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Abstract

Borehole thermal energy storage (BTES) system, a type of underground thermal energy
storage (UTES) systems, is a promising technology for sustainable space heating. BTES stores
thermal energy in subsurface media (rock or soil) using borehole heat exshéBig&s).

BTES installed in soil are specifically known as soil borehole thermal energy storage (SBTES)
system. In SBTES, a heat carrier fluid (HCF) collects thermal energy from various heat sources
such as solar energy and industrial waste heat, cinegldtihrough the BHEs. The heat from

the BHEs is transferred to the surrounding soil and stored as thermal energy in the soil deposits,
thereby increasing its temperature. Subsequently, the stored energy is extracted through BHES
for space heating applitans.

The ability to retain stored energy in soil deposits depends on subsurface thermal and
hydraulic conditions. Previous studies have explored various subsurface conditions (saturated,
unsaturated, and groundwater flow) to capture their influence on theahgenfiormance of
SBTES system. While previous studies focused specifically on the role of soil thermal
conductivity under saturated soil conditions, the influence of other soil properties, particularly
under different SBTES design conditions, has not kgstematically explored. In unsaturated
subsurface conditions, studies have concentrated on assessing the thermal performance of
SBTES systems under varying moisture content conditions, while considering different water
retention parameters. However, tinederstanding of the role of soil porosity in the thermal
performance of SBTES in unsaturated soil, particularly undertenmy operation scenarios,
is limited. Additionally, existing studies have predominantly examined homogeneous soil
conditions and havnot accounted for soil layering. Further, while some studies have explored
the impact of seasonal climatic fluctuations, they have primarily focused on variations in
seasonal surface temperatures alone. The effect of surface pressure variations imduced b
factors such as evapotranspiration, groundwater table fluctuations, and other climatic
conditions has not been thoroughly investigaRr@vious studies regarding groundwater flow
consideration often assumed the groundwater table to be flush with the ground surface, with
the BHEs completely submerged into the groundwétewever, when different groundwater
table depths are considered, where the BHESs are partially submerged, these studies did not take
into account the influence of flow velocityrevious studies have established that the
consideration of groundwater flow is important in the analysis and design of SBTES systems.

However, tlere is no systematic study available that explores the SBTES performance for a



wide range of flow velocities and for multiple groundwater table depths considered in
conjunction. Additionally, in the presence of high velocity groundwater flow, it is commonly
recommended to avoid instaling SBTES at the location without proper engmeer
modifications. However, currently no strategies exist to effectively mitigate the adverse effects

of groundwater flow on the thermal performance of SBTES systems.

The aim of this study is to develop better understanding of the influence of different
subsurface conditions on the thermal performance of SBTES system through rigorous
numerical analysis. The analysis incorporates saturated, unsaturated, and groutawater f
conditions to capture their respective impacts. Initially, a simplified condulbisad model
is used to investigate the influence of physical and thermal properties of soil under different
BHE spacing and injection heat flux scenarios for saturaigad@ndition. Subsequently, for
unsaturated soil conditions, a coupled heat and mass transfer based numerical model is used to
investigate the thermal behavior of SBTES systems under various subsurface moisture
conditions, encompassing fully dry, fullytaeated, and varying moisture content scenarios
with different depths of the saturated soil zone. Additionally, the study examines the impact of
seasonal surface pressure variations on the thermal performance of the SBTES system in
unsaturated soil. Furthethe role of soil porosity under different soil stratifications and soil
moisture conditions on the thermal performance of the SBTES system in unsaturated soil is
investigated to augment the existing knowledge in this area.

The effects of groundwater flow on the sha@md longterm performances of SBTES
systems under fixedand variableenergy supply and demand conditions are studied for
different groundwater velocities and different groundwater table depths. Numericaitsomsil
of a SBTES system are performed for four groundwater table depths and with four groundwater
velocities ranging from 0 nisto 1 x 10°m $1. The study aimed to highlight the importance
of conducting longerm analyses and quantifies the adver$ectf of groundwater flow on
the thermal performance of SBTES.

Finally, a design aid is proposed in the form of vertical barriers to be installed within
the SBTES domain, aimed at mitigating thermal losses resulting from groundwater flow. A
comprehensive study is conducted to provide recommendations regardingdhke syjie of
vertical barriers, their appropriate positioning with respect to SBTES domain, and the
anticipated improvement in thermal performance of SBTES system upon integration with the
vertical barrier as a design aid. A detailed analysis is condtatediall, medium, and large



scale SBTES domain to provide a suitable range of vertical barrier design components, refining

the geometry of the vertical barrier to achieve optimal thermal performance.
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CHAPTER 1

Introduction

1.1  Motivation

Globally, more than 50% of the final energy consumption is attributed to thermal
energy(IRENA, 2020) Approximately half of this consumption is allocated to space and water
heating in buildings as well as in cooking, while the remaining portion fuels various industrial
processe$iRENA, 2020) Presently, a mere 9% of this extensive global heat demand is met
by renewable sources, including direct heating and heat generated from renewable electricity
(Collier, 2018) The high demand for heat significantly contributes to. @missions,
accounting for approximately 12.5 gigatons ofxX@©39% of annual energylated emissions
in 2015(Collier, 2018) Thu s, considering thermal energy:
use commodity and contributor to emissions, undertaking effective heat decarbonization
measures becomes imperative.

Within the European Union and North America, buildings consume nearly 60% of the
total heat consumption, primarily for space heaf(lREENA, 2020) Therefore, this substantial
segment specifically requires attention for heat decarbonization. Although there is no single
straightforward solution to make heating more sustainable, the integratiberwfal energy
storage(TES) that is configured to accommodate diurnal and seasonal fluctuations, can be an
effective solution.

TES is a technology that stores thermal energy by changing the temperature of the
storage medium for later use in heating, cooling, or power generation appliq&A8E,

2017) TES not only provides a solution to the mismatch between thermal supply and demand
requirements as conventional energy storage systems do, but also empowers the heating sector

by significantly reducing its reliance on conventionally generated electfmitythermal



Thermal energy storage (TES)

applications. There exists a variety of TES types, applicable in power generation, industry,

district heating and cooling, buildings, and cold chain logistics (see Figure 1.1).
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Figure 1.1: Overview of various types of TES systems.
This dissertation focusses 8wil Borehole Thermal Energy Stora@BTES) system,
a subtype otUnderground Thermal Energy Storafl¢TES), and a promising TES that offers
a sustainable solution for building space heating applicatizetsils on SBTES are provided
in the subsequent section.
1.2  Background
Borehole thermal energy storage (BTES) system is a type of underground thermal
energy storage (UTES) technology that is used to store thermal energy in underground geologic
media (rock or soil) using borehole heat exchangers (Bif&shlin, 2016) The depth of
BTES system ranges from tens of meters to more than 1000 m with the shallower systems

installed in soil deposits and the deeper systems installed ifiBackt al, 2015; Mesquitat



al., 2017) Those installed in soil are known as soil borehole thermal energy storage (SBTES)
systemgMcCartneyet al, 2017)

SBTES is constructed by installing arrays of vertical boreholes that are equipped with
heat exchanger pipes {tube, double ktube, coaxial) (Figure 1.2). The singletube BHES
are the most prevalent and reliable heat exchanger pipes as they are estsyl tind simple
to operatdGehlin, 2016) Once the heat exchanger pipes are placed within the boreholes, they
are subsequently surrounded with a backfill material or grout, creating a network of subsurface
heat exchangers. Commonly, SBTES boreholes are backfilled with soil or (jlison,
2020) The backfill material serves a dual purpose, facilitating the thermal contact between the
BHE and surrounding soil while also supporting the structural stability of the boreholes, which
makes grouting a more suitable backfill opt{@ruickshank and Baldwin, 2016)0 ensure
excellent thermal contact between BHE and the surrounding soil, grouts with high thermal
conductivity are preferred as backfill materi@felraj, 2016) An insulation layer is applied to
the top of the thermal storage volume (Figure 1.3) to minimize heat loss to the surrounding
environmen{ B a &t alr2016; Giordanet al, 2016) Finally, the layer of insulation on the
SBTES domain is overlain by ~1.5 m of native topsoil from the surrounding eartfiMietke
et al, 2014) Typically, extruded polystyrene (XPS) insulation is use, due to its resistance to
moisture and its high compressive strength, effectively withstanding the stresses exerted by the

overlying native topsoil laygiSibbitt et al, 2014)



Single Double Coaxial
U-tube U-tube pipe

Figure 1.2: Single Hube, double ktube, and coaxial borehole heat exchanger pipes used in
SBTES

Figure 1.3:Schematic representation of construction elements of SBTES.

SBTES system shares common design components such as the BHE with ground source
heat pump (GSHP) systems. However, SBTES and GSHP systems differ with respect to their
operations, functionality, and scale of the design components. The GSHP system operates b
utilizing the ground as a heat source or sink depending on the seasonal requirements for heating
(or cooling). This results in a constant mean ground temperature maintained throughout its
operational period (specifically under conditions where heatir caoling demands are
balanced). This is achieved by using a heat pump that adjusts the collected ground temperature
to meet the required heating or cooling demand. Therefore, a GSHP system is not
systematically designed to store heat in the subsurfacanh@dontrast, the primary objective

4



of SBTES systems is to store heat within the subsurface media, facilitating an increase in the
ground temperature from its initial value for space heating application. To achieve this, the
design components of SBTES system, such as the number of BHEedatathength of BHE,
typically need to be larger compared to those of a GSHP system. Additionally, the operation
of an SBTES system may or may not involve the integration of a heat pump. For instance, a
low-temperature SBTES system would require a heatpto level up the extracted heat from

the stored thermal energy for space heating application. On the other handteatpghature
SBTES system can provide direct heating without the need for integration with a heat pump.
The Drake Landing Solar Commityn(DLSC) in Alberta, Canada and BTES in Crailsheim,
Germany are examples of operational SBTES systems that demonstrate the prospects of
SBTES systems as a feasible and efficient thermal energy storage (TES) tecfivelamyita

et al, 2017; Mielkeet al.,2014) Table 1.1 provides details on various SBTES applications

worldwide.



Table 1.1 Details of the notable SBTES projects.
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Among various types of TES systems, SBTES is distinguished as a low enthalpy
thermal energy system, as ibperational temperature is below 96 (Ali et al, 2021)
Currently, wellsuited for this specified operational temperature limit, SBTES is primarily
utilized for building space heating applications. Nevertheless, significant potential exists for
expanding its usage to include diverse applications, such adipgpkieating for facilities like
greenhouses, swimming pools, and pavemeritidg, as well as facilitating the process of

food dehydration (Figure 1.4).
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Figure 1.4: Schematic representation of SBTES system and its diverse applications
1.3 Recent development and challenges

Albeit a promising thermal energy storage technology, SBTES system comes with
thermal performance challenges such as heat loss and low system eff(Sdoimit et al,
2012) A notable SBTES application in Alberta, Drake Landing Solar Community (DLSC)
SBTES system delivered 6% to 35% of efficiency during its first three years of operation
(Sibbittet al, 2012) Another SBTES plant in Neckarsulm, Germany did not provide any heat
extraction for the first five years of operati(Baueret al, 2010) These observations suggest
that the challenges associated with thermal performance are more pronounced during the initial

years of operatiofZhu et al, 2019)



Attaining a high thermal performance in SBTES is the primary objective that has been
explored in numerous studies investigating the influence of ground, design, and operational
parameters on the thermal performance of SBESa k er and Mc Carettaney, 2¢C
2015a; Zhu and Chen, 2018oukeliaet al.,(2019)identified the soil thermal conductivity,
specific heat capacity, and thermal diffusivity as the soil properties that influence the thermal
performance of SBTESkarphageet al.,(2019)identified BHE spacing, BHE depth, number
of BHEs, and the arrangement as important design parameters that influence the thermal
performance of SBTES.Baser and McCartney (2018pnducted a parametric evaluation to
study the influence of soil thermal conductivity, BHE spacing, and the amount of heat injection
on the thermal performancBaser and McCartney (201f)und that a smaller BHE spacing
yields a higher energy density in the BTES domain but increases the he@aliodisoet al.,
(2016)found that a low soil thermal conductivity enables superior heat recovery during the
extraction phase.

While the foregoing studies made significant contributions in advancing the
understanding of SBTES system performance, the influence of soil parameters other than soil
thermal conductivity remain largely unexplored. Specific heat capacitycaaicdiensity are
the other soil properties that may play important roles in thermal applicéibad Gatea Al
Shammanet al, 2020; Alnefaie and Abhamdeh, 2020; Abhamdeh and Reeder 2008}
the same time, the influence of soil properties under different SBTES design conditions are not
well known?2 the existing studies are often constrained by narrow parameter ranges-and site
specific consideration&Suo and Yang, 2021)

Many researchers have recognized unsaturated soil in the vadose zone as a favourable
medium to install SBTES syster(idcCartneyet al.,2013; Reuset al, 1997; Wang and Qi,

2011) The idea of storing heat in the vadose zone is based on the existing understanding of the

correlation between unsaturated spkcific hydraulic properties and soil thermal properties,



particularly under noimsothermal conditions. From the early 20th century, various studies have
examined the coupled nature of heat and mass transfer in unsaturated soils under non
isothermal conditiongBoyoucos, 1915; Philip and De Vries, 1957; Smith, 194&3)ch
unsaturated sespecific heatand masdgransfer phenomena are expected to have an influence

on the thermal response of BTES when installed in unsaturated soil in the vadose zone. The
suggestion of installing SBTES in unsaturated soil in the variwse is based on the idea of
exploiting the heat and mass transfer processes in unsaturated soil to increase the thermal
storage capacity of the SBTES systvitCartneyet al, 2013)

Previous studies have focused on assessing the thermal performance of SBTES systems
under varying moisture content conditions in unsaturated soil, taking into account the different
water retention parameters. However, there is limited understandingrofelod soil porosity
on the thermal performance of SBTES in unsaturated soil, particularly undetetomg
operation scenarios. Further, the existing studies have predominantly examined homogeneous
soil conditions and have not accounted for soil stratifom, which is contrary to reaforld
field situations. No studies have considered the effect of a wide range of soil porosities arising
from soil stratification within the thermal energy storage domain. Additionally, while some
studies have explored tirapact of seasonal climatic fluctuations, such studies have primarily
focused on seasonal surface temperature variations(oBya k er and McThart ney
effect of surface pressure variations, induced by factors like evapotranspiration, groundwater
table fluctuations, and other climatic conditions, have not been investidfated al, 2022)
Several studies have found the significant role of surface pressure variations on subsurface
moisture content and other hydraulic propertidsmedet al, 2018; Fredlund, 2006; Mabirizi
and Bulut, 2011; Totoev and Kleeman, 1998)

It is observed in various studies that the magnitude of stored energy and the storage

efficiency are influenced by groundwater flg@ehbehani and McCartney, 2022; Catoleto



al., 2016; Lanahan and Tabaf¢slasco, 2017; Zhangt al, 2015) In fact, it has been observed

that the efficiency of SBTES systems can be significantly reduced if the groundwater flow rate
is excessively higfiSkarphagert al, 2019) Consideration of groundwater flow is important

in the analysis and design of SBTES systems. However, there is no systematic study available
that quantifies the SBTES performance for a wide range of flow velocities and for multiple
groundwater table dephconsidered in conjunction. Also, in the presence of high velocity
groundwater flow, it is commonly recommended to avoid installing SBTES in locations
without proper engineering modifications. Currently no strategies exist to effectively mitigate
the advese effects of groundwater flow on the thermal performance of SBTES systems.

In the forthcoming chapters, a rigorous literature review is provided, complementing
the study addressed within each respective chapter. The literature reviews in each chapter
complements the literature review presented above.

1.4  Objectives of present study

In consideration of the limitations identified in the previous section, the aim of this
study is to enhance the understanding of how different subsurface conditions influence the
thermal performance of the SBTES system and to provide engineering sdiotmimsance the
performance of the SBTES system. To achieve this goal, the objectives outlined in this
dissertation are:

() Toinvestigate the influence of selected thermal and physical soil parameters on thermal
performance of SBTES system in fully saturated soil under various SBTES design
conditions for the first phase of heat injection.

(i)  To investigate the lonterm thermal performance under diverse subsurface moisture
conditions, determine the effects of seasonal surface pressure fluctuations, and study

the influence of soil porosity across different soil stratifications. This objedtiveta
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(iii)

(iv)

15

address knowledge gaps pertaining to the thermal performance of BTES systems in
unsaturated soil.

To assess the adverse effects of groundwater flow on SBTES thermal performance by
investigating the influence of different groundwater velocities and groundwater table
depths on the sherand longterm performance of SBTES systems, accounting for
fixed- and variableenergy demandgupply conditions.

To investigate the effectiveness of integrating vertical barriers in the SBTES domain to
mitigate groundwater flow effects, this study identifies the suitable barrier type and its
strategic positioning relative to the BHE array. The research concludestheith
development of design recommendations for these vertical barriers.

Dissertation outline

The dissertation has six chapters and is organized as follows:

Chapter 1: This chapter establishes the motivation of the study and provides a general

introduction of the SBTES system. It outlines the research objectives to be addressed.

Chapter 2: This chapter delves into the investigation of SBTES system performance

in saturated soil, using a simplified conductimesed model during the first phase of heat

injection. It examines the sensitivity of various ground parameters under different SBTES

design conditions.

Chapter 3: This chapter explores the thermal behavior of SBTES systems in

unsaturated soil, for various subsurface moisture conditions, encompassing fully dry, fully

saturated, and varying moisture content scenarios with different depths of the saturated soill

zone.The influence of seasonal surface pressure variations is assessed and the role of soll

porosity on the thermal performance of SBTES in unsaturated solil is investigated.

Chapter 4: This chapter deals with the impact of different groundwater velocities and

table depths on the shednd longterm performance of SBTES systems under fixauad
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variableenergy supply and demand conditions. It highlights the importance of conducting
long-term analyses and quantifies the adverse effects of groundwater flow on SBTES thermal
performance.

Chapter 5: Focused on mitigating negative groundwater flow effects, this chapter
presents the integration of vertical barriers into the SBTES domain. It addresses issues related
to vertical barrier selection and positioning relative to the BHE array. Additionally, a
systematic numerical analysis across various SBTES configurations is conducted, and design
recommendations for vertical barriers are provided.

Chapter 6: The final chapter presents the conclusions drawn from the study and offers
recommendations for future research studies. It synthesizes the findings and suggests potential

areas for further exploration.
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CHAPTER 2

Thermal Analysis of Borehole Thermal Energy Storage in Saturated Soil

2.1  Introduction
In this chapter, the thermal performance of soil borehole thermal energy storage
(SBTES) systems installed in saturated soil is studied considering the first phase of heat
injection. In particular, the sensitivity of BTES responses to various ground garameder
different SBTES design conditions is investigated. The ground parameters considered are soil
thermal conductivity, specific heat capaciiytal density, and initial ground temperature. The
influence of these selected parameters on the thermal performance of SBTES is studied for
different borehole heat exchanger (BHE) spacings and injection heat fluxes. The numerical
simulations of SBTES systemegperformed wittCOMSOL Multiphysics® v. 5.6 (2019The
results are presented in terms of various performance indicators sachrage temperature
Tavg heat store@stored temperature densityD, normalized energy storaddES
2.2  Overview of existing studies on the analysis of SBTES system in saturated soil
Attaining a high thermal performance in SBTES is the primary objective that has been
explored in numerous studies investigating the influence of ground, design, and operational
parameters on the thermal performance of SBESa k er and Mc Carettaney, 2C
2015; Zhu and Chen, 2019oukelia et al., (2019) identified soil thermal conductivity,
specific heat capacity, and thermal diffusivity as the soil properties that influence the thermal
performance of SBTESkarphageet al.,(2019)identified BHE spacing, BHE depth, number
of BHEs, and borehole arrangement as important design parameters that influence the thermal
performance of SBTE®aser and McCartney (2016pnducted a parametric evaluation to
study the influence of soil thermal conductivity, BHE spacing, and the amount of heat injection
on the thermal performancBaser and McCartney (201fund that a smaller BHE spacing

yields a higher energy density in the BTES domain but increases the he@@dess and
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McCartney, 2015)Catolicoet al.,(2016)found that a low soil thermal conductivity enables
superior heat recovery during the extraction phaZéel et al., (2019) conducted a global
sensitivity analysis to observe the influence of the interaction between different design
parameters on thermal performance of BTES system in soil and highlighted the importance of
soil thermal conductivity and BHE spacirRpsatcet al.,(2019)found that a high soil thermal
conductivity has a positive effect on the thermal performance of SBNiEESon and Rohdin
(2019) emphasized the importance of detailed numerical analysis for selecting appropriate
BHE spacing to achieve the desired thermal performabae.and Yang (2021gonducted
parametric analysis of SBTES and found that a high thermal conductivity of soil provides an
enhanced heat transfer in BTES but can also enhance thermal diss(pati@nd Yang (2021)
found thatfor largescale BTES applications, soils with high thermal conductivity and specific
heat capacity should be prefet.

It is important to note that SBTES system comes with thermal performance challenges
such as heat loss and low system efficigi@ibittet al, 2012) Also, as discussed in Chapter
1, the challenges associated with thermal performance are more pronounced during the initial
years of operation(Zhu et al, 2019) While the foregoing studies made significant
contributions in advancing the understanding of SBTES system performance, the influence of
soil parameters other than soil thermal conductivity reglangely unexplored. Specific heat
capacity andotal density are the other soil properties that may play important roles in thermal
applications(Al-Shammaryet al, 2020; Alnefaie and Abhamdeh, 2020Abu-hamdeh and
Reeder 2000 At the same time, the influence of soil properties under different SBTES design
conditions are not well known (the existing studies are often constrained by narrow parameter
ranges and sitgpecific consideration&uo and Yang, 2021))

To address the identified research gaps, the present study has two primary objectives

related to the thermal performance of SBTES systems in fully saturated soil. First, the impacts

14



of selected thermal and physical soil parameters, such as soil thermal conductivity, specific
heat capacitytotal density, and initial ground temperature on the thermal performance of
SBTES systems are investigated under various SBTES design conditions. For the design
conditions, different BHE spacings and injection heat fluxes are considered. Four performance
indicators, namely, average temperatlrgg heat storedQswored temperature densityD,
normalized energy storageES are used to quantify théermal performance of SBTES
system. The second objective of this study is to provide recommendations on the most suitable
performance indicators, based on their ability to accurately assess the thermal performance of
the SBTES system.
2.3 Numerical analysis
2.3.1 Governing differential equation

In soil, heat transfer can happen by conduction, convection, vaporization, and
condensation depending on the subsurface moisture content, hydraulic conductivity, degree of
saturation, and thermal properti@eru and Kirkpatrick, 2001; Farouki, 1981; Moradial,
2015, 2016) Commonly, conduction is adapted as the heat transfer mechanism in soil media
(Baser and McCartney, 2015; Zktial, 2019; Zhu and Chen, 201 oradi et al., (2016)
found that when soil sample reaches a saturation of 95%, the heat transfer takes place in pure
conduction moder-arouki (1981)mentioredthat, as soil dry density and degree of saturation
increases, the heat transfer process in soil is predominantly governed by pure conhifuction
this study, a saturated soil condition with no ground water flow is considered. Thus, the heat
transfer process is modeled as a purely candyrocess.

The governing differential equation that describes the transient heat conduction process

in the saturated soil is given by

WT(xvz) ET(xyz) “W xyat rCs [@Exy3
X W 1 / t

(2.1)
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whereT is the absolute temperatugg;s thetotal density of the soilkg nT3), Csis the specific
heat capacityJ kg3 K-1), ais the thermal conductivity of the solM m* K-1), t is the time
(9).
2.3.2 SBTES performanceparameters

The SBTES performance is quantified in terms of average tempef&atygref the
domain, the total heat stor&koredin the domain, temperature densi®yD) in the thermal
storage volume, and normalized energy stordlfiey. These metrics are used as performance

indicators to assess the feasibility of the SBTES system. The average temperature is defined as

1
Tavg =\7ﬁT(X) Y 3 dXdyd (22)

\%
whereT (X, Y, 2) is the temperature of the domain varying spatially inxtye andz directions
andV is thevolume of SBTES thermal storage doméin?) enclosed within the BHE array

The heat storeQstoredin the domain is given by

Qstored: beSV( -E - T) (2.3)

whereT; is the initial temperature of SBTESQJ), andTe is the temperature of SBTES at the

end of heat injection period (°C). The temperature denEDy (s defined as

-
TD=-2% (2.4)
V

The normalized energgtorage(NES is defined ashe ratio of heat storediored and total
heat injected Qinjected in the SBTES domai Baker and McCartney, 201

2019) The total injected hea@Q(jected andNESare given by

f;

anected = I\IBHE I’:pdt (2.5)
0

NES:M (2.6)

injected
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whereNghe is number of borehole]) is the injection heat flux applied at the BHE (Win
andt; is the period of heat injection.
2.3.3 Problem description

The SBTES configuration considered in this study is a tdm@ensional (3D) domain
(of size30 x 30 x 15 ) consisting of 9 BHEs of 10 m length, arranged in a rectangular pattern
(Figure 2.1). The analysis domain is fully saturated with no groundwater flow. The size of the
analysis domain is carefully chosen to minimize the boundary effects. Tetrahedraltel@raen
used to discretize the domain. A mesh convergence study is conducted to ensure that the results
are independent of mesh size. The elemestisizuccessively reduced until the average soil
temperaturélayg in the SBTES domain reaches a stable value. Figure 2.2 describes the mesh

convergence study performed over five successive iterations.
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Figure 2.1: (a) Schematic of SBTES domain for numerical analysis, (b) BHE arrangement and

spacing, and (c) 3mesh for numerical analysis.

The soil properties used in this study are given in Table 2.1. The initial ground
temperature of the domain is set at 10 (Manova and Dowlatabadi, 2007)he thermal
response resulting from the spat@nporal variation of domain temperature, caused by
seasonal surface temperature variation, is neglected by applying-aeztrfiux boundary
condition at the top surface. The-faeld vertical and bottonmorizontal boundaries are set to
zero heat flux conditions ensuring no heat transfer across the vertical and bottom boundaries.

The heat transfer process from the BHE to the surrounding soil is simulated by modelling the
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BHE as a line heat source with a constant injection heatWuny {) emanating from the BHEs

( B aetalr2016; Baser and McCartney, 2015; Erol and Francois, 2016)
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Figure 2.2: Mesh convergence study.
Table 2.1: Range of input parameters
Parameter Range Source
Thermal conductivity/ (W mt K1) 0.5 1 Wanget al.,(2021)
Specific heat capacitgs (J kgt K1) 700 Wanget al.,(2019)

Total density,r, (kg nt3) 800 Herder (2019); Xiet al.,(2018)
Initial ground temperaturd, (°C) 7 1 z Williams and Gold (1976)

BHE spacingS, (m) 0.5 1 Zhuet al.,(2019)

Injection heat fluxQ (W ) 10 Baser and McCartney (2015); Bristov

and White (1994)

2.3.4 Analysis of SBTES

The influence of soil parameters on the thermal performance of SBTES is investigated
during the first heat injection phase. The soil parameters selected for the parametric study are
soil thermal conductivitye; specific heat capacitgs total density},, and initial ground
temperaturd;. These parameters are varied within the specified ranges as listed in Table 2.1.
The first phase of heat injection is assumed to span over a duration of 150 days, during which

a constant injection heat fll@ is applied tosimulate the heat injection process. To assess the
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influence of the selected parameters under various design conditions, the analysis is performed
for different BHE spacinds, and injection heat fluxQ. The oneatone (OAT) technique

( Papr al aisadopted far@h& ajametric study in which the effects of variation of one
input parameter are studied one at a time with the remaining input parameters held constant at
the default values listed in Table 2.2.

Table 2.2: Default values of input parameters

Parameter Default value
Thermal conductivity/ (W m 1 K1) 1.5
Specific heat capacitgs (J kg K1) 1230
Total density,r, (kg nt3) 1350
Initial ground temperaturd; (°C) 10

BHE spacingS, (m) 1.5
Injection heat fluxQ (W nr?) 30

2.4  Results

2.4.1 Verification

The accuracy of the present analysis is verified by comparing with the results obtained
from the studies performed by Baser and McCartney (2015a, b). Baser and McCartney (2015a)
evaluated the design and construction processes of SBTES systems usirsggod seneerical
analyses and fubcale SBTES installation. A transient conductive heat trasbsfeed model
was used to conduct a parametric analysis on five BHESs, and the influence of amount of heat
injection and BHE spacings on soil temperature in SBB®ain was studied (Baser and
McCartney 2015a). Figures 2.3(@) show the soil temperature distribution profiles for

different heat injection cases and different BHE spacings, as obtained from the present study
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and from Baser and McCartney (2015a). The match is well with the maximum difference being

4.3%.
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Figure 2.3: Comparison of soil temperature distribution profiles (a) for different heat injection
rates, (b) BHE spacings, (c) for a single borehole at the end of injection and resting periods,

and (d) for a thirteen borehole configuration at the endjetion and resting period.

Baker and McCartney (2015b) evalwuated (wi
of different array sizes on the performance of the SBTES systems focusing on different
operational timelines, specifically at the end of heating and resting periods. Ganpanf
the soil temperature distribution profiles obtained from the present study and from Baser and
McCartney (2015b) at the end of resting period following the first heating phase are shown in
Figures 2.3(c¢)d) for the BHEs with a single borehole athirteen borehole configurations,

respectively. The match goodwith a maximum difference of 6.3%.
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2.4.2 Influence ofthermal conductivity

Figures 2.4(a)jd) show the effect of thermal conductivégpn the thermal performance

of SBTES. The performance indicators @k, Qstored TD, andNESplotted as functions of

time for different soil thermal conductivities., The highest values of the performance indicators
are observed in soils with the lowest thermal conductivity at the end of the first phase of heat

injection. This observation highligghthe preference for soils characterized by lower thermal

conductivity, as they enable superior thermal performance for SBTES.
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Figure 2.4(a)d): Performance indicators (vg (b) Qstored (C) TD, and (d)NESversus time

during the first phase of heat injection for different soil thermal conductwsjues. In this

analysisais varied while keeping other parameters fixed at the default value given in Table

2.2 to provide insights into the influence of soil thermal conductaty SBTES performance.

Further investigation into the influence of thermal conductieig carried out by

varying the injection heat fluQ and BHE spacin,. Figure 2.5(a)d) show respectivelYayg,

Qstored TD, and NESas functions of soil thermal conductivigyfor different injection heat
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fluxes at the end of first phase of heat injectibr (150 days). The results show a direct
correlation between a higher injection heat flux and gr8atgrQstored andTD. Interestingly,

NESis unaffected by changes @ Figure 2.6 shows the performance indicators as functions
of thermal conductivity under various BHE spacings. Closely spaced BHEs resulted in a
substantial increase wgandTD. Higher values foQswores@ndNESare observed for widely
spaced BHEs. This observation can be attribtitethe enhanced thermal storage volume
achieved with widely spaced BHEs, resulting in higQesred The greater thermal storage
volume associated with widely spaced BHEs led to lower Interestingly, in spite of a
decrease ifMayg and TD with an increase in soil thermal conductivity, these performance
indicators exhibit relative independence from soil thermal conductivity when BHESs are widely
spaced. Furthermore, the gainTifgis significantly lower for SBTES domains with widely
spaced BHEs compared to that for closely spaced BHEs. This is attributed to the enhanced
thermal dissipation in the widely spaced BHE domains, which hinders heat accumulation. In

contrast, closely spadBHES enable heat accumulation.
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Figure 2.6(a)d): Thermal performance of SBTES as a function of soil thermal conducivity
The performance indicators (8vg (b) Qstored (C) TD, and (d)NESare plotted as functions of
aafter the first phase of heat injection {at 150 days). Analyses are conducted for different
values of BHE spacin§, while keeping all other parameters fixed at their default values (Table
2.2). The figures provide insights into the influence of soil thermal conductvity the

performance indicators under @ifent BHE spacings.
2.4.3 Influence of specific heat capacity

Figures 2.7(a)d) show the results of numerical simulations conducted to investigate
the influence of specific heat capadiigon thermal performance of SBTES. In these analyses,
specific heat capacity of soil is systematically varied while keeping other parameters constant.
In Figures 2.7(ajd), performance indicators are plotted as functions of time for different soil
specificheat capacities. At the end of the first phase of heat injection, the lowest specific heat
capacity soil exhibits the highesdlues forTaigandTD. The highest values f@stored@ndNES

are observed in soils characterized by the highest specific heat capacities. Therefore, while
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soils with low specific heat capacities contribute to highey, those with higher specific heat
capacities provide superior heat storage capacity, a favourable attribute for efficient SBTES

system.
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Figure 2.7(a)d): Performance indicators (vg (b) Qstored (C) TD, and (d)NESversus time
during first phase of heat injection for different values of specific heat capzedl/soil. In

this analysi<sis varied while keeping the other parameters fixed at their default values (Table
2.2) to provide insights into the influence of specific heat cap#&styf soil on SBTES
performance.

To further investigate the influence @sunder varying design conditions, analyses are
carried out by varying the injection heat fIgxand BHE spacin&. Figures 2.8(ajd) show
the performance indicators as functions of specific heat capacity oCsdor different
injection heat fluxe®). The results show a direct correlation between injection heat flux and
Tavg, Qstored andTD, while NESremained unaffected by the change®QinFigures 2.9(ajd)

show the performance indicators as functions otifpeneat capacityCsunder various BHE
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spacings. Closely spaced BHESs resulted in a substantial increbsgand TD. Conversely,

in accordance with earlier observations regarding BHE spacing, higher valu@sofgand
NESare observed for widely spaced BHEs because of the larger thermal storage volume they
have. AgainTay,gandTD exhibit relative independence from the specific heat capacity of soil

when BHESs are widely spaced.
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Figure 2.8(a)d): Thermal performance of SBTES as a function of specific heat capgaaty

soil. The performance indicators &g, (b) Qstored (C) TD, and (d)NESare plotted as functions

of Cs after the first phase of heat injection {at 150 days). Analyses are conducted under
different injection heat fluwxQ values keeping all the other parameters fixed at their default
values (Table 2.2). This analysis provides insights into the influence of specific heat capacity
of soil on the performance indicators under different injection heatflux
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Figure 2.9(a)d): Thermal performance of SBTES as a function of specific heat cafawfy

soil. The performance indicators (&g, (b) Qstored (C) TD, and (d)NESare plotted as functions

of Cs after the first phase of heat injection {at 150 days). Analyses are conducted under
different BHE spacin, values while keeping all other parameters fixed at their default values
(Table 2.2). This analysis provides insights into the influence of specific heat capacity of soil

on the performance indicators under different BHE spa&ing
2.4.4 Influence oftotal density

Figures 2.10(ajd) show the influence of soilotal density j» on the thermal
performance of SBTES. The performance indicators are plotted as functions of time for
different soiltotal densities. In these analyséstal density of soil is systematically varied
while keeping the other parameters constant. At the end of the first phase of heat injection, the
soil with the lowestotal density exhibits the highest values farg andTD. Highest values

for Qstored@NdNESare observed in soils characterizgdthe highestotal density. Therefore,
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while soils with lowtotal density contribute to higheFayg, those with highetotal density

provide superior heat storage capacity.
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Figure 2.10(a)d): Performance indicators (&vg, (b) Qstored (C) TD, and (d)NESversus time
for different values of sotbtaldensity} » during the first phase of heat injection. In this analysis
Jb is varied while keeping the other parameters fixed at their default values (Table 2.2) to

provide insights into the influence of stmkal density}, on SBTES performance.

To further investigate the influence wital density under varying design conditions,
analyses are carried out by varying the injection heat@wnd BHE spacing. Figures
2.11(a)(d) show the performance indicators as functionwtall density of soil for different
injection heat fluxes. The results show a direct correlation between higher injection heat flux
and greater values fdkvg Qstored@ndTD, while NESremains unaffected. Figures 2.12(d)
show the performance indicators as functionsotdl density under different BHE spacings.
Closely spaced BHEs resulted in a substantial increaskwinand TD. Conversely, in

accordance with earlier observations regarding BHE spacing, higher val@gsfaandNES
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are observed for widely spaced BHESs, attributed to the larger thermal storage volume they
have.Tayg and TD exhibit relative independence frotatal density of soil when BHEs are

widely spaced.
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Figure 2.11(a)fd): Thermal performance of SBTES as a function of tetdl density}». The
performance indicators (&hvg (b) Qstored (C) TD, and (d)NESare plotted as functions pf

after the first phase of heat injection {at 150 days). Analyses are conducted under different
injection heat fluxQ values while keeping all the other parameters fixed at their default values
(Table 2.2). This analysis provides insights into the influence oftstal density on the

performance indicators under different injection heat Qux
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Figure 2.12(a)fd): Thermal performance of SBTES as a function of tetdl density}». The
performance indicators (g, (b) Qstored (€) TD, and (d)NESas a function of » after the first

phase of heat injection (et 150 days). Analyses are conducted under different BHE spacing
S values while keeping all the other parameters fixed at their default values (Table 2.2). This
analysis provides insights into the influence of sutihl density on the performance indicators

under different BHE spacings
2.4.5 Influence ofinitial ground temperature

Figures 2.13(ajd) show the effect of initial ground temperatdreon the thermal
performance of SBTES. The performance indicators are plotted as functions of time for
different initial ground temperature. The initial ground temperalui®systematically varied
while keeping other parameters constant. The highest initial ground temperature results in the

highest values foFavg Qstored TD, andNESat the end of the first phase of heat injection.
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Figure 2.13(a)d): Performance indicators (&vg, (b) Qstored (C) TD, and (d)NESversus time
during the first phase of heat injection for different values of initial ground tempefatime

this analysisT; is varied while keeping other parameters fixed at their default values (Table
2.2) to provide insights into the influence of initial ground temperaiuren SBTES
performance.

Furthermore, to investigate the influence of initial ground temperaiureder varying
design conditions, analyses are carried out by varying the injection hed ffund BHE
spacingS,. Figures 2.14(ajd) show the performance indicators as functions of initial ground
temperaturd; of soil for different injection heat fluxes. The results show a direct correlation
between higher injection heat flux and greater valuesT{@f Qstored and TD, while NES
remains unaffected by changes in injection heat flux. Figures 2-{B(show the performance
indicators as functions ofitnal ground temperatur€& under different BHE spacings. Closely
spaced BHEs resulted in a substantial increa3e.yandTD. Similar to earlier observations

regarding BHE spacing, higher values @#ored and NES are observed for widely spaced
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BHEs, attributed to the larger thermal storage volume they have. T@nbxhibits relative

independence from initial ground temperattiref soil when BHEs are widely spaced.
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Figure 2.14(a)d): Thermal performance of SBTES as a function of initial ground temperature
Ti. The performance indicators (B)g, (b) Qstored (€) TD, and (d)NESas a function of; after

the first phase of heat injection (@t 150 days). Analyses are conducted under different
injection heat fluxQ values while keeping all other parameters fixed at their default values
(Table 2.2). This analysis provides insights into the influence of initial ground temperature on
the performance indicators underfdrent injection heat fluQ.
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Figure 2.15(a)d): Thermal performance analysis with respect to initial ground tempefature
The performance indicators (Bvg (b) Qstored (€) TD, and (dNESas a function of; after the

first phase of heat injection (at= 150 days). Analyses are conducted under different BHE
spacingS, values while keeping all the other parameters fixed at their default values (Table
2.2). This analysis provides insights into the effect of initial ground temperature on the

performance indicators under different BHE spa@&png
2.4.6 Parametric sensitivity analysis

To determine the parameters with the most substantial influence on the performance
indicators, an analysis is performed to assess the percentage change in performance indicators
corresponding to a percentage change in the parameters. Figures@)L§l@y that the most
substantial influence ohavg resulting in the largest variation of nearly 25%, is caused by soill
thermal conductivitya: SubsequentlyTaygis influenced, in descending order, by specific heat
capacityCs, total densityj », and initial gound temperatur@;, yielding percentage variations

of approximately 17%, 15%, and 13%, respectively, in response to a 40% variation in these
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parameters. Similarly, foQstored SOIl thermal conductivity-is the parameter with the most
significant influence, leading to a substantial variation of approximately 37%. It is closely
followed bytotal density}, responsible for a 27% variation, and specific heat cap@sty
contributing to a 24% variation i@stred Initial ground temperaturd@; induces an 18%
variation inQstwored NoOtably, the percentage variation trendsI'd and NESare identical to

those observed foilag and Qswreq respectiely. This indicates that a comprehensive
understanding of thermal performance can be effectively attained by the exclusive evaluation
of TavgandQstored @sTD andNESdo not provide additional insights for performance evaluation

within the context of parametric analysis.
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Figure 2.16(afd): Result of parametric sensitivity analysis. The percentage changes in

performance indicators (@vg (b) Qstored (C) TD, and (d)NESare presented in response to a

percentage variation in each parameter studied.
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2.5 Conclusions and limitations

In this chapter, the influence of selected soil parameters, namely thermal conductivity
& specific heat capacit@s, total density} b, and initial ground temperatufie on the thermal
performance of SBTES are studied under different design conditions considering different
BHE spacingsS, and different injection heat fluxe3 . The performance indicators used to
assess the SBTES performanceTatg Qstored TD, andNES

Findings from this study highlight the importance of the influence of ground parameters
on SBTES thermal performance under different design scenarios. It is observed that a lower
soil thermal conductivity provides enhanced thermal performance, resultmghier values
of Tavg, Qstored TD, andNES Higher specific heat capaci@sresults in lowefTag however it
provides enhanceQswored Similarly, lowertotal density provides higher values g, but low
Qstored Higher initial ground temperatur@é enables enhancethvg Qstored TD, and NES
Moreover, the significance of BHE spaciSgand injection heat fluQ in designing SBTES
systems is investigated. The study indicated that widely spaced BHEs promoted enhanced
temperature distribution within a larger thermal volume. On the other hand, closely spaced
BHEs are associated with increased heat loss due to eth&weat accumulation. These
findings suggest that the thermal performance corresponding to grounuepens can
significantly vary under different design scenarios and therefor requires careful evaluation in
the SBTES design process.

In the performance indicators used to assess the thermal performance of SBTES system,
Tavg and QstoredStand out as a reliable performance indicator, providing a clear understanding
of the thermal performance of SBTES system. The results from parametric analysis show that
TD and NESdo not provide substantial insights into the thermal performance of SBTES.
Furthermore, there are instances whé&i2 and NES inaccurately represent the thermal

performance of SBTES. For instandd) appears to be unaffected bljanges in ground
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thermal and physical parameters when BHE are widely spaced within the SBTES domain.
However, this observation can be attributed to the significantly increased thermal storage
volume associated with the widely spaced BHE, resulting in notably rediRedilues.
Moreover, the variation dfESwith time for all studied cases (Figures 2.4(d), 2.7(d), 2.10(d),
and 2.13(d)) shows a consistent reductioNESover time. In a timaependent study, both

the numerator @storeg and denominator(injected cOmponentof the NESvary temporally,
leading to less reliable results. Therefof® and NES are less effective as performance
indicators compared t®avg and Qstoreqg Which provide more reliable assessments of SBTES
performance. Therefore, in subsequent chapiersandQstworedwill be used for the evaluation

of the thermal performance of SBTES systems.

It is essential to acknowledge the limitations tbé present study. Saturated soill
conditions and pure conduction heat transfer are assumed, which do not represemnatldeal
scenarios characterized by variations in subsurface moisture conditions, groundwater flow, and
associated heat transfer mechanishisiting the study to pure conduction heat transfer in
saturated soil narrowed down the parameters under investigation. However, this approach
doesn't cover the full range of sodlated parameterkdt can influence SBTES performance.
Furthermore, the study is only conducted for the first phase of heat injection, whereas SBTES
systems operate for years with heat injectatraction cycleAdditionally, the present study
is conducted within a theoretical framework wherein one parameter is varied while keeping
other parameters fixed. This approach assists in understanding the effects of the selected
parameter under investigation. However, such an appr@echked to parameter combinations
that may noexist in practical scenarios. Itis also possible that strong correlations exist between
different variables, and simultaneous variations may occur in a practical scenario. Therefore,
solely varying one parameter while holding others constant may nottréfie realistic

conditions accuratelyn summary, while valuable insights into the influence of soil parameters
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on SBTES thermal performance for saturated soil condition are provided by this study, these
findings should be considered within the context of these limitations. Subsequent chapters are

designed to address these limitations and refine the existing warabngt of SBTES system.

38



CHAPTER 3

Thermal analysis of Borehole Thermal Energy Storage in Unsaturated Soll

3.1 Introduction
In this chapter, the thermal performance of SBTES system in unsaturated soil is investigated.
This covers evaluation of diverse subsurface conditions that potentially influence the thermal
performance of SBTES, ultimately leading to more precise portedygalbsurface conditions.
To achieve this, three primary objectives are focused on: (1) to explore the impact of subsurface
moisture content condition on the SBTES thermal performance, (2) to assess the effect of
seasonal surface pressure variation ors@8€ES thermal performance, and (3) to examine the
influence of soil porosity on the thermal performance of SBTES in homogeneous and layered
soils. By addressing these objectives, this study aims to augment the existing knowledge on the
thermal performancef BTES systems in unsaturated soil.
3.2 Overview of existing studies on the thermal analysis of SBTES system in

unsaturated soil

Researchers continue to explore methods of enhancing the thermal efficiency of SBTES
systems, which is influenced by BTES design parameters (such as borehole spacing, depth, and
arrangement), ground material parameters (such as soil thermal conduabivitgetric heat
capacity, hydraulic conductivity, density, porosity, and moisture content), and operating
parameters (such as injectiertraction heat fluxes and tinperiod)( Wo g o s z yMany 202 0)
researchers have recognized the unsaturated soil in the vadose zone as a favorable medium to
install SBTES system@/cCartneyet al, 2013; Reusst al, 1997; Wang and Qi, 2011)he
idea of storing heat in the vadose zone is based on the existing understanding of the correlation
between unsaturated sspecific hydraulic properties and soil thermal properties, particularly
under noAsothermal conditions. From the ea#@th century, various studies have examined

the coupled nature of heat and mass transfer in unsaturated soils undsotihemmal
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conditions(Boyoucos, 1915; Philip and De Vries, 1957; Smith, 1988ch unsaturated soil

specific heatand masdransfer phenomena are expected to have an influence on the thermal
response of BTES when installed in unsaturated soil in the vadose zone. The suggestion of
installing SBTES in unsaturated soil in the vadosee is based on the idea of exploiting the

heat and mass transfer processes in unsaturated soil to increase the thermal storage capacity of
the SBTES systerfMcCartneyet al.,2013)

A range of field, experimental, and numerical studies have been conducted to develop
an indepth understanding of the role of unsaturated hydraulic and thermal properties on the
thermal performance of SBTES systeRsust al.,(1997)conducted an experimental study
with a single borehole installed in unsaturated soil sample and associated numerical studies
considering coupled heand masdransfer in unsaturated soil domains to develop a design of
a pilot BTES system. Although the@merical model in Reus al.,(1997) did not account for
the dependency of thermal parameters such as soil thermal conductivity on the subsurface
hydraulic conditions, the numerical and experimental results provided insights into the role of
moisture cotent in unsaturated soil on the h#é@nsfer process and, thus, laid a strong
foundation for the study of BTES in unsaturated soWang and Qi (2011¥tudied the
performance of BTES in unsaturated soils with the help of an experimental setup consisting of
a single borehole installed in an unsaturated soil sample and provided strong evidence of the
importance of the initial moisture content of unsatunatoil on the complex heat transfer in
BTES.Moradiet al.,(2016)conducted a comprehensive numerical and experimental study on
heat and mass transfer in unsaturated soil that provided valuable insights into the thermal
response of muHliborehole BTES system in unsaturated soil. The study highlighted the
significance othe degree of saturation in driving the different heat transfer mechanism within
the soil domain. Additionally, the research suggested that to accurately analyze the BTES

performance in unsaturated soil, it is essential to consider the dependencetioéresll
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conductivity on the degree of saturati@Moradi et al, 2016) Moradi et al., (2015) also
explored the influence of soil porosity, saturated hydraulic conductivity, and soil thermal
conductivity on the thermal response of SBTES for a short operational period of seven days.
The results indicated that soil porosity and saturated hydraotiductivity do not have
significant effects on temperature, while soil thermal conductivity is an important factor that
significantly affects the temperature achieved in BTES after heat inje@atnlicoet al.,
(2016)have investigated the influence of intrinsic permeability of soil on the performance of
BTES in unsaturated soil and the results showed that a higher intrinsic permeability condition
gives rise to lateral heat loss for saturated soils, while providingowad heat transfer in the

soil domain for unsaturated conditiorBehbehani and McCartney (202vestigated the
thermal performance of BTES in dry, saturated, and unsaturated soils with varying moisture
content through a combination of numerical and experimental analysis. The study focused on
the impact of different groundwater table levels (depths of saturated zone), particularly in

the case of unsaturated soil, and different water retention parameters on the SBTES thermal
performance over a period of five years. While the study did not take into account the effect of
different soil thermehydraulic and physical parameters, it nonetheless yielded insights
regarding the influence of the depth of the saturated zone and of water retention parameters on
the temperature and heat stored in the SBEHbehani and McCartney, 202Bak er and
McCartney (2020ronducted experimental and numerical studies on closely spaced BTES in
unsaturated soil with consideration of the impact of seasonal fluctuations of the ambient
temperature on the surface of SBTES. The study captured the coupled effect of variation of
themal and hydraulic parameters in the BTES domain as a result of heating and cooling on the
thermal response of BTES in unsaturated soil. To minimize the effect of seasonal temperature

fluctuation on thermal performance of SBTHESa kegeal.,(2016)studied the performance of
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SBTES in unsaturated soil domains with and without surficial insulation conditions and
showed that the stored heat is higher in SBTES when surface insulation on top is present.

The foregoing literature review reveals several significant research gaps that require
further investigation. Previous studies have focused on assessing the thermal performance of
SBTES systems under varying moisture content conditions in unsaturatethlgai, into
account different water retention parameters. However, there is limited understanding of the
role of soil porosity on the thermal performance of SBTES in unsaturated soil, particularly
under longterm operation scenarios. Furthermore, thetiexjsstudies have predominantly
examined homogeneous soil conditions and have not accounted for soil stratification, which is
contrary to reatvorld field situations. No studies have considered the effect of a wide range of
soil porosities arising from dostratification within the thermal energy storage domain.
Additionally, while some studies have explored the impact of seasonal climatic fluctuations,
such studies have primarily focused on seasonal surface temperature variatioBsorlye(r a n d
McCartney, 202Q) The effect of surface pressure variations, induced by factors like
evapotranspiration, groundwater table fluctuations, and other climatic conditions, have not
been investigate@to et al, 2022) Several studies have found the significant role of surface
pressure variations on subsurface moisture content and other hydraulic prqpértiesi et
al., 2018; Fredlund, 2006; Mabirizi and Bulut, 2011; Totoev and Kleeman, 1998)

To address the identified research galps,present study has three primary objectives
related to the thermal performance of BTES systems in unsaturated soil. First, the thermal
behavior of SBTES systems is investigated under various subsurface moisture conditions,
encompassing fully dry, fullgaturated, and varying moisture content scenarios with different
depths of the saturated soil zone. Second, the impact of seasonal surface pressure variation on
the thermal performance of the BTES system is exammaedsaturated soil. For this, a study

is conducted by selecting a variable moisture content subsurface condition in the unsaturated
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soil which is subjected to seasonal surface pressure variations applied to the upper surface of
the SBTES system. Third, the role of soil porosity under different soil stratifications and soil
moisture conditions on the thermal performance of the BTE®myst unsaturated soil is
investigated. Thus, this study augments the existing knowledge on the thermal performance of
BTES systems in unsaturated soil.
3.3  Numerical analysis
3.3.1 Governing thermo-hydraulic processes and differential equations

The SBTES system is simulated in this study usd@MSOL Multiphysics® v. 5.6
(2019)with a coupled heat and mass transfer mofe (ke€ al, 2019)quantified in terms of
a set of differential equations, which are described in this sedtf@governing differential
eqguation for heat transfer in soil (porous medium) is give( B/a et alr,2019; Nield and

Bejan, 2008)
(rc) (()c uWT (/TP Q (3.1)

wherer is the density of soilkg nT3), C, is the effective volumetric heat capacity of il

m 3 K1), uw is the velocity of groundwater flow in the saturated domain ‘()) &-is the
effective thermal conductivity of solW nr 1 K-1), T is the absolute temperature (K), &@gs

the heat sourcel (13 s'1). The ground above trsaturated zone is considered unsaturated and

moisture content in this part is modeled using Richidsation given byRichard§ 1931)

Q,)o

adaV @pr g

e.
DE) gt e

lﬂ 6‘D e 3.2
,,% (Feg ag)HQm (3.2)

wheret is the porosity of soilSy is the degree of saturation of sqik is the density of water
(kg n73), pw is the dynamic viscosity of water (Pa &k js the capillary pressure in unsaturated
soil (Pa),Pw is the porewater pressure (P&l is the intrinsic permeability of safin?), kn is

the relative permeability of wateg,is the acceleration due to gravity{m?), andQm is the
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mass source (kg Ths 1), which is assumed to be zero in this study. The relative permeability
kw and degree of saturatid®, are respectively quantified in the simulations using the van

GenuchterMualem and van Genuchten mod@lan Genuchten, 198@jven by

€ Q2@ (1 _com1)bin o

o(s)= oS & (1-8m) T g e oo (3.3)
FKq R.>0
Téé 1 9 P¢O
e— Cc

S.(R)=1g+(ar) (34)
%1 P>0

whereK is the saturated hydraulic conductivity of soil () sanda andn are empirical, fitted
parameters. The degree of saturattans related with volumetric water contegt residual

water contenty, and saturated water contepts

-49- A 3.5
SN qS- g ( )

The thermal properties of soil are also dependent on soil moisture c(raeodki,
1981; Moradiet al., 2015) To establish quantitative relationships between soil moisture
content and thermal parameters, the models proposedlbby and Dong (e€d&.,15)
(2018)are respectively used for effective thermal conductivind effective volumetric heat

capacityC, as

1
/ - € &g 67
booga g g (3.6)
/sat /dry 8 (; f = H
1
€ 3¢ o
C,- Chay =1 €& % g U (3.7)
Cp,sat- Cp,dry g (; T = H

where /4y and /sa are the dry and saturated thermal conductivities of &@ilnf?® K1),

respectively,& is a soil saturation parameter defined at the onset of funicular regiimsea
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fitted parameter, anGp,ary andCp satare the dry and saturated volumetric heat capacities of soll
(I mr3 K1), respectively.
3.3.2 SBTES performance parameters

For the thermal analysis, the average temperdugef soil thermal storage domain,
soil temperature distribution in SBTES domain, &edt storedsworedare used to analyze the

SBTES thermal performance. The average temperature is defined as
1
Tavg =\7ﬁT(><, ¥, 2 dxdyd (3.8)
\Y

whereT (X, Y, 2) is the temperature of the domain varying spatially inxhye andz direction
andV is thevolume of SBTES thermal storage domair’nThe heat store@sioreqin the
domain is given by

Quoea= 7 CV(T, -T) (3.9)
whereT; is the initial temperature of SBTESQJ), andTe is the temperature of SBTES at the
end of annual heat injectieaxtraction cycle ?C).
3.3.3 Problem description

The present study examines the thermal performance of a SBTES system isgeg a t
dimensional (3Dylomain (of size 156 803 80 n¥) composed of 23 boreholes of 35 m length,
with a centetto-center distance of 2.25,ras shown in Figure 3.1. The soil thermgdraulic
properties used in this study are given in Table B.A ket al.,2016) The initial ground

temperature of the domain is set at 1AMajorowiczet al.,2009)
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Arrangement of BHEs

80m

BHE spacing =3 55,
80 m (b) (Ceﬂtre-to-centre)

Figure 3.1 (a) SBTES domain geometry, and (b) BHE arrangement and dimensions.

150 m ——

Table 3.1 Soil thermal, hydraulic, and physical parameters

Parameter Value and Unit
Dry thermal conductivity Ary) 0.67Wm!K-?
Saturated thermal conductivitysgy) 1.68 WmtiK-1
Dry volumetric heat capacityCp,ar) 1.25 MI m¥K-?
Saturated volumetric heat capaciG {a) 2.60 MIm3K-?
Porosity ) 0.40

Saturated water conteng) 0.40 (n¥/m?3)
Residual water contenty 0.08 (n¥/m?3)
Density of soil ¢) 2650kg nt3
Density of water £u) 1000kg nr3

The size of the domain is selected after careful consideration to minimize the boundary
effects. To ensure the independence of the results from the mesh size, a mesh convergence
study is performed. The mesh is discretized using tetrahedral elementgotiahad 173,034
elements. The mesh is refined around the boreholes, with a minimum element size of 0.03 m,
while the maximum element size of 5.25 m is employed at thgefdrboundaries.

The heat transfer process from the HCF to the surrounding soil is complex and dynamic
with variations in inlet and outlet fluid temperatures over time and along the depth of the BHE

(Jiaet al., 2023). To save on computation time, the injection and eatrgobcesses in the
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BHEs are simulated with the BHE modelled as a line heat source. The heat transfer from HCF
is simulated by applying a time varying heat flux (Wm at the BHEs (Baker
Baker and McCartney, 2015; Er olheirnatial dydr&ufican - oi s
condition of the soil, such as volumetric water content, is determined for the selected depth of
groundwater table or saturated zomg (Ising the van Genuchten water retention model.

To address the first objectivdive different cases are considered with different
subsurface soil moisture conditions: cagefdlly dry condition with degree of saturati&y =
0, case 2 varying moisture content with the groundwater table (or saturated zone)zgdepth
17.5 m g is half the borehole lengthjase 3 varying moisture content with the groundwater
table (or saturated zone) demth= 35 m € is at the base of the boreholes), ca$evdrying
moisture content with the groundwater table (or saturated zone)zlep®0 m, and case b
fully saturated condition witl, = 0 m andSy = 1. The saturated zone deptlas € 17.5 m, 35
m, 80 m) are defined in the domain with a total vertical span of 80 m and BHE Lesgthf
35 m to represent scenarios where half of the BHE array is situated in unsaturated (or partially
saturated) soil and half is in saturated sail£ 17.5 m), the entire BHE array is situated in
unsaturated soil with the saturated zone present at the base of the BHE.axrd$ (), and
the entire domaiis in an unsaturated state with the saturated zone positioned well below the
BHE array & = 80 m). This selection of saturated zone depths allows moisture content
reduction in the domain systematically with successive reduction in the depth of the saturated
zone, enabling anidepth investigation of the impact of subsurface moisture conslitinrihe
thermal performance of the SBTES system. It is essential to recognize that, in reality, the
saturated zone depth undergoes dynamic variations due to deaffents. The defined
subsurface moisture conditions in the present study are intentionally not specific to any
particular location, rather they simulate an engineered subsurface system to cover a diverse

range of subsurface moisture conditions.
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To address the second objective, case 3 is selected and is subjected to a surface pressure
variation condition. In this case the entire BTES domain is in unsaturated soil with groundwater
tablezy located at the base of the borehoMgchell (1980)proposed a sinusoidal function to
model the seasonal variation of suction pressure at the ground surface. Based on typical surface
pressure amplitude data recordedtbyet al.,(2022) a sinusoidal function is used in this study

to model the temporal variation of surface suction pressure as

a2 16
P, wince=180 -165c0p 8 (kP (3.10)
o5 2 2

wheret is time in daysBy applyingPwsurface@s @ boundary condition on the ground surface,
its effects on the subsurface thermadraulic properties and overall thermal performance of
SBTES are explored.

To address the third objective, the influence of soil porosity on the thermal performance
of the BTES system under different soil moisture conditions is investigated for céses 1
described above. Further, how soil porosity impacts SBTES performancesandeg surface
pressure is also investigated. Moreover, to explore the impact of soil porosity resulting from
soil stratification, the study considers different soil stratification scenarios, as described in
Figure 3.2. Soil layering cases4® with porcsity ranging over 0-8.5 and with different
layer thicknesses are considered in the study. For the base case LO comprising a homogeneous

soil deposit, an average porosity of 0.4 is assumed.
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Figure 3.2 Vertical crosssection through the midomain parallel to the-z plane showing the
different soil stratification cases considered in this study. The figure shows the precise

configuration of soil layering, illustrating the variations in soil porosity within each layer.

The heat injection and extraction scheme is maintained the same for all the subsurface
conditions studied, as shown in Figure 3.3 (injected heat is deno®@gddaysn and extracted
heat is denoted B®extraction. The iNPutQinjection 8Nd Qextractionvary with time (Figure 3.3). The
SBTES domain is heated for 210 days (heat injection period) followed immediately (without
any resting time) by heat extraction for 155 days (heat extraction period), and this cycle of heat
injection and extraction (spanigiover a total of 365 days) is repeated over a period of 5 years.
The assumed temporal variationSfiection and Qextraction (Figure 3.3) are typical of what can
be expected under real field conditions. A fiX@#lectior QextractionSCheme ensures ththe study
focuses on the effects of subsurface moisture conditions, surface pressure variation, and
porosity and that the resulting differences in the observed performance indicators obtained for

the different cases are not influenced by the input hgadtion-extraction scheme.
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Figure 3.3 Annual heat injectiorextraction scheme considered in this study.
3.4 Results
3.4.1 Verification and validation

A verification study is performed by comparing the results obtained from the present
analysis with those b a ket al.,(2016)who performed numerical and field studies on a
SBTES system in unsaturated sbiure 3.4(a) shows, for the soil deposit considerdsl hyk e r
et al.,(2016),a comparison of the volumetric water contgprofiles with deptte obtained by
solving equation (3.2) in COMSOL and Bya keeal, (2016) Figure 3.4(a) confirms that the
hydraulic part of the present simulation framework produces accurate results. Figure 3.4(b)
shows the soil temperature profiles with depth obtained from the present analysis and from
B a keeat, (2016) for days 1 and 90. As evident, the match in Figure 3.4(b) is good and shows

that the thermagpart of the present simulation framework produces accurate results.
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Figure 3.4 Results of verification studies: (a) volumetric water content profile and (b) soil

temperature profiles for day 1 and day 90.

A field-scale study on borehole thermal behaviorTlajwg and Nowamooz (2018
used for validating the applicability of the present numerical mddelg and Nowamooz
(2018)performed irsitu measurements in the Alsace region to capture the subsurface-thermo
hydraulic response of unsaturated soil when used as a medium to install BHEs. Thermal probes
were installed at various depths in the investigated area to monitor thefaoetemperature
variation over time. The soil profile at the site has seven horizontal layers with varying
thicknesses (ranging from 0.1 m to 11 m) and four different soil types (clay loam, sandy loam
1, loam, and sandy loam 2). To assess the effesgadonal surface temperature variation on
the subsurface thermal respon¥ang and Nowamooz (2018Jso recorded the seasonal
surface temperature variation at the site. In the present study, the numerical model incorporates
the same field conditions described Bgng and Nowamooz (2018pcluding the seasonal
surface temperature variation as a surface boundary condition, the variation of subsurface
thermaehydraulic properties in unsaturated soil, and the variations in ground properties
associated with the mulkayered soil condition. fAe recorded thermal responses from the

installed thermal probes are used to validate the numerical model. Figure 3.5(a) shows the
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ground temperatures at depitrs 0.6 m and 1.25 m over a period of twelve months as obtained
from field data collected using thermal probes and from the present numerical study. Figure
3.5(b) shows the temperature profiles with deptt 120 days, 330 days, and 440 days, as
obtained from the field thermal probes and present simulations. It is evident that the present

numerical framework produces reasonably accurate results and can appropriately represent

field conditions.
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Figure 3.5 Validation study showing (a) soil temperature over 12 months at depths of 0.60 m

and 1.25 m, and (b) soil temperature with depth at different days.
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3.4.2 Effect of subsurface moisture conditions

For the subsurface moisture content cas&sassumed in this study, the degree of
saturationSy profiles within the SBTES domain are shown in Figure 3.6(a). This figure
demonstrates the hydrostatic variatiorpbver the domain for fully dry, fully saturated, and
varying moisture content subsurface conditions. Figures 3.6(b) and 3.6(c) respectively show
the corresponding spatial distributions of subsurface thermal properties such as soil thermal

conductivitya-and volumetric heat capaciGp.
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Figure 3.6 Spatial variations of (a) degree of saturatBan(b) thermal conductivity; and (c)

volumetric heat capacit§, with depthz calculated from coupled therritydraulic analysis.

Figure 3.7(a) shows the variation of average temperdiygavith time for different
subsurface moisture conditions (caseS) investigated. The results show that the highest
average soil temperatufieyg is achieved for the SBTES installed in dry soil (case 1). As the
moisture content of the subsurface increases from fully dry to fully saturated conditions, the
Tavg Of SBTES reduces, and the minimum temperature is observed for the fully saturated soil
domain (case 5). A similar trend is observed for B&aedQstoreq as shown in Figure 3.7(b).

The temperature distribution along tleaxis at middepth of SBTES after one year of
operation is shown in Figure 3.7(c) for casés Highest temperature is recorded for fully dry

soil (case 1) and the temperature decreases as the moisture content increases. This is attributed
to the dependae of thermal conductivity on moisture content. For the fully dry condition, the

soil lacks moisture leading to low thermal conductivity compared with the other cases of
varying moisture content and fully saturated conditions. For the fully dry condition, the thermal
conductivity of solil is the lowest, which limits heat loss but, as the moisture content increases,

the thermal conductivity of soil also increases leadingeatgr heat loss. Figure 3.7(d) shows
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the spread of temperature at ndiepth of the SBTES domain over a period of five years of
operation, based on the radius of contour corresponding to a temperature of 25°C. The result
shown in Figure 3.7(d) is consistent with those shown in Figures gcj(alhese figures
highlight the importance of considering the spatial variability of soil moisture in SBTES
analysis. Failing to consider the spatial variability of moisture content in the unsaturated soil
domain may result in inaccurate estimations ofsthiethermal properties, leading to incorrect

assessments of SBTES performance.
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Figure 3.7 (a) Average temperatuilyg with time, (b) Heat storeQstoredwith time, (c) Soll
temperaturd distribution along xaxis at middepth of SBTES after first year of operation, (d)
radius of temperature contour, corresponding to 25 °C, with time adepith of SBTES.

3.4.3 Effect of varying surface pressure condition

Figures 3.8(ajb) show the variations of volumetric water contentand degree of
saturationSy with depth for the subsurface moisture condition case 3 at three different times,
namelyt =30, 210, and 270 days for the temporal variatidPefitaceas described in equation
(3.10) It is observed that the effect of surface pressure variation on subsurface suction and
moisture content diminishes with depth and is only significant in the shallow depths of the
ground (~0.5 m), as also observed by Totoev and Kleeman (1998). Withsutfdee pressure
fluctuation for the same moisture content condition (case 3), the degree of satatithrin
the SBTES domain varies spatially from 0.21 to 1, as observed from the plot (Figure 3.6(a)).

However, with the consideration of surface puesvariation, the degree of saturat®uvaries
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temporally over 0.1 to 0.6 respectively, in the top 0.5 m. This variation in subsurface hydraulic
properties §andSy) reduce substantially beyond this degthk 0.5 m), eventually converging

to the steady state value consistent with the hydrostatic moisture content condition case 3.
Figure 3.8(c) shows the variation in volumetric water congewith time for different depths

z. Consistent with the previous figures, the most significant variation is observed at the

shallowest depth af= 0.05 m with tle fluctuations continuing up to a depthzof 2.0 m.
Because the thermal conductivays related tag, a similar variation o&with depth is
also observed for case 3 under the temporal variatiét,eftace @as shown in Figure 3.8(d).
Without the surface pressure variatiewf soil varies spatially from ~1.3&%/ m*K-1to 1.67
W m ! K- for case 3. However, the temporal variatioreds observed in the range o1.37

W miK-1to 1.67W m 1 K-1 in the top 0.5 nwhenPy suraceis applied.
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Figure 3.8 (a) Volumetric water contenfy with depthz for selected days, (b) degree of
saturationSy with depthz for selected days, (c) Volumetric water contgnwith time t at
different depthe, and (d) thermal conductivitg-with depthz calculated for surface pressure

variation study.
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Figures 3.9(ajb) show respectively the variations of average temperduyeand
heat stored)storedWith time for both with and without surface pressure variation conditions.
Although Py surfaceimpacts g, Sv, anda-particularly at shallow depths, its effect ®ag and

Qstoredis rather minimal.
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Figure 3.9 Variation of (a) average temperatdiggand (b) heat store@storedwith timet with

and without surface pressure variations.
3.4.4 Effect of soil porosity in homogeneous soil

Figures 3.10(ajc) investigate how soil porosity impacts the SBTES performance
under different soil moisture conditions (caseS)1For all the cases-3, as the porosity
increasesTavg and Qstoreddecrease. However, the variationTafg with porosity is more than
the variation 0Qstwred(Figure 3.10(a)b)). The observations fdfavg andQstored@re consistent
with the temperature distributions shown in Figure 3.10(c).

This effect of porosity on SBTES performance can be attributed to the combined effect
of the variations of soil thermal conductivisyand volumetric water contemtarising from
changes in soil porosity. An increase in soil porosity results in a rise in saturated water content
g and, eventually, the overall moisture content within the soil. For soils with high porosities,
the elevated moisture contents lead to an increased thermal conduGtmtych results in
greater heat loS®storeq @and lower aveige temperatur@ayg. These observations indicate that

soils with low porosities are more conducive to SBTES applications.
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Figure 3.10(a) Average temperatuileywg with time, (b) heat storeQstworeawith time, and (c)
spatial distribution of soil temperatufealongx-axis at middepth of SBTES after first year of

operation for homogeneous soil with different moisture content variation céses 1
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The effect of porosity with varying surface presgegurtacein homogeneous soil (with
soil moisture condition corresponding to case 3) is shown in Figures 3.11 and 3.12. For the
varying surface pressure condition, soils with higher porosities exhibit a greater fluctuation in
volumetric water conterg and degree of saturati& in the shallow depths (Figure 3.11). As
a result, the soil within the shallow depths experiences greater fluctuations in-thetraalic
properties for higher porosities théor lower porosities. Figure 3.12(a1)(b2) show the
variations ofTavg andQstoredwith time for different porosities and surface pressure conditions.
Although porosity impactJayg significantly, the variation of surface pressure does not add

much to the change ifhvg
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Figure 3.11(al) Volumetric water conterwith depthz fort = 0.3, (a2) volumetric water
contentg with depthzfort = 0.5, (b1) degree of saturati® with depthzfort = 0.3, (b2)
degree of saturatiofy with depthzfort = 0.5, (c1) volumetric water contegtvith timet at
different depttzfort = 0.3, (c2) volumetric water contegtvith timet at different deptiz for

L = 0.5, (d1) thermal conductivitgrwith depthz fort = 0.3, and (d2) thermal conductivigy

with depthzfort = 0.5 calculated for different surface pressure variations.
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Figure 3.12 Average temperaturgagand heat store@stworeawith timet considering with and

without surface pressure variation for{@d): = 0.3 and (b42)t =0.5.

3.4.5 Effect of soil porosity in layered soll

Figures 3.13(a) and 3.13(b) show respectively the variations of volumetric water

contentgand thermal conductivitgwith depth for the different soil layering caseslL®with

spatially varying soil porosity. A higher porosktyesults in a higher volumetric water content

gand a higher thermal conductividyas already shown, and this is also reflected in the layered

soil profiles (Figures 3.13(a) (b)). However, the average temperatiiegy is an averaged

response of the hydrothermal processes in soil, and because of the averaging effect, the

differences exhibited iy and a-(caused by different in different layes) is significantly

reduced fofTavg as evident in Figures 3.14(alfa3). Notwithstanding, some differences in

Tavgis observed between the different layering cases (Figures 3.14&3)). In fact, the heat
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storedQstorediS €ven less impacted by variations dbr ganda) becaus®sioredis obtained by

averaging the already averaged quarniity (Figures 3.14(b1) (b3)).

(@)

(b)

Figure 3.13(a) Volumetric water conterg with depthz for defined soil stratification cases,

(b) thermal conductivitgwith depthz for defined soil stratification cases.
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