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ABSTRACT

Ground source energy systems provide low-carbon heating and cooling to buildings, but their
efficient deployment requires a reliable estimate of their thermal performance. A simplified
methodology is presented to determine the thermal performance of thermo-active piles when
heating or cooling loads are specified with either inlet pipe temperatures or imposed heat fluxes.
The proposed methodology avoids computationally expensive 3D analyses and the explicit
simulation of heat exchanger pipes, relying instead on 2D thermal analyses. When the heating
or cooling of a thermo-active pile is assessed by imposing inlet pipe temperatures, the proposed
methodology allows the determination of the power of pile per unit length. Conversely, when
heating or cooling loads are specified via extracted or injected heat fluxes, the inlet and outlet
fluid temperatures, as well as average temperatures at pile wall, are determined. The proposed
methodology has been shown to reproduce accurately the thermal performance of thermo-
active piles modelled using 3D analyses where heat exchanger pipes are explicitly simulated,
considering different patterns of heating and cooling cycles. The application of the proposed
methodology to the case of a real thermo-active pile is demonstrated by comparing its predicted
thermal performance with the results of a well-documented field thermal response test.

LIST OF NOTATIONS

A Area

D Pile diameter

F, Fourier number

k Thermal conductivity

Ksoit Thermal conductivity of the ground

L Pile length

Ny —1oops Number of U-loops within the thermo-active pile
P Power of pile per unit length
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Tin
Tinitial
Tin,av
Tin,mid
Tout
Tout,av
Tout,mid

Ttb c

Xsoil
AE

AH

ATwall

PCy

Flow rate of carrier fluid
Total flow rate of carrier fluid
Radial distance

Pile radius

The radial distance measured from the pile centre at which the pipes are located

within the thermo-active pile

Average temperature of carrier fluid

Inlet fluid temperature

Initial ground temperature

Average inlet fluid temperature

Temperature of fluid in the pipe going down the pile at pile mid-depth
Outlet fluid temperature

Average outlet fluid temperature

Temperature of fluid in the pipe going up the pile at pile mid-depth

The temperature that is prescribed as a thermal boundary condition in the

axisymmetric analysis

Time

Thermal diffusivity of the ground

Assumed power per unit length of the thermo-active pile
Change in energy content per unit length

Average change in temperature at pile wall

Volumetric heat capacity
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1. INTRODUCTION

In order to reduce carbon emissions and fulfil sustainability targets, there is a need to explore
technologies which do not rely on fossil fuels to provide heating and cooling, such as thermo-
active piles (Amis & Loveridge, 2014; Sani et al., 2019; Loveridge et al., 2022). Compared
with conventional piles, this type of foundations combines the role of providing structural
stability with that of exchanging heat with the ground, supplying low carbon heating and
cooling when coupled with a heat pump. Local sustainability targets, such as the Merton Rule,
which requires a proportion of the energy demand of a building to be generated on site using
renewable sources (Merton Council, 2010; World Wide Fund For Nature, 2019), play an
important role in promoting the use of thermo-active piles, as designing geotechnical structures
to work as heat exchangers is particularly advantageous in dense urban environments where
space for other renewable energy sources is scarce. As a result, it is vitally important to
correctly estimate the thermal performance of thermo-active piles, and hence the savings in
energy spent on heating or cooling when such foundations are incorporated into the design of
a building to ensure that the building’s energy demand can be met and the relevant regulations

are complied with.

The thermal performance of thermo-active piles is commonly quantified in terms of power (i.e.
energy extracted/injected from/into the ground per unit time) per unit pile length. However, the
power that can be delivered by thermo-active piles is not a quantity that is easy to determine
as it is dependent on many factors, such as the difference between inlet temperature (i.e. the
temperature of fluid entering the thermo-active pile) and the ground temperature (Nagano et
al., 2005; Gao et al., 2008; You et al., 2014), operation mode (i.e. whether the thermo-active
piles are operated continuously or intermittently) (You et al., 2014; Faizal et al., 2016; Li et al.,
2021a; Li et al., 2021b), number of heat exchanger pipe U-loops within the thermo-active piles
(Hamada et al., 2007; Gao et al., 2008; Brettman et al., 2010; Jalaluddin et al., 2011) and flow
rate of carrier fluid (Gao et al., 2008; Jalaluddin et al., 2011; You et al., 2014; Park et al., 2017).
Although Brandl (2006) suggested it can generally be assumed that thermo-active piles with
diameters 0.3 — 0.5 m can achieve thermal performances of 40 — 60 W - m™1, and piles with
diameters > 0.6 m can achieve 35 W per m? of earth-contact area, a review (Liu, 2022) on the

thermal performance of thermo-active piles has shown that the power of thermo-active piles

4
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can vary from lower than 20 W - m™! (e.g. Henderson et al. (1998)) to higher than 250 W -
m~1 (e.g. Sekine et al. (2007)).

To estimate the thermal performance of a thermo-active pile, the two most commonly used
methods are G-functions (Loveridge & Powrie, 2013; Pagola et al.,, 2018) and three-
dimensional (3D) thermal numerical analyses (Gao et al., 2008; Batini et al., 2015; Cecinato &
Loveridge, 2015; Liu et al., 2020a). The former have been successfully adapted from
techniques used to design borehole heat exchangers, and are typically limited in their ability to
provide information about the power per unit pile length, as they are mainly focused on solving
temperature changes given an applied heat flux. On the other hand, 3D thermal numerical
analyses, which include the explicit simulation of heat exchanger pipes, can be conducted, as
performed by Gao et al. (2008), Batini et al. (2015), Cecinato and Loveridge (2015) and Liu et
al. (2020a). However, these 3D analyses are computationally expensive and the explicit
simulation of heat exchanger pipes, where heat transfer is dominated by advection, presents
considerable computational challenges. Therefore, a simplified method that does not involve
3D analyses or simulation of heat exchanger pipes to predict the thermal performance of
thermo-active piles is proposed in this paper, with its accuracy being assessed by comparing
with 3D numerical analyses with the explicit simulation of heat exchanger pipes using
COMSOL Multiphysics (COMSOL AB, 2022). Moreover, as highlighted by Bourne-Webb et
al. (2020), the heating/cooling of a thermo-active pile is commonly modelled using either a
prescribed temperature (e.g. Salciarini et al., 2017; Vieira & Maranha, 2017; Rammal et al.,
2018; Liu et al., 2020b) or a heat flux thermal boundary condition (e.g. Di Donna & Laloui,
2015; Alberdi-Pagola et al., 2017; Liu et al., 2019; Sani & Singh, 2020). Therefore, the
simplified methodology proposed herein considers these two alternative modelling approaches.
Section 2 details the methodology to estimate the power per unit pile length of a thermo-active
pile when given a prescribed temperature thermal boundary condition, while Section 3 details
the methodology to estimate the inlet and outlet fluid temperatures, as well as the average pile
wall temperature, when a prescribed heat flux is given. The simplified methodology is then
applied in Section 4 to the prediction of the thermal performance of a thermo-active pile for
which the results of a field thermal response test are available (Loveridge et al., 2014). Note
that throughout this paper, the convention is that positive power refers to heat injection into the

ground (i.e. cooling of the building) and vice versa for negative values.
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2. AN APPROACH BASED ON FLUID TEMPERATURE

2.1 The methodology

When the inlet fluid temperature is specified for the heating or cooling of a thermo-active pile,
the most accurate way to model the thermal performance of the thermo-active pile is, as
mentioned above, to conduct a 3D analysis where the heat exchanger pipes are explicitly
modelled. The temperature specified is then prescribed as the inlet temperature of the carrier
fluid, and the power of the thermo-active pile per unit length P [W - m~1] can be calculated
from the volumetric heat capacity of the carrier fluid pC, [J - m~3 - K=, flow rate of the fluid
Q [m3 - s71], pile length L [m], and the temperature differential between the heat exchanger
pipe inlet(s) and outlet(s) T;, — Ty [K] according to Equation (1), where ny_;,0ps is the

number of U-loops within the thermo-active pile.

Ny-loops

_ pCp ) Qi . _
P = ZL I (Tin Tout)i (1)

The proposed approach is based on the fundamental idea that the heat exchange phenomena
taking place in the thermo-active pile can be adequately captured by conducting a 2D thermal
analysis where the heating or cooling from the heat exchanger pipes is modelled by a
temperature thermal boundary condition prescribed at where the heat exchanger pipes are
realistically located within the thermo-active pile cross-section. The power evolution of the
thermo-active pile can then be deduced from the average change in temperature of the system
(i.e. due to conservation of energy). A 2D thermal analysis is expected to be a reasonable
approach as piles tend to be relatively slender (i.e. one dimension considerably larger than the
others), therefore, a section of the pile at mid-length approximates 2D conditions.

Step 1 — Determine the thermal boundary condition for the 2D thermal analysis

In the 2D thermal analysis, a constant temperature boundary condition is applied to the nodes
belonging to the inner circumferences of the heat exchanger pipes. The temperatures that are
prescribed, Tj, miq [K] for the case of a heat exchanger pipe where the fluid circulates
downwards and Ty, miq [K] for heat exchanger pipes where the fluid circulates upwards, are

determined from the inlet temperature T;,, [K] and outlet temperature T,,; [K] of each U-loop.
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By assuming a linear variation of temperature along the heat exchanger pipes, Tiy, miq and

Tout mia Can be determined using Equations (2) and (3), respectively.

1

Tinmia = Tin = (Tin — Toue) X 2 2)
3

Tout,mid =Tin — (Ti - Tout) X Z (3)

In this context, Ty, is the specified temperature for the heating/cooling of the thermo-active
pile, while T,,,; can be evaluated using Equation (4), which is based on conservation of energy
and was employed by Liu et al. (2020b). In Equation (4), AE [W - m™~1] is the assumed power
injected (positive AE) or extracted (negative AE) from the thermo-active pile per unit pile
length. Note that this quantity differs from P, as P is the exact true power that is injected or
extracted from the thermo-active pile, whereas AE is just an assumed power that is solely used
to estimate T,,,. Liu et al. (2020b) have shown that a AE based on 35 W per m? of earth-
contact area, which follows the recommendation by Brandl (2006) for piles with diameters >
600 mm, provides a relatively accurate estimation of the temperature field within and around
the thermo-active pile, and hence the resulting thermal-mechanical pile response. However,
this is based only on heating the thermo-active pile with an inlet temperature of 20°C above
the initial ground temperature. As it is expected that the thermal performance of a thermo-
active pile increases with the difference between the inlet temperature and the initial ground
temperature (Nagano et al., 2005; Gao et al., 2008; You et al., 2014), the expression for AE is
normalised in this paper according to Equation (5), where D [m] is the pile diameter and
Tinitiar [K] 1s the initial ground temperature. The need for this approach will be justified later

in the paper when a Ty, that varies with time is considered.

Toue =T A @
out " Ny—1oops 'pCp "Q
T —T. ..
AE = 35 [W/m?] - oD - -_—nitial (5)

20 [K]
Step 2 — Conduct the 2D thermal analysis
By adopting the temperature thermal boundary conditions T;;, ;mig and Toye miq determined

from Step 1 at the inner circumferences of the heat exchanger pipes, a 2D transient thermal

analysis is conducted to simulate the evolution of the temperature field of the entire system,
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which consists of the thermo-active pile cross-section and the soil surrounding it, over the
entire duration where the thermal performance of the thermo-active pile has to be evaluated.
Note that the domain boundary must be sufficiently far from the pile edge to avoid boundary
effects.

Step 3 — Determine the change in energy content of the thermo-active pile and soil

Due to conservation of energy, the power of the thermo-active pile per unit length P is equal
to the change in energy content of the entire system (i.e. pile and soil) per unit length

AH [J - m™1] per unit time ¢ [s], according to Equation (6).

p _ AH)

I (6)

The change in energy content of the entire system is equal to the sum of changes in energy
content over each section (i.e. pile and soil) within the system, according to Equation (7), while
the change in energy content of each section can be evaluated by integrating the change in
temperature (T — T;pniriqr) [K] OF the section over its area A [m?], multiplied by its volumetric

heat capacity pC, [J - m™3 - K~1], according to Equation (8).

AH = z AH; @)

AH; = pCp; - f(Ti — Tinitiar) dA; (8)
Aj

2.2 Demonstration of the method

The accuracy of the proposed simplified method to estimate the thermal performance of a

thermo-active pile is assessed using three different inlet temperature signals:

e Constant inlet temperature (Section 2.2.1)
¢ Inlet temperature that varies sinusoidally with a period of one year, correspondingly

roughly to a heating season and a cooling season per year (Section 2.2.2)
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e Inlet temperature that varies sinusoidally with a period of a month superimposed to one

that varies sinusoidally with a period of one year, in order to simulate higher frequency

events (Section 2.2.3)

In all of the above cases, a thermo-active pile with 900 mm diameter and 20 m length with

double U-loop (also known as 2U) pipe arrangement is considered. The adopted mesh and

domain, as well as the layout of the heat exchanger pipes within the thermo-active pile cross-

section, where the inner pipe diameter is 26.2 mm with a concrete cover of 70 mm, are

illustrated in Figure 1(a) and (b). The carrier fluid is assumed to be water with a flow rate of

1 x 10~*m3/s per U-loop and volumetric heat capacity of 4.18 X 106 J-m™=3-K~1. The

thermo-active pile is located at the centre of a 80 m by 80 m domain, and its boundaries are

prescribed with a thermal boundary condition where the temperature is not allowed to vary

from its initial value. The initial temperature of the system is 20°C and the thermal properties

of the thermo-active pile and the surrounding soil are given in Table 1. All analyses are

conducted using COMSOL.

80m

A
v

80m

(@

() (d)

AVayeY YAV
SOANAVAAv LA s

XA
irdd

V4V
N7

SRSR

VA'A‘Q N
SESE

AN
Yy,

NN/
\VAVAV,
TAVA)

VA

SOV
RS

7% uvik"v XAvA'

R AVAYAVAYS

N/
:"q‘“ﬂﬁe
Sy

5
N

SOTATAYAVAY

o

X
)

SN
QY
UASDREEER

AVA
N
R

%) ]
Vi
ORISR
é ﬁf elav‘vg‘ﬂ'ﬂﬂﬂ"‘
N SKRARRNEODIN

ATaVas
_‘,-"A'Aén VAN ""
ﬁ'ﬂe{mﬁ»{%&,«

Water circulating
down the pile

S/ Water circulating

up the pile

" Heat exchanger

pipes



210
211
212

213

214
215
216
217
218
219
220
221
222
223

224

225
226
227
228
229
230
231
232
233
234
235

Figure 1 (a) Mesh and domain adopted in the 2D analysis; (b) detail of the thermo-active pile
and layout of heat exchanger pipes in the 2D analysis; (c) mesh and domain adopted in the

3D analysis; (d) detail of the thermo-active pile and heat exchanger pipes in the 3D analysis

Table 1 Thermal properties of the thermo-active pile concrete and soil

Concrete Soil
Thermal conductivity k [W -m™1 - K™1] 2.3 1.8
Volumetric heat capacity pC, [ -m™ - K] 1.9 x 10° 1.8 x 10°

In order to assess the accuracy of the simplified method, the obtained results are compared
against those from benchmark 3D analyses where heat exchanger pipes are explicitly simulated.
The mesh and domain that are adopted in these benchmark analyses are illustrated in Figure
1(c) and (d). Note that these analyses are also conducted using COMSOL, where the
dimensions of the domain are 80 m X 80 m x 40 m, and the heat exchanger pipes are
simulated using one-dimensional elements specifically formulated for this purpose. All domain
boundaries are prescribed a thermal boundary condition where the temperature is not allowed
to vary from its initial value. The heat exchanger pipe walls are modelled with a thickness of
2.9 mm and have a thermal conductivity of 0.4 W - m™! (Loveridge et al., 2014; Gawecka et
al., 2020).

2.2.1 Constant inlet temperature

A constant inlet temperature of T;,, = 40°C, which is 20°C above the initial ground temperature,
is considered. Note that the value of temperature chosen is merely illustrative and it does not
affect the validity of the method, which can be used for any mode of operation (i.e. heating or
cooling). According to Equations (2) to (5), this would result in AE =99 W -m™, T, =
37.6°C, Tinmia = 39.4°C and T,,¢ miq = 38.2°C. The thermal boundary conditions of T;;, piq
and T,,,¢ miq are then prescribed at the inner circumferences of the heat exchanger pipes within
the thermo-active pile cross-section, as illustrated in Figure 2. The 2D thermal analysis is run
for one year and the evolution of power of the thermo-active pile per unit length obtained from
Equations (6) to (8) is shown in Figure 3. Also shown in Figure 3 is the power obtained from
the benchmark 3D analysis where heat exchanger pipes are explicitly simulated, calculated

according to Equation (1).

10
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Figure 2 Illustration of the thermal boundary condition for the 2D thermal analysis
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Figure 3 Evolution of power per unit pile length with time for the case of constant inlet

temperature

It can be observed from Figure 3 that the power of the thermo-active pile is initially high due
to the steep thermal gradient between the hot heat exchanger pipe and cold thermo-active pile.
As time progresses, the thermo-active pile and soil are heated up and the thermal gradient is
reduced, hence the power reduces significantly and reaches a relatively constant value after
360 days of operation. It can also be observed that the proposed simplified method is capable
of predicting the power of the thermo-active pile accurately up to around 60 days of operation.
After this point, the simplified method tends to underestimate slightly the power and, after 360
days of operation, the power is underestimated by 14%. Clearly, this is due to the assumption
of an infinitely long thermo-active pile, which is inherent to a 2D analysis. The power of an
infinitely long thermo-active pile is smaller than that from a pile with finite length, due to the
absence of vertical thermal flux (i.e. in the direction of the pile axis) in the former case. In

effect, the modelling of a 2D section of a thermo-active pile necessarily implies that heat flux

11
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is solely radial. Conversely, when a 3D analysis is performed, the presence of the ground
surface and a soil deposit below the tip of the thermo-active pile leads to vertical heat flux
taking place, in addition to the aforementioned radial heat flux, which enhances heat transfer
from the thermo-active pile to the ground. Moreover, the constant temperature boundary
condition adopted at the surface allows heat losses from the soil surrounding the thermo-active
pile to take place, further contributing to maintaining a higher thermal gradient between the
heat exchanger pipes, thermo-active pile and the soil. Naturally, this effect only manifests itself
after long periods of sustained operation, allowing heat to propagate from the heat exchanger

pipes to the surface boundary through the soil.

Although it has been shown that the proposed simplified method is sufficiently accurate in
predicting short-term thermal performance, when long-term thermal performance is the subject
of consideration, an alternative approach, which is similar to the one adopted by Liu et al.
(2020Db), can be adopted. In this alternative approach, following the 2D thermal analysis, an
average temperature along the circumference with r = 7, (Where r is a radial coordinate
measured from the centre of the thermo-active pile and 7,;,, is the radial distance between the
centre of thermo-active pile and the centre of heat exchanger pipes) is calculated for each time-
step, generating a time-dependent temperature T;;,.. After this, an axisymmetric thermal
analysis is conducted where the heating/cooling of the thermo-active pile is modelled by
prescribing T, Within the pile at 7 = 7,;,.. A simple approach to measure the energy loss
through the surface boundary (where a boundary condition specifying no change in temperature
is again adopted) is to include a very thin layer of material with a very high volumetric heat
capacity (e.g. 1000 times that of soil) above it. This layer can absorb a large amount of energy
without any significant change in temperature, while the surface of this material is modelled as
adiabatic. The energy loss through the soil surface can then be approximated by the change in
energy content of this layer. The power of the thermo-active pile can hence be determined by
conservation of energy, in a manner similar to that described in Step 3 above. Alternatively,
the energy losses through the top boundary could be calculated by integrating over the surface
area the heat flux normal to this boundary.

The thermal performance obtained using the alternative approach outlined above (where an
axisymmetric thermal analysis is conducted following a 2D thermal analysis) is compared with
those from the benchmark 3D analysis and the original simplified method in Figure 3. It can
be observed that, in addition to the short-term thermal performance, where the error is limited

12
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to about 8%, the long-term thermal performance has been successfully captured with high

degree of accuracy using this alternative approach.
2.2.2 Inlet temperature that varies sinusoidally with a period of one year

A simplified simulation of a typical year with one heating season and one cooling season is

carried out using a sinusoidal inlet temperature described by the function T;,,(t) = 20 + 20 -
sin (%) This inlet temperature corresponds to an amplitude of 20°C with a period of one year

varying around the initial ground temperature of 20°C, meaning that the fluid temperature
oscillates between 0°C and 40°C. As aresult, AE, Ty, Tinmia and Toye miq are all functions of
time. Similar to Section 2.2.1, the thermal boundary conditions of T, ;yig and Ty mig are
prescribed at the inner circumferences of the heat exchanger pipes within the thermo-active
pile cross-section and the 2D thermal analysis is run for one year. The computed evolution with
time of power per unit pile length is shown on Figure 4, together with the power obtained from
the benchmark 3D analysis. It can be observed from Figure 4 that the simplified method
provides a very accurate estimation of the thermal performance throughout one year of
operation, where the maximum power during pile heating has only been underestimated by

0.8%, while during pile cooling the maximum power has only been overestimated by 2.7%.
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Figure 4 Evolution of power per unit pile length with time for the case of sinusoidal inlet

temperature

2.2.3 Inlet temperature that varies sinusoidally with a period of one year plus monthly cycles

This is a case which builds upon the one considered in Section 2.2.2, with monthly cycles with

amplitude of 10°C being added to the inlet temperature signal, for which the expression is now

13
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given by: T;,, = 20 + 20 - sin (%) + 10 - sin (%) The 2D thermal analysis is run for one
year and the evolution of power per unit pile length with time is compared in Figure 5 to power
obtained from the corresponding benchmark 3D analysis. Clearly, Figure 5 demonstrates that
the simplified method provides a very accurate estimation of the thermal performance, with the
various peaks in power delivered by the thermo-active pile being generally overestimated by
less than 15%, an error that reduces to a maximum of 10% when only the largest peaks are
considered (around 60 days for heating and 250 days for cooling). It is also interesting to note
that, as the frequency of temperature oscillations increases, the accuracy of the proposed
methodology appears to improve substantially. This is perhaps unsurprising: high frequency
temperature variations tend to mostly affect the concrete in the immediate vicinity of the heat
exchanger pipes, thus reducing the influence of the heat losses through the soil surface, which
is clearly the main contributor to the observed differences between the 3D analysis and the
proposed methodology based on 2D thermal analyses. Moreover, it should be appreciated that
in all the three cases considered above (Sections 2.2.1 to 2.2.3), the temperatures within the
soil are accurately reproduced by the simplified method. Further discussions on temperature

predictions by the simplified method will be presented in Section 3.
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Figure 5 Evolution of power per unit pile length with time for the case of sinusoidal inlet

temperature plus monthly cycles
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3. AN APPROACH BASED ON TRANSFERRED HEAT

3.1 The methodology

When the heating or cooling of a thermo-active pile is modelled by specifying a heat flux per
unit pile length P [W - m~1], the most accurate way to determine the inlet and outlet fluid
temperatures (which are dependent on the amount of energy transferred to/from the thermo-
active pile), as well as the average temperature at the pile wall, is to conduct a 3D analysis
where the heat exchanger pipes are explicitly modelled. In order to estimate the above
quantities without the use of 3D analyses and the simulation of heat exchanger pipes, a
methodology based on 2D thermal analysis, such as the one described in Section 2.1, is

proposed.

In the proposed approach, a 2D transient thermal analysis is conducted with the heating or
cooling from the heat exchanger pipes being modelled by applying the heat flux P [W - m™1]
uniformly over the areas defined by the inner diameter of the pipes. This ensures that the heat
sources are realistically located within the thermo-active pile cross-section. The analysis is
conducted to simulate the evolution of the temperature field of the entire system, which consists
of the thermo-active pile cross-section and the soil surrounding it. Following the analysis, the
evolution with time of the average temperature of the carrier fluid T,,, [K] is estimated by that
of the elements representing the heat exchanger pipes in the thermo-active pile cross-section

(to which the thermal properties of the carrier fluid have been assigned). Assuming that this
average fluid temperature is given by T, = %(Tin,a,, + Tout,m,), the average inlet temperatures

Tinav [K] and outlet temperatures Ty, o [K] (note that the term ‘average’ is used as they
represent the average of the inlet or outlet temperatures when more than one U-loops of heat
exchanger pipes are used) can be estimated using Equations (9) and (10). As expected, in
Equations (9) and (10), a total carrier fluid flow rate Q;,q; [m® - s™1] is required to estimate

the temperature distributions.

P-L

T; =Tgwt+ 77—
e w2 PCy  Qtotar

(9)

P-L

T, =Tpp ——7—
out,av av 5, PCp - Qrotal (10)
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3.2 Demonstration of the method

The accuracy of the proposed simplified method when estimating operating fluid temperatures

and average temperature changes at pile wall is assessed using two different heat flux signals:

e Constant heat flux (Section 3.2.1)
e Heat flux that varies sinusoidally with a period of one year, approximating a typical
year which includes a heating season and a cooling season (Section 3.2.2)

In both of the cases above, the thermo-active pile modelled is identical to the one considered
in Section 2.2 (see Figure 1(a) and (b) for further details of the numerical model), where the
carrier fluid is assumed to be water, with a volumetric heat capacity of 4.18 x 106 -m™3 -
K~ and thermal conductivity of 0.6 W - m~1- K~1, while the thermal properties of thermo-

active pile and soil follow those given in Table 1.

Benchmark 3D analyses where heat exchanger pipes are explicitly modelled are conducted in
order to allow the accuracy of the simplified method to be assessed. These benchmark 3D
analyses are similar to those described in Section 2.2 (see Figure 1(c) and (d)), with the
exception of the boundary condition used to simulate heating or cooling: as proposed in Sailer
(2020), rather than prescribing an inlet temperature at the pipe inlets, the pipe inlets are now
connected to the pipe outlets to form closed circuits, with the specified heat flux bring
prescribed to the fluid before it is recirculated back into the ground, as illustrated in Figure 6.
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Figure 6 Application of heat flux in the benchmark 3D analyses: (a) illustration of the

approach and (b) implications to the numerical model.

3.2.1 Constant heat flux

A constant heat flux of 100 W - m™1, which corresponds to a total heat flux of 2000 W is
considered. According to the simplified method, a heat flux of 100 W is prescribed uniformly
over the heat exchanger pipe cross-sections, and for a 2U pipe arrangement with four heat

exchanger pipes in the thermo-active pile cross-section, each pipe shares a heat flux of 25 /.

The 2D thermal analysis is run for one year and the evolution of average fluid temperature T,

with time is shown in Figure 7, together with the average fluid temperature (T,, =

%(Tin,a,, + Tout,a,,)) obtained in the benchmark 3D analysis, while Figure 8 compares the inlet

and outlet temperatures derived from the 2D thermal analysis using Equations (9) and (10) with

the average inlet and outlet temperatures obtained from the benchmark 3D analysis.
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Figure 8 Evolution of inlet and outlet temperatures with time for the case of constant heat

flux

Referring to Figure 7 and Figure 8, it can be observed that the fluid temperatures increase
rapidly during the initial stages of the analyses, with the heating rate slowing down with time.
This suggests that, when the fluid is initially cold, the thermal gradient between the fluid and
the thermo-active pile is small and little heat transfer takes place from the fluid into the thermo-
active pile; therefore, most of the energy from the applied heat flux is stored within the fluid
and hence its temperature increases rapidly. With time, as the fluid temperature increases,
significant heat transfer takes place from the fluid into the thermo-active pile; therefore, a
smaller proportion of energy from the applied heat flux is stored within the fluid and hence the

increase in temperature slows down considerably.
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It is also interesting to note that both the average fluid temperature (Figure 7) and the estimated
inlet and outlet temperatures (Figure 8) are captured accurately by the simplified method up to
around 60 days of operation. After this stage, as had been observed in Section 2.2, the
simplified method consistently overestimates the fluid temperatures (i.e. underestimates the
performance of the thermo-active pile). However, after one year of operation, the differences
in terms of change in inlet and outlet temperatures are limited to about 15% and 10%,
respectively. As seen previously, this overestimation is due to the 2D simplification of the
problem, as the 2D analysis is unable to capture the effects of the ground surface, which in the
benchmark 3D analysis is modelled as a surface with no change in temperature that dissipates
energy from the system. Therefore, more energy accumulates within the system in the 2D
analysis which explains the higher fluid temperatures observed when sufficient time has

elapsed.

Figure 9 compares the evolution of average pile wall temperature change with time modelled
between the simplified method and the benchmark 3D analysis. Note that, in Figure 9, the
evolutions of average pile wall temperature change with time are presented as G-functions
(same as those presented in Loveridge and Powrie (2013)), where the average pile wall
temperature change AT, [K] is normalised as @, according to Equation (11), and time ¢ [s]
is normalised as the Fourier number F, according to Equation (12). In Equations (11) and (12),
koo [W-m~1-K~1] is the thermal conductivity of the ground, P [W - m~1] is the applied
heat flux per unit pile length, a,,; [m?-s1] is the thermal diffusivity of the ground and

Tpite [m] is the radius of the thermo-active pile.

Figure 9 further confirms that the simplified method produces similar patterns in terms of
average temperature change as those obtained in the benchmark 3D analysis until the
contribution of boundary effects manifests itself. Also shown in Figure 9 are the upper and
lower bounds G-functions proposed by Loveridge and Powrie (2013) for thermo-active piles
with an aspect ratio (AR) of 25 (which is close to the AR of 22.2 for the thermo-active pile
considered in this study). It can be observed that the G-function from the benchmark 3D
analysis lies within the range defined by the upper and lower bounds, and so does that from
simplified method before the onset of boundary effects.
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3.2.2 Heat flux that varies sinusoidally with a period of one year

A final test of the proposed methodology consists of applying a heat flux per unit length of

P =100 - sin (g) [W - m~1], which corresponds to a signal amplitude of 100 W - m~1 with

a period of one year. Similar to the case considered in Section 3.2.1, the heat flux is prescribed

uniformly over the heat exchanger pipe cross-sections (i.e. each pipe shares a heat flux of 25 -
sin (%) W) in the simplified method. The 2D thermal analysis is run for one year and the

inlet and outlet temperatures derived (using Equations (9) and (10)) are compared in Figure 10
with the average inlet and outlet temperatures from the benchmark 3D analysis. It can be
observed from Figure 10 that the simplified methodology provides an accurate estimation of
the inlet and outlet fluid temperatures throughout the entire period of operation, where the
maximum error in terms of the peak change in inlet or outlet fluid temperatures is less than 8%.
Such high precision further reinforces the conclusion drawn from the results of the analyses
where an inlet temperature is applied: the accuracy of the simplified method is considerably
higher for boundary conditions which are more transient in nature, such as those expected to

dominate operational patterns of real heat pumps.
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4. APPLICATION TO A CASE STUDY

In order to demonstrate the practical application of the proposed simplified methodology for
estimating the thermal performance of real thermo-active piles, the field thermal response test
(TRT) conducted by Loveridge et al. (2014) is considered. In this field TRT, the thermo-active
pile has a diameter of 300 mm over the top 26.8 m and 200 mm below that, extending to an
unreported depth. A single U-loop pipe arrangement is adopted where the heat exchanger pipes
are installed to a depth of 26 m and have a concrete cover of 82.5 mm. The internal pipe
diameter is 26.2 mm with a pipe wall thickness of 2.9 mm. The pile is founded in London
Clay and water is used as the carrier fluid with a flow rate of 1.032 X 10™* m3-s~1. The
thermal properties of the thermo-active pile, soil and water used to simulate this field TRT are
listed in Table 2 (Loveridge et al., 2014; Gawecka et al., 2020). Note that the initial ground

temperature is 17.7°C.

Table 2 Thermal properties of the thermo-active pile concrete, soil and water used to simulate
the field TRT (Loveridge et al., 2014; Gawecka et al., 2020)

Concrete Soil Water

Thermal conductivity k [W -m™1 - K™1] 2.0 2.4 0.6
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The time histories of both the actual power applied and mean fluid temperatures are provided
in Loveridge et al. (2014), allowing the validation of both approaches outlined by the simplified
methodology: estimation of power per metre of pile based on known fluid temperatures
(Section 2) and estimation of fluid temperatures based on applied power (Section 3). Note that
only the first 7.5 days of the field test are considered for brevity, which include 4.5 days of
circulating water at ambient temperature, followed by 3 days of pile heating (i.e. simulating

cooling mode).

4.1 Estimation of power based on fluid temperatures

The mean fluid temperature (which equates to the average of inlet and outlet temperatures)
provided in Loveridge et al. (2014) is converted into inlet temperatures (see Gawecka et al.
(2020) for further details regarding the conversion), the time history of which is presented in

Figure 11. This allows the application of the simplified methodology outlined in Section 2.

50
45
40
35
30
25

Inlet temperature [°C]

20

time [days]
Figure 11 Applied evolution of inlet temperature with time

The simplified methodology is applied as outlined in Section 2.1, leading to the evolution of
power per unit pile length shown in Figure 12. Compared to the power applied in the field
(~86 W -m™1), which is reported in Loveridge et al. (2014) but not used in the present
calculations, it can be seen that the proposed approach results in an overestimation of the
thermal performance of the thermo-active pile limited to 15% (~100 W - m™1). Clearly, given
the level of approximations involved in the proposed methodology, this level of accuracy is

very satisfactory. However, this estimate can be further refined by using the estimated thermal
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performance as the “assumed power”, AE, in Equation (4), rather than using Equation (5),
leading to a short iterative procedure: the new estimated thermal performance, shown in Figure
13 as “iteration 2” is now ~90 W - m~1, i.e. within ~5% of the value observed in the field. To
demonstrate the rapid convergence of this procedure, a new iteration is performed by adopting
this value as AE leading to the results illustrated in Figure 13 (“iteration 3”’). These are clearly

indistinguishable from the previous iteration, meaning that further simulations are not required.
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Figure 12 Power per unit pile length estimated by the simplified methodology compared

against those applied in the field

4.2 Estimation of fluid temperatures based on applied power

In order to estimate the mean fluid temperatures based on the applied power in the field test
(measured as —2.58 W -m™1! for 4.5 days, followed by 85.96 W -m™! for 3 days), the
procedure outlined in Section 3.1 is employed. The time evolution of the mean fluid
temperature estimated by the simplified methodology is compared with the measured values
from the field in Figure 13. As can be seen, the simplified methodology has resulted in an
overestimation of the mean fluid temperature limited to ~7.6% . Considering all the
approximations involved (no simulation of vertical heat flux, potential heterogeneity of the
thermal properties of the soil, etc.) the small value obtained for the calculated error once again

demonstrates the excellent accuracy of the simplified methodology.
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5. CONCLUSIONS

This paper puts forward a simplified methodology to estimate the thermal performance of a
thermo-active pile. The proposed methodology involves only 2D analyses and therefore avoids
the use of computationally expensive 3D analyses as well as the explicit simulation of heat
exchanger pipes. Since the operation of a thermo-active pile is usually modelled using either a
prescribed temperature approach or a prescribed heat flux approach, the methodology is
detailed for both cases, with 3D analyses where heat exchanger pipes are explicitly simulated

being used as benchmark.

When the heating or cooling of a thermo-active pile is simulated based on an inlet pipe
temperature, the proposed methodology seeks to determine the power of the pile per unit length.
This is accomplished by performing a 2D thermal analysis, where a given temperature is
prescribed at the heat exchanger pipes, allowing the power of the thermo-active pile to be
determined from the change in energy content of the system. Three different patterns of
operation were considered — constant inlet temperature, sinusoidal variation of inlet
temperature with a period of one year and sinusoidal variation of inlet temperature with a period
of one month — with the proposed methodology showing good agreement with the benchmark
3D analyses. For the case where a constant inlet temperature is applied, the proposed method
was seen to be conservative, underestimating the thermal performance by 14% after one year
of operation. This is due to heat losses through the surface, which cannot be captured in 2D
thermal analyses. However, it should be noted that the accuracy of the adopted modelling
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approach increased substantially with the increase in frequency of the variation of inlet
temperature, for the case where a sinusoidal variation of inlet temperature with a period of one
year is applied, the error of the proposed method is reduced to 1 — 3%. This improved
performance is clearly associated with the reduced importance of the ground surface for highly

transient variations in fluid temperature.

In the second part of this paper, the heating or cooling of a thermo-active pile is specified by a
heat flux, with the proposed methodology seeking to determine the inlet and outlet fluid
temperatures as well as the average temperature at the pile wall. This is again accomplished by
performing a 2D thermal analysis, where heat flux thermal boundary conditions are prescribed
at the heat exchanger pipes (the thermal properties of which are modelled to be the same as the
carrier fluid), and the inlet and outlet fluid temperatures can be inferred from the average
temperature of the elements representing the heat exchanger pipes. Similar performance is
observed as in the case of specified inlet temperature: the proposed methodology is seen to be
conservative, underpredicting slightly the thermal performance, with carrier fluid temperatures
being overestimated by about 10 — 15% after one year of operation. However, when a higher
frequency sinusoidal variation of the flux is used, which is closer to more realistic operational
patterns of ground source energy systems, the accuracy increases significantly, with the
maximum error in terms of peak change in inlet or outlet fluid temperatures reduces to less
than 8%.

In the final part of the paper, the practical capability of the simplified methodology is validated
through the consideration of a field thermal response test where the time histories of both mean
fluid temperature and applied power are well-documented. Both approaches of the simplified
methodology: estimation of power from given fluid temperatures and estimation of fluid
temperatures from given applied power, have been shown to yield accurate estimates of the
observed field performance of the thermo-active pile. The power and mean fluid temperature
estimated by the simplified methodology exhibit only a small error (~5% and ~8%,
respectively) compared to the field values. This result underscores the excellent accuracy of

the simplified methodology.
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