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Abstract:

The thermal performance of borehole ground heat exchangers is of significance to the efficacy of the
ground source heat supply systems. This paper presents a new composite analytical model to evaluate
the thermal performance of borehole ground heat exchangers within stratified ground. The model
integrates critical factors influencing heat transfer, encompassing ground stratification, thermal
interactions among boreholes, variability of heat flux along borehole depth, and flexible layouts of
boreholes. It enables efficient computation of thermal data pertinent to heat transfer both inside and
outside the boreholes during operation. Implemented in the TRNSYS platform, the model offers versatile
applicability to ground-source heat pump systems, borehole thermal energy storage, and district heating
and cooling networks. Model validations were carried out through four distinct experiments, covering
varied borehole quantities and ground conditions, to substantiate its accuracy. Employing this model, a
case study further investigated the thermal performance of a borehole field with 16 boreholes in a three-
layer ground (comprising backfill soil, clay, and fine sand) extending to a depth of 63 m. Over a 60-day
warm water injection period at 30°C, the effects of borehole layout and ground stratification on the
thermal performance of individual and collective boreholes were analysed. Key findings in this analysis
include: (1) Across the square, L-shape, and linear layouts, the impact of layout on the thermal
performance of borehole fields diminishes as the spacing increases from 1 m, 2 m, and 3m, becoming
negligible at 4-m spacing, and the positions of the most and least affected boreholes by thermal
interferences vary by layout; (2) Designing a GSHP system in stratified ground using a homogenous
ground model with equivalent thermal properties would overestimate the heat injection performance of
the borehole field and lead to undersizing of the borehole ground heat exchangers; and (3) ground
stratification should be considered when estimating the thermal performance of a borehole field,

particularly when the boreholes are sparsely arranged, e.g., with spacing of 3 m or more.

Keywords: Borehole ground heat exchanger, Thermal performance, Analytical model, Ground

stratification, Borehole layout, Ground source heat supply system
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Borehole radius

Borehole spacing

Borehole length

Depth of the ground layer

Length of the borehole section

Outer radius of the pipe

Inner radius of the pipe

Shank spacing

Radial location of the grout node

Equivalent radius

Coordinate of the borehole location along the x-axis
Coordinate of the borehole location along the y-axis
Vertical distance from the heat source to the ground surface
Distance between sections along the energy path
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Thermal diffusivity of the ground layer

Thermal conductivity of the ground layer

Specific heat capacity of the ground layer
Composite density of the ground layer

Composite thermal diffusivity of the ground layer
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Composite density of the imaginary ground layer

Composite thermal diffusivity of the imaginary ground layer

Composite thermal conductivity of the imaginary ground layer

Composite specific heat capacity of the imaginary ground layer

Density of the grout material

Thermal diffusivity of the grout material
Thermal conductivity of the grout material
Specific heat capacity of the grout material
Density of the fluid

Thermal diffusivity of the fluid

Thermal conductivity of the fluid

Specific heat capacity of the fluid
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Time step

Downward fluid temperature

Upward fluid temperature

Borehole wall temperature

Borehole wall temperature increment

Temperature of the grout material

Ground temperature

Inlet fluid temperature

Outlet fluid temperature

Thermal capacitance of the fluid

Thermal capacitance of the grout material

Thermal resistance between the grout material and borehole wall
Thermal resistance between the fluid and grout material
Thermal resistance between two legs of the pipe in a borehole
Interference thermal resistance

Equivalent thermal resistance of the borehole

Thermal resistance of the grout material

Conductive resistance of the pipe

Convective resistance of the fluid

Heat injection rate

Convective heat transfer coefficient

Dimensionless parameter

Dimensionless parameter

Dimensionless parameter

Dimensionless parameter

Total number of sublayers

Number of the ground layer

Number of the ground layer or number of the sample data points
Total number of boreholes

Identifier of the borehole

Identifier of the borehole

Identifier of the borehole section

Identifier of the borehole section

Identifier of the borehole section

Number of layers in the energy path

Identifier of layers in the energy path or time step index
Borehole well

Grout material

Fluid or friction factor

Simulated results

Measured results

Kor°C
Kor°C
Kor°C
Kor°C
Kor°C
Kor°C
Kor°C
Kor°C
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1. Introduction

Ground-source heat pump (GSHP) systems, which utilize the ground as a heat source or sink, offer an
energy-efficient approach of using geothermal energy for heating and cooling while reducing greenhouse
gas emissions from the currently prevalent fossil-based heating systems (Minaei and Maerefat, 2017a;
Gawecka et al., 2020; Alaie et al., 2021). Central to GSHP systems are ground heat exchangers,
responsible for transferring heat to or from the ground. Vertical boreholes, a widely used type of ground
heat exchanger, are known for their high thermal efficiency, minimal site area requirements, and limited
influence from surface temperature fluctuations (Molina-Giraldo etal., 2011; Li and Lai, 2012). Borehole
thermal energy storage also shows high efficiency in seasonal thermal storage, with promising
application in district heating and cooling networks (Gao et al., 2023a; Ricks et al., 2024). Nonetheless,
boreholes face high drilling costs, and their thermal performance is critical to the overall efficiency of
the system. Therefore, it is imperative to comprehensively evaluate the thermal performance of boreholes
during the design phase prior to their implementation.

Multiple factors influence the thermal performance of borehole ground heat exchangers, which can be
broadly categorized as follows: i) site conditions, including ground layer composition, geothermal
gradient of the ground, and groundwater flow, which are often encountered along the depth of boreholes
(Hu, 2017; Lietal., 2020; Zhou et al., 2021; Bao et al., 2023; Guo et al., 2023); ii) ground characteristics,
including soil thermal conductivity, density, and specific heat capacity, which exhibit significant
variability across different soils (Abdelaziz et al., 2014; Lietal., 2018; Lietal., 2019; Li et al., 2023; Jin
et al., 2020); iii) system configurations and design, encompassing parameters such as borehole quantity,
depth, diameter, spacing, connection type, borehole interactions, and the grouting materials, which are
tailored to specific geological conditions and engineering projects (Beier et al., 2011; Kurevija et al.,
2012; Al-Khoury and Focaccia, 2016; Law and Dworkin, 2016; Li et al., 2019; Gultekin et al., 2019;
Alaie et al., 2021; Cassina et al., 2022; Bandeira Neto et al., 2023); and iv) operational conditions,
including thermal load, operational continuity, and flow rate, etc., which are intricately linked to the
specific application scenarios (Shen et al., 2023; Li et al., 2019; Li et al., 2020; Hefni et al., 2022).

Given the importance and complexity of borehole thermal performance, various numerical models
have been developed, predominantly employing the finite difference method (Lee and Lam, 2008; Lee,
2011; Lee and Lam, 2012; Zong et al., 202 1), the finite element method (Ozudogru et al., 2014; Law and

Dworkin, 2016; Gawecka et al., 2020; Gao et al., 2023b), and the finite volume method (Kurnia et al.,
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2021; Pokhrel et al., 2022). For example, Lee and Lam (2008) used three-dimensional (3D) implicit finite
difference method with rectangular coordinate system to simulate the thermal response of boreholes in
homogenous ground, later extending this model to multi-layered ground conditions (Lee and Lam, 2012).
Law and Dworkin (2016) utilized the commercial software COMSOL Multiphysics to create a 3D finite
element model simulating multiple boreholes in GSHP operation, while Gao et al. (2023b) developed a
coupled thermal-hydraulic model for unsaturated soils within the finite element platform COMPASS,
comparing the thermal performance of horizontal and vertical ground heat exchangers in GSHP systems.
Additionally, Kurnia et al. (2021) adopted the finite volume software ANSY'S Fluent to investigate the
temperature profiles of abandoned oil wells as geothermal boreholes, and Pokhrel et al. (2022) developed
a 3D coupled fluid flow and heat transfer model using a finite volume approach for geothermal energy
production of vertical coaxial heat exchanger. These models are adept at accounting for diverse heat
transfer mechanisms and influential factors within both the borehole and the surrounding ground, thereby
producing a high degree of accuracy (Zhang et al., 2022). However, numerical modelling can be
computationally intensive, making it unsuitable for long-time simulations (e.g., 20 years) in projects
involving large-scale borehole fields (Yang et al., 2014; Al-Khoury and Focaccia, 2016; Hu et al., 2017).

Apart from numerical modelling, analytical models have emerged as valuable tools for studying the
thermal performance of boreholes, offering simplicity and inherently low computational costs (Alaic et
al., 2021; Zhang et al., 2022; Guo et al., 2023). These models have found utility both in theoretical
investigations and practical applications. Based on the features and functions, existing analytical models
for boreholes in literature can be organized into the following three categories.

Line source models represent a classic category of analytical models to analyse heat transfer
phenomena external to boreholes, focusing on thermal responses like borehole wall temperature. These
models operate under the assumption that the borehole behaves as a line source, owing to its much greater
axial length compared to its radial dimensions. Key models in this category include the infinite line
source model (ILS, Ingersoll and Plass, 1948), infinite cylindrical source model (ICS, Ingersoll, 1954;
Carslaw and Jaeger, 1959), finite line source model (FLS, Zeng et al., 2002), and various modified
versions that incorporate considerations such as variable heat flux along the borehole length, borehole
inclination, ground stratification and anisotropy, and computation efficiency improvement (Lamarche
and Beauchamp, 2007a; Marcotte and Pasquier, 2009; Li and Lai, 2012; Koohi-Fayegh and Rosen, 2012;

Abdelaziz et al., 2014; Cimmino, 2018; Erol and Francois, 2019). However, by excluding the borehole’s
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internal geometry and the material heat capacity, these models are unable to provide information such as
the fluid temperature inside boreholes, rendering them unsuitable for dynamic simulation of ground
source heat supply systems like GSHP systems.

Thermal network models are a type of analytical model aimed at analyzing heat transfer processes
inside boreholes. These models are inspired by the analogous relationship between electrical and thermal
currents to model the internal geometry of the borehole, including fluid in pipes and grouting material
(Yang et al., 2014). In these models, the 3D structure of the borehole is discretized into slices
perpendicular to the axial direction, with each slice represented by a two-dimensional (2D) thermal
circuit. These circuits are interconnected through temperature nodes featuring thermal capacitances and
resistances, collectively forming a thermal network. Key models in this category include the Capacity
Resistance Model (CaRM, Zarrella et al., 2011), the Thermal Resistance-Capacity Model (TRCM, Bauer
et al., 2011; Pasquier and Marcotte, 2012), and the Simplified Thermal Resistance-Capacity Model
(STRCM, Maerefat and Minaei, 2017a). However, since these models are generally developed for
individual boreholes and assume one-dimensional (1D) heat transfer in surrounding ground, they are
inadequate for long-term simulations involving thermal interactions among multiple boreholes.

The third category is composite (or hybrid) models that simulate heat transfer both inside and outside
the borehole. A common type of composite model is the analytical-numerical or semi-analytical model,
where heat transfer in the surrounding ground and inside the boreholes is modelled separately using
numerical and analytical methods. For example, in the model proposed by Belzile et al. (2016), the
numerical part uses a 2D control volume finite difference method to solve the heat conduction in the
ground, and the analytical part is composed of a multipole borehole thermal resistance to simulate the
heat flow inside the borehole. In comparison, Zhang et al. (2022) adopted a numerical model to simulate
the thermal behaviour of circulating fluid and grouting material inside the borehole, while heat transfer
in layered ground was solved analytically using Green’s function method. Analytical models can also be
coupled to develop a composite model. For instance, Yang et al. (2009) integrated the variable heat flux
cylinder source model for transient borehole wall temperatures with a thermal network model to assess
heat transfer within the borehole, validating the model through a solar-geothermal multifunctional heat
pump experiment. Alaie et al (2021) coupled the FLS model with the STRCM model to construct a
transient composite model, investigating the effects of borehole spacing, layout, soil and grout properties

on the outlet fluid temperature in the borehole field. Hu (2017) combined the FLS model with a thermal
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network work to develop a composite analytical model for vertical borehole ground heat exchanger in
layered ground. Based on the Green’s function method, the segmented FLS model and composite section
concept proposed by Abdelaziz et al. (2014), and a thermal network model, Guo et al. (2023) proposed
a composite analytical solution addressing varying heat transfer rates for boreholes in stratified ground.

Composite models of borehole ground heat exchangers offer greater computational efficiency than
numerical models. However, given the complexity of thermal performance of boreholes in stratified
ground, there are still some issues in the existing literature. First, most composite models are not suitable
for multiple boreholes. Ground source heat supply systems, including GSHP systems and borehole
thermal energy storage, often involve borehole fields with dozens or even hundreds of boreholes that are
arranged in various layouts (Gultekin et al., 2019; Cassina et al., 2022; Zhang et al., 2022). Heat transfer
between adjacent boreholes will interfere with each other. These thermal interactions among boreholes
occur due to temperature anomalies that develop during operation (Miglani et al., 2018). Such anomalies
spatially add up over time, which has significant influences on the energy performance and efficiency of
the ground source heat supply systems (Gultekin et al., 2019; Cassina et al., 2022; Li et al., 2023).

More importantly, some of the composite models are unsuitable for stratified ground conditions, where
different ground layers possess varying thermophysical properties. This results in spatial and temporal
variations in heat transfer within ground layers (Abdelaziz et al., 2014; Zhang et al., 2022). Ground
stratification also aggravates the thermal interactions among boreholes, altering ground temperature
distributions compared to homogenous ground conditions (Hu et al., 2017; Li et al., 2018). These
complexities significantly impact borehole field sizing and the energy performance and efficiency of the
ground source heat supply systems in complex geological formations. Despite these critical aspects, there
remains a lack of models capable of accurately predicting the thermal performance of borehole fields in
stratified formations, and insufficient research has been conducted on how borehole layout and ground
stratification affect the thermal performance of both individual and collective boreholes.

To bridge these research gaps, a new composite analytical model tailored to evaluate the thermal
performance of multiple boreholes within layered ground is established. The model divides the borehole
field into two regions, utilizing a simplified thermal network model to characterize transient heat transfer
inside the boreholes (Minaei and Maerefat, 2017a; Minaei and Maerefat, 2017b) and a segmented finite
line source model to manage variable heat flux along the borehole depth for heat transfer outside the

boreholes (Abdelaziz et al. 2014; Cimmino, 2018). The model integrates critical factors influencing heat
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transfer, encompassing ground stratification, thermal interactions among boreholes, variability of heat
flux along borehole depth, and flexible layouts of boreholes. Its unique capability to combine heat
transfer simulations inside and outside the boreholes within a unified computational environment as a
standalone module allows for seamless integration with other components of district heating and cooling
networks within the TRNSY'S software platform (TRNSY'S, 2023). The primary objectives of the model
are to (1) expedite the generation of thermal data pertinent to borehole fields in stratified ground, (2)
investigate the effects of borehole layout and ground stratification on the thermal performance of
individual and collective boreholes, and (3) provide a versatile tool applicable beyond GSHP systems,
extending to borehole thermal energy storage, as well as district heating and cooling networks.

The structure of this paper is organized as follows. First, the composite analytical model for boreholes
in stratified ground is described, detailing the establishment of a mathematical model based on the
physical model. This is followed by the numerical solution of the composite model. The model is then
validated through four distinct experiments, covering varied borehole quantities and ground conditions,
with a focus on analyzing potential discrepancies between the simulated and measured results.
Subsequently, the model is applied to investigate the thermal performance of a borehole field in three-
layer ground, the effects of borehole layout and ground stratification on the outlet fluid temperature and
heat injection rate are examined. Finally, a comprehensive comparison of the proposed model with
existing models in the literature is conducted, and conclusions are drawn. The main innovations of this
research are:

(1) development of a new composite analytical model capable of predicting the thermal performance
of borehole fields in stratified ground;

(2) transient analysis of effects of thermal interactions and ground thermophysical properties on the
thermal response of individual and collective boreholes;

(3) identification of boreholes that are most affected and least affected by thermal interferences of
boreholes in various layout configurations;

and (4) evaluation of the significance of ground stratification on the thermal performance of borehole

fields with varying borehole spacings.

2. Model development

2.1 Physical model
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Fig. 1 illustrates a GSHP system coupled with borehole ground heat exchangers, facilitating the
exchange of heat with the surrounding ground. Within this configuration, a set of boreholes are arranged
in parallel connections within the multi-layered ground. Each borehole features an identical single U-
tube, through which a heat transfer fluid circulates. Grouting material is utilized to fill the gap between
the U-tube and the borehole wall, enhancing heat transfer efficiency. The fluid flows the U-tube within

each borehole, either extracting or injecting heat from/to the adjacent ground.

Heat distribution unit
—————) 2rx_®— -

Heat pump

Pump Flowmeter Ground

Inlet fluid T Outlet fluid T, Top view of borehole 7 with Teround
coordinates (x; y;)

< <

¥
_ x Ground Layer Mass flow rate m;

Layer 1 P1, @4, Ay, Gy

[~ Borehole wall

Z Layer 2 P2, Uz Ay, Cpp T,

Length L
Grout T,

pﬂ’ aﬂ’ Ag' CDH

Layerm o, 0y Ay Comy

Fig. 1 Schematic showing the ground source heat pump system with multiple boreholes installed

parallelly in the multi-layered ground

2.2 Mathematical model
2.2.1 Assumptions and simplifications

A composite analytical model for borehole ground heat exchangers in multi-layered ground has been
developed, encompassing two fundamental parts: (1) heat transfer inside the borehole, and (2) heat
transfer outside the borehole. In order to take into account both calculational efficiency and accuracy, the
model is founded upon several assumptions and simplifications in a reasonable manner.

Regarding the stratified ground:

10



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

(1) The ground consists of multiple layers in the vertical direction, with the thermophysical properties
of each ground layer assumed to be constant and homogeneous within the investigated temperature range
(Abdelaziz et al., 2014; Hu, 2017). These properties include density p, thermal diffusivity «, thermal
conductivity A, and specific heat capacity c,,.

(i1) The ground is assumed to have a uniform initial temperature along the borehole’s depth, denoted
as Tgrouna- It is assumed that this ground temperature is unaffected by surface climatic conditions
(Cimmino, 2018; Alaie et al., 2021). This assumption is based on the fact that the temperature variations
at the surface diminish a few meters below ground, rendering their influence on the thermal performance
of boreholes negligible (Guo et al., 2023).

(iii) Given the complex effects of groundwater on the heat exchange between boreholes and the
surrounding ground (Molina-Giraldo et al., 2011; Cai et al., 2020), the current model omits the potential
influence of groundwater flow.

Concerning the boreholes:

¢ boreholes are standardized with uniform length L andradius r;,. In engineering practices, boreholes
are buried at a certain depth below the ground surface to minimize disturbances from surface temperature
changes and to provide sufficient depth for the header trench (Cimmino, 2018; Alaie et al., 2021).
Considering that the buried depth (generally in meters) is much shorter compared to the borehole length
(usually in hundreds of meters) and the previous assumption of an undisturbed ground temperature, the
tops of the boreholes in the current model are simplified to be at the ground surface, which is commonly
adopted in the literature (Abdelaziz et al., 2014; Hu, 2017; Morchio and Fossa, 2021; Zhang et al., 2022).
The borehole wall temperature is represented by T),. The location of a borehole is defined by the centre
of the borehole in the ground surface plane, i.e., the x — y plane. For example, the location of Borehole
i can be presented by (x;,y;).

(i1) Each borehole has a single U-tube with legs of equal length, which is the most common
configuration (Lamarche et al., 2010; Ruiz-Calvo et al., 2016; Alaie et al., 2021; Zhang et al., 2022). The
length of the pipe legs matches the borehole’s length L. The inner and outer radii of the pipe are
represented by 73,; and 7,,, respectively, with the shank spacing, denoted as x., indicating the distance
between the borehole’s centre and the pipe.

(iii) The thermophysical properties of the grouting material within the boreholes are assumed to be

constant and homogeneous within the investigated temperature range (Yang et al., 2014; Hu, 2017).

11
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These properties include density pg, thermal diffusivity a, thermal conductivity 4,4, and specific heat
capacity c¢,g4. The grout temperature is represented by T.
(iv) The thermophysical properties of the fluid in pipes are assumed to maintain constant within the

investigated temperature range, a common assumption in the literature (Alaie et al., 2021; Zhang et al.,

\}

022; Guo et al., 2023). These properties include density py, thermal diffusivity a;, thermal
conductivity A, specific heat capacity ¢z, and dynamic viscosity ur. Additionally, the total mass flow
rate of the fluid is denoted as my.

(v) In the current model, heat conduction is considered the primary mechanism governing heat transfer
within the ground, as heat convection due to groundwater flow is not accounted for (Zeng et al., 2002).
Fluid heat flow in the U-tubes is described by an assembly of interconnected resistances and capacitors
(Al-Khoury and Focaccia, 2016; Minaei and Maerefat, 2017a; Minaei and Maerefat, 2017b).

Additionally, a standardized naming convention for variables involved in the model, as illustrated in
Fig. 2, has been established. Herein, “X” represents a variable, which could denote temperature (T'), heat
flux (g), or distance between boreholes along the energy path (S). The first subscript “a” signifies the
component of a borehole, such as the borehole wall (b), grout (g) or fluid (f). The second subscript “b”
identifies the specific borehole, denoted by i or j. The third subscript “c” designates the ground layer,
presented as m or n. The last subscript “d” denotes the section identifier, represented by u, v, or w.

Any variables deviating from this naming convention are individually elucidated.

Section
identifier

Borehole
identifier

Xa,L,c,d

|

Variable

Component
of a borehole

Ground layer
identifier

Fig. 2 Naming convention for a variable involved in the model

2.2.2 Heat transfer inside the borehole

As shown in Fig. 3, a borehole embedded within multi-layered ground is divided into a series of

12
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segments based on the ground profile, with each segment comprising several sections. Taking Borehole
i as an example, for its borehole segment within Layer m, it consists of M,,, sections of equal length,

calculated as follows:

Im—Zm-—
AZb,i,m,Mm = mMnrln 1 (1)

where Az, u,, 18 the length of each borehole section in Layer m of Borehole i, m; Z,, and
Zm—, are the respective elevations for the lower and upper surfaces of Layer m, m.

Drawing on the analogy between thermal and electrical conduction, a simplified thermal network
(STN) model based on Minaci and Maerefat (2017a; 2017b) is adopted to characterize the transient heat
transfer inside the borehole. Fig. 3 illustrates the 2D thermal circuit representing a section within a ground
layer, alongside the 3D STN model encapsulating internal sections of Borehole i within the stratified
ground.

In the STN model, each section, with a thickness of Az, ; , v, , comprises three thermal capacitances
(two C¢ and one () and four thermal resistances (two Ry4, one Rsf, and one Rg;) corresponding to
the fluid, grout, and borehole wall. The temperatures of the inlet and outlet fluids, grout, and borehole
wall are represented by the temperatures at four thermal nodes. Therefore, the STN model employed in

this study is characterized as a 3C4R-4 nodes model.
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294 Fig. 3 Schematic showing the 2D thermal circuit for a section and the 3D STN model for internal
295 sections of Borehole i in the multi-layered ground
296
297 (1) Thermal capacitance
298 For inlet and outlet fluids, the thermal capacitance of fluid Cr (J/m/K) is obtained as follows:
299 Cr =L (mr? 2
f = « » T[rpi ( )

300  where ay is the fluid thermal diffusivity, m?s; A, is the fluid thermal conductivity, W/m/K; and r,; is
301 the inner radius of the pipe, m.
302 In the STN model, the grout is treated as a single zone, and the thermal capacitance of grout C; (J/m/K)

303 is calculated as follows:
2
304 Cy = é (nrg — 2mr2) 3)

305 where a, is the grout thermal diffusivity, m?/s; Ag is the grout thermal conductivity, W/m/K; 7, is the
306  borehole radius, m; and 7, is the outer radius of the pipe, m.

307 Equations (2) and (3) indicate that the thermal capacitances for thermal nodes of each section in a
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borehole remain the same and are unaffected by the multiple-layered ground. This is due to the

assumption that the thermophysical properties of grout and fluid are homogeneous and constant.

(2) Thermal resistance
The thermal resistance between fluid and grout Ry, (K-m/W) is expressed as:
Rsg = 2(Ry, — Rgp) “4)
in which Ry, is the thermal resistance between the grout and borehole wall, K-m/W, and it is calculated

as:

__1 T
Rgb T 2miy In <rg> ®)

where 7, is the radial location of the grout node, m, which is defined as:

r2,+rf
Ty = /—qz b (6)

where 7, is the equivalent radius, m, which is used in determining the radial location of the grout node
(Lamarche and Beauchamp, 2007b). In addressing this, the two legs of the U-tube are considered as a
single circular segment located at the centre of the borehole (Minaei and Maerefat, 2017a). The value of

T,q is defined based on the grout thermal resistance and the borehole radius (Sutton et al., 2002)

— b
Teq = exp(2migRy) %

where R, is the thermal resistance of grout, K-m/W. The conductive resistance of the grout cannot be
calculated as straight-forward due to its irregular geometry. The value of Ry herein is expressed by

(Bennet et al., 1987):

2
22(1-—22 )
A Alt4eo 3< a_
g = o In (225) - A ®)
amng | \2(13-1)
1423 1+—27
(-
2 l%
in which four dimensionless parameters are introduced,
A= (9a)
Tpo
b
2y =12 (9b)
c
Tpo
hs = 22 (%)
Ag=2
T Agt+a (10)
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where x. is the shaking spacing, m; and A is the ground thermal conductivity, W/m/K, which varies
with different ground layers.

It should be mentioned that the value of R is dependent on the thermal conductivity of each ground
layer A based on Equation (10), therefore, the values of Ry, and Ry, vary across different ground
layers in the ground.

Moreover, R, isthe equivalent thermal resistance of borehole, K-m/W, representing the total thermal
resistance between the circulating fluids and the borehole wall, which includes the fluid field resistance,
the pipes, and the grout conductive resistances. For a single U-tube, the value of R, can be obtained by

the following equation:

Rb — Rg + (Rconduction‘z*‘Rconvection) (11)

in which R onguction 1S the conductive resistance of the pipes, K-m/W; and R pnpection 1S the

convective resistance of the fluid, K-m/W (Lamarche et al., 2010), and they are expressed as:

In <TLO)
Tpi

2mp

(12)

Reonduction =

1
Rconvection = (13)

2nrpiRpeat
where Ry, is the convective heat transfer coefficient on each pipe’s interior, W/m?/K, which can be

obtained by the following equation:

NyA
hhear = #p{ (14)

in which N,, is the Nusselt number and can be determined according to the values of Reynolds number
(R.) and Prandtl number (P,) as follows:

(1) For laminar flow (R, < 2100), there is (Hausen’s formula):

0.068Repr2eri
Ny = 3.66 + — el (15a)

21
1+0.04—(R9Pr Lp‘)

(2) For transition flow (2100 < R, < 10000), there is (Gnielinski’s correlation):

JAYS
N, = (8)(Re 1000)P, (15b)

1+12.7(§)1/2(PT2/3—1)

where f is the friction factor, and it is calculated by the following equation:

1

f= (0.790InRo—1.64)2 (15¢)
(3) For turbulent flow (R,>10000), there is (Colburn’s formula):
N, = 0.023(R)*/5(P)'/? (15d)
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in which,
R, = % (16a)
w = m’gifpf (16b)
P=iL (160)

where m; is the mass flow rate of fluid, kg/s; p; is the fluid density, kg/m?; uy is the flow velocity of
fluid, m/s; and iy is the fluid dynamic viscosity, kg/m/s.
Furthermore, the thermal resistance between the circulating fluids in both pipes Rgf (K-m/W) is equal

to the interference thermal resistance R,, and there is (Bennet et al., 1987):

4023 z
Ry = Ry = 2= |1n (22L20)) _ A(gty)
a

g
g 22(22-1) 1_15_'_(80,1%/1%(1‘2*;1)
(23-1)

(17
)

Equations (10) and (17) indicate that the value of Ry varies across different ground layers.

(3) Heat balance equations
As shown in Fig. 3, the subscripts 1 and 2 denote the inlet fluid and outlet fluid, respectively. Taking
Section u in Layer m of Borehole i as an example, the governing equations for the thermal nodes of

inlet and outlet fluids and grout are as follows:

Cf . anl,i,m,u — uf anl,i,m,u + sz,i,m,u_Tfl,i,m,u + Tg,i,m,u_Tfl,i,m,u (18)
at 0z Rff,m ng'm
Cf . anz,i,m,u =u anz,i,m,u + Tfl,i,m,u_sz,i,m,u + Tg,i,m,u_sz,i,m,u (19)
at 0z Rff,m ng'm
C . aTg,i,m,u _ Tfl,i,m,u_Tg,i,m,u + sz,i,m,u_Tg,i,m,u + Tb,i,m,u_Tg,i,m,u (20)
9 at ng’m ng'm Rgb,m

where Tr; and Ty, are the downward (i.e., descending) and upward (i.e., ascending) fluid temperatures,
respectively, K; Ty, and T}, are the grout and borehole wall temperatures, respectively, K. In addition,
at the bottom of the U-shape pipe, the temperature of the descending fluid is equal to the temperature of

the ascending fluid.

2.2.3 Heat transfer outside the borehole
When investigating the heat transfer of multiple boreholes within the multi-layered ground, each
borehole is conceptualized as a vertical line along the z direction, following the finite line source (FLS)

model. In this approach, every section of a borehole is regarded as a finite line source, as depicted in Fig.
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387 4, ensuring that each section of a borehole is distinctly situated within a single ground layer. To maintain
388 a constant temperature at the ground surface, imaginary boreholes are introduced by mirroring the real
389  boreholes around the ground surface plane (Zeng et al., 2002).
390
Borehole j Borehole i
\ J
|
Z Imaginary l Ao jnw : :
Imaginary layer n section w Zp.9 - 1 1, Gy Agy Cop
1 4 1 1
z, : i |
1 1 1
I 1 1
Imaginary Imaginary layer m — Imaginary Lo ' % : : O e Amy Com
boreholes section v Zovii |\"‘ e : :
% . i i
) I ’ 1 '
Imaginary layer2 ! S ! e
z, I i i
Imaginary layer 1 : S jmimomiu s, : : P1, A1, Ay, Cpy
_ . Ground v 1 1 1
Zo o 0 //ﬁ// A [y
Layer 1 S’s P1, A, Ay, Cps
Z
. Zoimu
Layer 2 h ~S's P2 Oz Ay, Cpp
Real Z; B S7 8 ¥ Sectionu
boreholes Zt i i 0 Vo Zoima)
Y Sectionv }q*’ i Yo Zbjim,u
Layer m v by, P Ay Ay Com
Sz
Zn v
Layer n 2 8, P Gy Ary Con
Sectionw Qo nw
Zi Zry -
Borehole j Borehole i
f——1
The FLS model for boreholes in the multi-layered ground
391
392 Fig. 4 Schematic showing the multiple boreholes in the multi-layered ground (after Abdelaziz et al.,
393 2014)
394
395 As shown in Fig. 4, taking Borehole i and Borehole j as an example, with coordinates (x;,y;) and
396 (x]-, yj), respectively, their distance on the ground surface plane can be obtained as follows:
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i=j
d:

Tp
i=di; = 21
o o \/(xl- - xj)z + (yl - yj)z i 7:] ( )

In Fig. 4, the temperature drop/increase at Section u in Layer m of Borehole i, i.e., at the thermal
node of the borehole wall, is caused by the heat extraction/injection across all sections of the real and
imaginary Borehole j. Following Abdelaziz et al. (2014), this temperature variation comprises two parts
to consider the differences in thermophysical properties among ground layers: (i) the primary layer,
referring to the borehole section embedded within that specific layer; and (ii) the secondary layers, which
encompass the borehole sections embedded within other layers. For instance, as shown in Fig. 4,
concerning Section u in Layer m of Borehole i, Layer m is the primary layer, while the remaining

layers constitute the secondary layers.

(1) Effect of the primary segment
Based on the FLS model, considering a constant heat flux qj, jm,, (W/m), the cumulative effect of
Section v in Layer m of Borehole j on Section u in Layer m of Borehole i till time t, affecting

the temperature of borehole wall, can be obtained as follows (Zeng et al., 2002):

ATbl,j—»i,m—>m,v—>u -

_ dbjmy (Zmy [erfc(sb'jﬁi'mam'vau/z\/a_‘n‘lt) _ eTfC(Sé_jai,mam,vau/Zwlamt)] dz (22)

!
4mAm Y Zmy-1 Sb,j-im-my-u Sb,j-im-muv-u

Equation (22) can be expressed in another way as follows:

qb,jm,
ATbl.j—>i,m—>m,v—>u = ﬁ ' X(t) (23a)

X(t) = [7m [erf (St jmimomp-o/ 2 Em) _ efe(Sh, joimomvu/ Zw/“mt)] dz (23b)

Zmy-1 5b,j—>i,m—»m,u—>u Sl’),j—» im-muy-u
where h is the vertical distance from the heat source to the ground surface, m; Sy ;,; m—mpu is the
real distance between Section v in Layer m of Borehole j and Section u in Layer m of Borehole

i,m;and Sp ;i mmyoy i the imaginary distance between the imaginary Section v in the imaginary

Layer m of the imaginary Borehole j and Section u in Layer m of Borehole i, m. There are:

2
Spjsimomuy-u = \[dj—»iz + (h - Zb,i,m,u) (24a)

, 2
Sb,j—>i,m—>m,v—>u = \/dj—>i2 + (h + Zb,i,m,u) (24b)
dp,j,m is the heat flux at the borehole wall of Section v in Layer m of Borehole j, W/m, which is
calculated according to the grout temperature and the borehole wall temperature:

Tgi =Tp i

_tgjmy—!ibjmy

Qb,j,m,v - R (25)
gbm
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where Ry, is the thermal resistance between grout and borehole wall in Layer m, K-m/W.
For a time-varying heat flux qp .., Which is stepwise constant, at Section v in Layer m of
Borehole j, the borehole wall temperature variation at Section u in Layer m of Borehole i at time t

is obtained from the temporal superposition of the FLS solution (Cimmino, 2018):

k
b, jmv(txr)
ATy jsimomup—u(te) = #;k Z [X(tx — tyr—q) = X (&, — )]
™o k=1
1 T ,',m,v(t I)—Tb' ',m,v(t I) k
= 4nﬂ,m g.J kRgb'm J k Zk’:l[X(tk - tk’—l) - X(tk - tkl)] (26)

where k is the time step index, and qp jm,,(t,r) is the constant heat flux over the period t,/_; <t <
tyr, W/m.

Based on the spatial supervision, the effect of all sections (from v =1 to v = M,;,) in Layer m of
Borehole j on Section u in Layer m of Borehole i, affecting the temperature of borehole wall, can
be calculated by the following equation:

ATp1,jsimomu = Yoty ™ ATy, jmimomu—u (27)

Therefore, the total effect of all sections in Layer m of all boreholes (from j =1 to j = N) on

Section u in Layer m of Borehole i, affecting the temperature of borehole wall, can be obtained:
j=N j=N =M
ATbl,i,m—>m,u = Z}":1 ATbl,j—>1',m—>m,u = Z§:1 Z’[l;:]_ m ATbl,j—»i,m—>m,v—>u (28)

where N is the total number of boreholes.

(2) Effect of the secondary segment

Based on the composite section concept introduced by Abdelaziz (2014), the thermal properties of
each layer along the energy path from the specific source point toward the observation section, i.c., the
thermal node of the borehole wall, are used to evaluate the composite properties of the path. This involves
consolidating three thermal properties of the ground layer: density p, thermal conductivity A4, and

specific heat capacity ¢y, into a real single composite section as follows:

=1 Skp
Pcomp = Zﬁ:ll Zl}gkzll :k 29
1 _ k=1 (Sk/zﬁzgsk) (30)
Acomp k=1 Ak

k=l CpkSk'Pk
C. = Z Ry oy 31
peomp T LK1 k=L Skepi) GD

where pomp is the composite density, kg/m?; Ay, is the composite thermal conductivity, W/m/K;
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Cpcomp 18 the composite specific heat capacity, J/kg/K; k is the layer identifier in the energy path, and
[ is the number of layers in the energy path.
Using the thermal properties of the composite section, the composite thermal diffusivity @zpp, (m?/s)

can be obtained as follows:

A
eomp = <omP (32)
Pcomp Cpcomp

Similarly, the imaginary composite density pgomyp, imaginary composite thermal conductivity Agmp.
imaginary composite specific heat capacity Cpcomp, and imaginary composite thermal diffusivity @gomp
can be obtained.

Based on the FLS model, for a constant heat rate qp ;.. the effect of Section w in Layer n of
Borehole j at Section u in Layer m of Borehole i on the temperature of borehole wall can be

obtained as follows (Zeng et al., 2002):
db,jnw
ATyzjimomwu(t) = 7222 Y (t) (33a)

in which,

Y(t) = on'W erfc(legzllsk/Z,/ammpt) 3 erfc(Z’iiS]’c/}i aéompt) s (33b)

k=1 [
Znw-1 Acomp'zk=1 Sk Aéomp 'Zk=1 Sk

where the distances S; and S, (m) can easily be calculated using trigonometry according to the
coordinates of thermal nodes of each section of Borehole j and Borehole i,and gy j,,, is the heat flux
at the borehole wall of Section w in Layer n of Borehole j, W/m, which is calculated according to the
grout temperature and the borehole wall:

T . _T .
_ 'gjnw” b jnw
4v,jmw = R (34)

gbn

where Ry, is the thermal resistance between grout and borehole wall in Layer n, K-m/W.
For a time-varying heat flux ¢y j,w, Wwhich is stepwise constant, at Section w in Layer n of
Borehole j, the borehole wall temperature variation at Section u in Layer m of Borehole i at time t

is obtained from the temporal superposition of the FLS solution (Cimmino, 2018):

1 Tg.j.n.w(tk')-Tb,j,n,w(tkr)
ATbZJ—’l’,"l—ﬂn,w—m(tk) = Room

TeraalY G = tr_) =Yt = )] (39)
where @y, jm(t) is the constant heat flux over the period t;r_; <t < t;r, W/m.
Based on the spatial superposition, the effect of all sections (from w =1to w = M,)) in Layer n of

Borehole j at Section u in Layer m of Borehole i on the temperature of borehole wall can be
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calculated by the following equation:
ATya, josimomu = et AT, josinosm (36)
The total effect of all sections in the other layers (n # m) of all boreholes (from j =1 to j = N) at
Section u in Layer m of Borehole i on the temperature of borehole wall can be obtained:
ATy inomu = ooy ZRET ATy jsimomu = Liey Zail Ty ™ Az joimomw—u  (37)
Therefore, taking the effects of the primary and secondary segments into account, the temperature of
borehole wall of Section u in Layer m of Borehole i, T} ;.. (K) can be expressed as follows:
Ty imu = Tgrouna + ATp1imomu + AT i nomu (33)
The borehole wall temperature T;, is the link between the heat transfer inside the borehole and the

heat transfer outside the borehole.

3. Numerical solution

The present study employs the Lax-Wendroff method (Lax and Wendroft, 1960), an explicit time
integration method for solving hyperbolic partial differential equations through finite differences. Using
this method, it can compute the inlet and outlet fluid temperatures, as well as the grout temperature at
the nodes of the thermal network at a certain time (n 4+ 1) depending on the preceding temperature

values (n). Equations (18) to (20) can be discretized as follows:

At-uf At'uf
TR =TI, +—[T"- —T! . +—1 (1. —2Th . 4+
1 1 1 -1 1 1 1 1 1
flLimu fLimu 2021 i M ( flLimu flLimu+ ) AZb,i,m,Mm( flimu+ flLimu

n n n n
™" ) + At | Tr2imu~Tr1imu + Tgimu~Tr1imu (39)
flimu-1 c R R
f ffm fgm
At-u At-u
n+1 —_n f n _Tn f n _ n
Tf2,i,m,u - TfZ,i,m,u 207Zp i M [(sz,i,m,u—l sz,i,m,u+1) + AZpimMm (sz,i,m,u+1 2T)‘Z,i,m,u +
,Lm,Mm LILMIm
n n n n
™" )] + At [Tfl,i,m,u_sz,i,m,u + Tg,i,m,u_sz,i,m,u] (40)
f2imu-1 cr Refm Rfgm
Tn+1 —Tn At T)le,i,m,u_T;i,m,u T)le,i,m,u_T;i,m,u T;i,m,u_T;i,m,u 41
gimu — ‘gimu + c. R + R + R ( )
g fgm fgm gbm

The time-step At (s) used for the calculations is dependent on the spatial discretization of the
simulation, and its maximum value is fixed by the Courant-Friedrichs-Lewy (CFL) condition (Ruiz-

Calvo et al., 2015):

=CFL<1 (42a)

in which,
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min[Azp ; m v

(42b)
ug

At ey <

where min [Azb‘i‘m‘ Mm] denotes the minimum length of the section in a borehole.

For the integrations X(t) and Y(t) in Equation (23b) and Equation (33b), respectively, their values
are obtained using the trapezoidal rule. The accuracy and computation efficiency for the integration rely
on the number of intervals for the trapezoidal rule, as well as the time step. In this study, the number of
intervals is taken as 50, a choice that yields satisfactory accuracy and computation efficiency.

As shown in Fig. 5, the proposed composite model has been programmed in Fortran and implemented

as a component within the TRNSYS software (TRNSY'S, 2023), designated as Type 255.

£, Simulation Studio - Type255.tmf o X

File Edit View Direct Access Tools Window 2
Deuda T AHAeMA S

£33 Applications Library (TESS)

1 Cogeneration [CHP) Library (TESS)
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Fig. 5 User-developed borehole model (Type 255) in TRNSYS

To establish a simulation and derive meaningful outputs, it is essential to have a thorough
understanding of the requisite model parameters and inputs. Fig. 6 illustrates the hierarchical
relationships among the model parameters, inputs, the model itself, and the outputs. Moreover, the
completeness of a simulation necessitates supplementary running information, including simulation time
step, start time, and stop time. Subsequent model validation and application are conducted in the

TRNSYS software environment.

23



524
525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

Parameters
* Borehole general information
* Pipe property

* Grout property

*  Fluid property
.

Ground general information
Initial conditions
Simulation duration Model

Outputs
Fluid temperature of each borehole
Grout temperature of each borehole
Borehole wall temperature of each borehole
Average outlet fluid temperature of borehole field
Total outlet fluid rate of borehole field

-
Inputs T 2
* Inletfluid temperature , {:.

* Totalinlet fluid rate

Type255

Running information
¢ Time step
* Starttime
* Stoptime

Fig. 6 Hierarchical relationships within the proposed model

4. Model validations

Given that the composite analytical model in this study encompasses both internal and external heat
transfer of boreholes and aims to predict the thermal performance of a borehole field in stratified ground,
comprehensive validation efforts have been undertaken. Four distinct experiments from the literature
(Beier et al., 2011; Hu et al., 2017; Chen et al., 2018; Chen et al., 2021; Li et al., 2018; Li et al., 2019)
were leveraged for this purpose, spanning diverse borehole quantities and ground conditions. These
experiments meticulously document geologic conditions, ground properties, and borehole and fluid
characteristics, which are detailed in the Supplementary Materials.

In this study, the root mean square error (RMSE), mean absolute error (MAE) and mean absolute
percentage error (MAPE), as defined in the following equations, are employed to quantify the alignment
between the simulated results (SR) and the measured results (MR) of temperature for the entire duration

in each validation case.

2
L (Timr=Tisr)

RMSE = : (43a)
1
MAE = — ™| Timr — Tisrl (43b)
1on  |TiMR—TisrR
MAPE = Ly |[TMr=Tusr| o 1000, (43b)
n TiMR

where n is the number of sample data points; T;ygr is the ith measured result of temperature, °C; and
T;sr is the ith simulated result of temperature obtained from the proposed composite analytical

model, °C.
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4.1 Background information of four validation cases
4.1.1 One borehole in single-layered ground

Beier et al. (2011) carried out a thermal response test within a large laboratory “sandbox”, containing
a borehole outfitted with a single U-tube. Notably, the pipe was encased within a horizontal aluminium
pipe before being buried in the sandbox. To ensure effective heat transfer between the pipe and the
surrounding sand, the aluminium pipe was filled with bentonite grout. Over the course of the 51-hour
experiment, inlet and outlet temperatures, along with varied water flow rates, were recorded. This

experimental setup is equivalent to the scenario of a single borehole in homogenous ground.

4.1.2 One borehole in three-layered ground

Hu (2017) conducted a thermal response test in a borehole under a constant flow rate condition. The
vertical borehole, with a length of 63 m, penetrated three distinct ground layers: backfill soil, clay, and
fine sand, with respective thicknesses of 20 m, 18 m, and 25 m. During the 43-hour experiment, inlet and
outlet fluid temperatures from the signle U-tube were measured. This experiment setup corresponds to

the scenario of a single borehole in stratified ground.

4.1.3 Sixteen boreholes in single-layered ground

In the absence of direct experimental data concerning multiple boreholes, the accuracy of the model
for multiple boreholes can be verified via comparison with results derived from a single borehole
experiment (Chen et al., 2021). In this case, an in-situ test of a single borehole under a fixed flow rate
performed by Chen et al. (2018) was employed. A borehole field comprising 16 boreholes within a single-
layered ground was designed, identical to the setup in Chen et al. (2021). These 100-m-long boreholes
were arranged in a square layout, with a lateral and longitudinal spacing of 4 m between adjacent

boreholes. This validation case is equivalent to the scenario of multiple boreholes in homogenous ground.

4.1.4 Two boreholes in two-layered ground

Lietal (2018) and Li et al. (2019) experimentally investigated the thermal performance of vertical
ground heat exchangers using an indoor testing box filled with sand and clay. The upper layer was sand
with a thickness of 3.0 m, while the lower layer was clay with a thickness of 3.25 m. Test 1 from the

series of experiments in Li et al. (2019) was selected for the validation of the present model. Throughout
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this test, heated water circulated at a constant flow rate within two parallel U-shape copper pipes, spaced
0.5 m apart, transferring heat to the surrounding ground. Inlet and outlet water temperatures were

recorded. This experiment setup corresponds to the scenario of a borehole array in stratified ground.

4.2 Comparison of results

A comparative analysis between the simulated and experimental results from Beier et al. (2011) is
presented in Fig. 7(a). The simulated outlet fluid temperatures exhibit a consistent trend with the
experimental results, though with slightly higher values. The RMSE, MAE, and MAPE are 0.68 °C,
0.50 °C, and 1.39%, respectively. By the end of the experiment, a temperature difference of 0.48°C had
accumulated.

In Fig. 7(b), the outlet fluid temperature predicted by the present model is compared with both the
experimental and analytical results of Hu (2017). The simulated results align well with Hu’s experimental
data, with the RMSE of 0.29 °C, the MAE of 0.17 °C, and the MAPE of 0.75%. A deviation of 0.14 °C
was observed at the end of the experiment.

Fig. 7(c) contrasts the average outlet fluid temperature of the borehole field, as calculated by the
proposed model, with that of the single borehole experiment in Chen et al. (2021). The simulated results
of the borehole field consistently reflect the measured pattern from the experiment, with the RMSE and
MAE of 0.60 °C and 0.47 °C, and the MAPE of 2.02%.

Compared to the prior three cases, the experimental setup in Li et al. (2019) included the complexities
associated with multi-pipe interference and ground stratification. Fig. 7(d) illustrates the simulated outlet
fluid temperature alongside the experimental inlet and outlet fluid temperatures. The RMSE of 0.27 °C,

MAE of 0.22 °C and MAPE of 0.87% indicate a good agreement with the experimental data.

26



599

600
601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

40 35
38 -
36 | B 30 F -
§ 34 B § .
;’ RSME = 0.68 °C “U-J’ o RSME =0.29 °C
5 32 MAE =0.50 °C {1 Sasf MAE =0.17 °C .
® MAPE = 1.39% ® MAPE = 0 75%
@ 30 B 7]
£ £
o 28 4 Sz -
y=; je)
S26F 4 3 G Hu (2017)
w Beier et al. (2011) i’ o MR-inlet fluid
241 © MR-inlet fluid 15F o MR-outlet fluid 7
»e o MR-outlet fluid | SR of Hu's model-outlet fluid |
—— SR-outlet fluid —— SR of this study-outlet fluid
20 1 1 1 Il L 10 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50
(a) Time (h) (b) Time (h)
30 T T T 40 T T T
w0 P |
o o © 0 oo 9 35 ]
| (e) o P g COOO Qoo i
—_ 7 000 o o —_
e e
— — 30
=4 p
= 24 p 3 -
g §25 i RSME = 0.27 °C
E RSME = 0.60 °C £ MAE =0.22°C
£ 21 MAE = 0.47 °C 1 8 MAPE = 0.87%
2 MAPE = 2.02% =R ]
v Chen et al. {2021) w Li et al. (2019)
18 0 MR-inlet fluid 15 o MR-inlet fluid
o MR-outlet fluid o MR-outlet fluid
—— SR-outlet fluid —— SR-outlet fluid
15 1 Il 1 1 10 1 1 1
0 2 4 6 8 10 0 12 24 36 48
(©) Time (h) (d) Time (h)

Fig. 7 Comparison of measured results (MR) and simulated results (SR) in (a) Beier et al. (2011), (b)

Hu (2017), (c) Chen et al. (2021), and (d) Li et al. (2019)

The discrepancies between the simulated and measured results can be mainly summarized as follows:
(1) Unmodelled physical phenomena. For instance, in the validation case of Beier et al. (2011), the
presence of the aluminium pipe was not included in the simulation. Due to aluminum’s high thermal
conductivity (237.0 W/m/K) and thermal diffusivity, which are significantly greater than those of the
surrounding wet sand and grout, the aluminum pipe facilitated more efficient heat dissipation to the
surrounding ground. As a result, the measured outlet fluid temperatures were lower than the simulated
values, where the thermal transfer effect of the aluminum pipe was not considered. (2) Availability of
thermophysical parameters. In some cases, certain parameters were not explicitly provided and had to be
inferred from similar literature and database. For example, the ground parameters from Hu (2017) were
employed in the simulations of Beier et al. (2011). (3) Simplifications in calculating the temperature
response outside the borehole. The proposed model calculates the temperature response at a certain point

in the ground by superposing the contributions of all the segments. The temperature response of heat
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exchanger segments outside the segmental source layer was obtained using composite thermal properties,
following Abdelaziz et al. (2014). However, for stratified ground scenarios, this method may not fully
satisfy the heat transfer governing equation (Zhang et al., 2022). (4) Simplifications of heat transfer inside
the borehole. In the proposed model, the heat transfer process inside the borehole is treated as steady and
is theoretically modelled using an equivalent thermal network (Yang et al., 2009). However, it takes time
for the heat transfer inside the borehole to transfer from unsteady to steady-state conditions, which could
explain the higher simulated outlet fluid temperatures compared to experimental data during the first 8
hours of the thermal response test conducted by Hu (2017). (5) Other limitations of the model, such as
the neglect of geothermal gradient and vertical heat conduction through the grouting material, and the
assumption that thermophysical parameters are independent of temperature.

Drawing upon comprehensive validation cases across various borehole quantities and ground
conditions, the proposed model exhibits consistent simulation results relative to experimental results.
Additionally, the proposed model demonstrates satisfactory computation efficiency. For example, when
simulating the thermal response test conducted by Hu (2017) on the same workstation (Windows 11,
13th Gen Intel Core i7, and 16.0 GB RAM), the proposed analytical model significantly outperformed
the earlier numerical model (a finite element model) developed by Gao et al. (2023b). The numerical
model required approximately 15 minutes to complete, whereas the analytical model completed the
simulation in less than 1 minute. Thus, the composite analytical model presented in this study is well-
suited for investigating the thermal performance of borehole arrays in various layouts within the stratified

ground.

5. Model applications
5.1 Borehole layout and ground stratification

In this study, a series of long-term simulations spanning 60 days are undertaken on a borehole field
operating in cooling mode. The primary objective is to investigate the effects of borehole layout and
ground stratification on both the outlet fluid temperature and the heat injection rate. The heat injection
rate of a borehole field or borehole P (kW) can be calculated as:

P = mfcpf(Tin_Tout) (44)
1000

in which,
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(45)

where Tf, ;14 is the outlet fluid temperature of Borehole i, °C; T, is the average outlet fluid
temperature of the borehole field, °C; and T;, is the inlet fluid temperature, °C.

The borehole field comprises 16 boreholes, each equipped with a single U-tube. The ground profile in
Hu (2017) is adopted, featuring three ground layers consisting of backfill soil, clay, and fine sand from
the ground surface to a depth of 63 m. The thermophysical properties of these ground layers, as well as
the grouting material, are detailed in Table 1. Consistent with the parameters specified in Hu (2017), the
borehole and U-shape pipe specifications are outlined in Table 2. Throughout the simulations, the inlet
water temperature remains constant at 30.0 °C, with a total mass flow rate of 3.2 kg/s. The initial and
undisturbed ground temperature is 15.5 °C, as documented by Hu (2017).

To assess the influence of borehole layout, three layout configurations, that is, square, L-shape, and
linear, are designed based on the studies by Gultekin et al. (2019), Alaie et al. (2021), and Cassina et al.
(2022), as depicted in Fig. 8. Each layout is characterized by uniform lateral and longitudinal distances
between adjacent boreholes, denoted as d (m). The range of spacing between adjacent boreholes is from
1 mto 4 m.

Furthermore, to study the impact of ground stratification, a homogenous ground extending to a depth
of 63 m is assumed. The thermophysical properties of this homogenous ground layer, including density,
specific heat capacity, and thermal conductivity, are determined using the weighted average method. In
this method, the thickness of each ground layer is used as the weight coefficient, multiplied by the
respective thermophysical parameters of the ground layers (Jin et al., 2020). Consequently, the
thermophysical properties of the homogenous ground are calculated and listed in Table 1. It can be seen
from the table that the thermal diffusivity of the three ground layers, ranked from highest to lowest, is:
Layer 1 (backfill soil) > Layer 3 (fine sand) > Layer 2 (Clay). Additionally, the thermal diffusivity of the

homogenous ground is comparable to that of Layer 3.

Table 1 Physical parameters of ground layers

Ground conditions Depth z Density Specific heat Thermal Thermal
(m) p capacity ¢,  conductivity diffusivity
(kg/m?) (J/kg/K) A (Wm/K)  a (m?¥s)
Stratified 1 - Backfill soil 0-20 1880 910 2.12 1.24e-6
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ground 2 - Clay 20-38 1680 1.20 3.21e-7
3 - Fine sand 38-63 1980 1.61 5.81e-7
Homogenous ground 0-63 1862.54 1.65 5.99e-7
Grout 0-63 1847 1.50 5.37e-7
671
672  Table 2 Parameters of the borehole and U-shape pipe
Parameter Symbol Value Unit
Borehole length L 63 m
Fixed mass flow rate of water mg 3.2 kg/s
Density of water pr 1000 kg/m?
Dynamic viscosity of water Ug 0.001 kg/m/s
Specific heat capacity of water Cpf 4200.0 J/kg/K
Thermal conductivity of water As 0.599 W/m/K
Borehole radius 5 0.070 m
Pipe outer radius Tpo 0.016 m
Pipe inner radius Tpi 0.013 m
Shank spacing X¢ 0.030 m
Thermal conductivity of pipe Ap 0.450 W/m/K
673
OS 016
OE 12 07 015
OB 014 015 Olﬁ O5 11 06 014
09 010 Oll 012 O-ll 10 O5 013
OS OE 07 08 03 09 04 012
y ot d o o oMt o® ol
1 7 13 ' 15 2 10
| o oo
x ‘ oo’
d
d
b
674 (a) (b) (€)
675 Fig. 8 Schematics of borehole’s layout: (a) square configuration, (b) L-shape configuration, and (c)
676 linear configuration
677

678 5.2 Results

679 5.2.1 Effects of borehole layout on average outlet fluid temperature and heat injection rate of
680  borehole field

681 Fig. 9(a) displays the average outlet fluid temperature across different borehole layouts and spacings.
682 As observed in the figure, the average outlet fluid temperature gradually increases over time. This
683 temperature elevation results from significant thermal interactions among boreholes, where heat injected

684 into the ground raises the temperature within the borehole field (Jin et al., 2020; Alaie et al., 2021;
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Cassinaetal., 2022; Zhang et al., 2022). For comparison, the outlet fluid temperature of a single borehole
is also plotted in Fig. 9(a). Across all layout configurations, the average outlet fluid temperatures
converge towards that of the one borehole scenario as the borehole spacing extends to 4 m. This indicates
that the effect of borehole layout, i.e., thermal interference of boreholes, on the thermal performance of
the borehole field decreases when the borehole spacing is sufficiently wide (Alaie et al., 2021). In
scenarios involving closely arranged boreholes, such as those with a 1-m spacing, the impact of thermal
interaction becomes more pronounced. In these cases, heat retention within the borehole field leads to
substantially higher outlet fluid temperature compared to that of the one borehole scenario, consistent
with the numerical findings in the literature (Zhang et al., 2022). In addition, the average outlet fluid
temperature for the square layout configuration slightly exceeds that of the L-shape and linear layout
configurations, which aligns with the observations of Alaie et al. (2021). By Day 60, all three layouts in
this analysis converge to an average outlet fluid temperature of approximately 29.97 °C, approaching the
inlet fluid temperature of 30 °C.

Fig. 9(b) depicts the evolution of the heat injection rate of the borehole field across three layout
configurations, as well as the heat injection rate for 16 times that of a single borehole. The figure shows
a noticeable decline in the heat injection rate for each layout configuration over time, which can be
attributed to the progressive rise in the average outlet fluid temperature (Zhang et al., 2022). For instance,
in the borehole field with a 1-m spacing, the square layout exhibits the lowest heat injection rate, followed
by the L-shape and linear layouts. The heat injection rate in these configurations decreases from 6.39-
6.96 kW on Day 10 to 0.36-0.42 kW on Day 60 in this analysis. In contrast, for the case of 16 times the
single borehole, the heat injection rate decreases from 14.00 kW on Day 10 to 8.25 kW on Day 60. The
significant difference between the heat injection rate of the borehole field and that of a single borehole
multiplied by 16 highlights the substantial thermal performance distinctions caused by the intricate
thermal interactions and interferences with the borehole field. These findings agrees with the numerical
results obtained by Jin et al. (2020), Zhang et al. (2022), and Gultekin et al. (2019). Hence, the

significance of the proposed model in this study is underscored by these observations.
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Fig. 9 Effects of borehole layout on (a) average outlet fluid temperature and (b) heat injection rate

across different borehole layout configurations and distances in stratified ground

5.2.2 Effects of borehole layout on fluid temperature and heat injection rate of representative
boreholes

Fig. 10 illustrates the outlet fluid temperature contours for individual boreholes (BHs) in stratified
ground with two spacings, 1 m and 4 m, across three layout configurations on Day 60. In the square
layout configuration (Fig. 10(a) and Fig. 10(b)), boreholes with identical outlet temperatures display
biaxial symmetry. Analyzing the thermal performance of individual boreholes shows that those located
at the core of the borehole field (i.e., BHs 6, 7, 10, and 11) exhibit the highest outlet temperatures due to
ground thermal retention and borehole thermal interference. Conversely, boreholes at the four corners of
the field (i.e., BHs 1, 4, 13, and 16) show the lowest values. This indicates that BHs 6, 7, 10 and 11 are
most affected by the surrounding boreholes’ heat flow, while BHs 1, 4, 13, 16 experience the least impact
by the other boreholes, consistent with the findings of Zhang et al. (2022) and Belzile et al. (2016). Ata
1-m spacing, the outlet temperature of BHs 6, 7, 10, and 11 reach 30.24 °C, exceeding the inlet
temperature of 30 °C in this analysis, while BHs 1, 4, 13, and 16 register 29.72 °C, indicating heat
dissipation to the surroundings. As borehole spacing increases, thermal interference decreases (Gultekin
et al., 2019; Alaie et al., 2021; Cassina et al., 2022; Bandeira Neto et al., 2023). At a 4-m spacing, the
outlet temperatures of core boreholes and corner boreholes drop to 29.55 °C and 29.46 °C, respectively,
both below the inlet temperature of 30 °C.

In the L-shape layout configuration (Fig. 10(c) and Fig. 10(d)), the borehole with the highest outlet
fluid temperature is BH 8, located at the inner corner of the layout, where it is most affected by

surrounding boreholes in this analysis. Conversely, BH 1, situated at the outer corner, has the lowest
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temperature due to minimal thermal interaction. With a 1-m spacing, the outlet temperature of BH 8
reaches 30.26 °C, higher than the inlet temperature of 30 °C, while that of BH 1 is 29.73 °C, which is
about 0.53 °C lower than the highest value. Increasing the spacing to 4 m reduces the outlet temperatures
of BH 8 and BH 1 to 29.55 °C and 29.46 °C, respectively, with a temperature difference of less than
0.10 °C.

Fig. 10(e) and Fig. 10(f) present the outlet fluid temperature contours for individual boreholes in the
linear layout configuration. Boreholes with identical outlet temperatures exhibit biaxial symmetry. For
both spacings in this analysis, BHs 2, 7, 10, and 15, located in the second-row inward along the x
direction, are the most affected, producing the highest outlet temperatures. In contrast, BHs 1, 8, 9, and
16, positioned in the outermost rows, are the least affected, producing the lowest temperatures. Ata 1-m
spacing, the outlet temperatures of BHs 2, 7, 10, and 15 reach 30.06 °C, exceeding the inlet temperature,
while BHs 1, 8, 9, and 16 record 29.80 °C. In the 4-m spacing scenario, the outlet fluid temperatures of

BHs 2,7, 10 and 15 and BHs 1, 8, 9, and 16 are similar, which are 29.51 °C and 29.48 °C, respectively.

5 Tou ()

Y-distance (m)
Y-distance (m)

X-distance (m) X-distance (m)
(a) d=1m, square, stratified (b) d=4m, square, stratified
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Fig. 10 Outlet fluid temperature (T,,;) contours for individual boreholes with spacings of 1 m and 4 m

in stratified ground: (a)-(b) square, (c)-(d) L-shape, and (e)-(f) linear layout configurations on Day 60

Fig. 11 plots the variations in outlet fluid temperature and heat injection rate for representative
boreholes, the most and least affected boreholes as identified in Fig. 10, with a 1-m spacing in stratified
ground across three layout configurations. The single borehole scenario is included for comparison. As
the outlet fluid temperature gradually increases, the heat injection rate of the boreholes decreases. Due

to heat interference among boreholes, the outlet fluid temperatures of individual boreholes in the field
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are higher than those in the single borehole scenario, corresponds to a lower heat injection rate. Notably,
the outlet temperatures of the most affected boreholes in all three layout configurations would exceed
30 °C, a negative heat injection rate is obtained, meaning that heat is actually being extracted from these
boreholes. Additionally, when comparing the least affected boreholes with the single borehole scenario,
the heat injection rates of the least affected boreholes in the square, L-shape, and linear layout

configurations on Day 60 are reduced by 53.98%, 55.98%, and 67.06%, respectively, in this analysis.
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Fig. 11 Outlet fluid temperature and heat injection rates of representative boreholes with a 1-m spacing

in stratified ground: (a) square, (b) L-shape, and (c) linear configurations (BH means borehole)
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The above observations demonstrate that the borehole layout configuration, essentially the inherent
thermal interference, significantly influence the outlet fluid temperature distribution and differences
among boreholes, further affecting the heat injection rate of individual boreholes. Owing to the thermal
interaction within the borehole field, each borehole displays distinct thermal performance compared to
the single borehole scenario. However, as the borehole spacing increases to 4 m in this analysis, these
effects diminish, resulting in a more uniform outlet fluid temperature distribution within the borehole

field.

5.2.3 Effects of ground stratification on average outlet fluid temperature and heat injection rate of
borehole field

Fig. 12(a) compares the average outlet fluid temperatures of the square-layout borehole field in both
stratified and homogenous ground conditions across various borehole spacings. The figure shows that
the average outlet fluid temperature in stratified conditions consistently surpasses that in homogenous
conditions. This disparity is due to ground stratification, where the differing thermophysical properties
of the three ground layers lead to varying degrees of thermal interaction among borehole sections in
different ground layers (Olfman et al., 2014; Jin et al., 2020). Furthermore, the temporal evolution of the
temperature discrepancy between stratified and homogeneous conditions varies with borehole spacing.
At shorter spacings (1 m or 2 m in this analysis), the discrepancy declines over time, while at larger
spacings (3 m or 4 m in this analysis), it increases. For instance, at a 2-m spacing, the discrepancy reduces
from 0.08 °C on Day 10 to 0.02 °C on Day 60, whereas at a 4-m spacing, it increases from 0.03 °C on
Day 10 to 0.06 °C on Day 60. This behaviour can be attributed to the thermal interference among
boreholes, which intensifies as spacing decreases. When boreholes are closely spaced, the discernible
impact of thermal interference on average outlet fluid temperature outweighs that attributable to
homogeneous ground conditions. Similar trends are observed for borehole fields configured in L-shape
or linear layouts. This indicates that for a closely arranged borehole field, treating the ground as
homogeneous is acceptable, with minimal influence on the long-term thermal performance of borehole
field. However, for a sparsely arranged borehole field, the ground stratification should be considered.

Fig. 12(b) presents the heat injection rates of the square-layout borehole field at spacings ranging from
1 m to 4 m. The figure indicates that homogenous ground generally yields higher heat injection rates

compared to stratified ground in this analysis. For instance, at a 2-m spacing, the heat injection rate is
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13.71 kW on Day 10 under homogeneous conditions, whereas it is 12.63 kW under stratified conditions.
Moreover, the discrepancy between these two ground conditions increases over time when the spacing
is 3 m or more in this analysis. This suggests that assuming homogenous ground would result in lower
thermal interactions among boreholes. Consequently, designing a GSHP system in stratified ground using
a homogenous ground model with equivalent thermal properties would overestimate the heat injection
performance of the borehole field and lead to undersizing of the borehole ground heat exchangers. This
finding is consistent with Zhang et al. (2022). The analysis demonstrates the significance of accounting
for ground stratification in governing the thermal behaviour of borehole fields, a crucial aspect addressed

by the proposed model in this study.
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Fig. 12 Effect of ground stratification on (a) average outlet fluid temperature and (b) heat injection rate

of borehole field in square layout configuration across various borehole spacings

5.2.4 Effects of ground stratification on fluid temperature and heat injection rate of representative
boreholes

Fig. 13(a) and Fig. 13(b) show the outlet fluid temperature contours on Day 60 for indivisible
boreholes in a square layout within homogenous ground, with spacings of 1 m and 4 m, respectively.
Similar to the stratified ground conditions in Fig. 10(a) and Fig, 10(b), the core boreholes (BHs 6, 7, 10,
and 11) have the highest outlet temperatures, while the corner boreholes (BHs 1, 4, 13, and 16) have the
lowest. When comparing Fig. 13(a) and Fig. 10(a) at a 1-m spacing, the highest and lowest outlet
temperatures are nearly identical, consistent with the negligible discrepancy in the average outlet
temperature as shown in Fig. 12(b). In contrast, at a larger spacing of 4 m in this analysis, Fig. 13(b)

shows the highest and lowest outlet temperatures in homogenous conditions as 29.48 °Cand 29.43 °C,
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respectively, compared to 29.55 °C and 29.46 °C in stratified conditions in Fig. 10(b). This difference is
reflected in the noticeable variation in the average outlet temperature as shown in Fig. 12(b). The
comparison again shows that ground stratification has varying degrees of impact on the thermal
performance of the borehole field under different spacing conditions. When borehole spacing is large,

which is 4 m in this analysis, ground stratification needs to be considered.

Tou (°C)

2847

29.45

Y-distance (m)
Y-distance (m)

2943

X-distance (m) X-distance (m)
(a) d=1m, square, homogenous (b) d=4m, square, homogeneous

Fig. 13 Outlet fluid temperature (T,,,;) contours for individual boreholes in square layout and

homogenous ground with spacings of (a)l m and (b) 4 m on Day 60

Fig. 14 presents the outlet fluid temperatures and heat injection rates of the most and least affected
boreholes in a square layout with 4-m spacing in stratified and homogenous ground. As shown in Fig.
14(a), the difference in outlet fluid temperatures between the most and least affected boreholes increase
over time, regardless of ground stratification. However, a greater temperature difference is observed in
stratified ground compared to homogenous ground in this analysis. Consequently, as shown in Fig. 14(b),
the heat injection rate of the most affected boreholes in stratified conditions is reduced by 17% on Day
60 compared to the least affected ones, while in homogenous conditions, this reduction is 10%. These
results indicate that assuming homogenous ground conditions would diminish the thermal performance

differences among boreholes.
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Fig. 14 Results of the representative boreholes in the square layout with 4-m spacing: (a) outlet fluid

temperature and (b) heat injection rate (BH means borehole)

In the square layout with 4-m spacing, the least affected borehole (BH 1) and the most affected
borehole (BH 6) are selected to compare borehole wall temperatures (e.g., ground temperatures adjacent
to boreholes) under stratified and homogenous ground conditions, as shown in Fig. 15. For both
boreholes, the temperature distributions in stratified ground conditions differ markedly from those in
homogenous conditions due to the varying thermal diffusivity across the three ground layers. In stratified
ground, ground layers with lower thermal diffusivity exhibit greater temperature responses compared to
those with higher diffusivity, consistent with heat conduction principles. Transition zones are observed
at the interfaces between ground layers. In contrast, homogeneous conditions result in a unified
temperature response with no transition zones. Since the thermal diffusivity of the homogenous ground
(5.99¢-7 m?/s) is similar to that of Layer 3 (5.81e-7 m?/s) in this analysis, temperatures in Layer 3 are
comparable. These findings align with Pan et al. (2020) and Zhang et al. (2022), indicating that the
homogeneity assumption can lead to significant deviations in thermal response, potentially

overestimating or underestimating temperatures in different layers.
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Fig. 15 Borehole wall temperatures of representative boreholes in square layout configuration with a

spacing of 4 m: (a) stratified ground and (b) homogenous ground (BH means borehole)

In further analysis of the least affected borehole (BH 1) and the most affected borehole (BH 6) in the
square layout with a 4-m spacing, heat flux comparisons along the borehole depth in stratified and
homogenous grounds are illustrated in Fig. 16. The heat flux decreases over time due to thermal
interference among boreholes, with this effect being more pronounced for the core borehole (BH 6)
compared to the corner borehole (BH 1). Stratified ground conditions significantly alter the heat flux
across the three ground layers, while the heat flux remains nearly uniform in homogenous ground,
consistent with the findings by Zhang et al. (2022). This comparison highlights the importance of ground
stratification in influencing borehole eat flux, which has implications for the proper sizing of borehole

ground heat exchangers.

(a) Heat flux (W/m) (b) Heat flux (W/m)
0 30 40 50 60 70 80 0 30 40 50 60 70 80
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Fig. 16 Comparison of heat flux along the borehole depth in stratified and homogenous grounds: (1)

BH 1 and (2) BH 6 in square layout configuration with a spacing of 4 m (BH means borehole)
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The above observations demonstrate that ground stratification significantly influences both fluid and
ground temperatures, further affecting the heat injection rate and the sizing of boreholes. Assuming
homogeneous ground conditions would reduce the variations in thermal performance among boreholes.
Ground stratification should be considered when estimating the thermal performance of a borehole field,
particularly when the boreholes are sparsely arranged (e.g., with spacing of 3 m or more, as examined in

this analysis).

6. Discussion

As reviewed in the previous sections, simulating borehole ground heat exchangers in stratified ground
presents considerable complexity but holds significant engineering value. Table 3 summarizes the
existing analytical models in the literature and compares their features.

Al-Khoury and Focaccia (2016) proposed a semi-analytical model based on spectral analysis to
simulate heat flow in an axisymmetric shallow geothermal system, specifically for a double U-tube
borehole in homogenous ground. Later, BniLam and Al-Khoury (2017) introduced a spectral element
formulation for nonhomogeneous heat flow, assuming uniform heat flux along the borehole depth.
However, this spectral element method does not offer an explicit solution for stratified ground conditions.
Pan et al. (2020) employed an integral-transform method based on the Laplace transform for boreholes
in layered ground, but this model cannot accommodate multiple boreholes or the heat transfer inside each
borehole.

The development of thermal network models is a widely adopted approach for analyzing heat transfer
within boreholes. For instance, Belzile et al. (2016a) combined a thermal network model with a control-
volume finite difference method to model the borehole field, although their model does not account for
stratified ground. Morchio and Fossa (2021) utilized a thermal network model alongside the full Fourier
equation for layered ground, but their model has not been expanded to scenarios involving multiple
boreholes. Meanwhile, Alaie et al. (2021) and Guo et al. (2023) developed composite analytical models
based on the finite source model and thermal network model. However, these models either do not apply
to layered ground conditions or multiple boreholes.

The segmented FLS model and composite section concept proposed by Abdelaziz et al. (2014) are
commonly used to simulate heat transfer outside borehole in stratified ground. Models developed by Hu

(2017), Erol and Francois (2018), Jin et al. (2020), and Luo et al. (2021) follow this approach, where the
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temperature response at a specific point in layered ground is obtained by summing up the contributions
of all borehole segments, with composite thermal properties used to predict the thermal response of
segments located outside the segmental source layer. This approach allows for the consideration of
stratified ground conditions. However, these models each have limitations, including the inability to
account for nonuniform heat flux along the borehole depth or unsuitability for multiple boreholes.

Additionally, Zhang et al. (2022) first developed an analytical model using Green’s function method
to describe the thermal response outside boreholes in layered ground. This model conceptualizes the
borehole’s cylindrical surface as a series of stacked ring coils, employing Green’s function theory to
capture the heat transfer dynamics. A numerical model was further established to investigate the thermal
behaviour of the circulating fluid and grouting material inside the boreholes.

The proposed composite analytical model in this study offers distinct advantages and characteristics
compared to other models in the literature. By dividing the borehole field into two regions, this model,
as a whole, characterizes transient heat transfer both within and outside the borehole using a simplified
thermal network model and a segmented finite line source model that accommodates variable heat flux
along the borehole depth. The borehole wall temperature serves as a crucial link, allowing thermal
interactions among boreholes to influence the internal heat transfer of boreholes. Additionally, by
discretizing the ground into sections and accounting for the different thermophysical properties of each
ground layer, the proposed model effectively incorporates the effects of ground stratification.
Consequently, this composite analytical model is highly effective for assessing the thermal performance

of multiple boreholes in multilayered ground conditions.
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Table 3 Comparison of developed analytical models

Model Model features, including methods used in the solution to the ground  Stratified ~ Ground Multiple ~ Nonuniformity = Model Model Configuration
response ground water flow boreholes of heat flux inside the outside the of pipes
along depth borehole borehole
Abdelaziz et al. (2014) Segmented finite line source model with composite section concept N x X \ X J Single U-tube
Al-Khoury and Focaccia (2016)  Spectral analysis method x x x x \/ J Double U-tube
Belzile et al. (2016a) Control-volume finite difference method and thermal network model ~ x x J J J J Single U-tube
BniLam and Al-Khoury (2017)  Spectral element method N x x x J J Single U-tube
Hu (2017) Moving finite source model and thermal network model N v X X J J Single U-tube
Erol and Francois (2018) Moving finite source model and composite section concept V \ X X X J NA
Jin et al. (2020) Segmented finite line source and composite section concept V X J X X J NA
Pan et al. (2020) Integral-transform method V X x x S NA
Morchio and Fossa (2021) Finite difference scheme of the Fourier equation and thermal network \ X X N N Single or
model double U-tube
Alaie et al. (2021) Finite line source model and thermal network model X X Y S Single U-tube
Luo et al. (2021) Segmented finite line source model with composite section concept X X Coaxial
Zhang et al. (2022) Separation of variables and Green’s function method and numerical x J Single U-tube
model
Guo et al. (2023) Fine line source model with Green’s function method and thermal x X J J J Single U-tube
network model
This study Segmented finite source model with composite section concept, and \/ x J J J J Single U-tube

thermal network model

Note: NA means not available.
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In addition to the factors considered in the proposed model, the thermal performance of borehole
ground heat exchangers is influenced by several other important factors. Groundwater flow, often
presents in the subsurface, significantly impacts heat transfer, as it occurs not only through conduction
but also via advection due to groundwater movement (Molina-Giraldo et al., 2011; Liuzzo-Scorpo et al.,
2015; Hu, 2017; Erol and Francois, 2018; Cai et al., 2020; Bao et al., 2023). Various configurations of
U-tube, including double or multiple designs, have been proposed to enhance the heat exchange
efficiency between the boreholes and the surrounding ground (Eslami-nejad and Bernier, 2011; Bauer et
al.,2011; Belzile et al., 2016b; Cimmino, 2016). Boreholes usually have a certain buried depth in practice
(Cimmino, 2018; Alaie et al., 2021), and heat can transfer vertically through the grouting material in a
thermal conductive manner. Moreover, as geothermal energy exploitation extends to greater depths, the
natural geothermal gradient of the ground play a significant role in the efficiency of heat extraction and
injection of boreholes (Bandos et al., 2009; Luo et al., 2019; Wang et al., 2021). Ongoing efforts are
focused on refining the presented model to incorporate these influential factors, thereby aligning it more

closely with the real-world situation and broadening its application.

7. Conclusions

In this paper, a new composite analytical model tailored to evaluate the thermal performance of
multiple boreholes within layered ground is established. The model integrates critical factors influencing
heat transfer, encompassing ground stratification, thermal interactions among boreholes, variability of
heat flux along borehole depth, and flexible layouts of boreholes. Combining heat transfer simulations
inside and outside the boreholes, thermal data pertinent to borehole fields in stratified ground during heat
exchange operations can be obtained efficiently. Implemented in the platform of TRNSYS software, the
model offers versatile applicability to GSHP systems, borehole thermal energy storage, and district
heating and cooling networks. Model validations through four distinct experiments, covering varied
borehole quantities and ground conditions, are carried out. Using this model, the thermal performance of
a borehole field comprising 16 boreholes with spacing from 1 m to 4 m in a three-layer ground is
investigated over a 60-day period of warm water injection at 30 °C. The effects of borehole layout and
ground stratification on the thermal performance of individual and collective boreholes are analysed. The
key conclusions from this analysis are as follows:

(1) The proposed composite analytical model is capable of capturing the measured temperature
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evolution in outlet fluid for the four cases, with the RSME between the model predictions and
measurements ranged from 0.27 °C to 0.69 °C, the MAE ranged from 0.17 °C to 0.50 °C, and the
MAPE ranged from 0.75% to 2.02%, showing good agreement with the measured data.
Borehole layout configuration, essentially the inherent thermal interference, significantly
influences the outlet fluid temperature distribution and differences among boreholes, further
affecting the heat injection rate of individual boreholes. Across the square, L-shape, and linear
layout configurations, the impact of layout on the thermal performance of borehole fields
diminishes when the borehole spacing reaches 4 m in this analysis.

The positions of the most and least affected boreholes by thermal interferences vary by layout. In
the square layout, core boreholes are most affected, while corner boreholes are least affected. In
the L-shape layout, boreholes at the inner corners experience the most thermal interference, and
those at the outer corners the least. In the linear layout, boreholes in the second-row inward along
the x-direction are most affected, while those in the outermost rows are least affected in this
analysis.

Compared to a single borehole scenario, significant heat interference among boreholes leads to
increased outlet fluid temperature and reduced thermal injection rate, with this trend amplifying
with decreasing borehole spacing. In comparison to the single borehole scenario, at a 1-m spacing,
the heat injection rates of the least affected boreholes in square, L-shape, and linear layouts are
reduced by 53.98%, 55.98%, and 67.06%, respectively, by Day 60 in this analysis.

Ground stratification significantly influences fluid and ground temperatures, thereby affecting
heat injection rate and borehole sizing. The average outlet fluid temperature in stratified ground
consistently exceeds that in homogenous ground, resulting in a lower heat injection rate.
Designing a GSHP system in stratified ground using a homogenous ground model with equivalent
thermal properties would overestimate the heat injection performance of the borehole field and
lead to undersizing of the borehole ground heat exchangers.

Assuming homogenous ground conditions would diminish the thermal performance differences
among boreholes. In a square layout with a 4-m spacing, the heat injection rate of the most affected
boreholes in stratified conditions is reduced by 17% on Day 60 compared to the least affected
ones, whereas in homogenous conditions, this reduction is 10%. Ground stratification should be

considered when estimating the thermal performance of a borehole field, particularly when the
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boreholes are sparsely arranged, e.g., with spacing of 3 m or more, as examined in this analysis.
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