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This paper introduces innovative practical methodologies for evaluating the thermal performance of thermo-
active pile groups. First, a streamlined approach for determining G-functions within such groups, based on the
G-function of a single thermo-active pile is introduced. This is accomplished through a newly introduced thermal
interaction factor for G-functions quantifying the increase in temperature when a pile is subjected to thermal
interference from another pile. Subsequently, the paper proposes a method for calculating the power of piles
within thermo-active pile groups when subjected to transient inlet temperatures. A thermal interaction factor for
power is derived, quantifying the power reduction resulting from thermal interference due to another pile
operating in the vicinity. These simplified methodologies are shown to reproduce the thermal performance of
pile groups simulated using three-dimensional thermo-hydraulic analyses with excellent levels of accuracy
without the associated computational cost. Finally, the proposed design process is applied to a 3 x 3 thermo-
active pile group subjected to transient thermal loads, yielding accurate estimations of power, G-functions,
and temperature changes of the thermo-active pile group. Overall, these simplified methodologies offer a robust
framework for evaluating and optimising the thermal performance of thermo-active pile systems.

additional ground movements that need to be considered in their design.
These interaction mechanisms have been observed and, crucially,
quantified in field investigations (e.g. Brandl; Laloui et al.'’;
Bourne-Webb et al.”) and centrifuge tests (e.g. Stewart & McCartney>’;
Ng et al.”%; Ng et al.??). Several numerical studies have been conducted
to establish the importance of these additional forces in the design of
thermo-active pile foundations, focusing not only on their magnitude

1. Introduction

Thermo-active piles represent a distinct advancement over conven-
tional piles, as they not only offer structural stability but also function as
ground source heat exchangers, providing buildings with low carbon
heating and cooling capabilities. The adoption of thermo-active piles has
witnessed a surge in popularity in recent years,”*>* driven by but also on the modelling approach adopted for the soil and the effect of
increasingly stringent sustainability targets, such as the Merton Rule, transient thermal loading (e.g. Di Donna & Laloui”; Gawecka et al.'’;
which mandates on-site renewable energy generation for bui]dings’26‘37 Iodice et al.ls). The ﬁndings from research on the geotechnical behav-
and the overarching commitment to achieve net-zero greenhouse gas iour of this type of foundations is sy§tematically organised in a simple
emissions by 2050. This technology is of particular significance in framework proposed in Amatya et al.” and Bourne-Webb et al.”. Clearly,
densely urbanised regions, where, due to the congested built environ- at the centre of assessing the response of thermo-active piles, both in
ment, thermo-active piles emerge as the most viable renewable energy terms of thermal performance and thermo-mechanical response, is the

option.

The operation of thermo-active piles and other structures, such as
retaining walls and tunnel linings, leads to differential expansion be-
tween the concrete and the surrounding ground. This results in addi-
tional shear stresses at the soil-structure interface and, therefore,
internal forces are generated within the pile, as well as leading to

need to establish the temperature field resulting from their operation (e.
g. Sailer et al.32, Liu et al.'®).

In terms of thermal performance of thermo-active piles, its accurate
quantification is vital to ensure they meet the heating and cooling de-
mands of buildings. Previous studies, both numerical (e.g. Gao et al.'’;

Loveridge & Powriezz; Liu et al.'®) and field-based (e.g. Park et 31_30;
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Nomenclature

A A coefficient for TIF; or TIFp

B A coefficient for TIF; or TIFp

B, A coefficient for TIF; or TIFp

Cy A coefficient for TIF; or TIFp

Cy A coefficient for TIF; or TIFp

ETE Pile edge-to-pile edge distance

k Thermal conductivity

ksoit Thermal conductivity of the soil

L Pile length

Npites Total number of piles in a pile group

n Time step number being evaluated

Ny_lops Number of U-loops within the thermo-active pile

P Normalised power per unit pile length or applied heat flux
per unit pile length

Pigroup Normalised power of pile i within a thermo-active pile
group

Rir,gle Normalised power of a single thermo-active pile

Q Flow rate of the carrier fluid

r Radial distance

103 Radius of pile

Tpipes The radial distance measured from the pile centre at which
the pipes are located within the thermo-active pile

SF Spacing factor

T; Inlet fluid temperature

Tout Outlet fluid temperature

TIFg Thermal interaction factor for G-functions

TIFp Thermal interaction factor for power

t Time

ATya Average change in temperature at pile wall

Gy Volumetric heat capacity

PsCps Volumetric heat capacity of the carrier fluid

@, G-function

Digop  G-function of pile i within a thermo-active pile group

Diingle G-function for a single thermo-active pile

Zhao et al.*’; Jensen-Page et al.'*), have investigated the thermal per-
formance of individual thermo-active piles. However, it is essential to
recognise that thermo-active piles are often employed in groups. It has
been shown numerically,’!%1%19232536 i centrifuge tests”” and in
field tests'®° that when thermo-active piles operate together, these
piles experience thermal interference effects, leading to a deterioration
in their overall thermal performance compared to operating in isolation.
Thermal interference arises as heat exchange between a thermo-active
pile and the surrounding soil relies on the thermal gradient between
them. When neighbouring piles heat up or cool down the surrounding
soil, its capacity to exchange heat diminishes, resulting in reduced
performance for the group as a whole.

To estimate accurately the thermal performance of thermo-active
piles, it is vital to account adequately for the effects of thermal inter-
ference. Currently, the thermal performance of thermo-active piles is
typically quantified in one of the two following ways:

1. The first approach involves prescribing the carrier fluid with an inlet
temperature while measuring the outlet temperature to quantify the
heat extracted from or injected into the ground by the thermo-active
pile. This is represented as a normalised power per pile length,
denoted as P [W e m~!], using Eq. (1), where p;Cys [Jem™> e K]
is the volumetric heat capacity of the carrier fluid, Q[m> e s7!] is the
flow rate of the fluid, L[m] is the pile length, (Ti —Tou) [K] is the
temperature differential between the pipe inlet(s) and outlet(s), and
Ny_loops is the number of U-loops within the pile. Obviously, a
thermo-active pile with better thermal performance is characterised
by a higher normalised power per pile length. Studies have demon-
strated that when thermo-active piles operate as a group, the tem-
perature differential (Ti, —T,u), and hence the power for each pile
decrease due to overlapping temperature fields caused by thermal
interference.!®21:25:36:39

o y_loops pfcpf e Q .

P= )" 7

i

(Ti - Tout)i (1)

2. The second approach involves injecting a constant heat flux into the
thermo-active pile and measuring the resulting temperature increase
over time. The results are then presented in a normalised format as G-
functions. A thermo-active pile with inferior thermal performance
exhibits a more substantial temperature change for a given heat flux,

as this corresponds to a greater temperature change in the carrier
fluid, ultimately reducing the efficiency of the heat pump. Moreover,
an increased temperature change within the soil signifies a dimin-
ished capacity to exchange heat with the pile. Studies have indicated
that multiple piles operating in proximity generate higher tempera-
tures compared to a single pile,"'>!%?33 thus necessitating the
quantification of thermal interference effects.

For the first approach, Liu & Taborda”! have developed a simplified
method that enables the determination of the power of piles within a
thermo-active pile group based on the power of a single pile. However,
its applicability is constrained to scenarios involving thermal loads
characterised by constant inlet temperatures. For the second approach, a
theoretical study conducted by Loveridge & Powrie?® has demonstrated
that average G-functions for thermo-active pile groups can be deter-
mined through superposition of G-function values obtained from single
piles at different radial distances from the pile.

This paper is driven by two primary objectives. Firstly, in Section 2, a
simplified methodology for determining G-functions for thermo-active
pile groups is introduced. The key input for this streamlined approach
is the G-function pertaining to an individual pile with the same geometry
as those in the pile group, evaluated solely at the pile edge. Through the
application of the proposed empirically derived equation and the prin-
ciple of superposition, the G-function of each pile within pile groups of
any pile arrangement can be determined. The simplified methodology is
subsequently validated using 3D transient thermal analyses. Secondly,
in Section 3, the determination of power for piles within thermo-active
pile groups is extended to accommodate thermal loads characterised by
transient inlet temperatures, such as those observed as a result of real-
istic heat pump operational patterns. This extended method is then
validated through its application to a 3 x 3 thermo-active pile group
subjected to a time-varying thermal load. Finally, in Section 4, a prac-
tical application of the methods proposed in this paper is shown in
detail, aiming to provide guidelines for the practical design of this type
of heat exchangers.

In this investigation, unless explicitly stated otherwise, 3D thermo-
hydraulic numerical analyses with explicit simulation of heat
exchanger pipes are conducted using COMSOL Multiphysics®.” The
thermo-active piles studied here possess a length of 20m and are
configured with a double U-loop pipe arrangement, as visually depicted
in Fig. 1. The adopted domain spans dimensions of 80m by 80m,
consistently positioning the thermo-active pile(s) at the centre of it. The
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water circulating down the pile
water circulating up the pile

Fig. 1. Illustration of the double U-loop pipe arrangement adopted.

adopted depth of the domain is 40m. The domain size was checked
through a sensitivity study and was found that these dimensions were
sufficient to prevent any boundary effects. For the heat exchanger pipes,
the concrete cover is 70mm, the inner diameter is 26.2mm, the pipe wall
thickness is 2.9mm, and the fluid flow rate per U-loopis1 x 10~% m3 e
s71 (which corresponds to a fluid velocity of 0.19mes™!). The
thermo-active piles operate for 360 days and the ground temperature is
assumed to be 20°C, a value which has been observed in dense urban
areas (e.g. Bourne-Webb et al.”). However, it should be noted that, for
the purpose of developing a design methodology, which is the objective
of this paper, the initial ground temperature, assumed to be equal to that
of the thermo-active piles, is not a determining factor. All domain
boundaries are prescribed a thermal boundary condition where the
temperature is not allowed to vary from its initial value. It is assumed the
carrier fluid is water and Table 1 provides the thermal properties
adopted for the pile concrete, soil and water. Additionally, when
considering arrangements of piles within thermo-active pile groups, a
regular rectangular array pattern is followed.

2. Simplified methodology for determining G-functions for
thermo-active pile groups

This section commences with the evaluation of the G-function for a
single thermo-active pile. Subsequently, the investigation extends to
determining G-functions for two interacting thermo-active piles, spaced
at varying distances. These analyses facilitate the assessment of how pile
spacing impacts the increase in G-function values, and hence ground
temperatures, resulting from thermal interference. This effect is subse-
quently quantified using a proposed empirical equation. The existence of
this empirical equation enables the proposal of a simplified methodol-
ogy for determining G-functions for thermo-active pile groups based on
G-function for single piles. Finally, the validity of the empirical equation
and the simplified methodology are confirmed through application to a
3 x 3 thermo-active pile group.

In this section, the G-functions are established by applying a constant
heat flux of 100Wem™! to each pile. For a pile length of 20m and a
double U-loop pipe arrangement, this corresponds to a heat flux of
2000W per pile or 1000W per U-loop. It is important to note that the G-
functions are solely evaluated by calculating the average temperature
along the surface of the pile shaft (i.e. at the pile edge), meaning that

Table 1
Thermal properties adopted for pile concrete, soil and water.
Pile Soil Water
Thermal conductivity 2.3 1.8 0.6
k[WemeK1]
Volumetric heat capacity 1900 1800 4180

pCp [kJn m3 OK’I}
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there is a loss of information on local variations in temperature — either
circumferentially due to the position and number of heat exchange pipes
(e.g. Loveridge & Powrie?®) or along the pile due to heat losses through
the ground surface or heat conduction towards the soil below the pile tip
(e.g. Bourne-Webb et al.®). However, as a trade-off, this approach en-
ables the determination of a single value which approximates the
highest temperature to which the soil is subjected. In the COMSOL
model, the pipe outlets are connected to the pipe inlets to form closed
circuits, with the heat flux being introduced to the fluid before recir-
culation back into the ground, as illustrated in Fig. 2.

To demonstrate the independence of the method from the considered
pile diameter, three distinct diameters — 600mm, 900mm, and 1800mm —
are investigated. These values encompass the typical range of pile di-
ameters commonly encountered in practical applications.”’ Note that it
is assumed that the number of U-loops remain constant to enable a direct
comparison in terms of the effect of the diameter. However, it would be
expected that for the larger pile (diameter of 1800 mm) a larger number
of pipes would be used.

2.1. Single pile

The analyses are conducted, and the average temperature rise at the
pile edge is recorded and normalised into G-functions @, as per Eq.
(2).?? In this equation, kg
conductivity of the soil, P [Wem™!] is the applied heat flux per unit
pile length, and AT, |[K] signifies the average change in pile wall
temperature. The evolutions of the G-functions are plotted against time
in Fig. 3 for all three pile diameters, both in terms of time (Fig. 3(a)) and
Fourier number (Fig. 3(b)), the latter being defined in Eq. (3) where r, is
the radius of the pile.?

[Wem™ eK~!] represents the thermal

_ 27Tksail

(I)g ATyan (2)

Fo— Kot ©)
psoilcp.soil ory?

Referring to Fig. 3, similar trends can be observed for all pile di-
ameters. The pile heats up rapidly during the initial stages of heating due
to the steep thermal gradient between the hot pipes and the cold pile. As
time progresses and the pile continues to heat up, the thermal gradient is
reduced, and the rate of heat transfer slows down. In effect, after one
year of operation (Fig. 3(a)), the temperature increase reaches 90 % of
that at steady state (Fig. 3(b)). It can also be observed that G-functions
reduce with increasing pile diameters, indicating that increasing the pile
diameter improves the thermal performance of the thermo-active pile
(as explained in Section 1).

2.2. Two interacting piles

In this section, the G-functions for two interacting piles with varying
spacing between them are investigated. The reduction in the power of
two interacting piles (compared to that of a single pile) has been pre-
viously shown”! to be better explained by the pile edge-to-pile edge
(ETE) distance, rather than by the spacing factor (SF, defined as the pile
centre-to-pile centre distance normalised by the pile diameter). How-
ever, as the value of SF is still widely used to describe pile groups, the
geometries analysed in this paper are first formulated in terms of this
quantity and then converted to ETE: as an example, for a 900mm
diameter pile, SF values ranging from 2 to 12 in increments of 0.5 were
considered, corresponding to ETE distances of 0.9m to 9.9m in in-
crements of 0.45m.

The analyses have been performed on all three pile diameters and the
results are presented in Fig. 4. In Fig. 4, the results are depicted in terms
of thermal interaction factor for G-functions TIF;, a metric defined as the
G-function for two interacting piles normalised by that of a single pile. It
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Fig. 2. Application of heat flux: (a) illustration of the approach and (b) implications to the numerical model.
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Fig. 3. G-functions for single piles with pile diameters of 600mm, 900mm and 1800mm as a function of (a) time and (b) Fourier number.

is important to note that, for brevity, only the results corresponding to
ETE distances of 1.8m, 3.6m, 5.4m, 7.2m and 9m are presented.

Referring to Fig. 4, it can be observed that the TIF; curves consis-
tently remain above 1.0. This indicates that larger G-functions, or
changes in pile edge temperature, are observed when two thermo-active
piles interact with each other compared to the case of a single pile, as
expected. Furthermore, for any considered pile diameter, higher TIF;
curves are obtained as the ETE distance is reduced. This aligns with
expectations as the proximity of the two piles intensifies the effects of
thermal interference, subjecting the pile edge to more significant tem-
perature changes and, consequently, higher G-functions.

Fig. 4 also reveals that, for the same ETE distance, the TIF; curve
appears to be relatively independent of the pile diameter. Therefore, an
empirical equation expressing TIF in terms of time t[days] and ETE[m] is
proposed:

-1

1 — [Cg1In(ETE) + Cg.» |

TIFG(t7 ETE) = CQ]IH(ETE) + CG12 +
1+ (AG:ETE

) Bg,1+Bg2¢ETE -

()]

In Eq. (4), Ag, Bga, Bg2, Cg1 and Cg, are constants, which are
calibrated using the least square methods, resulting in A = 26.78,
Bg1 = 0.4005, Bg, = 0.4037, Cg1 = 0.1369 and Cg, = 0.6640. The
shape chosen for Eq. (4) is that of the reciprocal of a modified hyperbolic
formulation, such as the one used to describe the stiffness of a geo-
material by Taborda et al.**. When adopting this type of expression, the
term (Cg1In(ETE) + Cg2 )71 denotes the maximum value of the thermal
interaction factor in the long-term (i.e. as t—o0). This means that it is
possible to determine the maximum value of ETE beyond which no
interaction between piles is considered by Eq. (4): ETEp. =
exp((1—Cg2)/Cs1). For example, for the values given above, no
thermal interaction is predicted for distances between piles above
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__g—%+—— ETE=1.8m

== ETE=3.6m
e | ETE=5.4m
o aetE ETE=72m

== ETE =9.0m

300

1800mm SF=2 ETE=1.8m
1800mm SF=3 ETE=3.6m
1800mm SF=4 ETE=5.4m
1800mm SF=5 ETE=7.2m
1800mm SF=6 ETE=9m

360

tHH

Equation ETE=1.8m
Equation ETE=3.6m
Equation ETE=5.4m
Equation ETE=7.2m
Equation ETE=9m

Fig. 4. Thermal interaction factor curves for two interacting thermo-active piles for pile diameters of 600mm, 900mm and 1800mm, and the corresponding curves

fitted by Eq. (4).

ETE.x = 11.6m. Furthermore, the term A e ETE determines the time at
which the reciprocal of TIF; rises to the midpoint between its initial
value and its long term value, ie. t= AeETE-TIF; =

((1.0 + (C61In(ETE) + Cg2 ) ) /2)71. Clearly, the fact that this terms
scales with ETE is hardly surprising, since a longer period of time is
required for thermal interaction to take place between piles that are
further away. Lastly, the term Bg; +Bg > ® ETE denotes the non-linearity
between time and the value of the thermal interaction factor, with
smaller values of this term corresponding to smoother rises in this value.
Based on the values above, the calibrated relationship suggests that the
thermal interaction between two distant piles is limited, takes a longer
period of time to start developing, but when it does happen, the thermal
interaction factor builds up at a slightly faster rate. The TIF; curves
calculated using Eq. (4) are also plotted in Fig. 4 to illustrate the
excellent fit with the numerical results. Clearly, the shown TIF; curves
are specific to a value of thermal conductivity of the soil. Therefore, in
order to extend the applicability of the proposed methodology to cases
where thermal conductivity of the soil may be different, the process
outlined above was repeated for values of this property ranging between
0.9Wem' ¢ K~! (half the original value) and 3.6Wem™! ¢ K~! (twice
the original value). In Appendix A, the calibrated expressions for TIF;
are listed for each of the values of thermal conductivity, together with
associated interpolation functions that allow the determination of TIF;
for any intermediate value of this property.

2.3. Simplified methodology

The availability of an empirical equation, as expressed in Eq. (4),
which quantifies TIF; curves solely in terms of time and ETE distances,
enables the proposal of a simplified methodology for determining G-
functions for thermo-active pile groups based on G-function of a single
pile within the group, removing the need to perform specific analysis to
evaluate the interaction between two piles. Since G-functions are linear

quantities and can be superimposed”*, the G-function of a pile i within

a pile group, denoted as ®; gy, and comprising Npges piles (subject to
thermal interference from (Npiles —1) other piles), can be evaluated using
Eq. (5):

Npites

= q)single (t) + Z [‘I)single (t) L4 TIFG (t, ETE]) - (Dsingle(t)]

=1

D group (£)

Npites

= q)sin,gle (t) o |1+ Z [TIFG (t’ ETEJ) - 1}
=1

()

where it is assumed that TIFs(t, ETE;) = 1.0, i.e. the thermal inter-
action factor corresponding to pile i interacting with itself is 1.0.
Moreover, in Eq. (5), the G-function of a pile within a pile group is
determined by superimposing the effects from every other pile within
the group. Note that this assumes that all the piles in the group have the
same geometric characteristics, as is typically the case, and are
described by the same G-function for a single pile, represented by ®ginge.

2.4. Validation

To validate the proposed empirical equation and the simplified
methodology, the case of a 3 x 3 thermo-active pile group where piles
are spaced apart by a spacing factor of 4 is considered. In this validation
exercise, the G-functions for the piles at the corner, edge, and centre of
the group, as well as the average G-function of the group are estimated.
These estimations are based on the G-function of a single pile (deter-
mined numerically in Section 2.1), and are evaluated using the proposed
empirical equation (Eq. (4)) and the simplified methodology outlined in
Section 2.3. Subsequently, the estimated G-functions are compared with
those determined numerically in COMSOL in Fig. 5(a), (b) and (c) for
pile diameters of 600mm, 900mm, and 1800mm, respectively. It is
important to note that, in these three configurations, values of edge-of-
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Fig. 5. Estimated and numerically determined G-functions for the 3 x 3 thermo-active pile group with pile diameters of (a) 600mm, (b) 900mm, and (c) 1800mm.

edge distance between 1.8 m (closest pile in a 3 x3 group of 600 mm
diameter piles with SF = 4) and 17.8 m (furthest pile in a 3 x3 group of
1800 mm diameter piles with SF = 4) are considered, presenting a stern
test for the proposed methodology.

The validation results presented in Fig. 5 reveal excellent agreement
between the estimated G-functions and those determined numerically in
COMSOL, with maximum errors of 8.3%, 4.0% and 7.3% for pile di-
ameters of 600mm, 900mm and 1800mm, respectively. It is expected
that the more significant errors observed in the group of smaller diam-
eter piles is linked to the effect of the concrete cover, which, in pro-
portion to the diameter, is larger in this case. Further validation
exercises were performed for a wide range of pile arrangements,
including 2 x 2, 4 x 4 and infinitely large pile groups. For brevity, these
are shown in Appendix B. Overall, the good agreement obtained for all
cases considered underscores the effectiveness and accuracy of both the
empirical equation and the simplified methodology in estimating G-
functions for thermo-active pile groups.

3. Power of thermo-active pile groups under transient thermal
loads

A simplified methodology for estimating the power of thermo-active
piles within thermo-active pile groups, based on the power of a single
pile that constitutes the group, was developed by Liu & Taborda®'. This
method employs an empirically derived the thermal interaction factor
for power, TIFp, as described in Eq. (6), to quantify the power reduction
on a thermo-active pile due to thermal interference from another nearby
pile. Note that, similar to Eq. (4), this expression is based on a modified
hyperbolic formulation such as the one adopted in Taborda et al.>°. The
observations regarding the roles of the terms in Eq. (4) that correspond
to (Cp1In(ETE) +Cp> ), (Ap ¢ ETE) and (Bp; +Bp ¢ ETE) remain valid
for Eq. (6). In this equation, constants Ap, Bp1, Bpa, Cp1 and Cp have

been determined as Ap = 22.14, Bp; = 0.4600, Bp, = 0.3721, Cp; =
0.1085 and Cpy = 0.7317. Similar to the thermal interaction factor for
G-functions (Section 2.2), the curves for the thermal interaction factor
for power are dependent on the thermal conductivity of the surrounding
soil. Therefore, the analyses shown above were repeated for values of
this property from 0.9Wem ! e K ! to 3.6Wem ! ¢ K. In Appendix
A, the coefficients for the expression for TIFp (Eq. (6)) were subsequently
recalibrated for each of the values of thermal conductivity and inter-
polation functions are provided to allow the use of the proposed meth-
odology for other values of this soil property. The power of
thermo-active pile i within a thermo-active pile group, denoted as

Pigowp |[Wem!], can be evaluated using Eq. (7).

1-— [Cplln(ETE) + vaz}

TIFy(t, ETE) = CpIn(ETE) + Cp + e <10 (6)
1+ (Ap-[ETE)
_ _ Npites
Pigroup (t) = Paingie(t) ® | | TIF (t, ETE)) ]
j=1

Similar to Eq. (5), the thermal interaction factor corresponding to
pile i interacting with itself is assumed to be TIFy(t, ETE;) = 1.0. More-
over, in Eq. (7), Puyge [Wem™!] represents the power of a single
thermo-active pile unaffected by thermal interference, and Ny is the
number of piles within the group. However, this methodology is appli-
cable only to cases with constant thermal loads. To extend the meth-
odology for time-varying thermal loads, a temporal superposition
technique®® is adopted. In this case, Eq. (7) is modified into Eq. (8),
where T’i,gmup has to be evaluated numerically. In Eq. (8), n represents the
time step number being evaluated:
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n Npiles
Pigroup(tn) = z { F&ingle(tk) 71_')single(tk—1)] L4 H TIFp (f,, — l’k,l,ETEj) }
=1

=)
(8

To validate the extended methodology, a 3 x 3 thermo-active pile
group with 900mm pile diameter, which is subjected to transient ther-
mal loads, is considered. In this validation exercise, the 3 x 3 thermo-
active pile group is subjected to heating and cooling by a sinusoidal
inlet temperature described by the function Ty(t) = 20+

20 e sin <%) [°C]. This simplified variation of inlet temperature has

an amplitude of 20°C with a period of one year, oscillating around the
initial ground temperature of 20°C, resulting in the fluid temperature
varying between 0°C and 40°C. This is intended to represent an idealised
operational pattern for a ground source energy system where the year is
split equally between a cooling season (i.e. energy injected into the
ground for 180 days) and a heating season (i.e. energy extracted from
the ground for the remaining 180 days).

To apply the simplified method, the power of a single thermo-active
pile, Pginge, subjected to the described thermal load has to be determined
first. This determination is achieved through numerical analysis using
COMSOL. Since the power of the thermo-active pile is determined based
on the applied inlet temperature and the measured outlet temperature,
the pipe arrangement adopted in this case is different from that illus-
trated in Fig. 2. This modified arrangement is illustrated in Fig. 6.
Consequently, the power of the pile can be determined based on the
applied inlet temperature, Ty, and the measured outlet temperature,
Tou, as per Eq. (1). The numerical analysis is conducted, and the
resulting evolution of ﬁmg,e with time is presented in Fig. 7.

After obtaining Pgige, the extended simplified method is applied by
evaluating Egs. (6) and (8). Subsequently, the resulting time evolution of
power for the piles at the corner, edge and centre of the group, as well as
the average power of the group are compared with those obtained
through numerical simulations in COMSOL. The comparisons are pre-
sented in Fig. 8(a)-(d), respectively.

The remarkable agreement observed between the power estimated
using the simplified method and the numerical modelling in Fig. 8
clearly demonstrates the high degree of accuracy of the proposed

\ \
\\ V . & — ’/}- =
\\ \ \\ /
— = \ = \\ ~[
Pl/pe.mlet Pipe inlet—__ \\
,// \ " \
vi4 — \\
< // - ‘ — '/L :
~ /= Pipe outlet A S /
/ P A T o R|Pipeoutlet ./

Fig. 6. Illustration of pipe arrangement when inlet temperatures are specified
and power of pile is to be measured.
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Fig. 7. Evolution of Pjg, with time for the single pile subjected to the time-
varying thermal load obtained from the numerical model.

approach when estimating the power of thermo-active pile groups while
accounting for transient thermal loads. It is worth noting that the Ringle
used by the simplified method could have been determined through
alternative means, such as field thermal response tests, empirical
methods, or solely 2D numerical analyses using e.g. the simplified
method developed by Liu & Taborda?’, rather than employing a full 3D
analysis with heat exchanger pipes. The rationale for choosing full 3D
analysis in this validation exercise is to eliminate any unnecessary ap-
proximations associated with the determination of ngle. Moreover,
detailed parametric studies — not shown here for brevity — indicate that,
although computationally intensive due to the required number of steps,
the accuracy of this method increases with the frequency of the variation
of inlet temperature, rendering it a viable approach for analysing real-
istic operational patterns for heat pumps.

4. Practical application

Based on the methodologies proposed in the preceding sections, it is
now possible to estimate both the power of piles within thermo-active
pile groups (Pigoup) and the temperature changes at the edges of the
piles solely based on the applied inlet temperatures, which can be
transient. This capability will be demonstrated in the following
comprehensive validation exercise, which involves a 3 x 3 thermo-
active pile group with piles spaced apart by a spacing factor of 4,
installed in a soil which is initially at a temperature of T = 20 °C. These
piles are subjected to a thermal load represented by an inlet temperature

signal described by the function Ti,(t) = 20 + ZOosin(gT”(‘)) +

10 e sin (%) [°C]. This inlet temperature signal is similar to the one

considered in Section 3 but includes additional monthly cycles with an
amplitude of 10°C. The validation exercise comprises the following
calculation steps, which are visually depicted in the workflow chart
presented in Fig. 9:

. Calculate single pile power Py from T, (t) (Section 4.1).

. Convert to pile group power P gy from Pging, (Section 4.2).

. Establish single pile G-function ®gg, (Section 4.3).

. Assemble pile group G-function ®; gy from @gg, (Section 4.4).

au b wN -

. Determine changes in pile wall temperature by combining P; gy
from Step 2 with ®; gy, from Step 4 (Section 4.5).

Throughout all these steps, the results obtained from the simplified
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Fig. 8. Time evolution of power for the (a) corner, (b) edge, and (c) centre piles, as well as the (d) average power within the 3 x 3 thermo-active pile group,
estimated using the proposed method and compared with numerical simulation results obtained in COMSOL.

Inlet temperature profile, T;, (t)

Assumed constant heat flux

2

L 2

Power of single pile, ﬁsmgle
(Section 4.1)

G-function of single pile, @i g1e
(Section 4.3)

v

2

Power of pile within the group, ﬁi,gmup
(Section 4.2)

G-function of pile within the group, ®; goup
(Section 4.4)

Pile wall temperature for transient
inlet temperatures (Section 4.5)

Fig. 9. Workflow chart for the validation exercise.

method are consistently compared against those generated from nu-
merical modelling using full 3D COMSOL analyses.

4.1. Determination of Pginge from Tin(t)

To determine the power of a single thermo-active pile (ngle) based
on the applied inlet temperature (Ti,(t)), the simplified methodology
from Liu & Taborda?!, which avoids carrying out 3D transient
thermo-hydraulic analysis with explicit modelling of heat exchanger
pipes, is employed. This method requires only a 2D thermal analysis of
the pile cross-section and the surrounding soil, while the thermal load is
imposed as a temperature boundary condition at the locations of the
heat exchanger pipes. The evolution of the average temperature along
the circumference with radius r = s (Where 1y is the radial distance

between the centre of thermo-active pile and the centre of heat
exchanger pipes) is determined. This evolution of the average temper-
ature is then used as a temperature boundary condition within the pile at
T = Ipjpes iN an axisymmetric thermal analysis. The power of the pile is
subsequently calculated by assessing the change in energy content of the
system, along with the energy lost through the system’s boundaries. Liu
& Taborda”! presented an in-depth description of this methodology, as
well as an assessment of its performance.

For reference, the Ringle determined using the simplified method is
compared in Fig. 10 with the results obtained using 3D thermo-
hydraulic analysis as described in Section 3. It is evident from Fig. 10
that there is a good agreement between the two approaches with the
simplified method requiring less sophisticated and computationally
intensive analyses. The maximum error observed in terms of peak power
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Fig. 10. Comparison of T’Si,,gle estimated using the proposed method with 3D
thermo-hydraulic analysis.

is limited to about 10%.
4.2. Determination of P;groyp from Pginge

Following the determination of Ringle, the power of piles within the
3 x 3 thermo-active pile group (P;goup) can be estimated using Eqs. (6)
and (8). The resulting time evolution of power for the piles at the corner,
edge and centre of the group, as well as the average power of the group
are compared with those obtained through numerical simulations in
COMSOL. The comparisons are illustrated in Fig. 11 (a)-(d),
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respectively.

Referring to Fig. 11, it is evident that there is a generally good
agreement between the estimations from the simplified method and the
results obtained from numerical analyses, with a maximum error in
terms of peak power of up to 20 %. It is worth noting that the larger error
observed during the estimation of f’i‘gmup, compared to that of T’smgze, can
be attributed to the accumulation of errors in the process, as Fsingle used

to obtain P; gy Was itself obtained using an approximate methodology.

4.3. Determination of G-function for a single pile ®ginge

To compute efficiently the G-function for a single thermo-active pile,
an axisymmetric analysis is performed. In this analysis, a heat flux of
2000W (equivalent to 100W e m™!) is applied over a shell within the pile
located at a radial distance equal to that of the heat exchanger pipes (i.e.
atr = Trpjpes), while the average temperature at the pile edge is monitored
over time. Subsequently, the evolution of the average temperature over
time is normalised into a G-function (@ng.) according to Eq. (2) and is
compared in Fig. 12 to the results obtained through a 3D thermo-
hydraulic analysis in COMSOL, of the type described in Section 2.
Clearly, while there is a considerable difference in the complexity of the
two analyses, the obtained results are very similar, with a maximum
error of up to 5 %.

4.4. Determination of G-function of a pile within the group ®;groy from
¢kmge

After establishing @g,g., the G-functions of piles within the 3 x 3
thermo-active pile group (®;goup) can be estimated using Eqs. (4) and
(5). The resulting G-functions for the piles at the corner, edge and centre
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Fig. 11. Comparison of E_gmup estimated using the proposed method with results obtained from numerical simulation in COMSOL for the (a) corner, (b) edge, and (c)

centre piles of the 3 x 3 group, as well as the (d) average power of the group.
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Fig. 12. Comparison of @gpg, estimated using the proposed method with nu-
merical simulation results obtained in COMSOL.

of the group, as well as the average G-function of the group are
compared with those determined through 3D thermo-hydraulic analyses
in COMSOL. These comparative results are presented in Fig. 13 (a)-(d),
respectively.

Referring to Fig. 13, it is evident that there is a notable agreement
between the two approaches to obtain G-functions, with the error being
limited to about 9 %. It is worth noting that this error is slightly larger
than that associated with @g,g. estimation, as the error from @ginge

Geomechanics for Energy and the Environment 39 (2024) 100575

estimation has been propagated during the estimation of ®;groyp.

4.5. Determination of changes in pile wall temperature from P; gy, and

‘Di,gmup

With knowledge of the power (P; group) and G-function (®; groyp) of the
piles within the 3 x 3 thermo-active pile group, it is possible to deter-
mine the average changes in temperature at the pile edge (AT,q)-
However, as power varies with time, the temporal superposition tech-
nique used in e.g. Loveridge & Powrie’” has to be applied to calculate
numerically the change in temperature at the pile edge using Eq. (9). In
Eq. (9), n represents the time step number being evaluated.

ATwall(tn) - - (Dg(tn - tk)] (9)

The AT, for the pile at the corner, edge and centre of the 3 x 3
group, as well as the average AT, of the entire group, are determined
and compared against those obtained using 3D thermo-hydraulic anal-
ysis in Fig. 14 (a)-(d), respectively.

Referring to Fig. 14, it is clear that the estimated evolutions of AT,y
align reasonably well with those obtained from COMSOL simulations.
The time-averaged absolute error remains limited to 1.6°C, demon-
strating that throughout the entire period of analysis, temperature de-
viations are generally very small. Nevertheless, it is essential to note that
for specific time instants, primarily associated with the estimation of
extreme values of temperature, errors could potentially extend up to
25 %. This larger error is perhaps unsurprising as Psingie, Pigroup> Psingles
and @; g0y Were all estimated using simplified methods, resulting in the
accumulation of minor discrepancies. In effect, if Psi,,gle and Py, Were

7 7
6
(a) 0 60 180 360 (b) 0 180
time [days] time [days]
8 8
(C) 0 60 180 360 (d) 0 180
time [days] time [days]
numerical proposed method

Fig. 13. Comparison of ®; g0y, estimated using the proposed method with results obtained from numerical simulation in COMSOL for the (a) corner, (b) edge, and (c)

centre piles of the 3 x 3 group, as well as the (d) average G-function of the group.
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Fig. 14. Comparison of AT,y estimated using T’i_gmup and @; gy from proposed methods with results obtained from numerical simulation in COMSOL for the (a)
corner, (b) edge, and (c) centre piles of the 3 x 3 group, as well as the (d) average AT, of the group.

derived numerically, the observed error in estimating extreme temper-
ature values would drop to values below 10 %.

This comprehensive validation exercise has demonstrated the effec-
tiveness of simplified methodologies for assessing the thermal perfor-
mance of both individual thermo-active piles and thermo-active pile
groups. With these established methods, the power and changes in
temperature at the pile edge for piles within thermo-active pile groups
can be accurately determined, relying solely on the input of the inlet
temperature signal. Notably, this process does not necessitate compu-
tationally expensive 3D analyses or the simulation of heat exchanger
pipes. These advancements open up new avenues for efficient and reli-
able thermal performance assessments in thermo-active pile systems.

5. Conclusions

In this paper, a comprehensive and novel suite of simplified meth-
odologies is introduced, meticulously designed to evaluate the thermal
performance of thermo-active pile groups. Firstly, a simplified method is
introduced for the determination of G-functions concerning piles within
thermo-active pile groups, building upon the G-function of a single
thermo-active pile which is unaffected by thermal interference.
Employing an empirically derived thermal interaction factor for G-
functions, this technique quantifies the increase in G-function when a
pile is subjected to thermal interference from another nearby pile. The
principle of superposition then allows for the thermal interference from
multiple piles to be quantified in a thermo-active pile group.

Furthermore, an approach for determining the power of piles within
thermo-active pile groups is extended to accommodate time-varying
thermal loads. This method establishes an empirically derived thermal
interaction factor for power to account for reductions in power incurred
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when a pile is subjected to thermal interference from another pile
operating in its vicinity. Through the application of a temporal super-
position technique, the power of the pile when subjected to thermal
interference from multiple piles in a thermo-active pile group can be
determined.

The strength of these methodologies lies in their efficiency and
versatility, as they do not necessitate computationally expensive 3D
analyses or simulation of heat exchanger pipes, and can be applied to
pile groups with any pile configuration. To validate their efficacy, a
rigorous validation exercise is undertaken, involving a 3 x 3 thermo-
active pile group subjected to a time-varying thermal load. Remark-
ably, relying solely on the time-varying inlet temperature signal,
excellent estimations of power, G-function, and changes in temperature
at the edges of the piles within the pile group are achieved.

Clearly, these simplified methodologies offer a robust framework for
evaluating the thermal performance of thermo-active pile groups,
providing valuable insights for the design and optimisation of thermo-
active pile systems.
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Appendix A. Dependency of thermal interaction factors on soil thermal conductivity

To evaluate the impact of the thermal conductivity of the soil on the thermal interaction factors for G-functions (TIF;) and power (TIFp), multiple
COMSOL analyses were performed using values of this property ranging from 0.9W e m~
paper) to 3.6Wem~! e K~! (i.e. twice the value used in the original analyses). The analytical expressions for these thermal interaction factors,
expressed by Egs. (4) and (6), were subsequently calibrated, leading to the constants reported in Tables A.1 and A.2 for TIF; and TIFp, respectively. For
intermediate values of thermal conductivity, interpolation functions listed in Tables A.3 can be used, extending the applicability of the method
described in this paper to a wider range of scenarios involving soil thermal conductivities different from the value considered in this study
(1.8Wem! e K1). Note that the thermal interaction factors were computed for thermo-active piles with two U-loops, while it would be expected
that, at least for the 1800 mm pile, a larger number of U-loops would be used. Although a parametric study reported in Liu & Taborda (2014) suggests
that the density of heat sources has only a minor effect on the thermal interaction factors, it is possible that a recalibration of the expressions proposed
in this paper would be required to prevent additional, unnecessary inaccuracies.

! ¢ K1 (i.e. half the value used in the original analyses in this

Table Al

Coefficients for the expression for TIF (Eq. (4)).
koW m™ K1) Ac B Bga Co1 Co2
0.9 42.31 0.4542 0.5551 0.1324 0.7039
1.8 (original case) 26.78 0.4005 0.4037 0.1369 0.6640
2.7 19.11 0.1721 0.4888 0.1470 0.6433
3.6 15.17 0.1509 0.4545 0.1485 0.6316

Table A2

Coefficients for the expression for TIFp (Eq. (6)).
ksoul(W m! Kil) Ap Bpi Bpo Cpa Cp2
0.9 29.86 0.1897 0.6508 0.1290 0.7195
1.8 (original case) 22.14 0.4600 0.3721 0.1085 0.7317
2.7 16.66 0.3755 0.4238 0.09854 0.7523
3.6 14.28 0.4377 0.3746 0.08914 0.7690

Table A3

Interpolation functions for the coefficients of TIF; (Eq. (4)) and TIFp (Eq. (6)).

Coefficient TIF (Eq. (4) TIFp (Eq. (6))

Ag, Ap 39.43 k.07 28.26 k%2

Bg1, By 0.3997 k" 0.2045 k5%

Bg2, Bra — 0.03860 kg + 0.5953 0.6259 kw‘i’l-397

Ce1, Cpa 0.01190Inkyy; + 0.1345 ~ 0.02900Ink,; + 0.1266
Co2, Cp2 0.6969 k=497 0.01850 kyoy + 0.7020

soil

Appendix B. Validation of the proposed method for other geometric configuration

To evaluate the performance of the proposed method for a wide range of geometries, three additional cases corresponding to a spacing factor (SF)
of 4 were investigated: a small 2 x 2 pile group, a large 4 x 4 pile group and, as an extreme case, an infinitely large pile group. For simplicity, in these
three scenarios all the piles had the same characteristics as those in the 3 x 3 pile group discussed in Section 2.4 subjected to the same type of thermal
load (constant heating for one year). The results are shown in Figure B.1, where a very good agreement can be seen between the proposed method and
the corresponding thermo-hydraulic analyses performed in COMSOL. Note that, for the infinitely large pile group, a group of 7 x 7 was used, since any
additional piles beyond these would be predicted to have no influence on the central pile of the group. In COMSOL, an infinitely large pile group is
modelled according to the methodology shown in Liu & Taborda.?'.

12
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Figure B.1. Estimated and numerically determined G-functions for 900mm diameter thermo-active piles arranged with SF =4 in (a) 2 x 2, (b) 4 x 4 and (c)
infinitely large groups.
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