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ABSTRACT 18 

Ground source energy systems provide low-carbon heating and cooling to buildings, but their 19 

efficient deployment requires a reliable estimate of their thermal performance. A simplified 20 

methodology is presented to determine the thermal performance of thermo-active piles when 21 

heating or cooling loads are specified with either inlet pipe temperatures or imposed heat fluxes. 22 

The proposed methodology avoids computationally expensive 3D analyses and the explicit 23 

simulation of heat exchanger pipes, relying instead on 2D thermal analyses. When the heating 24 

or cooling of a thermo-active pile is assessed by imposing inlet pipe temperatures, the proposed 25 

methodology allows the determination of the power of pile per unit length. Conversely, when 26 

heating or cooling loads are specified via extracted or injected heat fluxes, the inlet and outlet 27 

fluid temperatures, as well as average temperatures at pile wall, are determined. The proposed 28 

methodology has been shown to reproduce accurately the thermal performance of thermo-29 

active piles modelled using 3D analyses where heat exchanger pipes are explicitly simulated, 30 

considering different patterns of heating and cooling cycles. The application of the proposed 31 

methodology to the case of a real thermo-active pile is demonstrated by comparing its predicted 32 

thermal performance with the results of a well-documented field thermal response test. 33 

LIST OF NOTATIONS 34 

𝐴  Area 35 

𝐷  Pile diameter 36 

𝐹0  Fourier number 37 

𝑘  Thermal conductivity 38 

𝑘𝑠𝑜𝑖𝑙  Thermal conductivity of the ground 39 

𝐿  Pile length 40 

𝑛𝑈−𝑙𝑜𝑜𝑝𝑠 Number of U-loops within the thermo-active pile 41 

𝑃  Power of pile per unit length 42 
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𝑄  Flow rate of carrier fluid 43 

𝑄𝑡𝑜𝑡𝑎𝑙  Total flow rate of carrier fluid 44 

𝑟  Radial distance 45 

𝑟𝑝𝑖𝑙𝑒  Pile radius 46 

𝑟𝑝𝑖𝑝𝑒𝑠 The radial distance measured from the pile centre at which the pipes are located 47 

within the thermo-active pile 48 

𝑇𝑎𝑣 Average temperature of carrier fluid 49 

𝑇𝑖𝑛  Inlet fluid temperature 50 

𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙  Initial ground temperature 51 

𝑇𝑖𝑛,𝑎𝑣  Average inlet fluid temperature 52 

𝑇𝑖𝑛,𝑚𝑖𝑑  Temperature of fluid in the pipe going down the pile at pile mid-depth 53 

𝑇𝑜𝑢𝑡  Outlet fluid temperature 54 

𝑇𝑜𝑢𝑡,𝑎𝑣  Average outlet fluid temperature 55 

𝑇𝑜𝑢𝑡,𝑚𝑖𝑑 Temperature of fluid in the pipe going up the pile at pile mid-depth 56 

𝑇𝑡𝑏𝑐 The temperature that is prescribed as a thermal boundary condition in the 57 

axisymmetric analysis 58 

𝑡  Time 59 

𝛼𝑠𝑜𝑖𝑙  Thermal diffusivity of the ground   60 

Δ𝐸  Assumed power per unit length of the thermo-active pile 61 

Δ𝐻  Change in energy content per unit length 62 

Δ𝑇𝑤𝑎𝑙𝑙  Average change in temperature at pile wall 63 

𝜌𝐶𝑝  Volumetric heat capacity 64 
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Φ𝑔  G-function 65 

1. INTRODUCTION 66 

In order to reduce carbon emissions and fulfil sustainability targets, there is a need to explore 67 

technologies which do not rely on fossil fuels to provide heating and cooling, such as thermo-68 

active piles (Amis & Loveridge, 2014; Sani et al., 2019; Loveridge et al., 2022). Compared 69 

with conventional piles, this type of foundations combines the role of providing structural 70 

stability with that of exchanging heat with the ground, supplying low carbon heating and 71 

cooling when coupled with a heat pump. Local sustainability targets, such as the Merton Rule, 72 

which requires a proportion of the energy demand of a building to be generated on site using 73 

renewable sources (Merton Council, 2010; World Wide Fund For Nature, 2019), play an 74 

important role in promoting the use of thermo-active piles, as designing geotechnical structures 75 

to work as heat exchangers is particularly advantageous in dense urban environments where 76 

space for other renewable energy sources is scarce. As a result, it is vitally important to 77 

correctly estimate the thermal performance of thermo-active piles, and hence the savings in 78 

energy spent on heating or cooling when such foundations are incorporated into the design of 79 

a building to ensure that the building’s energy demand can be met and the relevant regulations 80 

are complied with. 81 

The thermal performance of thermo-active piles is commonly quantified in terms of power (i.e. 82 

energy extracted/injected from/into the ground per unit time) per unit pile length. However, the 83 

power that can be delivered by thermo-active piles is not a quantity that is easy to determine 84 

as it is dependent on many factors, such as the difference between inlet temperature (i.e. the 85 

temperature of fluid entering the thermo-active pile) and the ground temperature (Nagano et 86 

al., 2005; Gao et al., 2008; You et al., 2014), operation mode (i.e. whether the thermo-active 87 

piles are operated continuously or intermittently) (You et al., 2014; Faizal et al., 2016; Li et al., 88 

2021a; Li et al., 2021b), number of heat exchanger pipe U-loops within the thermo-active piles 89 

(Hamada et al., 2007; Gao et al., 2008; Brettman et al., 2010; Jalaluddin et al., 2011) and flow 90 

rate of carrier fluid (Gao et al., 2008; Jalaluddin et al., 2011; You et al., 2014; Park et al., 2017). 91 

Although Brandl (2006) suggested it can generally be assumed that thermo-active piles with 92 

diameters 0.3 − 0.5 𝑚 can achieve thermal performances of 40 − 60 𝑊 ∙ 𝑚−1, and piles with 93 

diameters ≥ 0.6 𝑚 can achieve 35 𝑊 per 𝑚2 of earth-contact area, a review (Liu, 2022) on the 94 

thermal performance of thermo-active piles has shown that the power of thermo-active piles 95 
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can vary from lower than 20 𝑊 ∙ 𝑚−1 (e.g. Henderson et al. (1998)) to higher than 250 𝑊 ∙96 

𝑚−1 (e.g. Sekine et al. (2007)). 97 

To estimate the thermal performance of a thermo-active pile, the two most commonly used 98 

methods are G-functions (Loveridge & Powrie, 2013; Pagola et al., 2018) and three-99 

dimensional (3D) thermal numerical analyses (Gao et al., 2008; Batini et al., 2015; Cecinato & 100 

Loveridge, 2015; Liu et al., 2020a). The former have been successfully adapted from 101 

techniques used to design borehole heat exchangers, and are typically limited in their ability to 102 

provide information about the power per unit pile length, as they are mainly focused on solving 103 

temperature changes given an applied heat flux. On the other hand, 3D thermal numerical 104 

analyses, which include the explicit simulation of heat exchanger pipes, can be conducted, as 105 

performed by Gao et al. (2008), Batini et al. (2015), Cecinato and Loveridge (2015) and Liu et 106 

al. (2020a). However, these 3D analyses are computationally expensive and the explicit 107 

simulation of heat exchanger pipes, where heat transfer is dominated by advection, presents 108 

considerable computational challenges. Therefore, a simplified method that does not involve 109 

3D analyses or simulation of heat exchanger pipes to predict the thermal performance of 110 

thermo-active piles is proposed in this paper, with its accuracy being assessed by comparing 111 

with 3D numerical analyses with the explicit simulation of heat exchanger pipes using 112 

COMSOL Multiphysics (COMSOL AB, 2022). Moreover, as highlighted by Bourne-Webb et 113 

al. (2020), the heating/cooling of a thermo-active pile is commonly modelled using either a 114 

prescribed temperature (e.g. Salciarini et al., 2017; Vieira & Maranha, 2017; Rammal et al., 115 

2018; Liu et al., 2020b) or a heat flux thermal boundary condition (e.g. Di Donna & Laloui, 116 

2015; Alberdi-Pagola et al., 2017; Liu et al., 2019; Sani & Singh, 2020). Therefore, the 117 

simplified methodology proposed herein considers these two alternative modelling approaches. 118 

Section 2 details the methodology to estimate the power per unit pile length of a thermo-active 119 

pile when given a prescribed temperature thermal boundary condition, while Section 3 details 120 

the methodology to estimate the inlet and outlet fluid temperatures, as well as the average pile 121 

wall temperature, when a prescribed heat flux is given. The simplified methodology is then 122 

applied in Section 4 to the prediction of the thermal performance of a thermo-active pile for 123 

which the results of a field thermal response test are available (Loveridge et al., 2014). Note 124 

that throughout this paper, the convention is that positive power refers to heat injection into the 125 

ground (i.e. cooling of the building) and vice versa for negative values. 126 
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2. AN APPROACH BASED ON FLUID TEMPERATURE 127 

2.1 The methodology 128 

When the inlet fluid temperature is specified for the heating or cooling of a thermo-active pile, 129 

the most accurate way to model the thermal performance of the thermo-active pile is, as 130 

mentioned above, to conduct a 3D analysis where the heat exchanger pipes are explicitly 131 

modelled. The temperature specified is then prescribed as the inlet temperature of the carrier 132 

fluid, and the power of the thermo-active pile per unit length 𝑃 [𝑊 ∙ 𝑚−1] can be calculated 133 

from the volumetric heat capacity of the carrier fluid 𝜌𝐶𝑝 [𝐽 ∙ 𝑚−3 ∙ 𝐾−1], flow rate of the fluid 134 

𝑄 [𝑚3 ∙ 𝑠−1], pile length 𝐿 [𝑚], and the temperature differential between the heat exchanger 135 

pipe inlet(s) and outlet(s) 𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 [𝐾] according to Equation (1), where 𝑛𝑈−𝑙𝑜𝑜𝑝𝑠  is the 136 

number of U-loops within the thermo-active pile. 137 

 𝑃 = ∑
𝜌𝐶𝑝 ∙ 𝑄𝑖

𝐿
∙ (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)𝑖

𝑛𝑈−𝑙𝑜𝑜𝑝𝑠

𝑖

 (1) 

The proposed approach is based on the fundamental idea that the heat exchange phenomena 138 

taking place in the thermo-active pile can be adequately captured by conducting a 2D thermal 139 

analysis where the heating or cooling from the heat exchanger pipes is modelled by a 140 

temperature thermal boundary condition prescribed at where the heat exchanger pipes are 141 

realistically located within the thermo-active pile cross-section. The power evolution of the 142 

thermo-active pile can then be deduced from the average change in temperature of the system 143 

(i.e. due to conservation of energy). A 2D thermal analysis is expected to be a reasonable 144 

approach as piles tend to be relatively slender (i.e. one dimension considerably larger than the 145 

others), therefore, a section of the pile at mid-length approximates 2D conditions. 146 

Step 1 – Determine the thermal boundary condition for the 2D thermal analysis 147 

In the 2D thermal analysis, a constant temperature boundary condition is applied to the nodes 148 

belonging to the inner circumferences of the heat exchanger pipes. The temperatures that are 149 

prescribed, 𝑇𝑖𝑛,𝑚𝑖𝑑  [𝐾]  for the case of a heat exchanger pipe where the fluid circulates 150 

downwards and 𝑇𝑜𝑢𝑡,𝑚𝑖𝑑 [𝐾] for heat exchanger pipes where the fluid circulates upwards, are 151 

determined from the inlet temperature 𝑇𝑖𝑛 [𝐾] and outlet temperature 𝑇𝑜𝑢𝑡 [𝐾] of each U-loop. 152 
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By assuming a linear variation of temperature along the heat exchanger pipes, 𝑇𝑖𝑛,𝑚𝑖𝑑  and 153 

𝑇𝑜𝑢𝑡,𝑚𝑖𝑑 can be determined using Equations (2) and (3), respectively. 154 

 𝑇𝑖𝑛,𝑚𝑖𝑑 = 𝑇𝑖𝑛 − (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) ×
1

4
 (2) 

 𝑇𝑜𝑢𝑡,𝑚𝑖𝑑 = 𝑇𝑖𝑛 − (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) ×
3

4
 (3) 

In this context, 𝑇𝑖𝑛 is the specified temperature for the heating/cooling of the thermo-active 155 

pile, while 𝑇𝑜𝑢𝑡 can be evaluated using Equation (4), which is based on conservation of energy 156 

and was employed by Liu et al. (2020b). In Equation (4), Δ𝐸 [𝑊 ∙ 𝑚−1] is the assumed power 157 

injected (positive Δ𝐸) or extracted (negative Δ𝐸) from the thermo-active pile per unit pile 158 

length. Note that this quantity differs from 𝑃, as 𝑃 is the exact true power that is injected or 159 

extracted from the thermo-active pile, whereas Δ𝐸 is just an assumed power that is solely used 160 

to estimate 𝑇𝑜𝑢𝑡 . Liu et al. (2020b) have shown that a Δ𝐸 based on 35 𝑊 per 𝑚2 of earth-161 

contact area, which follows the recommendation by Brandl (2006) for piles with diameters ≥162 

600 𝑚𝑚, provides a relatively accurate estimation of the temperature field within and around 163 

the thermo-active pile, and hence the resulting thermal-mechanical pile response. However, 164 

this is based only on heating the thermo-active pile with an inlet temperature of 20℃ above 165 

the initial ground temperature. As it is expected that the thermal performance of a thermo-166 

active pile increases with the difference between the inlet temperature and the initial ground 167 

temperature (Nagano et al., 2005; Gao et al., 2008; You et al., 2014), the expression for Δ𝐸 is 168 

normalised in this paper according to Equation (5), where 𝐷 [𝑚] is the pile diameter and 169 

𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 [𝐾] is the initial ground temperature. The need for this approach will be justified later 170 

in the paper when a 𝑇𝑖𝑛 that varies with time is considered. 171 

 𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 −
Δ𝐸 ∙ 𝐿

𝑛𝑈−𝑙𝑜𝑜𝑝𝑠 ∙ 𝜌𝐶𝑝 ∙ 𝑄
 (4) 

 Δ𝐸 = 35 [𝑊/𝑚2] ∙ 𝜋𝐷 ∙
𝑇𝑖𝑛 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙

20 [𝐾]
 (5) 

Step 2 – Conduct the 2D thermal analysis 172 

By adopting the temperature thermal boundary conditions 𝑇𝑖𝑛,𝑚𝑖𝑑  and 𝑇𝑜𝑢𝑡,𝑚𝑖𝑑  determined 173 

from Step 1 at the inner circumferences of the heat exchanger pipes, a 2D transient thermal 174 

analysis is conducted to simulate the evolution of the temperature field of the entire system, 175 
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which consists of the thermo-active pile cross-section and the soil surrounding it, over the 176 

entire duration where the thermal performance of the thermo-active pile has to be evaluated. 177 

Note that the domain boundary must be sufficiently far from the pile edge to avoid boundary 178 

effects. 179 

Step 3 – Determine the change in energy content of the thermo-active pile and soil 180 

Due to conservation of energy, the power of the thermo-active pile per unit length 𝑃 is equal 181 

to the change in energy content of the entire system (i.e. pile and soil) per unit length 182 

Δ𝐻 [𝐽 ∙ 𝑚−1] per unit time 𝑡 [𝑠], according to Equation (6). 183 

 𝑃 =
Δ(Δ𝐻)

Δ𝑡
 (6) 

The change in energy content of the entire system is equal to the sum of changes in energy 184 

content over each section (i.e. pile and soil) within the system, according to Equation (7), while 185 

the change in energy content of each section can be evaluated by integrating the change in 186 

temperature (𝑇 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙) [𝐾] of the section over its area 𝐴 [𝑚2], multiplied by its volumetric 187 

heat capacity 𝜌𝐶𝑝 [𝐽 ∙ 𝑚−3 ∙ 𝐾−1], according to Equation (8). 188 

 Δ𝐻 = ∑ Δ𝐻𝑖

𝑖

 (7) 

 Δ𝐻𝑖 = 𝜌𝐶𝑝,𝑖 ∙ ∫(𝑇𝑖 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙) 𝑑𝐴𝑖

𝐴𝑖

 (8) 

2.2 Demonstration of the method 189 

The accuracy of the proposed simplified method to estimate the thermal performance of a 190 

thermo-active pile is assessed using three different inlet temperature signals: 191 

• Constant inlet temperature (Section 2.2.1) 192 

• Inlet temperature that varies sinusoidally with a period of one year, correspondingly 193 

roughly to a heating season and a cooling season per year (Section 2.2.2) 194 
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• Inlet temperature that varies sinusoidally with a period of a month superimposed to one 195 

that varies sinusoidally with a period of one year, in order to simulate higher frequency 196 

events (Section 2.2.3) 197 

In all of the above cases, a thermo-active pile with 900 𝑚𝑚 diameter and 20 𝑚 length with 198 

double U-loop (also known as 2U) pipe arrangement is considered. The adopted mesh and 199 

domain, as well as the layout of the heat exchanger pipes within the thermo-active pile cross-200 

section, where the inner pipe diameter is 26.2 𝑚𝑚  with a concrete cover of 70 𝑚𝑚 , are 201 

illustrated in Figure 1(a) and (b). The carrier fluid is assumed to be water with a flow rate of 202 

1 × 10−4 𝑚3/𝑠  per U-loop and volumetric heat capacity of 4.18 × 106 𝐽 ∙ 𝑚−3 ∙ 𝐾−1 . The 203 

thermo-active pile is located at the centre of a 80 𝑚 by 80 𝑚 domain, and its boundaries are 204 

prescribed with a thermal boundary condition where the temperature is not allowed to vary 205 

from its initial value. The initial temperature of the system is 20℃ and the thermal properties 206 

of the thermo-active pile and the surrounding soil are given in Table 1. All analyses are 207 

conducted using COMSOL. 208 

 209 
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Figure 1 (a) Mesh and domain adopted in the 2D analysis; (b) detail of the thermo-active pile 210 

and layout of heat exchanger pipes in the 2D analysis; (c) mesh and domain adopted in the 211 

3D analysis; (d) detail of the thermo-active pile and heat exchanger pipes in the 3D analysis 212 

Table 1 Thermal properties of the thermo-active pile concrete and soil 213 

 Concrete Soil 

Thermal conductivity 𝑘 [𝑊 ∙ 𝑚−1 ∙ 𝐾−1] 2.3 1.8 

Volumetric heat capacity 𝜌𝐶𝑝 [𝐽 ∙ 𝑚−3 ∙ 𝐾−1] 1.9 × 106 1.8 × 106 

In order to assess the accuracy of the simplified method, the obtained results are compared 214 

against those from benchmark 3D analyses where heat exchanger pipes are explicitly simulated. 215 

The mesh and domain that are adopted in these benchmark analyses are illustrated in Figure 216 

1(c) and (d). Note that these analyses are also conducted using COMSOL, where the 217 

dimensions of the domain are 80 𝑚 × 80 𝑚 × 40 𝑚 , and the heat exchanger pipes are 218 

simulated using one-dimensional elements specifically formulated for this purpose. All domain 219 

boundaries are prescribed a thermal boundary condition where the temperature is not allowed 220 

to vary from its initial value. The heat exchanger pipe walls are modelled with a thickness of 221 

2.9 𝑚𝑚 and have a thermal conductivity of 0.4 𝑊 ∙ 𝑚−1 (Loveridge et al., 2014; Gawecka et 222 

al., 2020). 223 

2.2.1 Constant inlet temperature 224 

A constant inlet temperature of 𝑇𝑖𝑛 = 40℃, which is 20℃ above the initial ground temperature, 225 

is considered. Note that the value of temperature chosen is merely illustrative and it does not 226 

affect the validity of the method, which can be used for any mode of operation (i.e. heating or 227 

cooling). According to Equations (2) to (5), this would result in Δ𝐸 = 99 𝑊 ∙ 𝑚−1, 𝑇𝑜𝑢𝑡 =228 

37.6℃, 𝑇𝑖𝑛,𝑚𝑖𝑑 = 39.4℃ and 𝑇𝑜𝑢𝑡,𝑚𝑖𝑑 = 38.2℃. The thermal boundary conditions of 𝑇𝑖𝑛,𝑚𝑖𝑑 229 

and 𝑇𝑜𝑢𝑡,𝑚𝑖𝑑 are then prescribed at the inner circumferences of the heat exchanger pipes within 230 

the thermo-active pile cross-section, as illustrated in Figure 2. The 2D thermal analysis is run 231 

for one year and the evolution of power of the thermo-active pile per unit length obtained from 232 

Equations (6) to (8) is shown in Figure 3. Also shown in Figure 3 is the power obtained from 233 

the benchmark 3D analysis where heat exchanger pipes are explicitly simulated, calculated 234 

according to Equation (1). 235 
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 236 

Figure 2 Illustration of the thermal boundary condition for the 2D thermal analysis 237 

  238 

Figure 3 Evolution of power per unit pile length with time for the case of constant inlet 239 

temperature 240 

It can be observed from Figure 3 that the power of the thermo-active pile is initially high due 241 

to the steep thermal gradient between the hot heat exchanger pipe and cold thermo-active pile. 242 

As time progresses, the thermo-active pile and soil are heated up and the thermal gradient is 243 

reduced, hence the power reduces significantly and reaches a relatively constant value after 244 

360 days of operation. It can also be observed that the proposed simplified method is capable 245 

of predicting the power of the thermo-active pile accurately up to around 60 days of operation. 246 

After this point, the simplified method tends to underestimate slightly the power and, after 360 247 

days of operation, the power is underestimated by 14%. Clearly, this is due to the assumption 248 

of an infinitely long thermo-active pile, which is inherent to a 2D analysis. The power of an 249 

infinitely long thermo-active pile is smaller than that from a pile with finite length, due to the 250 

absence of vertical thermal flux (i.e. in the direction of the pile axis) in the former case. In 251 

effect, the modelling of a 2D section of a thermo-active pile necessarily implies that heat flux 252 
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is solely radial. Conversely, when a 3D analysis is performed, the presence of the ground 253 

surface and a soil deposit below the tip of the thermo-active pile leads to vertical heat flux 254 

taking place, in addition to the aforementioned radial heat flux, which enhances heat transfer 255 

from the thermo-active pile to the ground. Moreover, the constant temperature boundary 256 

condition adopted at the surface allows heat losses from the soil surrounding the thermo-active 257 

pile to take place, further contributing to maintaining a higher thermal gradient between the 258 

heat exchanger pipes, thermo-active pile and the soil. Naturally, this effect only manifests itself 259 

after long periods of sustained operation, allowing heat to propagate from the heat exchanger 260 

pipes to the surface boundary through the soil. 261 

Although it has been shown that the proposed simplified method is sufficiently accurate in 262 

predicting short-term thermal performance, when long-term thermal performance is the subject 263 

of consideration, an alternative approach, which is similar to the one adopted by Liu et al. 264 

(2020b), can be adopted. In this alternative approach, following the 2D thermal analysis, an 265 

average temperature along the circumference with 𝑟 = 𝑟𝑝𝑖𝑝𝑒𝑠 (where 𝑟 is a radial coordinate 266 

measured from the centre of the thermo-active pile and 𝑟𝑝𝑖𝑝𝑒𝑠 is the radial distance between the 267 

centre of thermo-active pile and the centre of heat exchanger pipes) is calculated for each time-268 

step, generating a time-dependent temperature 𝑇𝑡𝑏𝑐 . After this, an axisymmetric thermal 269 

analysis is conducted where the heating/cooling of the thermo-active pile is modelled by 270 

prescribing 𝑇𝑡𝑏𝑐 within the pile at 𝑟 = 𝑟𝑝𝑖𝑝𝑒𝑠. A simple approach to measure the energy loss 271 

through the surface boundary (where a boundary condition specifying no change in temperature 272 

is again adopted) is to include a very thin layer of material with a very high volumetric heat 273 

capacity (e.g. 1000 times that of soil) above it. This layer can absorb a large amount of energy 274 

without any significant change in temperature, while the surface of this material is modelled as 275 

adiabatic. The energy loss through the soil surface can then be approximated by the change in 276 

energy content of this layer. The power of the thermo-active pile can hence be determined by 277 

conservation of energy, in a manner similar to that described in Step 3 above. Alternatively, 278 

the energy losses through the top boundary could be calculated by integrating over the surface 279 

area the heat flux normal to this boundary. 280 

The thermal performance obtained using the alternative approach outlined above (where an 281 

axisymmetric thermal analysis is conducted following a 2D thermal analysis) is compared with 282 

those from the benchmark 3D analysis and the original simplified method in Figure 3. It can 283 

be observed that, in addition to the short-term thermal performance, where the error is limited 284 
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to about 8%, the long-term thermal performance has been successfully captured with high 285 

degree of accuracy using this alternative approach. 286 

2.2.2 Inlet temperature that varies sinusoidally with a period of one year 287 

A simplified simulation of a typical year with one heating season and one cooling season is 288 

carried out using a sinusoidal inlet temperature described by the function 𝑇𝑖𝑛(𝑡) = 20 + 20 ∙289 

sin (
2𝜋𝑡

360
). This inlet temperature corresponds to an amplitude of 20℃ with a period of one year 290 

varying around the initial ground temperature of 20℃, meaning that the fluid temperature 291 

oscillates between 0℃ and 40℃. As a result, Δ𝐸, 𝑇𝑜𝑢𝑡, 𝑇𝑖𝑛,𝑚𝑖𝑑 and 𝑇𝑜𝑢𝑡,𝑚𝑖𝑑 are all functions of 292 

time. Similar to Section 2.2.1, the thermal boundary conditions of 𝑇𝑖𝑛,𝑚𝑖𝑑  and 𝑇𝑜𝑢𝑡,𝑚𝑖𝑑  are 293 

prescribed at the inner circumferences of the heat exchanger pipes within the thermo-active 294 

pile cross-section and the 2D thermal analysis is run for one year. The computed evolution with 295 

time of power per unit pile length is shown on Figure 4, together with the power obtained from 296 

the benchmark 3D analysis. It can be observed from Figure 4 that the simplified method 297 

provides a very accurate estimation of the thermal performance throughout one year of 298 

operation, where the maximum power during pile heating has only been underestimated by 299 

0.8%, while during pile cooling the maximum power has only been overestimated by 2.7%. 300 

  301 

Figure 4 Evolution of power per unit pile length with time for the case of sinusoidal inlet 302 

temperature 303 

2.2.3 Inlet temperature that varies sinusoidally with a period of one year plus monthly cycles 304 

This is a case which builds upon the one considered in Section 2.2.2, with monthly cycles with 305 

amplitude of 10℃ being added to the inlet temperature signal, for which the expression is now 306 
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given by: 𝑇𝑖𝑛 = 20 + 20 ∙ sin (
2𝜋𝑡

360
) + 10 ∙ sin (

2𝜋𝑡

30
). The 2D thermal analysis is run for one 307 

year and the evolution of power per unit pile length with time is compared in Figure 5 to power 308 

obtained from the corresponding benchmark 3D analysis. Clearly, Figure 5 demonstrates that 309 

the simplified method provides a very accurate estimation of the thermal performance, with the 310 

various peaks in power delivered by the thermo-active pile being generally overestimated by 311 

less than 15%, an error that reduces to a maximum of 10% when only the largest peaks are 312 

considered (around 60 days for heating and 250 days for cooling). It is also interesting to note 313 

that, as the frequency of temperature oscillations increases, the accuracy of the proposed 314 

methodology appears to improve substantially. This is perhaps unsurprising: high frequency 315 

temperature variations tend to mostly affect the concrete in the immediate vicinity of the heat 316 

exchanger pipes, thus reducing the influence of the heat losses through the soil surface, which 317 

is clearly the main contributor to the observed differences between the 3D analysis and the 318 

proposed methodology based on 2D thermal analyses. Moreover, it should be appreciated that 319 

in all the three cases considered above (Sections 2.2.1 to 2.2.3), the temperatures within the 320 

soil are accurately reproduced by the simplified method. Further discussions on temperature 321 

predictions by the simplified method will be presented in Section 3. 322 

  323 

Figure 5 Evolution of power per unit pile length with time for the case of sinusoidal inlet 324 

temperature plus monthly cycles 325 
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3. AN APPROACH BASED ON TRANSFERRED HEAT 326 

3.1 The methodology 327 

When the heating or cooling of a thermo-active pile is modelled by specifying a heat flux per 328 

unit pile length 𝑃 [𝑊 ∙ 𝑚−1], the most accurate way to determine the inlet and outlet fluid 329 

temperatures (which are dependent on the amount of energy transferred to/from the thermo-330 

active pile), as well as the average temperature at the pile wall, is to conduct a 3D analysis 331 

where the heat exchanger pipes are explicitly modelled. In order to estimate the above 332 

quantities without the use of 3D analyses and the simulation of heat exchanger pipes, a 333 

methodology based on 2D thermal analysis, such as the one described in Section 2.1, is 334 

proposed. 335 

In the proposed approach, a 2D transient thermal analysis is conducted with the heating or 336 

cooling from the heat exchanger pipes being modelled by applying the heat flux 𝑃 [𝑊 ∙ 𝑚−1] 337 

uniformly over the areas defined by the inner diameter of the pipes. This ensures that the heat 338 

sources are realistically located within the thermo-active pile cross-section. The analysis is 339 

conducted to simulate the evolution of the temperature field of the entire system, which consists 340 

of the thermo-active pile cross-section and the soil surrounding it. Following the analysis, the 341 

evolution with time of the average temperature of the carrier fluid 𝑇𝑎𝑣 [𝐾] is estimated by that 342 

of the elements representing the heat exchanger pipes in the thermo-active pile cross-section 343 

(to which the thermal properties of the carrier fluid have been assigned). Assuming that this 344 

average fluid temperature is given by 𝑇𝑎𝑣 =
1

2
(𝑇𝑖𝑛,𝑎𝑣 + 𝑇𝑜𝑢𝑡,𝑎𝑣), the average inlet temperatures 345 

𝑇𝑖𝑛,𝑎𝑣 [𝐾] and outlet temperatures 𝑇𝑜𝑢𝑡,𝑎𝑣 [𝐾] (note that the term ‘average’ is used as they 346 

represent the average of the inlet or outlet temperatures when more than one U-loops of heat 347 

exchanger pipes are used) can be estimated using Equations (9) and (10). As expected, in 348 

Equations (9) and (10), a total carrier fluid flow rate 𝑄𝑡𝑜𝑡𝑎𝑙 [𝑚3 ∙ 𝑠−1] is required to estimate 349 

the temperature distributions.  350 

 𝑇𝑖𝑛,𝑎𝑣 = 𝑇𝑎𝑣 +
𝑃 ∙ 𝐿

2 ∙ 𝜌𝐶𝑝 ∙ 𝑄𝑡𝑜𝑡𝑎𝑙
 (9) 

 𝑇𝑜𝑢𝑡,𝑎𝑣 = 𝑇𝑎𝑣 −
𝑃 ∙ 𝐿

2 ∙ 𝜌𝐶𝑝 ∙ 𝑄𝑡𝑜𝑡𝑎𝑙
 (10) 
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3.2 Demonstration of the method 351 

The accuracy of the proposed simplified method when estimating operating fluid temperatures 352 

and average temperature changes at pile wall is assessed using two different heat flux signals: 353 

• Constant heat flux (Section 3.2.1) 354 

• Heat flux that varies sinusoidally with a period of one year, approximating a typical 355 

year which includes a heating season and a cooling season (Section 3.2.2) 356 

In both of the cases above, the thermo-active pile modelled is identical to the one considered 357 

in Section 2.2 (see Figure 1(a) and (b) for further details of the numerical model), where the 358 

carrier fluid is assumed to be water, with a volumetric heat capacity of 4.18 × 106 𝐽 ∙ 𝑚−3 ∙359 

𝐾−1 and thermal conductivity of 0.6 𝑊 ∙ 𝑚−1 ∙ 𝐾−1, while the thermal properties of thermo-360 

active pile and soil follow those given in Table 1. 361 

Benchmark 3D analyses where heat exchanger pipes are explicitly modelled are conducted in 362 

order to allow the accuracy of the simplified method to be assessed. These benchmark 3D 363 

analyses are similar to those described in Section 2.2 (see  Figure 1(c) and (d)), with the 364 

exception of the boundary condition used to simulate heating or cooling: as proposed in Sailer 365 

(2020), rather than prescribing an inlet temperature at the pipe inlets, the pipe inlets are now 366 

connected to the pipe outlets to form closed circuits, with the specified heat flux bring 367 

prescribed to the fluid before it is recirculated back into the ground, as illustrated in Figure 6. 368 
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 369 

Figure 6 Application of heat flux in the benchmark 3D analyses: (a) illustration of the 370 

approach and (b) implications to the numerical model. 371 

3.2.1 Constant heat flux 372 

A constant heat flux of 100 𝑊 ∙ 𝑚−1, which corresponds to a total heat flux of 2000 𝑊 is 373 

considered. According to the simplified method, a heat flux of 100 𝑊 is prescribed uniformly 374 

over the heat exchanger pipe cross-sections, and for a 2U pipe arrangement with four heat 375 

exchanger pipes in the thermo-active pile cross-section, each pipe shares a heat flux of 25 𝑊. 376 

The 2D thermal analysis is run for one year and the evolution of average fluid temperature 𝑇𝑎𝑣 377 

with time is shown in Figure 7, together with the average fluid temperature ( 𝑇𝑎𝑣 =378 

1

2
(𝑇𝑖𝑛,𝑎𝑣 + 𝑇𝑜𝑢𝑡,𝑎𝑣)) obtained in the benchmark 3D analysis, while Figure 8 compares the inlet 379 

and outlet temperatures derived from the 2D thermal analysis using Equations (9) and (10) with 380 

the average inlet and outlet temperatures obtained from the benchmark 3D analysis. 381 
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 382 

Figure 7 Evolution of average fluid temperature with time for the case of constant heat flux 383 

 384 

Figure 8 Evolution of inlet and outlet temperatures with time for the case of constant heat 385 

flux 386 

Referring to Figure 7 and Figure 8, it can be observed that the fluid temperatures increase 387 

rapidly during the initial stages of the analyses, with the heating rate slowing down with time. 388 

This suggests that, when the fluid is initially cold, the thermal gradient between the fluid and 389 

the thermo-active pile is small and little heat transfer takes place from the fluid into the thermo-390 

active pile; therefore, most of the energy from the applied heat flux is stored within the fluid 391 

and hence its temperature increases rapidly. With time, as the fluid temperature increases, 392 

significant heat transfer takes place from the fluid into the thermo-active pile; therefore, a 393 

smaller proportion of energy from the applied heat flux is stored within the fluid and hence the 394 

increase in temperature slows down considerably. 395 
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It is also interesting to note that both the average fluid temperature (Figure 7) and the estimated 396 

inlet and outlet temperatures (Figure 8) are captured accurately by the simplified method up to 397 

around 60 days of operation. After this stage, as had been observed in Section 2.2, the 398 

simplified method consistently overestimates the fluid temperatures (i.e. underestimates the 399 

performance of the thermo-active pile). However, after one year of operation, the differences 400 

in terms of change in inlet and outlet temperatures are limited to about 15%  and 10% , 401 

respectively. As seen previously, this overestimation is due to the 2D simplification of the 402 

problem, as the 2D analysis is unable to capture the effects of the ground surface, which in the 403 

benchmark 3D analysis is modelled as a surface with no change in temperature that dissipates 404 

energy from the system. Therefore, more energy accumulates within the system in the 2D 405 

analysis which explains the higher fluid temperatures observed when sufficient time has 406 

elapsed. 407 

Figure 9 compares the evolution of average pile wall temperature change with time modelled 408 

between the simplified method and the benchmark 3D analysis. Note that, in Figure 9, the 409 

evolutions of average pile wall temperature change with time are presented as G-functions 410 

(same as those presented in Loveridge and Powrie (2013)), where the average pile wall 411 

temperature change Δ𝑇𝑤𝑎𝑙𝑙 [𝐾] is normalised as Φ𝑔 according to Equation (11), and time 𝑡 [𝑠] 412 

is normalised as the Fourier number 𝐹0 according to Equation (12). In Equations (11) and (12), 413 

𝑘𝑠𝑜𝑖𝑙  [𝑊 ∙ 𝑚−1 ∙ 𝐾−1] is the thermal conductivity of the ground, 𝑃 [𝑊 ∙ 𝑚−1] is the applied 414 

heat flux per unit pile length, 𝛼𝑠𝑜𝑖𝑙 [𝑚2 ∙ 𝑠−1] is the thermal diffusivity of the ground and 415 

𝑟𝑝𝑖𝑙𝑒 [𝑚] is the radius of the thermo-active pile. 416 

Figure 9 further confirms that the simplified method produces similar patterns in terms of 417 

average temperature change as those obtained in the benchmark 3D analysis until the 418 

contribution of boundary effects manifests itself. Also shown in Figure 9 are the upper and 419 

lower bounds G-functions proposed by Loveridge and Powrie (2013) for thermo-active piles 420 

with an aspect ratio (AR) of 25 (which is close to the AR of 22.2 for the thermo-active pile 421 

considered in this study). It can be observed that the G-function from the benchmark 3D 422 

analysis lies within the range defined by the upper and lower bounds, and so does that from 423 

simplified method before the onset of boundary effects. 424 
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 425 

Figure 9 G-functions for the case of constant heat flux 426 

 Φ𝑔 =
2𝜋𝑘𝑠𝑜𝑖𝑙

𝑃
Δ𝑇𝑤𝑎𝑙𝑙 (11) 

 𝐹0 =
𝛼𝑠𝑜𝑖𝑙𝑡

𝑟𝑝𝑖𝑙𝑒
2  (12) 

3.2.2 Heat flux that varies sinusoidally with a period of one year 427 

A final test of the proposed methodology consists of applying a heat flux per unit length of 428 

𝑃 = 100 ∙ sin (
2𝜋𝑡

360
) [𝑊 ∙ 𝑚−1], which corresponds to a signal amplitude of 100 𝑊 ∙ 𝑚−1 with 429 

a period of one year. Similar to the case considered in Section 3.2.1, the heat flux is prescribed 430 

uniformly over the heat exchanger pipe cross-sections (i.e. each pipe shares a heat flux of 25 ∙431 

sin (
2𝜋𝑡

360
)  𝑊) in the simplified method. The 2D thermal analysis is run for one year and the 432 

inlet and outlet temperatures derived (using Equations (9) and (10)) are compared in Figure 10 433 

with the average inlet and outlet temperatures from the benchmark 3D analysis. It can be 434 

observed from Figure 10 that the simplified methodology provides an accurate estimation of 435 

the inlet and outlet fluid temperatures throughout the entire period of operation, where the 436 

maximum error in terms of the peak change in inlet or outlet fluid temperatures is less than 8%. 437 

Such high precision further reinforces the conclusion drawn from the results of the analyses 438 

where an inlet temperature is applied: the accuracy of the simplified method is considerably 439 

higher for boundary conditions which are more transient in nature, such as those expected to 440 

dominate operational patterns of real heat pumps. 441 
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 442 

Figure 10 Evolution of inlet and outlet temperatures with time for the case of sinusoidal 443 

variation of heat flux with a period of one year 444 

4. APPLICATION TO A CASE STUDY 445 

In order to demonstrate the practical application of the proposed simplified methodology for 446 

estimating the thermal performance of real thermo-active piles, the field thermal response test 447 

(TRT) conducted by Loveridge et al. (2014) is considered. In this field TRT, the thermo-active 448 

pile has a diameter of 300 𝑚𝑚 over the top 26.8 𝑚 and 200 𝑚𝑚 below that, extending to an 449 

unreported depth. A single U-loop pipe arrangement is adopted where the heat exchanger pipes 450 

are installed to a depth of 26 𝑚 and have a concrete cover of 82.5 𝑚𝑚. The internal pipe 451 

diameter is 26.2 𝑚𝑚 with a pipe wall thickness of 2.9 𝑚𝑚. The pile is founded in London 452 

Clay and water is used as the carrier fluid with a flow rate of 1.032 × 10−4 𝑚3 ∙ 𝑠−1. The 453 

thermal properties of the thermo-active pile, soil and water used to simulate this field TRT are 454 

listed in Table 2 (Loveridge et al., 2014; Gawecka et al., 2020). Note that the initial ground 455 

temperature is 17.7℃. 456 

Table 2 Thermal properties of the thermo-active pile concrete, soil and water used to simulate 457 

the field TRT (Loveridge et al., 2014; Gawecka et al., 2020) 458 

 Concrete Soil Water 

Thermal conductivity 𝑘 [𝑊 ∙ 𝑚−1 ∙ 𝐾−1] 2.0 2.4 0.6 



 22 

Volumetric heat capacity 𝜌𝐶𝑝 [𝐽 ∙ 𝑚−3 ∙ 𝐾−1] 1.8 × 106 2.15 × 106 4.18 × 106 

The time histories of both the actual power applied and mean fluid temperatures are provided 459 

in Loveridge et al. (2014), allowing the validation of both approaches outlined by the simplified 460 

methodology: estimation of power per metre of pile based on known fluid temperatures 461 

(Section 2) and estimation of fluid temperatures based on applied power (Section 3). Note that 462 

only the first 7.5 days of the field test are considered for brevity, which include 4.5 days of 463 

circulating water at ambient temperature, followed by 3 days of pile heating (i.e. simulating 464 

cooling mode).  465 

4.1 Estimation of power based on fluid temperatures 466 

The mean fluid temperature (which equates to the average of inlet and outlet temperatures) 467 

provided in Loveridge et al. (2014) is converted into inlet temperatures (see Gawecka et al. 468 

(2020) for further details regarding the conversion), the time history of which is presented in 469 

Figure 11. This allows the application of the simplified methodology outlined in Section 2. 470 

 471 

Figure 11 Applied evolution of inlet temperature with time 472 

The simplified methodology is applied as outlined in Section 2.1, leading to the evolution of 473 

power per unit pile length shown in Figure 12. Compared to the power applied in the field 474 

(~86 𝑊 ∙ 𝑚−1), which is reported in Loveridge et al. (2014) but not used in the present 475 

calculations, it can be seen that the proposed approach results in an overestimation of the 476 

thermal performance of the thermo-active pile limited to 15% (~100 𝑊 ∙ 𝑚−1). Clearly, given 477 

the level of approximations involved in the proposed methodology, this level of accuracy is 478 

very satisfactory. However, this estimate can be further refined by using the estimated thermal 479 
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performance as the “assumed power”, Δ𝐸, in Equation (4), rather than using Equation (5), 480 

leading to a short iterative procedure: the new estimated thermal performance, shown in Figure 481 

13 as “iteration 2” is now ~90 𝑊 ∙ 𝑚−1, i.e. within ~5% of the value observed in the field. To 482 

demonstrate the rapid convergence of this procedure, a new iteration is performed by adopting 483 

this value as Δ𝐸 leading to the results illustrated in Figure 13 (“iteration 3”). These are clearly 484 

indistinguishable from the previous iteration, meaning that further simulations are not required.  485 

 486 

Figure 12 Power per unit pile length estimated by the simplified methodology compared 487 

against those applied in the field 488 

4.2 Estimation of fluid temperatures based on applied power 489 

In order to estimate the mean fluid temperatures based on the applied power in the field test 490 

(measured as −2.58 𝑊 ∙ 𝑚−1  for 4.5 days, followed by 85.96 𝑊 ∙ 𝑚−1  for 3 days), the 491 

procedure outlined in Section 3.1 is employed. The time evolution of the mean fluid 492 

temperature estimated by the simplified methodology is compared with the measured values 493 

from the field in Figure 13. As can be seen, the simplified methodology has resulted in an 494 

overestimation of the mean fluid temperature limited to ~7.6% . Considering all the 495 

approximations involved (no simulation of vertical heat flux, potential heterogeneity of the 496 

thermal properties of the soil, etc.) the small value obtained for the calculated error once again 497 

demonstrates the excellent accuracy of the simplified methodology. 498 
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 499 

Figure 13 Time evolution of mean fluid temperature estimated by the simplified methodology 500 

compared against those measured in the field 501 

5. CONCLUSIONS 502 

This paper puts forward a simplified methodology to estimate the thermal performance of a 503 

thermo-active pile. The proposed methodology involves only 2D analyses and therefore avoids 504 

the use of computationally expensive 3D analyses as well as the explicit simulation of heat 505 

exchanger pipes. Since the operation of a thermo-active pile is usually modelled using either a 506 

prescribed temperature approach or a prescribed heat flux approach, the methodology is 507 

detailed for both cases, with 3D analyses where heat exchanger pipes are explicitly simulated 508 

being used as benchmark. 509 

When the heating or cooling of a thermo-active pile is simulated based on an inlet pipe 510 

temperature, the proposed methodology seeks to determine the power of the pile per unit length. 511 

This is accomplished by performing a 2D thermal analysis, where a given temperature is 512 

prescribed at the heat exchanger pipes, allowing the power of the thermo-active pile to be 513 

determined from the change in energy content of the system. Three different patterns of 514 

operation were considered – constant inlet temperature, sinusoidal variation of inlet 515 

temperature with a period of one year and sinusoidal variation of inlet temperature with a period 516 

of one month – with the proposed methodology showing good agreement with the benchmark 517 

3D analyses. For the case where a constant inlet temperature is applied, the proposed method 518 

was seen to be conservative, underestimating the thermal performance by 14% after one year 519 

of operation. This is due to heat losses through the surface, which cannot be captured in 2D 520 

thermal analyses. However, it should be noted that the accuracy of the adopted modelling 521 
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approach increased substantially with the increase in frequency of the variation of inlet 522 

temperature, for the case where a sinusoidal variation of inlet temperature with a period of one 523 

year is applied, the error of the proposed method is reduced to 1 − 3% . This improved 524 

performance is clearly associated with the reduced importance of the ground surface for highly 525 

transient variations in fluid temperature. 526 

In the second part of this paper, the heating or cooling of a thermo-active pile is specified by a 527 

heat flux, with the proposed methodology seeking to determine the inlet and outlet fluid 528 

temperatures as well as the average temperature at the pile wall. This is again accomplished by 529 

performing a 2D thermal analysis, where heat flux thermal boundary conditions are prescribed 530 

at the heat exchanger pipes (the thermal properties of which are modelled to be the same as the 531 

carrier fluid), and the inlet and outlet fluid temperatures can be inferred from the average 532 

temperature of the elements representing the heat exchanger pipes. Similar performance is 533 

observed as in the case of specified inlet temperature: the proposed methodology is seen to be 534 

conservative, underpredicting slightly the thermal performance, with carrier fluid temperatures 535 

being overestimated by about 10 − 15% after one year of operation. However, when a higher 536 

frequency sinusoidal variation of the flux is used, which is closer to more realistic operational 537 

patterns of ground source energy systems, the accuracy increases significantly, with the 538 

maximum error in terms of peak change in inlet or outlet fluid temperatures reduces to less 539 

than 8%.  540 

In the final part of the paper, the practical capability of the simplified methodology is validated 541 

through the consideration of a field thermal response test where the time histories of both mean 542 

fluid temperature and applied power are well-documented. Both approaches of the simplified 543 

methodology: estimation of power from given fluid temperatures and estimation of fluid 544 

temperatures from given applied power, have been shown to yield accurate estimates of the 545 

observed field performance of the thermo-active pile. The power and mean fluid temperature 546 

estimated by the simplified methodology exhibit only a small error ( ~5%  and ~8% , 547 

respectively) compared to the field values. This result underscores the excellent accuracy of 548 

the simplified methodology. 549 
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