from the ground for
the energy pile equipped with the different considered pipe con-
figurations for the entire duration of the tests is reported in Fig. 6.
Complementary data referring to the end of the simulations (15
days) are finally summarised in Table 2.

A decrease of the thermal power extracted from the ground
along the foundation depth, Q /Hgp, was observed throughout all of
the tests (cf. Fig. 7) that was consistent with the temperature
decrease that occurred at the soil—pile interface; however, as
already noted, the time evolution of the extracted thermal power
almost reached steady-state after one week of continuous opera-
tion. The highest levels of energy extraction were obtained through
the double U and W-shaped pipe solutions, whereas lower
amounts of energy were removed from the ground through the
single U-shaped pipe configuration. These results are quantitatively
reported in Table 2, which shows that after 15 days, the energy pile
equipped with the double U-shaped pipes had a 57% higher heat
transfer rate than what was obtained through a single U-shaped
pipe configuration; on the other hand, the former design solution
was only 2% more efficient than the one with the W-shaped pipe. In
conclusion, the W-shaped pipe configuration should be considered
to be the best trade-off among the design solutions analysed in this
section, owing to (i) a significantly higher energy extraction with
respect to the single U-shaped pipe configuration, which justifies

Fig. 6. Distributions of the water temperature in the pipes for the different configurations.
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Table 2

Thermal performances of the energy piles for the different pipe configurations.
Pipes configuration Tout [°C] AT [°C] Ts_p [°C] ehe [—] V [I/min] Q/Hgp [W/m]
Single U-shaped 5.70 0.70 10.73 0.122 9.7 16.9
Double U-shaped 5.55 0.55 9.06 0.135 193 26.5
W-shaped 6.08 1.08 9.15 0.260 9.7 26.1

Fig. 7. Trend of the thermal power extracted from the ground for the different pipe
configurations.

its higher installation cost; and (ii) a negligibly lower energy
extraction with respect to the double U-shaped pipe configuration
that was operated at half of the volumetric flow rate, V, that was
globally needed for the latter solution (thus entailing significantly
less pumping power). The reason for such similar thermal behav-
iour between the two solutions must be determined by the low
effectiveness of these short ground-coupled heat exchangers, epe,
that was defined in equation (8); more specifically, a significant
departure from the linear trend of the effectiveness versus heat
exchanger surface (which is double for the W-shaped pipe
configuration with respect to each of the two U-legs) towards
saturation was not obtained in the tested configurations.

3.2. Influence of the foundation aspect ratio

The thermo-mechanical behaviour of a single energy pile with
aspect ratios AR = Hgp/Dgp = 10, 20 and 40 (Dgp = 0.9 m) was
investigated in the present section. The analyses were performed
with respect to the previously considered pipe configurations, and,
in each case, the results were compared to those of the energy pile
that was characterised by the nominal aspect ratio AR = 31, which
was already simulated in Section 3.1.

Fig. 8 shows the axial temperature distributions for each pile
aspect ratio and pipe configuration. The foundation depth was
considered in a dimensionless form by dividing it by the total
height of the pile, Hgp. Different temperature distributions along the
vertical coordinate were observed for the various aspect ratios
depending upon the thermal properties of the various soil layers
and, above all, on the relative influence of the upper adiabatic 4 m.
As previously observed, the highest temperature variations (and
therefore the highest axial stresses and displacements variations)
were obtained for the energy pile equipped with the double U-
shaped pipes.

The axial distributions of the thermally induced stress in the pile
are shown in Fig. 9. Lower and more homogeneous distributions of
the vertical axial stress were observed for the piles with lower
aspect ratios AR = 9 and 18, whereas higher and less homogeneous
distributions were obtained for the foundation characterised by the
nominal dimensions (AR = 31) and for the one with the highest
aspect ratio AR = 36. This result was due to (i) the different bearing
behaviour that characterised the foundation in the various
considered cases, i.e., predominantly frictional results were
observed until an approximate depth of 20 m and a more pro-
nounced end-bearing characteristic was observed from a depth of
20 m on and (ii) due to the impact of the thermal properties of the
various soil layers on the heat exchange process and on the related
thermally induced stress. Upper bound values of the axial stress
oy = —926, —1531 and —1513 kPa were reached in the bottom half
of the deeper and more constrained foundation for the single U,

Fig. 8. Axial temperature distributions for the different pile aspect ratios.
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Fig. 9. Axial distributions of the thermal vertical stresses for the different pile aspect ratios.

Fig. 10. Axial distributions of the thermal vertical displacements for the different pile aspect ratios.

double U, and W-shaped pipe configurations, respectively. Lower
bound values of the axial stress gy, = —181, —300 and —261 kPa
were reached close to the centre of the shallower and less con-
strained foundation for the same pipe configurations.

The effect of the different foundation constraints and thermal
properties of the various soil layers can also be observed in Fig. 10,

which showed the thermal vertical displacements along the
dimensionless foundation depths for the different aspect ratios. The
null point location was close to the geometrical centre of the
foundation for the aspect ratios AR = 9 and 18, whereas it was close
to the bottom for the aspect ratios AR = 31 and 36. This result
outlines the more pronounced end-bearing behaviour of the

Fig. 11. Distributions of the water temperature in the pipes for the different pile aspect ratios.
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Table 3

Thermal performances of the energy piles for the different aspect ratios.
AR[-] Toul°Cl AT[C] Tsp[°Cl enel-] VI[lmin] Q/Hgp [W/m]
Single U-shaped pipe
10 5.17 0.17 10.85 0.028 9.7 125
20 5.44 0.44 10.71 0.077 9.7 16.5
31.1° 5.70 0.70 10.73 0.122 9.7 16.9
40 5.86 0.86 10.65 0.152 9.7 16.1
Double U-shaped pipes
10 5.14 0.14 9.20 0.032 193 203
20 5.35 0.35 9.05 0.086 193 26.3
31.1° 5.55 0.55 9.06 0.135 193 26.5
40 5.69 0.69 8.80 0.182 193 259
W-shaped pipe
10 5.28 0.28 9.02 0.070 9.7 21.0
20 5.71 0.71 8.94 0.180 9.7 26.6
31.1°  6.08 1.08 9.15 0.260 9.7 26.1
40 6.33 133 8.82 0.347 9.7 249

¢ Base case.

foundation for depths greater than 20 m, where the molasse layer
was found and a higher fraction of the load was transferred to the
pile toe. Upper bound values of the settlements dz;, = 0.3, 0.7 and
0.65 mm were observed for the deeper foundation for the single U,
double U, and W-shaped pipe configurations, respectively. Lower
bound values of the settlements dz;; = 0.27, 0.47 and 0.47 mm were
observed for the shallower foundation that was equipped with the
same pipe configurations.

The distribution of water temperature inside the pipes for the
entire duration of the tests and the useful data related to the energy
performance of the piles at the end of the analyses are finally
summarised in Fig. 11 and Table 3, respectively. The curvilinear
coordinate following the pipe axis was expressed in dimensionless
form by dividing it by the total length of the pipe, x. As can be
observed in Fig. 11, the temperature of the operative fluid in the
pipes increased with the aspect ratio of the pile, obviously due to
the increase in the heat transfer surface. The results of the simu-
lations conducted at the nominal aspect ratio were consistent with
the other results, as observed by the fact that the thermal power
that was extracted from the ground with the double U-shaped
pipes was the largest among the analysed solutions and was fol-
lowed, in order, by the pile equipped with the W and single U-
shaped pipes (cf. Table 3). A doubling of the foundation aspect ratio
from 10 to 20 involved an increase of the thermal power extraction

between 152% and 170% depending on the configuration of the
pipes (the thermally uninsulated surface of the pile was increased
by 172%), whereas a doubling from 20 to 40 resulted in a lower
relative increase between 87% and 100% (the uninsulated surface
was increased by 127%), which can be attributed to the tendency of
the heat exchanger to become saturated with the increase in the
heat transfer surface.

3.3. Influence of the fluid flow rate circulating in the pipes

The thermo-mechanical behaviour of a single energy pile char-
acterised by different fluid flow rates circulating in the pipes was
investigated in the present section. Because the fluid flow rate can
change both by a variation of the tube diameter, ¢, and by the fluid
velocity, uy, the following numerical analyses considered both op-
tions through two different series of tests. First, the response of the
energy pile equipped with pipes of different diameters with water
flowing at a constant velocity was considered. Then, the response of
the energy pile equipped with tubes of the same diameter but that
were characterised by different velocities of the circulating fluid
was investigated. The analyses were performed with respect to the
previously considered pipe configurations, and in each case, the
results were compared to those of the energy pile characterised by
the nominal features.

3.3.1. Pipe diameter variations

The axial temperature distributions obtained for the varying
pipes diameters (¢ = 25 and 40 mm) with respect to the nominal
conditions (¢ = 32 mm) and for the different pipe configurations
are shown in Fig. 12. A significant decrease of the pile axial tem-
perature with respect to nominal conditions (approximately 1 °C)
was observed only for the W-shaped pipe configuration and for the
pipe with the largest diameter (and therefore with the highest flow
rate).

The uniform temperature distributions along the foundation
depth led to small variations of the axial stress distributions for the
different pipe diameters and configurations. In accordance with the
temperature profile, the more pronounced variations were noted
for the energy pile equipped with the W-shaped pipe where the use
of the tubes with diameter ¢ = 40 mm involved an increase of
approximately —200 kPa of axial vertical stress with respect to the
nominal conditions (cf. Fig. 13).

The distribution of the water temperature inside the pipes after
15 days and the trend of thermal power extracted from the ground

Fig. 12. Axial temperature distributions for the different pipe diameters.
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Fig. 13. Axial distributions of the vertical stress for the different pipe diameters.

for the entire duration of the tests are reported Fig. 14 as a function
of the pipe diameters. Complementary data referring to the end of
the simulations are summarised in Table 4.

Fig. 14 showed an increase in the outflow temperature when the
diameter of the pipe was reduced, and this was attributed to the
subsequent decrease in the flow rate. The most important effect
that was observed by the variation of the pipe diameters was with
the W-shaped pipe. The trend of thermal power extracted from the
ground showed that besides its decay with time, up to 10% of the
heat transfer rate was gained when the diameter of the pipes was
increased from 25 to 40 mm (cf. Table 4).

3.3.2. Fluid velocity variations

The axial temperature distributions obtained by varying the
water velocities in the pipes (uf= 0.5 and 1 m/s) with respect to the
nominal condition (uf = 0.2 m/s) and for the different pipe

configurations are shown in Fig. 15. A significant lowering of the
pile axial temperature with respect to the nominal conditions
(approximately 1 °C) was observed for only the W-shaped pipe
configuration, where the fluid velocity was increased from 0.2 to
0.5 m/s.

In accordance with the uniform temperature distributions along
the foundation depth that were observed for the piles characterised
by the single U and double U-shaped pipes, no remarkable varia-
tions of the axial stress distributions were noted in Fig. 16. In
addition to the more pronounced variations with respect to the
response of the foundation with nominal features, higher fluid
velocities uf = 05 or 1 mfs involved an increase of
approximately —200 kPa of axial vertical stress for the W-shaped
pipe configuration.

The distribution of water temperature inside the pipes after 15
days and the trend of thermal power extracted from the ground for

Fig. 14. Distributions of the water temperatures in the pipes for the different pipe diameters and the relative trends of the thermal power extracted from the ground.
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Table 4

Thermal performances of the energy piles for the different pipe diameters.
¢ [mm]  Tou[°Cl AT[°C] Top[°Cl ene[—] V[lmin] Q/Hgp [W/m]
Single U-shaped pipe
25 6.07 1.07 10.67 0.189 5.9 15.8
327 5.70 0.70 10.73 0.122 9.7 16.9
40 5.46 0.46 10.44 0.085 15.1 173
Double U-shaped pipes
25 5.85 0.85 9.03 0.211 11.8 250
327 5.55 0.55 9.06 0.135 193 26.5
40 5.36 0.36 8.67 0.098 30.2 271
W-shaped pipe
25 6.64 1.64 9.25 0.386 5.9 24.2
327 6.08 1.08 9.15 0.260 9.7 26.1
40 5.72 0.72 8.56 0.201 15.1 27.0

¢ Base case.

the entire duration of the tests are reported in Fig. 17 as a function
of the fluid velocities in the pipes. Complementary data referring to
the end of the simulations are summarised in Table 5.

Fig. 17 showed a decrease in the outflow temperature when the
water velocity in the pipes was increased, and this can be attributed
to the increase in the flow rate. The trend of thermal power
extracted from the ground showed that despite its typical decay

with time, a sensible growth of the heat transfer efficiency was
observed when the fluid velocity increased (cf. Table 5). In fact, the
increase of the water velocity in the pipes from 0.2 to 0.5 m/s
created an increase of approximately 7% in the heat transfer rate
and a decrease from 0.2 to 1 m/s resulted in an increase of
approximately 11%. These variations depended upon the configu-
ration of the pipes, and the most relevant effects were observed for
the W-shaped pipe configuration.

3.4. Influence of the operating fluid composition

Antifreeze is a chemical additive that lowers the freezing point
of a water-based liquid. In pipes, it is often useful to insert an
antifreeze liquid mixed with water to avoid technical problems
especially when dealing with foundation working conditions
characterised by very low temperature regimes.

The behaviour of a single energy pile with antifreeze additives of
MEG 25 and MEG 50 (mixtures with 25% and 50% of mono-ethylene
glycol in water, respectively) in the circulating fluid in the pipes was
investigated in the present section. The analyses were performed
with respect to the previously considered pipe configurations, and,
in each case, the results were compared to those of the energy pile
with water circulating in the pipes.

The thermal properties of MEG 25 and MEG 50 are reported in
Table 6.

Fig. 15. Axial temperature distributions for the different water velocities.

Fig. 16. Axial distributions of the thermal vertical stress for the different water velocities.
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Fig. 17. Distributions of the water temperature in the pipes for the different water velocities and the relative trends of the rate of energy extraction from the soil.

Fig. 18 shows the axial temperature distributions that were
obtained along the foundation depth with the different heat carrier
fluids.

By varying the working fluid, no appreciable differences in the
pile axial temperature distributions were observed. Therefore, the
mechanical response of the foundation was not expected to
markedly vary in terms of the stress or displacements.

The distribution of the operative fluid temperature inside the
pipes after 15 days and the trends of thermal power extracted from
the ground for the entire duration of the tests are reported in Fig. 19
as a function of the liquid circulating in the pipes. Complementary
data referring to the end of the simulations are summarised in
Table 7. The use of the antifreeze liquids did not appreciably affect
the temperature of the fluid in the pipes, but it did induce varia-
tions in the performance of the system energy due to the lower
specific heat of the medium.

Table 5
Energy performances for the different water velocities circulating inside of the
pipes.

up[mfs]  Tou [°C]  AT[*C] Top[°Cl ene[—] V[lmin] Q/Hgp [W/m]
Single U-shaped pipe

0.2° 5.70 0.70 10.73 0.122 9.7 16.9
0.5 5.29 0.29 10.47 0.052 241 17.2
1 5.15 0.15 10.41 0.028 48.3 18.1
Double U-shaped pipes

0.2¢ 5.55 0.55 9.06 0.135 193 26.5
0.5 5.23 0.23 8.71 0.061 48.3 274
1 5.12 0.12 8.67 0.033 96.5 29.0
W-shaped pipe

0.2° 6.08 1.08 9.15 0.260 9.7 26.1
0.5 5.46 0.46 8.51 0.132 241 279
1 5.24 0.24 8.38 0.071 48.3 29.0

¢ Base case.

Table 7 shows that a 25% concentration of MEG in water created
a decrease of up to 6% in the heat transfer rate and that a 50%
concentration of MEG created a decrease up to 11% with respect to
the nominal conditions with pure water.

4. Concluding remarks

This paper summarises the results of a series of numerical
simulations that were performed to investigate the effects of
different design solutions (i.e., different pipe configurations, aspect
ratios of the foundation, fluid flow rates circulating in the pipes, and
fluid mixture compositions) on the energy and geotechnical per-
formance of the energy piles. The study indicated that;

e The configuration of the pipes was the most important factor in
the characterisation of the thermo-mechanical behaviour of the
energy piles. It was observed that the W-shaped pipe configu-
ration resulted in an increase of up to 54% in the heat transfer
rate compared with the single U-shaped configuration at the
same flow rate. The double U-shaped pipe configuration, which

Table 6

Thermal properties of MEG 25 and MEG 50.
TIC)  plkgm’]  glikgK)]  4[W(mK)]  glPas]
MEG 25
-10 1048 3713 0.477 3.186 x 1073
-5 1046 3719 0.481 2.704 x 1073
0 1045 3726 0.485 2314 x 1073
5 1044 3734 0.489 1.995 x 1073
10 1042 3742 0.493 1.733 x 1073
MEG 50
-10 1094 3201 0.413 5316 x 1073
-5 1092 3221 0412 4.428 x 1073
0 1090 3240 0411 3.723 x 1073
5 1087 3260 0.410 3.157 x 1073
10 1084 3280 0.408 2.700 x 1073
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Fig. 18. Axial temperature distributions for the different operative fluids.

possessed a double flow rate with respect to the other config-
urations, resulted in the highest cooling of the concrete with the
greatest related stress and displacement distributions. There-
fore, it was considered to be a less advantageous solution with
respect to the W-shaped pipe configuration both from a thermo-
hydraulic and a geotechnical point of view.

e The increase of the foundation aspect ratio resulted in an
approximately linear increase of the exchanged heat that was
independent from the configuration of the pipes. However, a
lengthening or shortening of the energy pile resulted in mark-
edly diverse responses of the foundation to the thermo-
mechanical loads, depending on the impact that the different
mechanical and thermal properties of the surrounding soil
layers may have had on the bearing response of the pile. In the
considered cases, a lower and more homogeneous variation of

stresses and displacements along the foundation depth was
evidenced for the lower energy pile aspect ratios (i.e., AR =9 and
18), whereas higher and less homogeneous evolutions were
observed for the higher aspect ratios (i.e., AR = 31 and 36).

An increase of up to 11% in the heat transfer rate was obtained by
increasing the fluid flow rate (more specifically, increasing the
water velocity from 0.2 to 1 m/s) with only slight differences in
the results for the different pipe configurations (more evident
variations were observed for the W-shaped pipe configuration).
No remarkable variations of the vertical stress (and related
strain and displacement) distributions in the foundation were
observed with the variation in the fluid flow rates.

Low concentrations of antifreeze that were mixed with water in
the pipes did not markedly affect the energy performance of the
pile with respect to the nominal case where pure water was

Fig. 19. Distributions of the operative fluid temperatures in the pipes and the relative trends of the thermal power extracted from the ground.
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Table 7
Energy performances for the different operative liquids.
Type of antifreeze Toue [°C] AT [°C] T p [°C] ene [~ V [1/min] Q/Hgp [W/m]
Single U-shaped pipe
Pure water?® 5.70 0.70 10.73 0.122 9.7 16.9
MEG 25 5.74 0.74 10.59 0.132 10.1 18.6
MEG 50 5.80 0.80 10.65 0.141 10.5 209

Double U-shaped pipes

Pure water® 5.55 0.55 9.06 0.135 19.3 26.5
MEG 25 5.59 0.59 8.96 0.148 20.2 29.6
MEG 50 5.64 0.64 8.94 0.161 21.0 334

W-shaped pipe

Pure water? 6.08 1.08 9.15 0.260 9.7 26.1
MEG 25 6.19 1.19 8.83 0.310 10.1 29.9
MEG 50 6.23 1.23 8.94 0.312 10.5 323
¢ Base case.

used (i.e., the heat transfer rate decreased by approximately 6% [14] C. Yavuzturk, ].D. Spitler, A short time step response factor model
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