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Abstract: 23 

The thermal performance of borehole ground heat exchangers is of significance to the efficacy of the 24 

ground source heat supply systems. This paper presents a new composite analytical model to evaluate 25 

the thermal performance of borehole ground heat exchangers within stratified ground. The model 26 

integrates critical factors influencing heat transfer, encompassing ground stratification, thermal 27 

interactions among boreholes, variability of heat flux along borehole depth, and flexible layouts of 28 

boreholes. It enables efficient computation of thermal data pertinent to heat transfer both inside and 29 

outside the boreholes during operation. Implemented in the TRNSYS platform, the model offers versatile 30 

applicability to ground-source heat pump systems, borehole thermal energy storage, and district heating 31 

and cooling networks. Model validations were carried out through four distinct experiments, covering 32 

varied borehole quantities and ground conditions, to substantiate its accuracy. Employing this model, a 33 

case study further investigated the thermal performance of a borehole field with 16 boreholes in a three-34 

layer ground (comprising backfill soil, clay, and fine sand) extending to a depth of 63 m. Over a 60-day 35 

warm water injection period at 30°C, the effects of borehole layout and ground stratification on the 36 

thermal performance of individual and collective boreholes were analysed. Key findings in this analysis 37 

include: (1) Across the square, L-shape, and linear layouts, the impact of layout on the thermal 38 

performance of borehole fields diminishes as the spacing increases from 1 m, 2 m, and 3m, becoming 39 

negligible at 4-m spacing, and the positions of the most and least affected boreholes by thermal 40 

interferences vary by layout; (2) Designing a GSHP system in stratified ground using a homogenous 41 

ground model with equivalent thermal properties would overestimate the heat injection performance of 42 

the borehole field and lead to undersizing of the borehole ground heat exchangers; and (3) ground 43 

stratification should be considered when estimating the thermal performance of a borehole field, 44 

particularly when the boreholes are sparsely arranged, e.g., with spacing of 3 m or more. 45 

 46 

 47 

Keywords: Borehole ground heat exchanger, Thermal performance, Analytical model, Ground 48 

stratification, Borehole layout, Ground source heat supply system 49 
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Nomenclature 51 

Symbols or terms Physical meaning Unit 

𝑟𝑏 Borehole radius m 

𝑑 Borehole spacing m 

𝐿 Borehole length m 

𝑧 Depth of the ground layer m 

∆𝑧 Length of the borehole section m 

𝑟𝑝𝑜 Outer radius of the pipe m 

𝑟𝑝𝑖 Inner radius of the pipe m 

𝑥𝑐 Shank spacing m 

𝑟𝑔 Radial location of the grout node m 

𝑟𝑒𝑞  Equivalent radius m 

𝑥 Coordinate of the borehole location along the x-axis m 

𝑦 Coordinate of the borehole location along the y-axis m 

ℎ Vertical distance from the heat source to the ground surface m 

𝑆 Distance between sections along the energy path m 

𝑆′ Distance between sections along the imaginary energy path m 

𝜌 Density of the ground layer kg/m3 

𝛼 Thermal diffusivity of the ground layer m2/s 

𝜆 Thermal conductivity of the ground layer W/m/K 

𝑐𝑝 Specific heat capacity of the ground layer J/kg/K 

𝜌𝑐𝑜𝑚𝑝 Composite density of the ground layer kg/m3 

𝛼𝑐𝑜𝑚𝑝 Composite thermal diffusivity of the ground layer m2/s 

𝜆𝑐𝑜𝑚𝑝 Composite thermal conductivity of the ground layer W/m/K 

𝑐𝑝𝑐𝑜𝑚𝑝 Composite specific heat capacity of the ground layer J/kg/K 

𝜌𝑐𝑜𝑚𝑝
′  Composite density of the imaginary ground layer kg/m3 

𝛼𝑐𝑜𝑚𝑝
′  Composite thermal diffusivity of the imaginary ground layer m2/s 

𝜆𝑐𝑜𝑚𝑝
′  Composite thermal conductivity of the imaginary ground layer W/m/K 

𝑐𝑝𝑐𝑜𝑚𝑝
′  Composite specific heat capacity of the imaginary ground layer J/kg/K 

𝜌𝑔 Density of the grout material kg/m3 

𝛼𝑔 Thermal diffusivity of the grout material m2/s 

𝜆𝑔 Thermal conductivity of the grout material W/m/K 

𝑐𝑝𝑔 Specific heat capacity of the grout material J/kg/K 

𝜌𝑓 Density of the fluid kg/m3 

𝛼𝑓 Thermal diffusivity of the fluid m2/s 

𝜆𝑓 Thermal conductivity of the fluid W/m/K 

𝑐𝑝𝑓 Specific heat capacity of the fluid J/kg/K 

𝑚𝑓 Mass flow rate of the fluid kg/s 

𝑢𝑓 Flow velocity of the fluid m/s 

𝜇𝑓 Dynamic viscosity of the fluid kg/m/s 

𝑞 Heat flux W/m 

𝑁𝑢 Nusselt number - 

𝑃𝑟  Prandtl number - 

𝑅𝑒 Reynolds number - 
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Δ𝑡 Time step s 

𝑇𝑓1 Downward fluid temperature K or ℃ 

𝑇𝑓2 Upward fluid temperature K or ℃ 

𝑇𝑏  Borehole wall temperature K or ℃ 

∆𝑇𝑏 Borehole wall temperature increment K or ℃ 

𝑇𝑔 Temperature of the grout material K or ℃ 

𝑇𝐺𝑟𝑜𝑢𝑛𝑑 Ground temperature K or ℃ 

𝑇𝑖𝑛 Inlet fluid temperature K or ℃ 

𝑇𝑜𝑢𝑡  Outlet fluid temperature K or ℃ 

𝐶𝑓 Thermal capacitance of the fluid J/m/K 

𝐶𝑔 Thermal capacitance of the grout material J/m/K 

𝑅𝑔𝑏 Thermal resistance between the grout material and borehole wall K·m/W 

𝑅𝑓𝑔 Thermal resistance between the fluid and grout material K·m/W 

𝑅𝑓𝑓 Thermal resistance between two legs of the pipe in a borehole K·m/W 

𝑅𝑎 Interference thermal resistance K·m/W 

𝑅𝑏 Equivalent thermal resistance of the borehole K·m/W 

𝑅𝑔 Thermal resistance of the grout material K·m/W 

𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 Conductive resistance of the pipe K·m/W 

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 Convective resistance of the fluid K·m/W 

𝑃 Heat injection rate kW 

ℎℎ𝑒𝑎𝑡  Convective heat transfer coefficient W/m2/K 

𝜆1 Dimensionless parameter - 

𝜆2 Dimensionless parameter - 

𝜆3 Dimensionless parameter - 

𝜎 Dimensionless parameter - 

𝑀 Total number of sublayers - 

𝑚 Number of the ground layer  

𝑛 Number of the ground layer or number of the sample data points - 

𝑁 Total number of boreholes - 

𝑖 Identifier of the borehole - 

𝑗 Identifier of the borehole - 

𝑢 Identifier of the borehole section - 

𝑣 Identifier of the borehole section - 

𝑤 Identifier of the borehole section - 

𝑙 Number of layers in the energy path - 

𝑘 Identifier of layers in the energy path or time step index - 

𝑏 Borehole well - 

𝑔 Grout material - 

𝑓 Fluid or friction factor - 

SR Simulated results - 

MR Measured results - 

 52 
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1. Introduction 54 

Ground-source heat pump (GSHP) systems, which utilize the ground as a heat source or sink, offer an 55 

energy-efficient approach of using geothermal energy for heating and cooling while reducing greenhouse 56 

gas emissions from the currently prevalent fossil-based heating systems (Minaei and Maerefat, 2017a; 57 

Gawecka et al., 2020; Alaie et al., 2021). Central to GSHP systems are ground heat exchangers, 58 

responsible for transferring heat to or from the ground. Vertical boreholes, a widely used type of ground 59 

heat exchanger, are known for their high thermal efficiency, minimal site area requirements, and limited 60 

influence from surface temperature fluctuations (Molina-Giraldo et al., 2011; Li and Lai, 2012). Borehole 61 

thermal energy storage also shows high efficiency in seasonal thermal storage, with promising 62 

application in district heating and cooling networks (Gao et al., 2023a; Ricks et al., 2024). Nonetheless, 63 

boreholes face high drilling costs, and their thermal performance is critical to the overall efficiency of 64 

the system. Therefore, it is imperative to comprehensively evaluate the thermal performance of boreholes 65 

during the design phase prior to their implementation. 66 

Multiple factors influence the thermal performance of borehole ground heat exchangers, which can be 67 

broadly categorized as follows: i) site conditions, including ground layer composition, geothermal 68 

gradient of the ground, and groundwater flow, which are often encountered along the depth of boreholes 69 

(Hu, 2017; Li et al., 2020; Zhou et al., 2021; Bao et al., 2023; Guo et al., 2023); ii) ground characteristics, 70 

including soil thermal conductivity, density, and specific heat capacity, which exhibit significant 71 

variability across different soils (Abdelaziz et al., 2014; Li et al., 2018; Li et al., 2019; Li et al., 2023; Jin 72 

et al., 2020); iii) system configurations and design, encompassing parameters such as borehole quantity, 73 

depth, diameter, spacing, connection type, borehole interactions, and the grouting materials, which are 74 

tailored to specific geological conditions and engineering projects (Beier et al., 2011; Kurevija et al., 75 

2012; Al-Khoury and Focaccia, 2016; Law and Dworkin, 2016; Li et al., 2019; Gultekin et al., 2019; 76 

Alaie et al., 2021; Cassina et al., 2022; Bandeira Neto et al., 2023); and iv) operational conditions, 77 

including thermal load, operational continuity, and flow rate, etc., which are intricately linked to the 78 

specific application scenarios (Shen et al., 2023; Li et al., 2019; Li et al., 2020; Hefni et al., 2022). 79 

Given the importance and complexity of borehole thermal performance, various numerical models 80 

have been developed, predominantly employing the finite difference method (Lee and Lam, 2008; Lee, 81 

2011; Lee and Lam, 2012; Zong et al., 2021), the finite element method (Ozudogru et al., 2014; Law and 82 

Dworkin, 2016; Gawecka et al., 2020; Gao et al., 2023b), and the finite volume method (Kurnia et al., 83 



6 

 

2021; Pokhrel et al., 2022). For example, Lee and Lam (2008) used three-dimensional (3D) implicit finite 84 

difference method with rectangular coordinate system to simulate the thermal response of boreholes in 85 

homogenous ground, later extending this model to multi-layered ground conditions (Lee and Lam, 2012). 86 

Law and Dworkin (2016) utilized the commercial software COMSOL Multiphysics to create a 3D finite 87 

element model simulating multiple boreholes in GSHP operation, while Gao et al. (2023b) developed a 88 

coupled thermal–hydraulic model for unsaturated soils within the finite element platform COMPASS, 89 

comparing the thermal performance of horizontal and vertical ground heat exchangers in GSHP systems. 90 

Additionally, Kurnia et al. (2021) adopted the finite volume software ANSYS Fluent to investigate the 91 

temperature profiles of abandoned oil wells as geothermal boreholes, and Pokhrel et al. (2022) developed 92 

a 3D coupled fluid flow and heat transfer model using a finite volume approach for geothermal energy 93 

production of vertical coaxial heat exchanger. These models are adept at accounting for diverse heat 94 

transfer mechanisms and influential factors within both the borehole and the surrounding ground, thereby 95 

producing a high degree of accuracy (Zhang et al., 2022). However, numerical modelling can be 96 

computationally intensive, making it unsuitable for long-time simulations (e.g., 20 years) in projects 97 

involving large-scale borehole fields (Yang et al., 2014; Al-Khoury and Focaccia, 2016; Hu et al., 2017). 98 

Apart from numerical modelling, analytical models have emerged as valuable tools for studying the 99 

thermal performance of boreholes, offering simplicity and inherently low computational costs (Alaie et 100 

al., 2021; Zhang et al., 2022; Guo et al., 2023). These models have found utility both in theoretical 101 

investigations and practical applications. Based on the features and functions, existing analytical models 102 

for boreholes in literature can be organized into the following three categories. 103 

Line source models represent a classic category of analytical models to analyse heat transfer 104 

phenomena external to boreholes, focusing on thermal responses like borehole wall temperature. These 105 

models operate under the assumption that the borehole behaves as a line source, owing to its much greater 106 

axial length compared to its radial dimensions. Key models in this category include the infinite line 107 

source model (ILS, Ingersoll and Plass, 1948), infinite cylindrical source model (ICS, Ingersoll, 1954; 108 

Carslaw and Jaeger, 1959), finite line source model (FLS, Zeng et al., 2002), and various modified 109 

versions that incorporate considerations such as variable heat flux along the borehole length, borehole 110 

inclination, ground stratification and anisotropy, and computation efficiency improvement (Lamarche 111 

and Beauchamp, 2007a; Marcotte and Pasquier, 2009; Li and Lai, 2012; Koohi-Fayegh and Rosen, 2012; 112 

Abdelaziz et al., 2014; Cimmino, 2018; Erol and François, 2019). However, by excluding the borehole’s 113 
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internal geometry and the material heat capacity, these models are unable to provide information such as 114 

the fluid temperature inside boreholes, rendering them unsuitable for dynamic simulation of ground 115 

source heat supply systems like GSHP systems. 116 

Thermal network models are a type of analytical model aimed at analyzing heat transfer processes 117 

inside boreholes. These models are inspired by the analogous relationship between electrical and thermal 118 

currents to model the internal geometry of the borehole, including fluid in pipes and grouting material 119 

(Yang et al., 2014). In these models, the 3D structure of the borehole is discretized into slices 120 

perpendicular to the axial direction, with each slice represented by a two-dimensional (2D) thermal 121 

circuit. These circuits are interconnected through temperature nodes featuring thermal capacitances and 122 

resistances, collectively forming a thermal network. Key models in this category include the Capacity 123 

Resistance Model (CaRM, Zarrella et al., 2011), the Thermal Resistance-Capacity Model (TRCM, Bauer 124 

et al., 2011; Pasquier and Marcotte, 2012), and the Simplified Thermal Resistance-Capacity Model 125 

(STRCM, Maerefat and Minaei, 2017a). However, since these models are generally developed for 126 

individual boreholes and assume one-dimensional (1D) heat transfer in surrounding ground, they are 127 

inadequate for long-term simulations involving thermal interactions among multiple boreholes. 128 

The third category is composite (or hybrid) models that simulate heat transfer both inside and outside 129 

the borehole. A common type of composite model is the analytical-numerical or semi-analytical model, 130 

where heat transfer in the surrounding ground and inside the boreholes is modelled separately using 131 

numerical and analytical methods. For example, in the model proposed by Belzile et al. (2016), the 132 

numerical part uses a 2D control volume finite difference method to solve the heat conduction in the 133 

ground, and the analytical part is composed of a multipole borehole thermal resistance to simulate the 134 

heat flow inside the borehole. In comparison, Zhang et al. (2022) adopted a numerical model to simulate 135 

the thermal behaviour of circulating fluid and grouting material inside the borehole, while heat transfer 136 

in layered ground was solved analytically using Green’s function method. Analytical models can also be 137 

coupled to develop a composite model. For instance, Yang et al. (2009) integrated the variable heat flux 138 

cylinder source model for transient borehole wall temperatures with a thermal network model to assess 139 

heat transfer within the borehole, validating the model through a solar-geothermal multifunctional heat 140 

pump experiment. Alaie et al (2021) coupled the FLS model with the STRCM model to construct a 141 

transient composite model, investigating the effects of borehole spacing, layout, soil and grout properties 142 

on the outlet fluid temperature in the borehole field. Hu (2017) combined the FLS model with a thermal 143 
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network work to develop a composite analytical model for vertical borehole ground heat exchanger in 144 

layered ground. Based on the Green’s function method, the segmented FLS model and composite section 145 

concept proposed by Abdelaziz et al. (2014), and a thermal network model, Guo et al. (2023) proposed 146 

a composite analytical solution addressing varying heat transfer rates for boreholes in stratified ground. 147 

Composite models of borehole ground heat exchangers offer greater computational efficiency than 148 

numerical models. However, given the complexity of thermal performance of boreholes in stratified 149 

ground, there are still some issues in the existing literature. First, most composite models are not suitable 150 

for multiple boreholes. Ground source heat supply systems, including GSHP systems and borehole 151 

thermal energy storage, often involve borehole fields with dozens or even hundreds of boreholes that are 152 

arranged in various layouts (Gultekin et al., 2019; Cassina et al., 2022; Zhang et al., 2022). Heat transfer 153 

between adjacent boreholes will interfere with each other. These thermal interactions among boreholes 154 

occur due to temperature anomalies that develop during operation (Miglani et al., 2018). Such anomalies 155 

spatially add up over time, which has significant influences on the energy performance and efficiency of 156 

the ground source heat supply systems (Gultekin et al., 2019; Cassina et al., 2022; Li et al., 2023). 157 

More importantly, some of the composite models are unsuitable for stratified ground conditions, where 158 

different ground layers possess varying thermophysical properties. This results in spatial and temporal 159 

variations in heat transfer within ground layers (Abdelaziz et al., 2014; Zhang et al., 2022). Ground 160 

stratification also aggravates the thermal interactions among boreholes, altering ground temperature 161 

distributions compared to homogenous ground conditions (Hu et al., 2017; Li et al., 2018). These 162 

complexities significantly impact borehole field sizing and the energy performance and efficiency of the 163 

ground source heat supply systems in complex geological formations. Despite these critical aspects, there 164 

remains a lack of models capable of accurately predicting the thermal performance of borehole fields in 165 

stratified formations, and insufficient research has been conducted on how borehole layout and ground 166 

stratification affect the thermal performance of both individual and collective boreholes. 167 

To bridge these research gaps, a new composite analytical model tailored to evaluate the thermal 168 

performance of multiple boreholes within layered ground is established. The model divides the borehole 169 

field into two regions, utilizing a simplified thermal network model to characterize transient heat transfer 170 

inside the boreholes (Minaei and Maerefat, 2017a; Minaei and Maerefat, 2017b) and a segmented finite 171 

line source model to manage variable heat flux along the borehole depth for heat transfer outside the 172 

boreholes (Abdelaziz et al. 2014; Cimmino, 2018). The model integrates critical factors influencing heat 173 
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transfer, encompassing ground stratification, thermal interactions among boreholes, variability of heat 174 

flux along borehole depth, and flexible layouts of boreholes. Its unique capability to combine heat 175 

transfer simulations inside and outside the boreholes within a unified computational environment as a 176 

standalone module allows for seamless integration with other components of district heating and cooling 177 

networks within the TRNSYS software platform (TRNSYS, 2023). The primary objectives of the model 178 

are to (1) expedite the generation of thermal data pertinent to borehole fields in stratified ground, (2) 179 

investigate the effects of borehole layout and ground stratification on the thermal performance of 180 

individual and collective boreholes, and (3) provide a versatile tool applicable beyond GSHP systems, 181 

extending to borehole thermal energy storage, as well as district heating and cooling networks. 182 

The structure of this paper is organized as follows. First, the composite analytical model for boreholes 183 

in stratified ground is described, detailing the establishment of a mathematical model based on the 184 

physical model. This is followed by the numerical solution of the composite model. The model is then 185 

validated through four distinct experiments, covering varied borehole quantities and ground conditions, 186 

with a focus on analyzing potential discrepancies between the simulated and measured results. 187 

Subsequently, the model is applied to investigate the thermal performance of a borehole field in three-188 

layer ground, the effects of borehole layout and ground stratification on the outlet fluid temperature and 189 

heat injection rate are examined. Finally, a comprehensive comparison of the proposed model with 190 

existing models in the literature is conducted, and conclusions are drawn. The main innovations of this 191 

research are: 192 

(1) development of a new composite analytical model capable of predicting the thermal performance 193 

of borehole fields in stratified ground; 194 

(2) transient analysis of effects of thermal interactions and ground thermophysical properties on the 195 

thermal response of individual and collective boreholes; 196 

(3) identification of boreholes that are most affected and least affected by thermal interferences of 197 

boreholes in various layout configurations;  198 

and (4) evaluation of the significance of ground stratification on the thermal performance of borehole 199 

fields with varying borehole spacings. 200 

 201 

2. Model development 202 

2.1 Physical model 203 
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Fig. 1 illustrates a GSHP system coupled with borehole ground heat exchangers, facilitating the 204 

exchange of heat with the surrounding ground. Within this configuration, a set of boreholes are arranged 205 

in parallel connections within the multi-layered ground. Each borehole features an identical single U-206 

tube, through which a heat transfer fluid circulates. Grouting material is utilized to fill the gap between 207 

the U-tube and the borehole wall, enhancing heat transfer efficiency. The fluid flows the U-tube within 208 

each borehole, either extracting or injecting heat from/to the adjacent ground. 209 

 210 

 211 

Fig. 1 Schematic showing the ground source heat pump system with multiple boreholes installed 212 

parallelly in the multi-layered ground 213 

 214 

2.2 Mathematical model 215 

2.2.1 Assumptions and simplifications 216 

A composite analytical model for borehole ground heat exchangers in multi-layered ground has been 217 

developed, encompassing two fundamental parts: (1) heat transfer inside the borehole, and (2) heat 218 

transfer outside the borehole. In order to take into account both calculational efficiency and accuracy, the 219 

model is founded upon several assumptions and simplifications in a reasonable manner. 220 

Regarding the stratified ground: 221 
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(i) The ground consists of multiple layers in the vertical direction, with the thermophysical properties 222 

of each ground layer assumed to be constant and homogeneous within the investigated temperature range 223 

(Abdelaziz et al., 2014; Hu, 2017). These properties include density 𝜌, thermal diffusivity 𝛼, thermal 224 

conductivity 𝜆, and specific heat capacity 𝑐𝑝. 225 

(ii) The ground is assumed to have a uniform initial temperature along the borehole’s depth, denoted 226 

as 𝑇𝐺𝑟𝑜𝑢𝑛𝑑 . It is assumed that this ground temperature is unaffected by surface climatic conditions 227 

(Cimmino, 2018; Alaie et al., 2021). This assumption is based on the fact that the temperature variations 228 

at the surface diminish a few meters below ground, rendering their influence on the thermal performance 229 

of boreholes negligible (Guo et al., 2023). 230 

(iii) Given the complex effects of groundwater on the heat exchange between boreholes and the 231 

surrounding ground (Molina-Giraldo et al., 2011; Cai et al., 2020), the current model omits the potential 232 

influence of groundwater flow. 233 

Concerning the boreholes: 234 

c boreholes are standardized with uniform length 𝐿 and radius 𝑟𝑏. In engineering practices, boreholes 235 

are buried at a certain depth below the ground surface to minimize disturbances from surface temperature 236 

changes and to provide sufficient depth for the header trench (Cimmino, 2018; Alaie et al., 2021). 237 

Considering that the buried depth (generally in meters) is much shorter compared to the borehole length 238 

(usually in hundreds of meters) and the previous assumption of an undisturbed ground temperature, the 239 

tops of the boreholes in the current model are simplified to be at the ground surface, which is commonly 240 

adopted in the literature (Abdelaziz et al., 2014; Hu, 2017; Morchio and Fossa, 2021; Zhang et al., 2022). 241 

The borehole wall temperature is represented by 𝑇𝑏 . The location of a borehole is defined by the centre 242 

of the borehole in the ground surface plane, i.e., the 𝑥 − 𝑦 plane. For example, the location of Borehole 243 

𝑖 can be presented by (𝑥𝑖 , 𝑦𝑖). 244 

(ii) Each borehole has a single U-tube with legs of equal length, which is the most common 245 

configuration (Lamarche et al., 2010; Ruiz-Calvo et al., 2016; Alaie et al., 2021; Zhang et al., 2022). The 246 

length of the pipe legs matches the borehole’s length 𝐿 . The inner and outer radii of the pipe are 247 

represented by 𝑟𝑝𝑖 and 𝑟𝑝𝑜, respectively, with the shank spacing, denoted as 𝑥𝑐, indicating the distance 248 

between the borehole’s centre and the pipe. 249 

(iii) The thermophysical properties of the grouting material within the boreholes are assumed to be 250 

constant and homogeneous within the investigated temperature range (Yang et al., 2014; Hu, 2017). 251 
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These properties include density 𝜌𝑔, thermal diffusivity 𝛼𝑔, thermal conductivity 𝜆𝑔, and specific heat 252 

capacity 𝑐𝑝𝑔. The grout temperature is represented by 𝑇𝑔. 253 

(iv) The thermophysical properties of the fluid in pipes are assumed to maintain constant within the 254 

investigated temperature range, a common assumption in the literature (Alaie et al., 2021; Zhang et al., 255 

2022; Guo et al., 2023). These properties include density 𝜌𝑓 , thermal diffusivity 𝛼𝑓 , thermal 256 

conductivity 𝜆𝑓, specific heat capacity 𝑐𝑝𝑓, and dynamic viscosity 𝜇𝑓. Additionally, the total mass flow 257 

rate of the fluid is denoted as 𝑚𝑓. 258 

(v) In the current model, heat conduction is considered the primary mechanism governing heat transfer 259 

within the ground, as heat convection due to groundwater flow is not accounted for (Zeng et al., 2002). 260 

Fluid heat flow in the U-tubes is described by an assembly of interconnected resistances and capacitors 261 

(Al-Khoury and Focaccia, 2016; Minaei and Maerefat, 2017a; Minaei and Maerefat, 2017b). 262 

Additionally, a standardized naming convention for variables involved in the model, as illustrated in 263 

Fig. 2, has been established. Herein, “𝑋” represents a variable, which could denote temperature (𝑇), heat 264 

flux (𝑞), or distance between boreholes along the energy path (𝑆). The first subscript “𝑎” signifies the 265 

component of a borehole, such as the borehole wall (𝑏), grout (𝑔) or fluid (𝑓). The second subscript “𝑏” 266 

identifies the specific borehole, denoted by 𝑖 or  𝑗. The third subscript “𝑐” designates the ground layer, 267 

presented as 𝑚 or 𝑛. The last subscript “𝑑” denotes the section identifier, represented by 𝑢, 𝑣, or 𝑤. 268 

Any variables deviating from this naming convention are individually elucidated. 269 

 270 

 271 

Fig. 2 Naming convention for a variable involved in the model 272 

 273 

2.2.2 Heat transfer inside the borehole 274 

As shown in Fig. 3, a borehole embedded within multi-layered ground is divided into a series of 275 
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segments based on the ground profile, with each segment comprising several sections. Taking Borehole 276 

𝑖 as an example, for its borehole segment within Layer 𝑚, it consists of 𝑀𝑚 sections of equal length, 277 

calculated as follows: 278 

Δ𝑧𝑏,𝑖,𝑚,𝑀𝑚 =
𝑍𝑚−𝑍𝑚−1

𝑀𝑚
                              (1) 279 

where Δ𝑧𝑏,𝑖,𝑚,𝑀𝑚  is the length of each borehole section in Layer 𝑚  of Borehole 𝑖 , m; 𝑍𝑚  and 280 

𝑍𝑚−1 are the respective elevations for the lower and upper surfaces of Layer 𝑚, m. 281 

Drawing on the analogy between thermal and electrical conduction, a simplified thermal network 282 

(STN) model based on Minaei and Maerefat (2017a; 2017b) is adopted to characterize the transient heat 283 

transfer inside the borehole. Fig. 3 illustrates the 2D thermal circuit representing a section within a ground 284 

layer, alongside the 3D STN model encapsulating internal sections of Borehole 𝑖 within the stratified 285 

ground. 286 

In the STN model, each section, with a thickness of ∆𝑧𝑏,𝑖,𝑚,𝑀𝑚, comprises three thermal capacitances 287 

(two 𝐶𝑓 and one 𝐶𝑔) and four thermal resistances (two 𝑅𝑓𝑔, one 𝑅𝑓𝑓, and one 𝑅𝑔𝑏) corresponding to 288 

the fluid, grout, and borehole wall. The temperatures of the inlet and outlet fluids, grout, and borehole 289 

wall are represented by the temperatures at four thermal nodes. Therefore, the STN model employed in 290 

this study is characterized as a 3C4R-4 nodes model. 291 

 292 
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 293 

Fig. 3 Schematic showing the 2D thermal circuit for a section and the 3D STN model for internal 294 

sections of Borehole 𝑖 in the multi-layered ground 295 

 296 

(1) Thermal capacitance 297 

For inlet and outlet fluids, the thermal capacitance of fluid 𝐶𝑓 (J/m/K) is obtained as follows: 298 

𝐶𝑓 =
𝜆𝑓

𝛼𝑓
(𝜋𝑟𝑝𝑖

2 )                                  (2) 299 

where 𝛼𝑓 is the fluid thermal diffusivity, m2/s; 𝜆𝑓 is the fluid thermal conductivity, W/m/K; and 𝑟𝑝𝑖 is 300 

the inner radius of the pipe, m. 301 

In the STN model, the grout is treated as a single zone, and the thermal capacitance of grout 𝐶𝑔 (J/m/K) 302 

is calculated as follows: 303 

𝐶𝑔 =
𝜆𝑔

𝛼𝑔
(𝜋𝑟𝑏

2 − 2𝜋𝑟𝑝𝑜
2 )                             (3) 304 

where 𝛼𝑔 is the grout thermal diffusivity, m2/s; 𝜆𝑔 is the grout thermal conductivity, W/m/K; 𝑟𝑏 is the 305 

borehole radius, m; and 𝑟𝑝𝑜 is the outer radius of the pipe, m. 306 

Equations (2) and (3) indicate that the thermal capacitances for thermal nodes of each section in a 307 
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borehole remain the same and are unaffected by the multiple-layered ground. This is due to the 308 

assumption that the thermophysical properties of grout and fluid are homogeneous and constant. 309 

 310 

(2) Thermal resistance 311 

The thermal resistance between fluid and grout 𝑅𝑓𝑏 (K·m/W) is expressed as: 312 

𝑅𝑓𝑔 = 2(𝑅𝑏 − 𝑅𝑔𝑏)                              (4) 313 

in which 𝑅𝑔𝑏 is the thermal resistance between the grout and borehole wall, K·m/W, and it is calculated 314 

as: 315 

𝑅𝑔𝑏 =
1

2𝜋𝜆𝑔
ln (

𝑟𝑏

𝑟𝑔
)                              (5) 316 

where 𝑟𝑔 is the radial location of the grout node, m, which is defined as: 317 

𝑟𝑔 = √
𝑟𝑒𝑞
2 +𝑟𝑏

2

2
                                   (6) 318 

where 𝑟𝑒𝑞  is the equivalent radius, m, which is used in determining the radial location of the grout node 319 

(Lamarche and Beauchamp, 2007b). In addressing this, the two legs of the U-tube are considered as a 320 

single circular segment located at the centre of the borehole (Minaei and Maerefat, 2017a). The value of 321 

𝑟𝑒𝑞  is defined based on the grout thermal resistance and the borehole radius (Sutton et al., 2002) 322 

𝑟𝑒𝑞 =
𝑟𝑏

exp(2𝜋𝜆𝑔𝑅𝑔)
                                 (7) 323 

where 𝑅𝑔 is the thermal resistance of grout, K·m/W. The conductive resistance of the grout cannot be 324 

calculated as straight-forward due to its irregular geometry. The value of 𝑅𝑔 herein is expressed by 325 

(Bennet et al., 1987): 326 

𝑅𝑔 =
1

4𝜋𝜆𝑔

{
  
 

  
 

ln (
𝜆1𝜆2

1+4𝜎

2(𝜆2
4−1)

𝜎) −
𝜆3
2(1−

4𝜎

𝜆2
4−1

)

2

1+𝜆3
2

[
 
 
 
 

1+
16𝜎

(𝜆2
2−

1

𝜆2
2)

2

]
 
 
 
 

}
  
 

  
 

                        (8) 327 

in which four dimensionless parameters are introduced, 328 

𝜆1 =
𝑟𝑏

𝑟𝑝𝑜
                                   (9a) 329 

𝜆2 =
𝑟𝑏

𝑥𝑐
                                   (9b) 330 

𝜆3 =
𝑟𝑝𝑜

2𝑥𝑐
                                   (9c) 331 

𝜎 =
𝜆𝑔−𝜆

𝜆𝑔+𝜆
                                  (10) 332 



16 

 

where 𝑥𝑐 is the shaking spacing, m; and 𝜆 is the ground thermal conductivity, W/m/K, which varies 333 

with different ground layers. 334 

It should be mentioned that the value of 𝑅𝑔 is dependent on the thermal conductivity of each ground 335 

layer 𝜆 based on Equation (10), therefore, the values of 𝑅𝑔𝑏 and 𝑅𝑓𝑔 vary across different ground 336 

layers in the ground. 337 

Moreover, 𝑅𝑏 is the equivalent thermal resistance of borehole, K·m/W, representing the total thermal 338 

resistance between the circulating fluids and the borehole wall, which includes the fluid field resistance, 339 

the pipes, and the grout conductive resistances. For a single U-tube, the value of 𝑅𝑏 can be obtained by 340 

the following equation: 341 

𝑅𝑏 = 𝑅𝑔 + (
𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛+𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

2
)                        (11) 342 

in which 𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛   is the conductive resistance of the pipes, K·m/W; and 𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛  is the 343 

convective resistance of the fluid, K·m/W (Lamarche et al., 2010), and they are expressed as: 344 

𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
ln(

𝑟𝑝𝑜

𝑟𝑝𝑖
)

2𝜋𝜆𝑝
                              (12) 345 

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

2𝜋𝑟𝑝𝑖ℎℎ𝑒𝑎𝑡
                            (13) 346 

where ℎℎ𝑒𝑎𝑡 is the convective heat transfer coefficient on each pipe’s interior, W/m2/K, which can be 347 

obtained by the following equation: 348 

ℎℎ𝑒𝑎𝑡 =
𝑁𝑢𝜆𝑓

2𝑟𝑝𝑖
                                 (14) 349 

in which 𝑁𝑢 is the Nusselt number and can be determined according to the values of Reynolds number 350 

(𝑅𝑒) and Prandtl number (𝑃𝑟) as follows: 351 

(1) For laminar flow (𝑅𝑒 < 2100), there is (Hausen’s formula):  352 

𝑁𝑢 = 3.66 +
0.068𝑅𝑒𝑃𝑟

2𝑟𝑝𝑖
𝐿

1+0.04(𝑅𝑒𝑃𝑟
2𝑟𝑝𝑖

𝐿
)
2/3                       (15a) 353 

(2) For transition flow (2100 < 𝑅𝑒 < 10000), there is (Gnielinski’s correlation): 354 

𝑁𝑢 =
(
𝑓

8
)(𝑅𝑒−1000)𝑃𝑟

1+12.7(
𝑓

8
)
1/2

(𝑃𝑟
2/3

−1)

                          (15b) 355 

where 𝑓 is the friction factor, and it is calculated by the following equation: 356 

𝑓 =
1

(0.790𝑙𝑛𝑅𝑒−1.64)
2                            (15c) 357 

(3) For turbulent flow (𝑅𝑒>10000), there is (Colburn’s formula): 358 

𝑁𝑢 = 0.023(𝑅𝑒)
4/5(𝑃𝑟)

1/3                        (15d) 359 



17 

 

in which, 360 

𝑅𝑒 =
𝜌𝑓𝑢𝑓2𝑟𝑝𝑖

𝜇𝑓
                             (16a) 361 

𝑢𝑓 =
𝑚𝑓

𝜋𝑟𝑝𝑖
2 𝜌𝑓

                              (16b) 362 

𝑃𝑟 =
𝜇𝑓

𝛼𝑓𝜌𝑓
                               (16c) 363 

where 𝑚𝑓 is the mass flow rate of fluid, kg/s; 𝜌𝑓 is the fluid density, kg/m3; 𝑢𝑓 is the flow velocity of 364 

fluid, m/s; and 𝜇𝑓 is the fluid dynamic viscosity, kg/m/s. 365 

Furthermore, the thermal resistance between the circulating fluids in both pipes 𝑅𝑓𝑓 (K·m/W) is equal 366 

to the interference thermal resistance 𝑅𝑎, and there is (Bennet et al., 1987): 367 

𝑅𝑓𝑓 = 𝑅𝑎 =
1

𝜋𝜆𝑔
[ln (

2𝜆1(𝜆2
2+1)

𝜎

𝜆2(𝜆2
2−1)

𝜎 ) −
𝜆3
2(1+

4𝜎𝜆2
2

(𝜆2
4−1)

)

2

1−𝜆3
2+(

8𝜎𝜆2
2𝜆3
2(𝜆2

4+1)

(𝜆2
4−1)

2 )

]                (17) 368 

Equations (10) and (17) indicate that the value of 𝑅𝑓𝑓 varies across different ground layers. 369 

 370 

(3) Heat balance equations 371 

As shown in Fig. 3, the subscripts 1 and 2 denote the inlet fluid and outlet fluid, respectively. Taking 372 

Section 𝑢 in Layer 𝑚 of Borehole 𝑖 as an example, the governing equations for the thermal nodes of 373 

inlet and outlet fluids and grout are as follows: 374 

𝐶𝑓 ∙
𝜕𝑇𝑓1,𝑖,𝑚,𝑢

𝜕𝑡
= 𝑢𝑓

𝜕𝑇𝑓1,𝑖,𝑚,𝑢

𝜕𝑧
+

𝑇𝑓2,𝑖,𝑚,𝑢−𝑇𝑓1,𝑖,𝑚,𝑢

𝑅𝑓𝑓,𝑚
+

𝑇𝑔,𝑖,𝑚,𝑢−𝑇𝑓1,𝑖,𝑚,𝑢

𝑅𝑓𝑔,𝑚
               (18) 375 

𝐶𝑓 ∙
𝜕𝑇𝑓2,𝑖,𝑚,𝑢

𝜕𝑡
= 𝑢𝑓

𝜕𝑇𝑓2,𝑖,𝑚,𝑢

𝜕𝑧
+

𝑇𝑓1,𝑖,𝑚,𝑢−𝑇𝑓2,𝑖,𝑚,𝑢

𝑅𝑓𝑓,𝑚
+

𝑇𝑔,𝑖,𝑚,𝑢−𝑇𝑓2,𝑖,𝑚,𝑢

𝑅𝑓𝑔,𝑚
               (19) 376 

𝐶𝑔 ∙
𝜕𝑇𝑔,𝑖,𝑚,𝑢

𝜕𝑡
=

𝑇𝑓1,𝑖,𝑚,𝑢−𝑇𝑔,𝑖,𝑚,𝑢

𝑅𝑓𝑔,𝑚
+

𝑇𝑓2,𝑖,𝑚,𝑢−𝑇𝑔,𝑖,𝑚,𝑢

𝑅𝑓𝑔,𝑚
+

𝑇𝑏,𝑖,𝑚,𝑢−𝑇𝑔,𝑖,𝑚,𝑢

𝑅𝑔𝑏,𝑚
              (20) 377 

where 𝑇𝑓1 and 𝑇𝑓2 are the downward (i.e., descending) and upward (i.e., ascending) fluid temperatures, 378 

respectively, K; 𝑇𝑔, and 𝑇𝑏  are the grout and borehole wall temperatures, respectively, K. In addition, 379 

at the bottom of the U-shape pipe, the temperature of the descending fluid is equal to the temperature of 380 

the ascending fluid. 381 

 382 

2.2.3 Heat transfer outside the borehole 383 

When investigating the heat transfer of multiple boreholes within the multi-layered ground, each 384 

borehole is conceptualized as a vertical line along the 𝑧 direction, following the finite line source (FLS) 385 

model. In this approach, every section of a borehole is regarded as a finite line source, as depicted in Fig. 386 
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4, ensuring that each section of a borehole is distinctly situated within a single ground layer. To maintain 387 

a constant temperature at the ground surface, imaginary boreholes are introduced by mirroring the real 388 

boreholes around the ground surface plane (Zeng et al., 2002). 389 

 390 

 391 

Fig. 4 Schematic showing the multiple boreholes in the multi-layered ground (after Abdelaziz et al., 392 

2014) 393 

 394 

As shown in Fig. 4, taking Borehole 𝑖 and Borehole 𝑗 as an example, with coordinates (𝑥𝑖 , 𝑦𝑖) and 395 

(𝑥𝑗 , 𝑦𝑗), respectively, their distance on the ground surface plane can be obtained as follows: 396 
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𝑑𝑗→𝑖 = 𝑑𝑖→𝑗 = {

𝑟𝑏                                                     𝑖 = 𝑗

√(𝑥𝑖 − 𝑥𝑗)
2
+ (𝑦𝑖 − 𝑦𝑗)

2
         𝑖 ≠ 𝑗

                   (21) 397 

In Fig. 4, the temperature drop/increase at Section 𝑢 in Layer 𝑚 of Borehole 𝑖, i.e., at the thermal 398 

node of the borehole wall, is caused by the heat extraction/injection across all sections of the real and 399 

imaginary Borehole 𝑗. Following Abdelaziz et al. (2014), this temperature variation comprises two parts 400 

to consider the differences in thermophysical properties among ground layers: (i) the primary layer, 401 

referring to the borehole section embedded within that specific layer; and (ii) the secondary layers, which 402 

encompass the borehole sections embedded within other layers. For instance, as shown in Fig. 4, 403 

concerning Section 𝑢 in Layer 𝑚 of Borehole 𝑖, Layer 𝑚 is the primary layer, while the remaining 404 

layers constitute the secondary layers. 405 

 406 

(1) Effect of the primary segment 407 

Based on the FLS model, considering a constant heat flux 𝑞𝑏,𝑗,𝑚,𝑣 (W/m), the cumulative effect of 408 

Section 𝑣 in Layer 𝑚 of Borehole 𝑗 on Section 𝑢 in Layer 𝑚 of Borehole 𝑖 till time 𝑡, affecting 409 

the temperature of borehole wall, can be obtained as follows (Zeng et al., 2002): 410 

∆𝑇𝑏1,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢 =
𝑞𝑏,𝑗,𝑚,𝑣

4𝜋𝜆𝑚
∫ [

𝑒𝑟𝑓𝑐(𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢 2√𝛼𝑚𝑡⁄ )

𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
−

𝑒𝑟𝑓𝑐(𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
′ 2√𝛼𝑚𝑡⁄ )

𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
′ ] 𝑑𝑧

𝑍𝑚,𝑣
𝑍𝑚,𝑣−1

 (22) 411 

Equation (22) can be expressed in another way as follows: 412 

∆𝑇𝑏1,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢 =
𝑞𝑏,𝑗,𝑚,𝑣

4𝜋𝜆𝑚
∙ 𝑋(𝑡)                        (23a) 413 

𝑋(𝑡) = ∫ [
𝑒𝑟𝑓𝑐(𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢 2√𝛼𝑚𝑡⁄ )

𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
−

𝑒𝑟𝑓𝑐(𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
′ 2√𝛼𝑚𝑡⁄ )

𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
′ ] 𝑑𝑧

𝑍𝑚,𝑣
𝑍𝑚,𝑣−1

     (23b) 414 

where ℎ is the vertical distance from the heat source to the ground surface, m; 𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢 is the 415 

real distance between Section 𝑣 in Layer 𝑚 of Borehole 𝑗 and Section 𝑢 in Layer 𝑚 of Borehole 416 

𝑖, m; and 𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
′  is the imaginary distance between the imaginary Section 𝑣 in the imaginary 417 

Layer 𝑚 of the imaginary Borehole 𝑗 and Section 𝑢 in Layer 𝑚 of Borehole 𝑖, m. There are: 418 

𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢 = √𝑑𝑗→𝑖
2 + (ℎ − 𝑧𝑏,𝑖,𝑚,𝑢)

2
                    (24a) 419 

𝑆𝑏,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
′ = √𝑑𝑗→𝑖

2 + (ℎ + 𝑧𝑏,𝑖,𝑚,𝑢)
2
                    (24b) 420 

𝑞𝑏,𝑗,𝑚,𝑣 is the heat flux at the borehole wall of Section 𝑣 in Layer 𝑚 of Borehole 𝑗, W/m, which is 421 

calculated according to the grout temperature and the borehole wall temperature: 422 

𝑞𝑏,𝑗,𝑚,𝑣 =
𝑇𝑔,𝑗,𝑚,𝑣−𝑇𝑏,𝑗,𝑚,𝑣

𝑅𝑔𝑏,𝑚
                           (25) 423 
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where 𝑅𝑔𝑏,𝑚 is the thermal resistance between grout and borehole wall in Layer 𝑚, K·m/W. 424 

For a time-varying heat flux 𝑞𝑏,𝑗,𝑚,𝑣 , which is stepwise constant, at Section 𝑣  in Layer 𝑚  of 425 

Borehole 𝑗, the borehole wall temperature variation at Section 𝑢 in Layer 𝑚 of Borehole 𝑖 at time 𝑡 426 

is obtained from the temporal superposition of the FLS solution (Cimmino, 2018): 427 

∆𝑇𝑏1,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢(𝑡𝑘) =
𝑞𝑏,𝑗,𝑚,𝑣(𝑡𝑘′)

4𝜋𝜆𝑚
∑[𝑋(𝑡𝑘 − 𝑡𝑘′−1) − 𝑋(𝑡𝑘 − 𝑡𝑘′)]

𝑘

𝑘′=1

 428 

=
1

4𝜋𝜆𝑚
[
𝑇𝑔,𝑗,𝑚,𝑣(𝑡𝑘′)−𝑇𝑏,𝑗,𝑚,𝑣(𝑡𝑘′)

𝑅𝑔𝑏,𝑚
]∑ [𝑋(𝑡𝑘 − 𝑡𝑘′−1) − 𝑋(𝑡𝑘 − 𝑡𝑘′)]

𝑘
𝑘′=1           (26) 429 

where 𝑘 is the time step index, and 𝑞𝑏,𝑗,𝑚,𝑣(𝑡𝑘′) is the constant heat flux over the period 𝑡𝑘′−1 < 𝑡 ≤430 

𝑡𝑘′, W/m. 431 

Based on the spatial supervision, the effect of all sections (from 𝑣 =1 to 𝑣 = 𝑀𝑚) in Layer 𝑚 of 432 

Borehole 𝑗 on Section 𝑢 in Layer 𝑚 of Borehole 𝑖, affecting the temperature of borehole wall, can 433 

be calculated by the following equation: 434 

∆𝑇𝑏1,𝑗→𝑖,𝑚→𝑚,𝑢 = ∑ ∆𝑇𝑏1,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢
𝑣=𝑀𝑚
𝑣=1                    (27) 435 

Therefore, the total effect of all sections in Layer 𝑚  of all boreholes (from 𝑗 = 1  to 𝑗 = 𝑁 ) on 436 

Section 𝑢 in Layer 𝑚 of Borehole 𝑖, affecting the temperature of borehole wall, can be obtained: 437 

∆𝑇𝑏1,𝑖,𝑚→𝑚,𝑢 = ∑ ∆𝑇𝑏1,𝑗→𝑖,𝑚→𝑚,𝑢
𝑗=𝑁
𝑗=1 = ∑ ∑ ∆𝑇𝑏1,𝑗→𝑖,𝑚→𝑚,𝑣→𝑢

𝑣=𝑀𝑚
𝑣=1

𝑗=𝑁
𝑗=1          (28) 438 

where 𝑁 is the total number of boreholes. 439 

 440 

(2) Effect of the secondary segment 441 

Based on the composite section concept introduced by Abdelaziz (2014), the thermal properties of 442 

each layer along the energy path from the specific source point toward the observation section, i.e., the 443 

thermal node of the borehole wall, are used to evaluate the composite properties of the path. This involves 444 

consolidating three thermal properties of the ground layer: density 𝜌 , thermal conductivity 𝜆 , and 445 

specific heat capacity 𝑐𝑝, into a real single composite section as follows: 446 

𝜌𝑐𝑜𝑚𝑝 = ∑
𝑆𝑘∙𝜌𝑘

∑ 𝑆𝑘
𝑘=𝑙
𝑘=1

𝑘=𝑙
𝑘=1                              (29) 447 

1

𝜆𝑐𝑜𝑚𝑝
= ∑

(𝑆𝑘 ∑ 𝑆𝑘
𝑘=𝑙
𝑘=1⁄ )

𝜆𝑘

𝑘=𝑙
𝑘=1                            (30) 448 

𝑐𝑝𝑐𝑜𝑚𝑝 = ∑
𝑐𝑝𝑘∙𝑆𝑘∙𝜌𝑘

∑ (𝑆𝑘∙𝜌𝑘)
𝑘=𝑙
𝑘=1

𝑘=𝑙
𝑘=1                            (31) 449 

where 𝜌𝑐𝑜𝑚𝑝 is the composite density, kg/m3; 𝜆𝑐𝑜𝑚𝑝 is the composite thermal conductivity, W/m/K; 450 
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𝑐𝑝𝑐𝑜𝑚𝑝 is the composite specific heat capacity, J/kg/K; 𝑘 is the layer identifier in the energy path, and 451 

𝑙 is the number of layers in the energy path. 452 

Using the thermal properties of the composite section, the composite thermal diffusivity 𝛼𝑐𝑜𝑚𝑝 (m2/s) 453 

can be obtained as follows: 454 

𝛼𝑐𝑜𝑚𝑝 =
𝜆𝑐𝑜𝑚𝑝

𝜌𝑐𝑜𝑚𝑝∙𝑐𝑝𝑐𝑜𝑚𝑝
                            (32) 455 

Similarly, the imaginary composite density 𝜌𝑐𝑜𝑚𝑝
′ , imaginary composite thermal conductivity 𝜆𝑐𝑜𝑚𝑝

′ , 456 

imaginary composite specific heat capacity 𝑐𝑝𝑐𝑜𝑚𝑝
′ , and imaginary composite thermal diffusivity 𝛼𝑐𝑜𝑚𝑝

′  457 

can be obtained. 458 

Based on the FLS model, for a constant heat rate 𝑞𝑏,𝑗,𝑛,𝑤, the effect of Section 𝑤 in Layer 𝑛 of 459 

Borehole 𝑗  at Section 𝑢  in Layer 𝑚  of Borehole 𝑖  on the temperature of borehole wall can be 460 

obtained as follows (Zeng et al., 2002): 461 

∆𝑇𝑏2,𝑗→𝑖,𝑛→𝑚,𝑤→𝑢(𝑡) =
𝑞𝑏,𝑗,𝑛,𝑤

4𝜋
∙ 𝑌(𝑡)                   (33a) 462 

in which, 463 

𝑌(𝑡) = ∫ [
𝑒𝑟𝑓𝑐(∑ 𝑆𝑘

𝑘=𝑙
𝑘=1 2√𝛼𝑐𝑜𝑚𝑝𝑡⁄ )

𝜆𝑐𝑜𝑚𝑝∙∑ 𝑆𝑘
𝑘=𝑙
𝑘=1

−
𝑒𝑟𝑓𝑐(∑ 𝑆𝑘

′𝑘=𝑙
𝑘=1 2√𝛼𝑐𝑜𝑚𝑝

′ 𝑡⁄ )

𝜆𝑐𝑜𝑚𝑝
′ ∙∑ 𝑆𝑘

′𝑘=𝑙
𝑘=1

] 𝑑𝑧
𝑍𝑛,𝑤
𝑍𝑛,𝑤−1

          (33b) 464 

where the distances 𝑆𝑘  and 𝑆𝑘
′   (m) can easily be calculated using trigonometry according to the 465 

coordinates of thermal nodes of each section of Borehole 𝑗 and Borehole 𝑖, and 𝑞𝑏,𝑗,𝑛,𝑤 is the heat flux 466 

at the borehole wall of Section 𝑤 in Layer 𝑛 of Borehole 𝑗, W/m, which is calculated according to the 467 

grout temperature and the borehole wall: 468 

𝑞𝑏,𝑗,𝑛,𝑤 =
𝑇𝑔,𝑗,𝑛,𝑤−𝑇𝑏,𝑗,𝑛,𝑤

𝑅𝑔𝑏,𝑛
                          (34) 469 

where 𝑅𝑔𝑏,𝑛 is the thermal resistance between grout and borehole wall in Layer 𝑛, K·m/W. 470 

For a time-varying heat flux 𝑞𝑏,𝑗,𝑛,𝑤  , which is stepwise constant, at Section 𝑤  in Layer 𝑛  of 471 

Borehole 𝑗, the borehole wall temperature variation at Section 𝑢 in Layer 𝑚 of Borehole 𝑖 at time 𝑡 472 

is obtained from the temporal superposition of the FLS solution (Cimmino, 2018):  473 

∆𝑇𝑏2,𝑗→𝑖,𝑛→𝑚,𝑤→𝑢(𝑡𝑘) =
1

4𝜋
[
𝑇𝑔,𝑗,𝑛,𝑤(𝑡𝑘′)−𝑇𝑏,𝑗,𝑛,𝑤(𝑡𝑘′)

𝑅𝑔𝑏,𝑛
]∑ [𝑌(𝑡𝑘 − 𝑡𝑘′−1) − 𝑌(𝑡𝑘 − 𝑡𝑘′)]

𝑘
𝑘′=1    (35) 474 

where 𝑞𝑏,𝑗,𝑚,𝑣(𝑡𝑘′) is the constant heat flux over the period 𝑡𝑘′−1 < 𝑡 ≤ 𝑡𝑘′, W/m. 475 

Based on the spatial superposition, the effect of all sections (from 𝑤 =1 to 𝑤 = 𝑀𝑛) in Layer 𝑛 of 476 

Borehole 𝑗  at Section 𝑢  in Layer 𝑚  of Borehole 𝑖  on the temperature of borehole wall can be 477 
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calculated by the following equation: 478 

∆𝑇𝑏2,𝑗→𝑖,𝑛→𝑚,𝑢 = ∑ ∆𝑇𝑏2,𝑗→𝑖,𝑛→𝑚,𝑤→𝑢
𝑤=𝑀𝑛
𝑤=1                 (36) 479 

The total effect of all sections in the other layers (𝑛 ≠ 𝑚) of all boreholes (from 𝑗 = 1 to 𝑗 = 𝑁) at 480 

Section 𝑢 in Layer 𝑚 of Borehole 𝑖 on the temperature of borehole wall can be obtained: 481 

∆𝑇𝑏2,𝑖,𝑛→𝑚,𝑢 = ∑ ∑ ∆𝑇𝑏2,𝑗→𝑖,𝑛→𝑚,𝑢
𝑛≠𝑚
𝑛=1

𝑗=𝑁
𝑗=1 = ∑ ∑ ∑ ∆𝑇𝑏2,𝑗→𝑖,𝑛→𝑚,𝑤→𝑢

𝑤=𝑀𝑛
𝑤=1

𝑛≠𝑚
𝑛=1

𝑗=𝑁
𝑗=1    (37) 482 

Therefore, taking the effects of the primary and secondary segments into account, the temperature of 483 

borehole wall of Section 𝑢 in Layer 𝑚 of Borehole 𝑖, 𝑇𝑏,𝑖,𝑚,𝑢 (K) can be expressed as follows: 484 

𝑇𝑏,𝑖,𝑚,𝑢 = 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 + ∆𝑇𝑏1,𝑖,𝑚→𝑚,𝑢 + ∆𝑇𝑏2,𝑖,𝑛→𝑚,𝑢              (38) 485 

The borehole wall temperature 𝑇𝑏  is the link between the heat transfer inside the borehole and the 486 

heat transfer outside the borehole. 487 

 488 

3. Numerical solution 489 

The present study employs the Lax-Wendroff method (Lax and Wendroff, 1960), an explicit time 490 

integration method for solving hyperbolic partial differential equations through finite differences. Using 491 

this method, it can compute the inlet and outlet fluid temperatures, as well as the grout temperature at 492 

the nodes of the thermal network at a certain time (𝑛 + 1) depending on the preceding temperature 493 

values (𝑛). Equations (18) to (20) can be discretized as follows: 494 

𝑇𝑓1,𝑖,𝑚,𝑢
𝑛+1 = 𝑇𝑓1,𝑖,𝑚,𝑢

𝑛 +
∆𝑡∙𝑢𝑓

2Δ𝑧𝑏,𝑖,𝑚,𝑀𝑚
[(𝑇𝑓1,𝑖,𝑚,𝑢−1

𝑛 − 𝑇𝑓1,𝑖,𝑚,𝑢+1
𝑛 ) +

∆𝑡∙𝑢𝑓

Δ𝑧𝑏,𝑖,𝑚,𝑀𝑚
(𝑇𝑓1,𝑖,𝑚,𝑢+1

𝑛 − 2𝑇𝑓1,𝑖,𝑚,𝑢
𝑛 +495 

𝑇𝑓1,𝑖,𝑚,𝑢−1
𝑛 )] +

∆𝑡

𝐶𝑓
[
𝑇𝑓2,𝑖,𝑚,𝑢
𝑛 −𝑇𝑓1,𝑖,𝑚,𝑢

𝑛

𝑅𝑓𝑓,𝑚
+

𝑇𝑔,𝑖,𝑚,𝑢
𝑛 −𝑇𝑓1,𝑖,𝑚,𝑢

𝑛

𝑅𝑓𝑔,𝑚
]                (39) 496 

𝑇𝑓2,𝑖,𝑚,𝑢
𝑛+1 = 𝑇𝑓2,𝑖,𝑚,𝑢

𝑛 +
∆𝑡∙𝑢𝑓

2Δ𝑧𝑏,𝑖,𝑚,𝑀𝑚
[(𝑇𝑓2,𝑖,𝑚,𝑢−1

𝑛 − 𝑇𝑓2,𝑖,𝑚,𝑢+1
𝑛 ) +

∆𝑡∙𝑢𝑓

Δ𝑧𝑏,𝑖,𝑚,𝑀𝑚
(𝑇𝑓2,𝑖,𝑚,𝑢+1

𝑛 − 2𝑇𝑓2,𝑖,𝑚,𝑢
𝑛 +497 

𝑇𝑓2,𝑖,𝑚,𝑢−1
𝑛 )] +

∆𝑡

𝐶𝑓
[
𝑇𝑓1,𝑖,𝑚,𝑢
𝑛 −𝑇𝑓2,𝑖,𝑚,𝑢

𝑛

𝑅𝑓𝑓,𝑚
+

𝑇𝑔,𝑖,𝑚,𝑢
𝑛 −𝑇𝑓2,𝑖,𝑚,𝑢

𝑛

𝑅𝑓𝑔,𝑚
]               (40) 498 

𝑇𝑔,𝑖,𝑚,𝑢
𝑛+1 = 𝑇𝑔,𝑖,𝑚,𝑢

𝑛 +
∆𝑡

𝐶𝑔
[
𝑇𝑓1,𝑖,𝑚,𝑢
𝑛 −𝑇𝑔,𝑖,𝑚,𝑢

𝑛

𝑅𝑓𝑔,𝑚
+

𝑇𝑓2,𝑖,𝑚,𝑢
𝑛 −𝑇𝑔,𝑖,𝑚,𝑢

𝑛

𝑅𝑓𝑔,𝑚
+

𝑇𝑏,𝑖,𝑚,𝑢
𝑛 −𝑇𝑔,𝑖,𝑚,𝑢

𝑛

𝑅𝑔𝑏,𝑚
]         (41) 499 

The time-step ∆𝑡  (s) used for the calculations is dependent on the spatial discretization of the 500 

simulation, and its maximum value is fixed by the Courant-Friedrichs-Lewy (CFL) condition (Ruiz-501 

Calvo et al., 2015): 502 

∆𝑡

∆𝑡𝑚𝑎𝑥
= CFL ≤ 1                           (42a) 503 

in which, 504 
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∆𝑡𝑚𝑎𝑥 ≤
𝑚𝑖𝑛[Δ𝑧𝑏,𝑖,𝑚,𝑀𝑚]

𝑢𝑓
                         (42b) 505 

where 𝑚𝑖𝑛[Δ𝑧𝑏,𝑖,𝑚,𝑀𝑚] denotes the minimum length of the section in a borehole. 506 

For the integrations 𝑋(𝑡) and 𝑌(𝑡) in Equation (23b) and Equation (33b), respectively, their values 507 

are obtained using the trapezoidal rule. The accuracy and computation efficiency for the integration rely 508 

on the number of intervals for the trapezoidal rule, as well as the time step. In this study, the number of 509 

intervals is taken as 50, a choice that yields satisfactory accuracy and computation efficiency. 510 

As shown in Fig. 5, the proposed composite model has been programmed in Fortran and implemented 511 

as a component within the TRNSYS software (TRNSYS, 2023), designated as Type 255. 512 

 513 

 514 

Fig. 5 User-developed borehole model (Type 255) in TRNSYS 515 

 516 

To establish a simulation and derive meaningful outputs, it is essential to have a thorough 517 

understanding of the requisite model parameters and inputs. Fig. 6 illustrates the hierarchical 518 

relationships among the model parameters, inputs, the model itself, and the outputs. Moreover, the 519 

completeness of a simulation necessitates supplementary running information, including simulation time 520 

step, start time, and stop time. Subsequent model validation and application are conducted in the 521 

TRNSYS software environment. 522 

 523 
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 524 

Fig. 6 Hierarchical relationships within the proposed model 525 

 526 

4. Model validations 527 

Given that the composite analytical model in this study encompasses both internal and external heat 528 

transfer of boreholes and aims to predict the thermal performance of a borehole field in stratified ground, 529 

comprehensive validation efforts have been undertaken. Four distinct experiments from the literature 530 

(Beier et al., 2011; Hu et al., 2017; Chen et al., 2018; Chen et al., 2021; Li et al., 2018; Li et al., 2019) 531 

were leveraged for this purpose, spanning diverse borehole quantities and ground conditions. These 532 

experiments meticulously document geologic conditions, ground properties, and borehole and fluid 533 

characteristics, which are detailed in the Supplementary Materials. 534 

In this study, the root mean square error (RMSE), mean absolute error (MAE) and mean absolute 535 

percentage error (MAPE), as defined in the following equations, are employed to quantify the alignment 536 

between the simulated results (SR) and the measured results (MR) of temperature for the entire duration 537 

in each validation case. 538 

RMSE = √∑ (𝑇𝑖,MR−𝑇𝑖,SR)
2𝑛

𝑖=1

𝑛
                          (43a) 539 

MAE =
1

𝑛
∑ |𝑇𝑖,MR − 𝑇𝑖,SR|
𝑛
𝑖=1                           (43b) 540 

MAPE =
1

𝑛
∑ |

𝑇𝑖,MR−𝑇𝑖,SR

𝑇𝑖,MR
|𝑛

𝑖=1 × 100%                     (43b) 541 

where 𝑛 is the number of sample data points; 𝑇𝑖,MR is the ith measured result of temperature, ℃; and 542 

𝑇𝑖,SR  is the ith simulated result of temperature obtained from the proposed composite analytical 543 

model, ℃. 544 

 545 
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4.1 Background information of four validation cases 546 

4.1.1 One borehole in single-layered ground 547 

Beier et al. (2011) carried out a thermal response test within a large laboratory “sandbox”, containing 548 

a borehole outfitted with a single U-tube. Notably, the pipe was encased within a horizontal aluminium 549 

pipe before being buried in the sandbox. To ensure effective heat transfer between the pipe and the 550 

surrounding sand, the aluminium pipe was filled with bentonite grout. Over the course of the 51-hour 551 

experiment, inlet and outlet temperatures, along with varied water flow rates, were recorded. This 552 

experimental setup is equivalent to the scenario of a single borehole in homogenous ground. 553 

 554 

4.1.2 One borehole in three-layered ground 555 

Hu (2017) conducted a thermal response test in a borehole under a constant flow rate condition. The 556 

vertical borehole, with a length of 63 m, penetrated three distinct ground layers: backfill soil, clay, and 557 

fine sand, with respective thicknesses of 20 m, 18 m, and 25 m. During the 43-hour experiment, inlet and 558 

outlet fluid temperatures from the signle U-tube were measured. This experiment setup corresponds to 559 

the scenario of a single borehole in stratified ground. 560 

 561 

4.1.3 Sixteen boreholes in single-layered ground 562 

In the absence of direct experimental data concerning multiple boreholes, the accuracy of the model 563 

for multiple boreholes can be verified via comparison with results derived from a single borehole 564 

experiment (Chen et al., 2021). In this case, an in-situ test of a single borehole under a fixed flow rate 565 

performed by Chen et al. (2018) was employed. A borehole field comprising 16 boreholes within a single-566 

layered ground was designed, identical to the setup in Chen et al. (2021). These 100-m-long boreholes 567 

were arranged in a square layout, with a lateral and longitudinal spacing of 4 m between adjacent 568 

boreholes. This validation case is equivalent to the scenario of multiple boreholes in homogenous ground. 569 

 570 

4.1.4 Two boreholes in two-layered ground 571 

Li et al. (2018) and Li et al. (2019) experimentally investigated the thermal performance of vertical 572 

ground heat exchangers using an indoor testing box filled with sand and clay. The upper layer was sand 573 

with a thickness of 3.0 m, while the lower layer was clay with a thickness of 3.25 m. Test 1 from the 574 

series of experiments in Li et al. (2019) was selected for the validation of the present model. Throughout 575 
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this test, heated water circulated at a constant flow rate within two parallel U-shape copper pipes, spaced 576 

0.5 m apart, transferring heat to the surrounding ground. Inlet and outlet water temperatures were 577 

recorded. This experiment setup corresponds to the scenario of a borehole array in stratified ground. 578 

 579 

4.2 Comparison of results 580 

A comparative analysis between the simulated and experimental results from Beier et al. (2011) is 581 

presented in Fig. 7(a). The simulated outlet fluid temperatures exhibit a consistent trend with the 582 

experimental results, though with slightly higher values. The RMSE, MAE, and MAPE are 0.68 ℃, 583 

0.50 ℃, and 1.39%, respectively. By the end of the experiment, a temperature difference of 0.48°C had 584 

accumulated. 585 

In Fig. 7(b), the outlet fluid temperature predicted by the present model is compared with both the 586 

experimental and analytical results of Hu (2017). The simulated results align well with Hu’s experimental 587 

data, with the RMSE of 0.29 ℃, the MAE of 0.17 ℃, and the MAPE of 0.75%. A deviation of 0.14 ℃ 588 

was observed at the end of the experiment. 589 

Fig. 7(c) contrasts the average outlet fluid temperature of the borehole field, as calculated by the 590 

proposed model, with that of the single borehole experiment in Chen et al. (2021). The simulated results 591 

of the borehole field consistently reflect the measured pattern from the experiment, with the RMSE and 592 

MAE of 0.60 ℃ and 0.47 ℃, and the MAPE of 2.02%. 593 

Compared to the prior three cases, the experimental setup in Li et al. (2019) included the complexities 594 

associated with multi-pipe interference and ground stratification. Fig. 7(d) illustrates the simulated outlet 595 

fluid temperature alongside the experimental inlet and outlet fluid temperatures. The RMSE of 0.27 ℃, 596 

MAE of 0.22 ℃ and MAPE of 0.87% indicate a good agreement with the experimental data. 597 

 598 
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  599 

  600 

Fig. 7 Comparison of measured results (MR) and simulated results (SR) in (a) Beier et al. (2011), (b) 601 

Hu (2017), (c) Chen et al. (2021), and (d) Li et al. (2019) 602 

 603 

The discrepancies between the simulated and measured results can be mainly summarized as follows: 604 

(1) Unmodelled physical phenomena. For instance, in the validation case of Beier et al. (2011), the 605 

presence of the aluminium pipe was not included in the simulation. Due to aluminum’s high thermal 606 

conductivity (237.0 W/m/K) and thermal diffusivity, which are significantly greater than those of the 607 

surrounding wet sand and grout, the aluminum pipe facilitated more efficient heat dissipation to the 608 

surrounding ground. As a result, the measured outlet fluid temperatures were lower than the simulated 609 

values, where the thermal transfer effect of the aluminum pipe was not considered. (2) Availability of 610 

thermophysical parameters. In some cases, certain parameters were not explicitly provided and had to be 611 

inferred from similar literature and database. For example, the ground parameters from Hu (2017) were 612 

employed in the simulations of Beier et al. (2011). (3) Simplifications in calculating the temperature 613 

response outside the borehole. The proposed model calculates the temperature response at a certain point 614 

in the ground by superposing the contributions of all the segments. The temperature response of heat 615 
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exchanger segments outside the segmental source layer was obtained using composite thermal properties, 616 

following Abdelaziz et al. (2014). However, for stratified ground scenarios, this method may not fully 617 

satisfy the heat transfer governing equation (Zhang et al., 2022). (4) Simplifications of heat transfer inside 618 

the borehole. In the proposed model, the heat transfer process inside the borehole is treated as steady and 619 

is theoretically modelled using an equivalent thermal network (Yang et al., 2009). However, it takes time 620 

for the heat transfer inside the borehole to transfer from unsteady to steady-state conditions, which could 621 

explain the higher simulated outlet fluid temperatures compared to experimental data during the first 8 622 

hours of the thermal response test conducted by Hu (2017). (5) Other limitations of the model, such as 623 

the neglect of geothermal gradient and vertical heat conduction through the grouting material, and the 624 

assumption that thermophysical parameters are independent of temperature. 625 

Drawing upon comprehensive validation cases across various borehole quantities and ground 626 

conditions, the proposed model exhibits consistent simulation results relative to experimental results. 627 

Additionally, the proposed model demonstrates satisfactory computation efficiency. For example, when 628 

simulating the thermal response test conducted by Hu (2017) on the same workstation (Windows 11, 629 

13th Gen Intel Core i7, and 16.0 GB RAM), the proposed analytical model significantly outperformed 630 

the earlier numerical model (a finite element model) developed by Gao et al. (2023b). The numerical 631 

model required approximately 15 minutes to complete, whereas the analytical model completed the 632 

simulation in less than 1 minute. Thus, the composite analytical model presented in this study is well-633 

suited for investigating the thermal performance of borehole arrays in various layouts within the stratified 634 

ground. 635 

 636 

5. Model applications 637 

5.1 Borehole layout and ground stratification 638 

In this study, a series of long-term simulations spanning 60 days are undertaken on a borehole field 639 

operating in cooling mode. The primary objective is to investigate the effects of borehole layout and 640 

ground stratification on both the outlet fluid temperature and the heat injection rate. The heat injection 641 

rate of a borehole field or borehole 𝑃 (kW) can be calculated as: 642 

𝑃 =
𝑚𝑓𝑐𝑝𝑓(𝑇𝑖𝑛−𝑇̅𝑜𝑢𝑡)

1000
                               (44) 643 

in which, 644 
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𝑇̅𝑜𝑢𝑡 = {
∑ 𝑇𝑓2,𝑖,1,1
𝑁
𝑖=1

𝑁
           𝑓𝑜𝑟 𝑎 𝑏𝑜𝑟𝑒ℎ𝑜𝑙𝑒 𝑓𝑖𝑒𝑙𝑑

𝑇𝑓2,𝑖,1,1               𝑓𝑜𝑟 𝑎 𝑏𝑜𝑟𝑒ℎ𝑜𝑙𝑒
              (45) 645 

where 𝑇𝑓2,𝑖,1,1  is the outlet fluid temperature of Borehole 𝑖 , ℃; 𝑇̅𝑜𝑢𝑡   is the average outlet fluid 646 

temperature of the borehole field, ℃; and 𝑇𝑖𝑛 is the inlet fluid temperature, ℃. 647 

The borehole field comprises 16 boreholes, each equipped with a single U-tube. The ground profile in 648 

Hu (2017) is adopted, featuring three ground layers consisting of backfill soil, clay, and fine sand from 649 

the ground surface to a depth of 63 m. The thermophysical properties of these ground layers, as well as 650 

the grouting material, are detailed in Table 1. Consistent with the parameters specified in Hu (2017), the 651 

borehole and U-shape pipe specifications are outlined in Table 2. Throughout the simulations, the inlet 652 

water temperature remains constant at 30.0 ℃, with a total mass flow rate of 3.2 kg/s. The initial and 653 

undisturbed ground temperature is 15.5 ℃, as documented by Hu (2017). 654 

To assess the influence of borehole layout, three layout configurations, that is, square, L-shape, and 655 

linear, are designed based on the studies by Gultekin et al. (2019), Alaie et al. (2021), and Cassina et al. 656 

(2022), as depicted in Fig. 8. Each layout is characterized by uniform lateral and longitudinal distances 657 

between adjacent boreholes, denoted as d (m). The range of spacing between adjacent boreholes is from 658 

1 m to 4 m. 659 

Furthermore, to study the impact of ground stratification, a homogenous ground extending to a depth 660 

of 63 m is assumed. The thermophysical properties of this homogenous ground layer, including density, 661 

specific heat capacity, and thermal conductivity, are determined using the weighted average method. In 662 

this method, the thickness of each ground layer is used as the weight coefficient, multiplied by the 663 

respective thermophysical parameters of the ground layers (Jin et al., 2020). Consequently, the 664 

thermophysical properties of the homogenous ground are calculated and listed in Table 1. It can be seen 665 

from the table that the thermal diffusivity of the three ground layers, ranked from highest to lowest, is: 666 

Layer 1 (backfill soil) > Layer 3 (fine sand) > Layer 2 (Clay). Additionally, the thermal diffusivity of the 667 

homogenous ground is comparable to that of Layer 3. 668 

 669 

Table 1 Physical parameters of ground layers 670 

Ground conditions Depth 𝑧 

(m) 

Density 

𝜌 

(kg/m3) 

Specific heat 

capacity 𝑐𝑝 

(J/kg/K) 

Thermal 

conductivity 

𝜆 (W/m/K) 

Thermal 

diffusivity 

𝛼 (m2/s) 

Stratified 1 - Backfill soil 0-20 1880 910 2.12 1.24e-6 
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ground 2 - Clay 20-38 1680 2225 1.20 3.21e-7 

3 - Fine sand 38-63 1980 1400 1.61 5.81e-7 

Homogenous ground 0-63 1862.54 1480.16 1.65 5.99e-7 

Grout 0-63 1847 1512 1.50 5.37e-7 

 671 

Table 2 Parameters of the borehole and U-shape pipe 672 

Parameter Symbol Value Unit 

Borehole length L 63 m 

Fixed mass flow rate of water 𝑚𝑓 3.2 kg/s 

Density of water 𝜌𝑓 1000 kg/m3 

Dynamic viscosity of water 𝜇𝑓 0.001 kg/m/s 

Specific heat capacity of water 𝑐𝑝𝑓 4200.0 J/kg/K 

Thermal conductivity of water 𝜆𝑓 0.599 W/m/K 

Borehole radius 𝑟𝑏 0.070 m 

Pipe outer radius 𝑟𝑝𝑜 0.016 m 

Pipe inner radius 𝑟𝑝𝑖 0.013 m 

Shank spacing 𝑥𝑐 0.030 m 

Thermal conductivity of pipe 𝜆𝑝 0.450 W/m/K 

 673 

 674 

Fig. 8 Schematics of borehole’s layout: (a) square configuration, (b) L-shape configuration, and (c) 675 

linear configuration 676 

 677 

5.2 Results 678 

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

borehole field 680 

Fig. 9(a) displays the average outlet fluid temperature across different borehole layouts and spacings. 681 

As observed in the figure, the average outlet fluid temperature gradually increases over time. This 682 

temperature elevation results from significant thermal interactions among boreholes, where heat injected 683 

into the ground raises the temperature within the borehole field (Jin et al., 2020; Alaie et al., 2021; 684 
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Cassina et al., 2022; Zhang et al., 2022). For comparison, the outlet fluid temperature of a single borehole 685 

is also plotted in Fig. 9(a). Across all layout configurations, the average outlet fluid temperatures 686 

converge towards that of the one borehole scenario as the borehole spacing extends to 4 m. This indicates 687 

that the effect of borehole layout, i.e., thermal interference of boreholes, on the thermal performance of 688 

the borehole field decreases when the borehole spacing is sufficiently wide (Alaie et al., 2021). In 689 

scenarios involving closely arranged boreholes, such as those with a 1-m spacing, the impact of thermal 690 

interaction becomes more pronounced. In these cases, heat retention within the borehole field leads to 691 

substantially higher outlet fluid temperature compared to that of the one borehole scenario, consistent 692 

with the numerical findings in the literature (Zhang et al., 2022). In addition, the average outlet fluid 693 

temperature for the square layout configuration slightly exceeds that of the L-shape and linear layout 694 

configurations, which aligns with the observations of Alaie et al. (2021). By Day 60, all three layouts in 695 

this analysis converge to an average outlet fluid temperature of approximately 29.97 ℃, approaching the 696 

inlet fluid temperature of 30 ℃. 697 

Fig. 9(b) depicts the evolution of the heat injection rate of the borehole field across three layout 698 

configurations, as well as the heat injection rate for 16 times that of a single borehole. The figure shows 699 

a noticeable decline in the heat injection rate for each layout configuration over time, which can be 700 

attributed to the progressive rise in the average outlet fluid temperature (Zhang et al., 2022). For instance, 701 

in the borehole field with a 1-m spacing, the square layout exhibits the lowest heat injection rate, followed 702 

by the L-shape and linear layouts. The heat injection rate in these configurations decreases from 6.39-703 

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 704 

single borehole, the heat injection rate decreases from 14.00 kW on Day 10 to 8.25 kW on Day 60. The 705 

significant difference between the heat injection rate of the borehole field and that of a single borehole 706 

multiplied by 16 highlights the substantial thermal performance distinctions caused by the intricate 707 

thermal interactions and interferences with the borehole field. These findings agrees with the numerical 708 

results obtained by Jin et al. (2020), Zhang et al. (2022), and Gultekin et al. (2019). Hence, the 709 

significance of the proposed model in this study is underscored by these observations. 710 

 711 
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   712 

Fig. 9 Effects of borehole layout on (a) average outlet fluid temperature and (b) heat injection rate 713 

across different borehole layout configurations and distances in stratified ground 714 

 715 

5.2.2 Effects of borehole layout on fluid temperature and heat injection rate of representative 716 

boreholes 717 

Fig. 10 illustrates the outlet fluid temperature contours for individual boreholes (BHs) in stratified 718 

ground with two spacings, 1 m and 4 m, across three layout configurations on Day 60. In the square 719 

layout configuration (Fig. 10(a) and Fig. 10(b)), boreholes with identical outlet temperatures display 720 

biaxial symmetry. Analyzing the thermal performance of individual boreholes shows that those located 721 

at the core of the borehole field (i.e., BHs 6, 7, 10, and 11) exhibit the highest outlet temperatures due to 722 

ground thermal retention and borehole thermal interference. Conversely, boreholes at the four corners of 723 

the field (i.e., BHs 1, 4, 13, and 16) show the lowest values. This indicates that BHs 6, 7, 10 and 11 are 724 

most affected by the surrounding boreholes’ heat flow, while BHs 1, 4, 13, 16 experience the least impact 725 

by the other boreholes, consistent with the findings of Zhang et al. (2022) and Belzile et al. (2016). At a 726 

1-m spacing, the outlet temperature of BHs 6, 7, 10, and 11 reach 30.24 ℃, exceeding the inlet 727 

temperature of 30 ℃ in this analysis, while BHs 1, 4, 13, and 16 register 29.72 ℃, indicating heat 728 

dissipation to the surroundings. As borehole spacing increases, thermal interference decreases (Gultekin 729 

et al., 2019; Alaie et al., 2021; Cassina et al., 2022; Bandeira Neto et al., 2023). At a 4-m spacing, the 730 

outlet temperatures of core boreholes and corner boreholes drop to 29.55 ℃ and 29.46 ℃, respectively, 731 

both below the inlet temperature of 30 ℃. 732 

In the L-shape layout configuration (Fig. 10(c) and Fig. 10(d)), the borehole with the highest outlet 733 

fluid temperature is BH 8, located at the inner corner of the layout, where it is most affected by 734 

surrounding boreholes in this analysis. Conversely, BH 1, situated at the outer corner, has the lowest 735 
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temperature due to minimal thermal interaction. With a 1-m spacing, the outlet temperature of BH 8 736 

reaches 30.26 ℃, higher than the inlet temperature of 30 ℃, while that of BH 1 is 29.73 ℃, which is 737 

about 0.53 ℃ lower than the highest value. Increasing the spacing to 4 m reduces the outlet temperatures 738 

of BH 8 and BH 1 to 29.55 ℃ and 29.46 ℃, respectively, with a temperature difference of less than 739 

0.10 ℃. 740 

Fig. 10(e) and Fig. 10(f) present the outlet fluid temperature contours for individual boreholes in the 741 

linear layout configuration. Boreholes with identical outlet temperatures exhibit biaxial symmetry. For 742 

both spacings in this analysis, BHs 2, 7, 10, and 15, located in the second-row inward along the 𝑥 743 

direction, are the most affected, producing the highest outlet temperatures. In contrast, BHs 1, 8, 9, and 744 

16, positioned in the outermost rows, are the least affected, producing the lowest temperatures. At a 1-m 745 

spacing, the outlet temperatures of BHs 2, 7, 10, and 15 reach 30.06 ℃, exceeding the inlet temperature, 746 

while BHs 1, 8, 9, and 16 record 29.80 ℃. In the 4-m spacing scenario, the outlet fluid temperatures of 747 

BHs 2, 7, 10 and 15 and BHs 1, 8, 9, and 16 are similar, which are 29.51 ℃ and 29.48 ℃, respectively. 748 

 749 

   750 
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         752 

Fig. 10 Outlet fluid temperature (𝑇𝑜𝑢𝑡) contours for individual boreholes with spacings of 1 m and 4 m 753 

in stratified ground: (a)-(b) square, (c)-(d) L-shape, and (e)-(f) linear layout configurations on Day 60 754 

 755 

Fig. 11 plots the variations in outlet fluid temperature and heat injection rate for representative 756 

boreholes, the most and least affected boreholes as identified in Fig. 10, with a 1-m spacing in stratified 757 

ground across three layout configurations. The single borehole scenario is included for comparison. As 758 

the outlet fluid temperature gradually increases, the heat injection rate of the boreholes decreases. Due 759 

to heat interference among boreholes, the outlet fluid temperatures of individual boreholes in the field 760 
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are higher than those in the single borehole scenario, corresponds to a lower heat injection rate. Notably, 761 

the outlet temperatures of the most affected boreholes in all three layout configurations would exceed 762 

30 ℃, a negative heat injection rate is obtained, meaning that heat is actually being extracted from these 763 

boreholes. Additionally, when comparing the least affected boreholes with the single borehole scenario, 764 

the heat injection rates of the least affected boreholes in the square, L-shape, and linear layout 765 

configurations on Day 60 are reduced by 53.98%, 55.98%, and 67.06%, respectively, in this analysis. 766 

 767 

   768 

   769 

   770 

Fig. 11 Outlet fluid temperature and heat injection rates of representative boreholes with a 1-m spacing 771 

in stratified ground: (a) square, (b) L-shape, and (c) linear configurations (BH means borehole) 772 

 773 
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The above observations demonstrate that the borehole layout configuration, essentially the inherent 774 

thermal interference, significantly influence the outlet fluid temperature distribution and differences 775 

among boreholes, further affecting the heat injection rate of individual boreholes. Owing to the thermal 776 

interaction within the borehole field, each borehole displays distinct thermal performance compared to 777 

the single borehole scenario. However, as the borehole spacing increases to 4 m in this analysis, these 778 

effects diminish, resulting in a more uniform outlet fluid temperature distribution within the borehole 779 

field. 780 

 781 

5.2.3 Effects of ground stratification on average outlet fluid temperature and heat injection rate of 782 

borehole field 783 

Fig. 12(a) compares the average outlet fluid temperatures of the square-layout borehole field in both 784 

stratified and homogenous ground conditions across various borehole spacings. The figure shows that 785 

the average outlet fluid temperature in stratified conditions consistently surpasses that in homogenous 786 

conditions. This disparity is due to ground stratification, where the differing thermophysical properties 787 

of the three ground layers lead to varying degrees of thermal interaction among borehole sections in 788 

different ground layers (Olfman et al., 2014; Jin et al., 2020). Furthermore, the temporal evolution of the 789 

temperature discrepancy between stratified and homogeneous conditions varies with borehole spacing. 790 

At shorter spacings (1 m or 2 m in this analysis), the discrepancy declines over time, while at larger 791 

spacings (3 m or 4 m in this analysis), it increases. For instance, at a 2-m spacing, the discrepancy reduces 792 

from 0.08 ℃ on Day 10 to 0.02 ℃ on Day 60, whereas at a 4-m spacing, it increases from 0.03 ℃ on 793 

Day 10 to 0.06 ℃ on Day 60. This behaviour can be attributed to the thermal interference among 794 

boreholes, which intensifies as spacing decreases. When boreholes are closely spaced, the discernible 795 

impact of thermal interference on average outlet fluid temperature outweighs that attributable to 796 

homogeneous ground conditions. Similar trends are observed for borehole fields configured in L-shape 797 

or linear layouts. This indicates that for a closely arranged borehole field, treating the ground as 798 

homogeneous is acceptable, with minimal influence on the long-term thermal performance of borehole 799 

field. However, for a sparsely arranged borehole field, the ground stratification should be considered. 800 

Fig. 12(b) presents the heat injection rates of the square-layout borehole field at spacings ranging from 801 

1 m to 4 m. The figure indicates that homogenous ground generally yields higher heat injection rates 802 

compared to stratified ground in this analysis. For instance, at a 2-m spacing, the heat injection rate is 803 
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13.71 kW on Day 10 under homogeneous conditions, whereas it is 12.63 kW under stratified conditions. 804 

Moreover, the discrepancy between these two ground conditions increases over time when the spacing 805 

is 3 m or more in this analysis. This suggests that assuming homogenous ground would result in lower 806 

thermal interactions among boreholes. Consequently, designing a GSHP system in stratified ground using 807 

a homogenous ground model with equivalent thermal properties would overestimate the heat injection 808 

performance of the borehole field and lead to undersizing of the borehole ground heat exchangers. This 809 

finding is consistent with Zhang et al. (2022). The analysis demonstrates the significance of accounting 810 

for ground stratification in governing the thermal behaviour of borehole fields, a crucial aspect addressed 811 

by the proposed model in this study. 812 

 813 

   814 

Fig. 12 Effect of ground stratification on (a) average outlet fluid temperature and (b) heat injection rate 815 

of borehole field in square layout configuration across various borehole spacings 816 

 817 

5.2.4 Effects of ground stratification on fluid temperature and heat injection rate of representative 818 

boreholes 819 

Fig. 13(a) and Fig. 13(b) show the outlet fluid temperature contours on Day 60 for indivisible 820 

boreholes in a square layout within homogenous ground, with spacings of 1 m and 4 m, respectively. 821 

Similar to the stratified ground conditions in Fig. 10(a) and Fig, 10(b), the core boreholes (BHs 6, 7, 10, 822 

and 11) have the highest outlet temperatures, while the corner boreholes (BHs 1, 4, 13, and 16) have the 823 

lowest. When comparing Fig. 13(a) and Fig. 10(a) at a 1-m spacing, the highest and lowest outlet 824 

temperatures are nearly identical, consistent with the negligible discrepancy in the average outlet 825 

temperature as shown in Fig. 12(b). In contrast, at a larger spacing of 4 m in this analysis, Fig. 13(b) 826 

shows the highest and lowest outlet temperatures in homogenous conditions as 29.48 ℃and 29.43 ℃, 827 
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respectively, compared to 29.55 ℃ and 29.46 ℃ in stratified conditions in Fig. 10(b). This difference is 828 

reflected in the noticeable variation in the average outlet temperature as shown in Fig. 12(b). The 829 

comparison again shows that ground stratification has varying degrees of impact on the thermal 830 

performance of the borehole field under different spacing conditions. When borehole spacing is large, 831 

which is 4 m in this analysis, ground stratification needs to be considered. 832 

 833 

   834 

Fig. 13 Outlet fluid temperature (𝑇𝑜𝑢𝑡) contours for individual boreholes in square layout and 835 

homogenous ground with spacings of (a)1 m and (b) 4 m on Day 60 836 

 837 

Fig. 14 presents the outlet fluid temperatures and heat injection rates of the most and least affected 838 

boreholes in a square layout with 4-m spacing in stratified and homogenous ground. As shown in Fig. 839 

14(a), the difference in outlet fluid temperatures between the most and least affected boreholes increase 840 

over time, regardless of ground stratification. However, a greater temperature difference is observed in 841 

stratified ground compared to homogenous ground in this analysis. Consequently, as shown in Fig. 14(b), 842 

the heat injection rate of the most affected boreholes in stratified conditions is reduced by 17% on Day 843 

60 compared to the least affected ones, while in homogenous conditions, this reduction is 10%. These 844 

results indicate that assuming homogenous ground conditions would diminish the thermal performance 845 

differences among boreholes. 846 

 847 
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   848 

Fig. 14 Results of the representative boreholes in the square layout with 4-m spacing: (a) outlet fluid 849 

temperature and (b) heat injection rate (BH means borehole) 850 

 851 

In the square layout with 4-m spacing, the least affected borehole (BH 1) and the most affected 852 

borehole (BH 6) are selected to compare borehole wall temperatures (e.g., ground temperatures adjacent 853 

to boreholes) under stratified and homogenous ground conditions, as shown in Fig. 15. For both 854 

boreholes, the temperature distributions in stratified ground conditions differ markedly from those in 855 

homogenous conditions due to the varying thermal diffusivity across the three ground layers. In stratified 856 

ground, ground layers with lower thermal diffusivity exhibit greater temperature responses compared to 857 

those with higher diffusivity, consistent with heat conduction principles. Transition zones are observed 858 

at the interfaces between ground layers. In contrast, homogeneous conditions result in a unified 859 

temperature response with no transition zones. Since the thermal diffusivity of the homogenous ground 860 

(5.99e-7 m2/s) is similar to that of Layer 3 (5.81e-7 m2/s) in this analysis, temperatures in Layer 3 are 861 

comparable. These findings align with Pan et al. (2020) and Zhang et al. (2022), indicating that the 862 

homogeneity assumption can lead to significant deviations in thermal response, potentially 863 

overestimating or underestimating temperatures in different layers. 864 

 865 
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   866 

Fig. 15 Borehole wall temperatures of representative boreholes in square layout configuration with a 867 

spacing of 4 m: (a) stratified ground and (b) homogenous ground (BH means borehole) 868 

 869 

In further analysis of the least affected borehole (BH 1) and the most affected borehole (BH 6) in the 870 

square layout with a 4-m spacing, heat flux comparisons along the borehole depth in stratified and 871 

homogenous grounds are illustrated in Fig. 16. The heat flux decreases over time due to thermal 872 

interference among boreholes, with this effect being more pronounced for the core borehole (BH 6) 873 

compared to the corner borehole (BH 1). Stratified ground conditions significantly alter the heat flux 874 

across the three ground layers, while the heat flux remains nearly uniform in homogenous ground, 875 

consistent with the findings by Zhang et al. (2022). This comparison highlights the importance of ground 876 

stratification in influencing borehole eat flux, which has implications for the proper sizing of borehole 877 

ground heat exchangers. 878 

 879 

   880 

Fig. 16 Comparison of heat flux along the borehole depth in stratified and homogenous grounds: (1) 881 

BH 1 and (2) BH 6 in square layout configuration with a spacing of 4 m (BH means borehole) 882 

 883 
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The above observations demonstrate that ground stratification significantly influences both fluid and 884 

ground temperatures, further affecting the heat injection rate and the sizing of boreholes. Assuming 885 

homogeneous ground conditions would reduce the variations in thermal performance among boreholes. 886 

Ground stratification should be considered when estimating the thermal performance of a borehole field, 887 

particularly when the boreholes are sparsely arranged (e.g., with spacing of 3 m or more, as examined in 888 

this analysis). 889 

 890 

6. Discussion 891 

As reviewed in the previous sections, simulating borehole ground heat exchangers in stratified ground 892 

presents considerable complexity but holds significant engineering value. Table 3 summarizes the 893 

existing analytical models in the literature and compares their features. 894 

Al-Khoury and Focaccia (2016) proposed a semi-analytical model based on spectral analysis to 895 

simulate heat flow in an axisymmetric shallow geothermal system, specifically for a double U-tube 896 

borehole in homogenous ground. Later, BniLam and Al-Khoury (2017) introduced a spectral element 897 

formulation for nonhomogeneous heat flow, assuming uniform heat flux along the borehole depth. 898 

However, this spectral element method does not offer an explicit solution for stratified ground conditions. 899 

Pan et al. (2020) employed an integral-transform method based on the Laplace transform for boreholes 900 

in layered ground, but this model cannot accommodate multiple boreholes or the heat transfer inside each 901 

borehole. 902 

The development of thermal network models is a widely adopted approach for analyzing heat transfer 903 

within boreholes. For instance, Belzile et al. (2016a) combined a thermal network model with a control-904 

volume finite difference method to model the borehole field, although their model does not account for 905 

stratified ground. Morchio and Fossa (2021) utilized a thermal network model alongside the full Fourier 906 

equation for layered ground, but their model has not been expanded to scenarios involving multiple 907 

boreholes. Meanwhile, Alaie et al. (2021) and Guo et al. (2023) developed composite analytical models 908 

based on the finite source model and thermal network model. However, these models either do not apply 909 

to layered ground conditions or multiple boreholes. 910 

The segmented FLS model and composite section concept proposed by Abdelaziz et al. (2014) are 911 

commonly used to simulate heat transfer outside borehole in stratified ground. Models developed by Hu 912 

(2017), Erol and François (2018), Jin et al. (2020), and Luo et al. (2021) follow this approach, where the 913 
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temperature response at a specific point in layered ground is obtained by summing up the contributions 914 

of all borehole segments, with composite thermal properties used to predict the thermal response of 915 

segments located outside the segmental source layer. This approach allows for the consideration of 916 

stratified ground conditions. However, these models each have limitations, including the inability to 917 

account for nonuniform heat flux along the borehole depth or unsuitability for multiple boreholes. 918 

Additionally, Zhang et al. (2022) first developed an analytical model using Green’s function method 919 

to describe the thermal response outside boreholes in layered ground. This model conceptualizes the 920 

borehole’s cylindrical surface as a series of stacked ring coils, employing Green’s function theory to 921 

capture the heat transfer dynamics. A numerical model was further established to investigate the thermal 922 

behaviour of the circulating fluid and grouting material inside the boreholes. 923 

The proposed composite analytical model in this study offers distinct advantages and characteristics 924 

compared to other models in the literature. By dividing the borehole field into two regions, this model, 925 

as a whole, characterizes transient heat transfer both within and outside the borehole using a simplified 926 

thermal network model and a segmented finite line source model that accommodates variable heat flux 927 

along the borehole depth. The borehole wall temperature serves as a crucial link, allowing thermal 928 

interactions among boreholes to influence the internal heat transfer of boreholes. Additionally, by 929 

discretizing the ground into sections and accounting for the different thermophysical properties of each 930 

ground layer, the proposed model effectively incorporates the effects of ground stratification. 931 

Consequently, this composite analytical model is highly effective for assessing the thermal performance 932 

of multiple boreholes in multilayered ground conditions. 933 

 934 
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Table 3 Comparison of developed analytical models 935 

Model Model features, including methods used in the solution to the ground 

response 

Stratified 

ground 

Ground 

water flow 

Multiple 

boreholes 

Nonuniformity 

of heat flux 

along depth 

Model 

inside the 

borehole 

Model 

outside the 

borehole 

Configuration 

of pipes 

Abdelaziz et al. (2014) Segmented finite line source model with composite section concept √ × × √ × √ Single U-tube 

Al-Khoury and Focaccia (2016) Spectral analysis method × × × × √ √ Double U-tube 

Belzile et al. (2016a) Control-volume finite difference method and thermal network model × × √ √ √ √ Single U-tube 

BniLam and Al-Khoury (2017) Spectral element method √ × × × √ √ Single U-tube 

Hu (2017) Moving finite source model and thermal network model √ √ × × √ √ Single U-tube 

Erol and François (2018) Moving finite source model and composite section concept √ √ × × × √ NA 

Jin et al. (2020) Segmented finite line source and composite section concept √ × √ × × √ NA 

Pan et al. (2020) Integral-transform method √ × × √ × √ NA 

Morchio and Fossa (2021) Finite difference scheme of the Fourier equation and thermal network 

model 

√ × × √ √ √ Single or 

double U-tube 

Alaie et al. (2021) Finite line source model and thermal network model × × √ √ √ √ Single U-tube 

Luo et al. (2021) Segmented finite line source model with composite section concept √ × × √ √ √ Coaxial 

Zhang et al. (2022) Separation of variables and Green’s function method and numerical 

model 

√ × √ √ √ √ Single U-tube 

Guo et al. (2023) Fine line source model with Green’s function method and thermal 

network model 

√ × × √ √ √ Single U-tube 

This study Segmented finite source model with composite section concept, and 

thermal network model 

√ × √ √ √ √ Single U-tube 

Note: NA means not available. 936 

 937 
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In addition to the factors considered in the proposed model, the thermal performance of borehole 938 

ground heat exchangers is influenced by several other important factors. Groundwater flow, often 939 

presents in the subsurface, significantly impacts heat transfer, as it occurs not only through conduction 940 

but also via advection due to groundwater movement (Molina-Giraldo et al., 2011; Liuzzo-Scorpo et al., 941 

2015; Hu, 2017; Erol and François, 2018; Cai et al., 2020; Bao et al., 2023). Various configurations of 942 

U-tube, including double or multiple designs, have been proposed to enhance the heat exchange 943 

efficiency between the boreholes and the surrounding ground (Eslami-nejad and Bernier, 2011; Bauer et 944 

al., 2011; Belzile et al., 2016b; Cimmino, 2016). Boreholes usually have a certain buried depth in practice 945 

(Cimmino, 2018; Alaie et al., 2021), and heat can transfer vertically through the grouting material in a 946 

thermal conductive manner. Moreover, as geothermal energy exploitation extends to greater depths, the 947 

natural geothermal gradient of the ground play a significant role in the efficiency of heat extraction and 948 

injection of boreholes (Bandos et al., 2009; Luo et al., 2019; Wang et al., 2021). Ongoing efforts are 949 

focused on refining the presented model to incorporate these influential factors, thereby aligning it more 950 

closely with the real-world situation and broadening its application. 951 

 952 

7. Conclusions 953 

In this paper, a new composite analytical model tailored to evaluate the thermal performance of 954 

multiple boreholes within layered ground is established. The model integrates critical factors influencing 955 

heat transfer, encompassing ground stratification, thermal interactions among boreholes, variability of 956 

heat flux along borehole depth, and flexible layouts of boreholes. Combining heat transfer simulations 957 

inside and outside the boreholes, thermal data pertinent to borehole fields in stratified ground during heat 958 

exchange operations can be obtained efficiently. Implemented in the platform of TRNSYS software, the 959 

model offers versatile applicability to GSHP systems, borehole thermal energy storage, and district 960 

heating and cooling networks. Model validations through four distinct experiments, covering varied 961 

borehole quantities and ground conditions, are carried out. Using this model, the thermal performance of 962 

a borehole field comprising 16 boreholes with spacing from 1 m to 4 m in a three-layer ground is 963 

investigated over a 60-day period of warm water injection at 30 ℃. The effects of borehole layout and 964 

ground stratification on the thermal performance of individual and collective boreholes are analysed. The 965 

key conclusions from this analysis are as follows: 966 

(1) The proposed composite analytical model is capable of capturing the measured temperature 967 
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evolution in outlet fluid for the four cases, with the RSME between the model predictions and 968 

measurements ranged from 0.27 ℃ to 0.69 ℃, the MAE ranged from 0.17 ℃ to 0.50 ℃, and the 969 

MAPE ranged from 0.75% to 2.02%, showing good agreement with the measured data. 970 

(2) Borehole layout configuration, essentially the inherent thermal interference, significantly 971 

influences the outlet fluid temperature distribution and differences among boreholes, further 972 

affecting the heat injection rate of individual boreholes. Across the square, L-shape, and linear 973 

layout configurations, the impact of layout on the thermal performance of borehole fields 974 

diminishes when the borehole spacing reaches 4 m in this analysis. 975 

(3) The positions of the most and least affected boreholes by thermal interferences vary by layout. In 976 

the square layout, core boreholes are most affected, while corner boreholes are least affected. In 977 

the L-shape layout, boreholes at the inner corners experience the most thermal interference, and 978 

those at the outer corners the least. In the linear layout, boreholes in the second-row inward along 979 

the 𝑥-direction are most affected, while those in the outermost rows are least affected in this 980 

analysis. 981 

(4) Compared to a single borehole scenario, significant heat interference among boreholes leads to 982 

increased outlet fluid temperature and reduced thermal injection rate, with this trend amplifying 983 

with decreasing borehole spacing. In comparison to the single borehole scenario, at a 1-m spacing, 984 

the heat injection rates of the least affected boreholes in square, L-shape, and linear layouts are 985 

reduced by 53.98%, 55.98%, and 67.06%, respectively, by Day 60 in this analysis. 986 

(5) Ground stratification significantly influences fluid and ground temperatures, thereby affecting 987 

heat injection rate and borehole sizing. The average outlet fluid temperature in stratified ground 988 

consistently exceeds that in homogenous ground, resulting in a lower heat injection rate. 989 

Designing a GSHP system in stratified ground using a homogenous ground model with equivalent 990 

thermal properties would overestimate the heat injection performance of the borehole field and 991 

lead to undersizing of the borehole ground heat exchangers. 992 

(6) Assuming homogenous ground conditions would diminish the thermal performance differences 993 

among boreholes. In a square layout with a 4-m spacing, the heat injection rate of the most affected 994 

boreholes in stratified conditions is reduced by 17% on Day 60 compared to the least affected 995 

ones, whereas in homogenous conditions, this reduction is 10%. Ground stratification should be 996 

considered when estimating the thermal performance of a borehole field, particularly when the 997 
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boreholes are sparsely arranged, e.g., with spacing of 3 m or more, as examined in this analysis. 998 
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