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Nomencl atur e

#BH Number of Boreh
A Ared [ m
Cp Specific Heat Capac

Di ameter [ m]

E Energy [ J]
H Dept h [ m]

k Ther mal Conducti vit
M Mass [ kgl

4 Mass Fl ow Rat e
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r Radi us [ m]
R Ther mal RedS/iWltance
Spacing Borehole Spacin
T Temperature |[.
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I Densit¥y [kg/n

Subscripts

b I nfinite
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[ I niti al
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| oss Energy Loss
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1 Introduction and Problem Statement

I n Canada space heating accounts for 63% o
[1]. The demand is primarily met with natural gas combusiibith contributes td45% ofall
Canadian greenhouse gas (GHG) emisdmamsgproducedy the residential sectt]. In cold
climates there is a seasonal i mbal ance betwee
and the availability of sustainable energy sources [2]. Sustainable energy sources available in the
summer include thermal energy from solar collectors and wasttiethat is generated from the
power plants and refrigeration processes, while space heating demand is greatest in the winter
[2]. Utilizing seasonal storage to meet space heating demand with sustainable energy sources has

the potential to significantlyeduceGHG emissions from theesidentiakector.

Thermal waste energy from electrical power generation and refrigeration cycles is
underutilized by being emitted to the environ
reduced because theraesidualenergy loss to the environment. Utilizing thermal waste energy
for space heating instead of expelling it to
energy efficiency and reduce the amount of GHG emissions needed to meet the reglirogd he

demand.

Integrated Community Energy and Harvesting (8&ves} systems seek to integrate
thermal and electra energy production, energy storage, redistribution, and consumption in a
way that significantly reduces GHG emissions [3]. The-H#fves system uses @ecentralized
combined heat and powpeakingplant to supply electricity to multiple households. A thermal
network is used to distribute the thermal energy produced by the CHP unit for the community.

Individual units that are a part of the I¢Harvest thermal network can either supply



refrigeration byproduct thermal energy to the thermal network or take heat from the network for

space heating.

The ICEHarvest system bridges the gap between thermal energy demand and sustainable
thermal energy sourgeoduction using short term thermal storage for hourly control and
borehole thermal energy storage (BTES) for seasonal thermal energy storage. To maximize the
GHG emission offset an ICGHarvest communitganprovide energy efficient components, that
scale vith community demand, must be designed. Effective thermal storage design reduces

thermal losses while maximizing capacity.

For effective designofanIGHar ve st sy stvimom,mua tf doieg idteavle | o p ¢
transient system solvers which approximatesthes t e més component specifi
operation. There is a need for a simplified model of BTES operation, which can approximate
annual steady state BTES storage efficiency, and thermal response of BTES installations
depending on their thermatqgperties and design parameters. The reduced model can be used to

aid in early ICEHarvest controls development, and site specific BTES design.

This thesis uses the UnJl3], atrassientgystemf Wi scons
simulation program, to study tli@pact BTES design parameters and thermal properties have on
the periodicsteady state thermal response and annual thetoralgecfficiency of BTES
systems. A reduced model representing BTES thermal response is developed for a range of field

configuratians, thermal propertiesand operating conditions

The following chapters will focus on the fundamental components of the research and
development of the reduced model. Chapter 2 is the literature review, which covers BTES design

and operation fundamentalmrehole thermal energy storage modelling techniques, and the state



of BTES parameter dependence studies. Chapter 3 focusses on the numerical methods used by
the BTES modeihcluded in the TRNSYS simulation suite, and the validation of the model

against brehole operation and thermal response data from an active BTES installation. Chapter

4 describe BTES thermal respongmitputsand outlinea A b a soésimpldied BTES

operation conditions based on the validated BTES design parameters and thermal properties from
Chapter 3. Chapter 5 presents the reduced numiiationand verification. It also presents the

results of the BTES parameter sweeps simulatddRNSYS. Chapter 6 includes conclusions

and recommendations for future work.



2 Literature Review

2.1 Introduction

This literature review summarizes relevant work that pertains to BTES design and
operation fundamentals, modelling techniques, and parameter dependence investigations. The
research space for the BTES reduced model is highlighted with respect to thefrleeds o
Integrated Community Energy and HarvesflgE- Harvest) gstems cooperative research

project and the limitations of existing work.

2.2 Problem

In cold climate locations there is an annual mismatch between the winterdppeall
heating demand arsimmer periot carbon freehermal energy sources [Zuch as captured
waste thermal energy and renewable energy saurc€anadian cities space heating demand is
largely met by natural gas furnaces which emit GHGs [1]. The mmai¢ation of seasonal
thermal storage can fAbridge the gapod bet ween
winter heating demand and reduce the heating load met by natural gas furna¢c€g&-The
Harvestsystems utilize seasonal thermal storage asrgooent in a distributed energy network

which has the potential to significantly redugelG emissions.

2.3 ICE-Harvest

ICE-Harvest is a cooperative research project which seeks to create modelling, analysis,
and design tools to site, design, optimize, androbnbmmunity energy systems which
integrates thermal and electrical energy production, storage, redistribution, and constonption
significantly redue GHG emissions [3]. Peak community electricity demand is met by a

combined heat and power plant (EHwvhich harvests waste thermal energy produced by the



plantés electricity production to supply a th
refrigeration dominated energy requirements can also contribute harvested waste heat to the
thermal network. The thema | network supplies community bui
supply the shorterm or seasonal thermal stordganeet future heating demand. Meeting

community heating demand with thermal energy that is thgrtguct of other utility processes

rather than using natural gas furnaces reduces GHG emissions.

The development of modelling, analysis, and design tools for site identification, system
design and optimization, storage design and optimization, and controls development are
interdependentcompennt s o f digtale Wogf EClBlda mvest Diggast ems. 0
twinso are site speci f ialandshermallbad demand and responger e d i
They prove ICEHarvest systems physical feasibility, economic viability, and abilitgdoice
GHG emissiongompared to businessusual. The dev e dgtgtmeinn o owi tah it he
modelling, analysis, and design tools developed from the cooperative research project is a critical

step towards the installation of a pilot IE&Earvest system.

The effetiveness of ICEHarvest systems depeswhn the design of cost effective and
thermally efficient seasonal thermal energy storage and the ability of control systems to

accurately predict seasonal thermal stostigieof-charge andhermal response.

2.4 Seasonal Thermal Storage

Seaasonal thermal storage utilizes closed loop fluid heat exchangers and storage volume
material to inject thermal energy in the summer and extract thermal energy in the winter.
Common storage volume materials include water, soil, gravel, or a combinatientbfee.

Although the use of watdyased thermal storage has benefits because of the high heat capacity



of water, sobased systems are the most common seasonal thermal storage installations used in
community energy projects [4]. Sdiased systems feae low manufacturing and maintenance
costs while allowing modular and scalable construction [4]-HaEvest systems use borehole

thermal energy storage (BTES) as dmbed seasonal thermal energy storage.

2.5 Borehole Thermal Energy Storage

BTES uses soNolume as a thermal storage medium and an array of interconnected
borehole heat exchangers (BHE) to inject and extract thermal energy. A BHE consists of
polyethylene piping encased in grout which transports heat exchanger fluid and induces thermal
energy &change between the fluid and the soil [5]. For BTES applications the orientation of the
BHEs is vertical to reduce thermal losses to ambient air and increase thermal storage efficiency.
The types of BHE piping are singletube, double tiube, and coaxigb]. Typical BHE have
diameters of 60 340mm and extend to a depth ofi3800m below ground [6]. BTES
installation cost is primarily a function of bore depth and number of bores due to drilling costs
[4]. Typical BTES have 2D 500 BHE [4] with spacingf 1.57 3m between them [5]. Installed
BTES can have their capacity increased by drilling and connecting more BHE if the BTES is
surrounded by sufficient suitable area for drilling. The modularity and scalability of BTES
construction makes it the ideabsenal thermal storage solution to implement into the modular

and scalable ICHarvest system.



Figure2.1: From Left to Right: Utube, Double ttube, Coaxial Cold Internal, Coaxial Hot

Internal [6]

BTES efficiency is defined as the annual ratio of tetergyextractedrom the ground
storage voluméo total energyinjectedto the ground storage volume [7]. As BTES installations
operate, their BTES efficiency increases to a maximum of aromd@%0[7]. Calculating BTES
efficiency is a transient multivariable multidomain problem. It is dependent on the thermal
pr oper tc)efshe foik solid BHE components, and working fluid. It is dependent on
BTES design parameters including number of boreholes, depth per borehelml®spacing,
and borehole diameter. Finally, BTES operation information such as inlet fluid temperature and

mass flowrate with respect to time substantially effects BTES efficiency.

Simulations of BTES operation are transient, multidomain, and haueamiable
dependencies making traditional fluid dynamics solutions restrictively computationally
expensive and impractichir systemoptimization and controReduced modelsf BTES
thermal response are critical tools used by system optimization and controls engineers to reduce

both simuation time and total system design time.



2.6 Modelling BTES

Modelling techniques are presented from highest to lowest fidelity and their strengths and
weaknesses are addressed regarding the needs of engineers workingHam€4E system

design and controldevelopment.

2.6.1 CFD

Computational fluid dynamics (CFD) uses numerical analysis to solve the three
dimensional conservation of momentum and energy equations for fluid and solid domains. The
simulation domain and governing equations are discretized intoesroatitrol volumes and are
each solved numerically to determine the total domain solution. CFD can proviefedeigi
predictions of BTES heat transfer and temperature distribution if material properties, initial
conditions, and boundary conditions aceurately input. BTES operation simulations are,
however, 2dimensional, multidomain, feature long total simulation times, and typically a
discrete (on/off) loading cycle. These factors contributerder ofmagnitude variansgor both

thetime and length scales adding discretization complexity.

CFD simulations of BTES operation can have their complexity reduced by simplifying
the internal BHE domains and approximating the heat exchange between the BHE outer diameter
and the ground volumetibuches. BHE can be simulated asdirhensional fluid flow acting on
a cylindrically coordinated-gimensional solid [8], however, this simplification is not suitable
for BTES simulations as BTES operation involves multiple BHE installed in thermally
interactive proximity to each other. TOUGH2 [9] and COMSOL [10] use approximations of the
heat flow between the BHE outer diameters and the ground storage volume resulting from BHE
operation to predict temperature distributions for the soil in and around & Bi§tallation. CFD

simulations of BTES can be simplified by applying a twaeying temperature boundary



condition at the BHE outer diameters that reflects the overall borehole temperatures to predict

BHE heat flow and the resulting soil temperature iistrons [11].

Even with BHE simulation simplifications, CFD computational cost is prohibitively high
which excludes it from useful application in the early stages of BTES design, and controls
development in ICEHarvest systems. Simulating BTES with vagymhesign parameters and
thermal properties requires domain, mesh, and timestep independence tests for every BTES
installation variant. CFD independence testing adds computational cost and further excludes

CFD simulations from usefulnessimtial BTES degn, optimization, and operational coritro

2.6.2 TRNSYS DST

Transient system solvers use simplified BTES operation models that still provide realistic
representations of BTES thermal response. TRNSYS [12] is a popular transient simulation
software which integrates the Duct Ground Heat Storage MD&) [13] to simulate BTES
thermal response to be a component of transient sustainable energy systems simulations. DST
superposes adimensionafi | ocal 06 ground temuematnsi ®@nadl uWtgil @
ground temperature solution poovide BTES thermal response outputs to the user [14]. The
model 6s simplifications result in DST simul at
in exchange for some simulation constraints. DST model constraints include that DST can only
simulate aisymmetric and uniformly distributed BHE configurations, borehole thermal capacity
is not considered, and borehole thermal resistance remains constant throughout the DST
simulation [15]. If realistic thermal properties and operation conditions are isgiuds, DST
can accurately represent BTES thermal response for longer simulations as they reduce the

influence of borehole thermal capacity.



TRNSYS and DST are used in BTES design by inputting thermal system operation
information into TRNSY SinputtingBTES design parameter informatjand applying a
generational optimizer to the desired design parameters. To use a generational optimizer, site
specific operational data is required. Earlygstaof BTES design and controls development for
ICE-Harvest systems require knowledge of BTES thermal response and storage efficiency before
site specific operation data is available, which highlights the research space of the reduced model

of BTES respore

2.6.3 G-Functions

G-functions are stepesponse functions that give the relation between the heat flow rate
through the BHE outer diameters and the temperature of the BHE outer diameters [16]. The
solution of borehole thermal response usifgmctions setslIBBHE outer diameters to be a
uniform temperature. This condition is based on the assumptions that the borehole thermal
resistance is low enough that the BHE outer diameter temperature is close to the heat exchanger
fluid temperature and that the massilate of the heat exchanger fluid is high enough that
temperature variations in the heat exchanger fluid are minimal. These assumptions allow the
thermal response of a borehole installation to be approximated by the temporal superposition of
heat transfefor a cylinder at uniform temperature and a characterisfimgtion solution

dependent on borehole configurations [16].

G-functions depend on the number of BHE and their installation configuration (e.g. a
line, L-shape, Wshape, or rectangular array)va® | | as the installationés
borehole spacing, buried depth, and operation time which have been nondimensionalized with
respect to the length of each BHE in the borehole field (and soil thermal diffusivity in the case of

the nondimensiondaime constant) [16]. Gunctions were initially obtained numerically using
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finite differentiation, however, for large borehole fields this is too computationally expensive so

analytical and seranalytical methods for generatingfignctions have been dewgled [17].

G-functions are implemented in ground heat exchanger design software such as EED,
GLHEPRO, and EnergyPlus with pealculated gunctions for different configurations [18].-G
functions are only available for tabulated and predefined BTES dgsigmeter geometries and
users are restricted to these configurations for their simulatieRsinGtion borehole field sizing
techniques also require site specific load data afushcfions are primarily developed for
borehole configurations set up for gexchange operation [15]. Early stages of BTES design and
controls in ICEHarvest systems development require knowledge of the thermal response and
storage efficiency for borehole fields in BTES configurations before site specific operation data
is availalbe. Thermal response information for BTES configurations that do not Raretjons
calculated for them may be required for BTES design and controls development and calculating
g-functions for every BTES design parameter iteration would prove too cotiopadsy

expensive, which highlights the research space of the reduced model of BTES response.

2.7 ICE-Harvest BTES Reduced Model

ICE-Harvest controls and system design in early stages of development require a simple
model of BTES thermal response angrafeasibility levelcalculation of steady state thermal
efficiency for a wide array of BTES design parameters, soil thermal properties, and inlet fluid
temperatures. The BTES design parameters which effected storage efficiency the greatest in the
TRNSYS senisivity study of a BTES in Filborna, Sweden are number of boreholes, borehole
depth, and borehole spacing [19]. The reduced model aims to identify the effect these parameters

and soil thermal properties have on thermal response and energy storage fficienc
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2.8 Summary & Objectives

This chapter presents a literature review of dd&tvest systems, the role of BTES as
seasonal storage, important BTES design parameters and thermal properties, BTES modelling,

and ICEHarvest requirements for early stage BTESglesind controls development.

BTES is an important technology for meeting seasonal heating demand while reducing
GHG emissions and it is an integral part of {8&rvest systems because of its modular and
scalable construction. When siting, designing,noing, and developing controls for IEE
Harvest systemsnapproximation operiodicsteady state BTES thermal response and storage
efficiency with respect to design parameters and thermal properties is needed before site specific
thermal load data is available. CFD, TRNSYS DST, aifidingtion simulations of BTES are too
computationally expensive for the requirements of early BTES design and controls development

for ICE-Harvest systems.

This work will use geriodicsteady state engrdgpalance ODE solution and a dataset of
periodicsteady state thermal resistances to solve BTES thermal response and storage efficiency
for use in controls development and design of BTES installations kH@zest systems. The
thermal resistance datasétl be generated with respect to varying number boreholes, borehole

spacing, and borehole depth as well as varying soil thermal conductivity and thermal capacity.
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3 Numerical Modelling and Validation

3.1 Introduction

The following chapter presents detailstba mathematical modelling of borehdields
within the system simulation code TRNSYS. Validation of the Duct Storage Model (DST) in
TRNSYS against experimental data is also presented. The validated model is then used to
simulateborehole thermaenergy storageBTES) thermal response for analysis and
implementation into the BTES reduced model which is presented in Chapter 5. The numerical
methods and limitations of the DST model are outlined. DST is validated with measured
operation data from a BTES inB&dion. Finally, the validation simulation is confirmed to be

mesh and timestep independent.

3.2 TRNSYS

The development of a new reduced model of BTES thermal response, the focus of the
current thesis, requires the simulation of a range of BTES configurati@mnefore, CFD is too
computationally expensive for the requirements. A simpler model is preferred for simulating
BTES configurations because of the time associated with control volume definition,
computation, and numerical independence verificationeaem f i gur ati onés CFD s
would require. The DST model implemented in TRNSYS is chosen for simulating BTES
configurations due to the ease at which BTES design parameters can be changed, relative to CFD

simulations.

TRNSYS is a transient system simatibn environment commonly used for calculating
the performance of time dependent thermal and electrical energy systems [12]. The DST model

is implemented in the TRNSYS library of energy system components by way of the module
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Atype 5570 t oermsal respohse.tDST cBICLIEIE haathtransfer between the
circulating fluid within the borehole heat exchangers and the ground volume used for energy
storage and it is often used as a benchmark for evaluating the accuracy of other BTES simulation

software R0].

3.3 DST

DST inputs transient BTES operation data and constant BTES design parameters to
calculate transient heat transfer outputs. DST reads input values at a user defined timestep
(usually hourly) for borehole fluid inlet temperature, total borehold flass flow rate, and
ambient air temperature above the storage volume. The BTES design parameters are set by the
user to provide information about the geometry and thermal properties of the borehole heat
exchanger field and the ground storage volume flliretinlet data and the BTES design
parameters are used by the DST model in the calculation of borehole fluid outlet temperature,
fluid to ground heat transfer rate, and ground volume average temperature outputs at the timestep
of the input data. The DSfodel also calculates conductive energy losses through the top, side,
and bottom surfaces of the ground storage volume and provides energy loss rate outputs at a

larger timestep than the input data timestep.

DST calculates the amount of heat transfefrech the borehole fluid to the ground by
splitting the problem into simpler components and superposing the component solutions to
calculate the final solution. The simplified components include the local and global problems,
which are solved with explicfbrward finite differentiation, and the steady flux problem, which
is solved analytically. The local problem models heat transfer between the heat exchanger fluid
and the ground surrounding each borehole heat exchavigerethe ground volume is modied

with a onedimensional radial mesh network. The global problem models heat transfer within the
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BTES volume and between the BTES volume and the surrounding ground. The global problem
is solved with a twalimensional mesh simulating axial and radial heat gotoh for the

storage volume and the surrounding ground volume. The steady flux problem simulates the slow
redistribution of heat within the BTES ground volume, modelled by thedimensional global

mesh, due to the circulation of the heat carrier flld.

The local and global meshes are connected by the subregion mesh. The subregion mesh
sets the number of local problems to be solved and the locations within the global mesh each
local problem interacts with. The subregion mesh overlaps with the BadlEi®& of the twe
dimensional global mesh. The subregion mesh allows the modelling of heat transfer between the
heat exchanger fluid and the ground storage volume calculated by the local problem to connect
to the gl obal pr obl e marsl redistriduéidn bftharmal enérgy wwithie di s s
the BTES volume and the surrounding ground. The combination of the two meshes creates a
guasithreedimensional solution which allows for accurate modelling of BTES thermal
response. The dimensions of the lcmadl global mesh networks are calculated by the DST
model using the dimensions and thermal properties of the heat carrier fluid, borehole heat

exchanger and the BTES ground volume.
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BOREFIELD TO BE MODELLED
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Figure3.1: Example of local, global, and subregion mesh networks used in the DST model, and

the relationship between the meshes and BTES volume (not to scale) [21].

The DST model 6s finite differentiation ope
simulated on a short timestep, and it is solved multiple times per hour (the most common

TRNSYS timestep). The global problem is simulated on a long timestep, wheze fini
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differentiation is solved at a timestep longer than the TRNSYS timestep. An example of the
difference in timestep magnitudes is provided by Chapuis and Bernier (2009) where the timestep

for local finite differentiation is 6 minutes, and the global titepss 59 hours [21]. Local heat

transfer from the borehole heat exchanger outer diameter through the local mesh is therefore
calculated multiple times per TRNSYS timestep. The energy interaction between the local and

global meshes, the redistribution afeegy from the steady flux problem, and the conductive

thermal diffusion in the global mesh are calculated for multiple TRNSYS timesteps
simultaneously. The result of the DST model 6s
output data for fluid heat exahge at every user defined timestep from the integration of the

local timesteps, and conductive energy loss data is only available at the long timestep of the

global problem.

3.4 Limitations

The limitations of DST reduce its ability to realistically simulBEES thermal response
and, since DST is the basis of the reduced model, become limitations present within the reduced
model. DST does not simulate convective heat transfer within the storage volume ground water
content of a BTES or its surrounding grouradwne. DST can only simulate axisymmetric and
uniformly distributed BTES configurations. Finally, DST does not consider the thermal capacity
of the borehole heat exchangers in its simulation. The magnitude of total ground storage volume
thermal capacityigr eat er t han borehol e heat exchanger s

of this decreases as total simulation time increases [15].

3.5 Validation

To use TRNSYS simulation results as the basis of the reduced model of BTES thermal

response, the simulatiob s out puts must be validated agains
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BTES installation. Validation requires the TR
corresponding to the geometry and thermal properties of the installed borehole field, and that the
dynamic inlet mass flowate and fluid temperature profiles measured from the installed field be

set as inputs to the DST simulation. The DST outputs of fluid outlet temperature and average
storage volume temperature are compared to BTES installation rmasis for the same

parameters to determine if the DST model can accurately simulate energy exchange between the
heat carrier fluid and the ground storage volume. A borehole thermal energy storage installation

with accessible data that is required for dation exists in Braedstrup, Denmark at the Braedstrup

Total Energy Plant.

The Braedstrup Total Energy Plant is a production plant for district heating in Braedstrup,
Denmark installed by PlanEnergi [22]. The plant includes a BTES installation with a reported
soil storage volume of 19 000°n18 600 M of solar thermal collectors, a 1.2 MW electrical heat
pump, a 10 MW electric boiler, a natural gasvered combined heat and power unit, and 2 heat
accumulation tanks of 2 000°rand 5 500 [22]. The Braedstrufotal Energy Plant is installed
in phases with increasing solar collector area, borehole storage volume, and heat pump capacity
pl anned during its operation |ifecycle. The o
eventual |l y me enatural bas commnedhihaaband ppves requirement with solar

thermal energy.
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Figure3.2: Schematic of Breedstrup Total Energy Plant [23].

The 19 000 ristorage volume BTES in Braedstrup consists of 48 bordiszie
exchangers which each span a depth of 45 metres and are spaced 3 metres from each other within
a hexagonal borehole array. The BTES consists of 2 sets of 8 strings with 6 stngksU
connected in series per string. Each string transports thengdtiid outwards from the centre
of the array. During BTES charging hot water flows through the boreholes from the centre of the
array outwards, and during BTES discharging cold water flows in the opposite direction. Each
BHE has a diameter of 15 centimest and contains 2-tlibes. The tojglown borehole field
layout and one set of borehole string connections are displayaglire3.3. The second set of 8
strings are connected in an arrangement which mirrors fadd&Jconnections shown kgure

3.3 about a central vertical axis. Due to limitasoof TRNSYS DST, however, the field is

19



simulated as 1 set of 8 strings with each string connecting 6 dottbleelheat exchangers in

series. The Hube pipes are made of crds¥ked polyethylene and have an internal diameter of

32 mm with a wall thicknes of 2.9 mm. Water is the working fluid which flows through the 2 U
tubes in each borehole. The borehole field lies under 0.5 metres of insulation which lies under
0.5 metres of soil. The homogenous approximation of the soil thermal conductivity and
volumetric heat capacity were determined by a thermal response test at the BTES site, and the
thermal conductivities of the borehole components are provided in the project report. Finally, the
undisturbed ground temperature was measured on site to be appebxiBigt All the BTES
configuration, geometry, and thermal property data is from the Braedstrup Total Energy Plant
final report by PlanEnergi [22] and is interpreted into the TRNSYS DST parameters presented in

Table3.1 for the validation case with additional explanations when necessary.
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Figure3.3: Borehole layout and borehole string connections for the BraedstrupEnaaly
Plant BTES [22].

Parameter | Value | Units Explanation
TRNSYS 16 833 m® Based on calculation of volume performed by DST:
DST Volume V=" (Number of borehol es)

Depth)*(0.525*Borehole Spacing)*2, where number,
depth, and spacing are known

Borehole 45 m
Depth

Header 1 m
Depth

Number of | 48 -
Boreholes
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Borehole
Radius

0.075

Number of
Boreholes in
Series

8 strings of double Wube heat exchangers connected
parallel

Number of
Radial
Regions

20

Maximizes control volumes for subregion mesh. Effec
investigated in mesh sensitivity

Number of
Vertical
Regions

20

Maximizes control volumes for subregiaresh. Effect
investigated in mesh sensitivity

Storage
Thermal
Conductivity

1.42

WI(m*K)

Result of thermal response test

Storage Heat
Capacity

1900

kI(M™K)

Result of thermal response test

U-tubes per
bore

Outer Radius
of U-Tube
Pipe

0.0189

DN 32x 2.9 mm piping

Inner Radius
of U-Tube
Pipe

0.016

DN 32 x 2.9 mm piping

Centre to
Centre Half
Distance

0.375

Fill Thermal
Conductivity

1.44

WI(m*K)

Measured and presented in PlanEnergi final report

Pipe Thermal
Conductivity

0.41

WI(m*K)

Measured and presented in PlanEnergi final report

Gap
Thickness

m

Reference
Borehole
Flow rate

33996

kg/hr

Maximum mass flowate from Braedstrup operation

Reference
Temperature

85

°C

Maximum Temperature from Braedstrup operation
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Pipe to Pipe | 0 - Ignore Heat Transfer between the upwards and
Heat downwards Utubes within a borehole
Transfer
Fluid 4.18 | kJ[(kg*K) | Properties of water
Specific Heat
Fluid Density| 995 kg/m® | Properties of water
Insulation 2 - Insulation extends a usedefined fraction of storage
Indicator height horizontally beyond the top surface boundary
Insulation 0.067 - 0.067*(Borehole Depth)=(distance of insulation
Height extension)
Fraction 0.067*45m=3.015m

3m constant thickness provides the same volume of

insulatian as 6m length of reducing thickness insulatig
Insulation 0.5 m
Thickness
Insulation 0.121 | W/(m*K) | Measured and presented in PlanEnergi final report
Thermal
Conductivity
Number of |5 years | Sets the outer bounds of the global mesh far enough
DST TRNSYS does not crash with a 2 year preheat + 3 ye
Simulation simulation
Years
Maximum 99 °C Set to an absolute maximum based on the boiling
Temperature temperature of the heat exchange fluid
of Storage
Volume
Initial 8 °C Based on undisturbed ground temperature at the site
Surface
Temperature
of Storage
Volume
Initial 0 - Ground temperature begins uniformly at 8°C
Thermal
Gradient
Number of |2 years | Preheating data from Gauthi{@8] set so that when the
Preheating simulation begins, average storage temperature in th
Years DST model matches the average storage temperatur

the beginning of the operation data from the installed
field (27.8 °C)
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Maximum 29 °C
Preheat
Tempeature
Minimum 12 °C
Preheat
Temperature
Preheat 68 days
Phase Delay
Average Air | 9.2 °C
Temperature
for Preheat
Years
Amplitude of | 6.6 @A C
Air
Temperature
for Preheat
Years

Air 244 days
Temperature
Phase Delay
for Preheat
Years
Number of |1 - Assume that the soil beyond the storage volume is
Ground homogenous with the same thermal properties as the
Layers storage volume discovered with the thermal responsg
Thermal 1.42 | W/(m*K)
conductivity
of Layer
Heat 1900 | kJ(m3*K)
Capacity of
Layer
Thickness of | 90 m Extends twice the borehole depth
Layer
Table3.1: DST parameters representing the BT&E$he Braedstruf otal Energy Plant for

simulation in TRNSYS. The values are presented in and interpreted from the PlanEnergi final

report on the site [22].

The BTES operation data spans frottanuary 2014 to*1January 2017 and includes

hourly site measurements ofiiill inlet volumetric flowrate [n¥/hr], fluid inlet temperature [°C],
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fluid outlet temperature [°C], average storage volume temperature [°C], and ambient air

temperature [°C] [24]. Validation, mesh independence, and timestep independence tests use fluid
inlet volumetric flowrate fluid inlet temperatureand ambient air temperatuas inputs for the

DST model and the DST outputs are plotted against fluid outlet temperature and average storage
volume temperature. Each parameter is plotted with respeatéwirer the 3ear simulation.

The following figures display the site measurements used as DST model inputs and the DST
model outputs compared to their corresponding

simulation of BTES thermal response.

3.6 Validation Inputs
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Figure3.4: Hourly mass flowrate control of the BTES installed in Breedstrup, Denmark from 1

January 2014 to 1 January 2017. Values displayed have been reduced by a f&8tor of

25



FeY
o

w w
o (8]
1 1

(&)
1

= = N N
(&) o (8] o
1 1 1 1

Mass Flowrate [kg/hr] (x103)

375 385 395

335 345 355 . 365
Time [days]

Figure3.5: Hourly mass flow rate control of the BTES installed in Braedstrup, Denmark from 2
December 2014 to 30 January 2015. Shows the dynamic on/off behavior for a poFiiguref
3.4. Values displayed have been reduced by a factb@of
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Figure3.6: Hourly inlet temperature control of the BTES installed in Breedse@mmark from
1 January 2014 to 1 January 2017.
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Figure3.7: Hourly ambient air temperature measurements above the BTES installed in

Braedstrup, Denmark from 1 January 2014 to 1 January 2017.

3.7 Validation Outputs

The validation figures show agreement between the TRNSYS DST output parameters
and their corresponding BTES site measureméigsire3.8 shows thesimulated and measured
outlet fluid temperature for the period of January 2014 to January 2017. The outlet temperatures
vary from about 9°C to 67°C depending on whether the BTES is being charged or discharged
and depending on the inlet fluid temperatuneity charging or discharging. The overall root
mean squardifferencebetween the site measurements and simulated values of fluid outlet
temperature is 5.93°Cigure3.11 shows the simulated and measured average storage volume
temperature for the period of January 2014 to January 2017. The average storage temperatures
vary from about 15°C to 43°C depending on the heat transfer induced from the heat exchanger
fluid while the BTES is charging or discharging. The overall root mean sdiffmeence
between the site measurements and simulated values of average storage volume temperature is

1.09°C. When the TRNSYS DST model is provided the dynamic inlet temperature ad mas
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flow rate from the BTES site and the constant DST parameters are set according to the BTES
siteds geometry and ther mal properties, TRNSY

thermal response.

The only significant deviation between the site meamgnts and TRNSYS DST outputs
of outlet temperature and average field temperature occurs halfway through year 2 around day
545. This occurs because the low mass flat® measurement set as an input during that time
causes the model to overestimate timepterature drop for the working fluid and underestimate
the energy gained by the field due to the low total energy capacity associated with the low mass
flow rate. The discrepancy occurs because TRNSYS calculates the local borehole solution with a
constanthermal resistance based on a reference massdlewThe reference mass floate is
set as the maximum mass floate of the validation, therefore, lowering the dynamic mass flow
rate increases the difference between it and the reference masatéolihe DST model
implemented in TRNSYS displays its ability to accurately simulate BTES thermal response for
the requirements of the reduced model, regardless of the discrepancies in the validation caused

by low mass flowate.
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Figure3.8: Hourly outlet temperature measurements of the BTES installed in Braedstrup,
Denmark from 1 January 2014 to 1 January 2017 overlayed with hourly outlet temperature
simulated by TRNSYS DST when the mass fiate is greater than 0. RMSD=5.93°C
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Figure3.9: Hourly outlet temperature measurements of the BTES installed in Braedstrup,

Denmark from 1 January 2014 to 1 January 2017 overlayed with hourly outlet tamgperat
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simulated by TRNSYS DST when the mass flow rate is greater than 0 and hourly inlet
temperaturecontrol of the BTES. Outlet RMSD=5.93°C
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Figure3.10: Hourly difference between inlet and outlet temperature measurements of the BTES
installed in Breedstrup, Denmark from 1 January 2014 to 1 January 2017 overlayed with hourly
difference between fluid inlet and outlet temperatures simulated by TRNSY SvB&ithe

mass flow rate is greater thanRMSD=5.93°C

30



Breedstrup ——TRNSYS DST

F Y
w

N N W W b
o U o »h O

[y
(8]

Average Field Temperature [°C]
=
o

o

0 365 Time [days] 730 1095

Figure3.11: Hourly average storage volume temperature measurements of the BTES installed in
Braedstrup, Denmark from 1 January 2014 to 1 January 2017 overlayed with hourly average
storage temperature simulated by TRNSYS DST. RMSD=1.09°C

3.8 Numericallndependence

The TRNSYS DST domain discretization mesh and timestep independence is tested by
varying the number of radial subregions, the number of vertical subregions, and timestep length
to see the effect each has on the fluid side thermal exchange solution and simulation

computational requirements.
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Figure3.12: Hourly TRNSYS simulated values for outlet temperature comparing the outputs
dependency to the number of radial and vertical subregions. The simulation with 2@medél
vertical subregions is shown to be independent to an increase in the nusilienegions. Both

simulations took 14 seconds wall clock time to complete. RMSD=0.00°C
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Figure3.13: Displays theandependence of fluid outlet temperature to doubling the number of
radial and vertical subregions from 335 days to 395 days. RMSD=0.00°C
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Figure3.14: Hourly TRNSYS simulated values for outlet temperaturagaring the outputs
dependency to the number of radial and vertical subregions. The simulation with 1 radial and 1

vertical subregion shows the maximum instantaneous simulation error duestdotbgion mesh
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dependence. The coarse mesh simulation to@cdnsls wall clock time to complete, compared

to the fine mesh simulationdéds 14 seconds. RMS

Doubling the number of radial and vertical subregions does not influence the calculation
of fluid outlet temperature as TRNSYS DST decides the number tifaleand radial subregions
depending on the geometry of the BTES. 20 radial and 20 vertical subregions already maximizes
the number of subregions so there is no difference in the simulation when the number of radial
and vertical subregions are increased®. Reducing the subregion count to 1 radial and 1
vertical reduces the complexity of the simulation but it does not save significant computational
resources. The root mean squdiféerencebetween the simulations maximizing and minimizing
the number o$ubregions is 0.95°C, but the simulation time only decreases from 14 seconds to 7
seconds. Maximizing the number of subregions (which can be achieved with a setting of 20
radial and 20 vertical subregions) is preferable as it increases the accuracdp 8T thedel and

does not significantly increase computation time.
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Figure3.15: Timestep dependency test comparing the fluid outlet temperature simulated by
TRNSYS witha half-hour timestep to the TRNSYS sitation output with an hour timestep.

The results show low variation between the coarse and fine timesteps, and thiemegstep
independence. The hdibur timestep simulation took 20 seconds wall clock time to complete;
compared to the hour timestsfi4 seconds. RMSD=0.075°C

Changing the timestep from 1 hour to 0.5 hour does not significantly change the outlet
temperature profile and provides no advantages to the simulation. Comparing half hour timestep
simulations to hour timestep simulations resulta root mean squackfferenceof only
0.075°C. BTES simulations and data measurements are usually taken at an hourly timestep, so

the simulations required for the reduced model will use an hourly timestep.

3.9 Conclusion

Comparing BTES site measurements aimaulation outputs for fluid outlet temperature
and average storage volume temperature shows that the DST model implemented in TRNSYS

can accurately simulate BTES thermal response and is a suitable model to use as the basis of the
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new reduced model of BTEthermal response. The effect that the number of subregions has on
the simulation was investigated and it was determined that maximizing the number of subregions
is most suitable for the basis of the reduced model. Setting 20 radial subregions and&0 vert
subregions allows DST to maximize the number of subregions in the simulation. The effect of
timestep length was investigated, and it was determined that hourly inputs is most suitable for

DST simulations for the reduced model.
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4 BTES Reference Simulah Thermal Response

4.1 Introduction

To develop the reduced model of BTES thermal response and study the effects of BTES
design parameters, a reference simulation requires definition and analysis. The reference
simulation uses BTES desigarameters and operating conditions consistent with the reduced
model parameter sensitivity study which will be presented in Chapter 5. The design parameter
sensitivity study for the reduced model wuses
base case and presents the effects that changing BTES design parameters has on thermal

response, while operation conditions for each simulation remain constant.

4.2 Reference Simulation Definition

The BTES reference simulation is based on the design parameters and thermal properties
of the validation BTES from Braedstrup, Denmérkable3.1). Differences betweethe
validation and reference si mul at i-tabespérbatee si gn
and the number of boreholes per string. Singleibhé borehole heat exchangers are more
economical to produce and install than doubltukke or coaxial botele heat exchangers,
therefore, they are more commonly used in BTES installations and are the focusHdngst
BTES studies. The borehole heat exchangers are simulated with parallel fluid inlets (1 borehole
per string) to simplify the reference simtida for the number of boreholes parameter sensitivity

study.

The operation conditions of the reduced model are constant inlet temperature and mass
flow rate, therefore, the reference simulation is a simplified yearly charging and discharging

cycle. The luid inlet temperature input for the BTES is 95°C for 6 months to simulate thermal
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storage charging followed by a fluid inlet temperature setting of 20°C for 6 months to simulate
thermal storage discharging. The charging inlet temperature setpoint ib&&adse it is the
maximum operation temperature of liquid water in BTES systems [25]. The discharging inlet
temperature setpoint is 20°C as it is approximately room temperature. The fluid inlet temperature
setpoints for charging and discharging are chésenaximize the temperature difference

between the heat exchanger fluid and the ground storage volume so the parameter sweep also
presents theoretical maximum steady state thermal storage efficiencies of BTES with respect to
BTES design parameters. In Chaps temperature independence testing checks if the reduced
model accurately predicts thermal response for lower fluid inlet temperature setpoints. The
ambient air temperature is changed from the dynamic site measurements in Braedstrup, Denmark
to a constat 8°C, the undisturbed ground temperature at the site and in the reference simulation.
Undisturbed ground temperature of a location provides an approximation of average ambient air
temperature of the location. The reference simulation and parameter elepestnulations will

use these temperature setpoints to develop the reduced model.

The mass flow rate of the reference simulation is 12 500 [kg/hr]. The mass flow rate is
based on the validationds referenctéeboewmle Il ow
system [22]. The number of-tuibes per bore from the validation to the reference simulation is
halved, therefore, the mass flow rate is halved. To simplify the simulation, the mass flow rate is
constant 12 500 [kg/hr] during both charging aistharging. The direction of flow is from the
centre of the field to the periphery during charging and the opposite during discharging,
however, the direction setting does not affect the simulation as all boreholes are arranged in
parallel. The referencgmulation has a duration of 5 years, or 5 chaligeharge cycles, for the

BTES to reach an approximate periodic steady state operation. In the parameter sweep of
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Chapter 5, the simulation is increased to 10 chdrgeharge cycles to ensure periodiasie

state operation is approximately met for BTES installations larger than the reference simulation.

The fluid inlet temperature is set constant fanénth intervals, but the fluid temperature
and mass flow rate inputs are read by the TRNSYS DST modella@urly timestep. The DST
outputs of fluid outlet temperature, average storage volume temperature, and fluid to storage

volume heat transfer rate are written to the output file at an hourly timestep.

The DST model outputs heat loss through the toje, sind bottom boundaries of the
storage volume at the global solution timestep which is longer than 1 hour. For the reference
simulation, the storage volume heat loss timestep occurs 945 times over al81800
simulation, or approximately once every3®hours. For each heat loss timestep, DST outputs
the total energy loss at the timestep and the hours preceding it up to the hour of the previous heat
loss timestep. Each heat loss rate value represents approximately 46.35 hours of heat loss instead
of 1, therefore, to represent the transient heat loss rate the simulation outputs are scaled down by
46.35. The global solution timestep causes the transient heat loss graphs to begin at the first heat
loss timestep rather than hour 0, and to change functapesdt the first heat loss timestep after
the BTES switches between the charging and discharging inlet temperature setpoints rather than

occurring every 6 months.
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Figure4.1: Schematic of the BTES with tlggound storage volume highlighted with the red

dashed |Iines. The schematic highlights the po
transfer rates of the heat exchanger, heat loss through the sidesttantd and heat loss through

the top. he heat exchanger heat transfer rate is the result of heat exchanger fluid circulating

through the BHE represented by the parallel black lines and causes the temperature difference

between the fluid inlet and outlet.

4.3 Reference Simulation Heat Exchangerniiant Results

The 6month exponential function shape for fluid outlet temperature, average storage
volume temperature, and fluid to storage volume heat transfer rate are consistent with the shape
of a firstorder ordinary differential equation solutidduid outlet temperaturd-{gure4.2) and
average storage volume temperatifigiire4.3) have the function shape of f(tg during
BTES charging and f(t)=eduring BTES discharging. Heat exchanger fluid to storage volume
heat transfer ratd={gure4.5) has the function shape of f(ty=during BTES charging and f(t)=
e’ during BTES discharging. The outputs appropetiodicsteady state when the operating
conditions are a constant yeaclycle. This justifies the creation of a reduced model to classify
the periodicsteady state thermal response between the heat exchanger fluid and storage volume

of BTES systems. The constant operation @eribdicsteady state thermal response between the
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heat exchanger fluid and the storage volume can be represented with thermal resistance values

for BTES charging and discharging profiles.
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Figure4.2: TRNSYS DST simulation input of fluid inlet temperature and simulation output of
fluid outlet temperature. Fluid inlet temperature is held constant for 6 months which alternates
between 95°C during BTES charging and 20°C during BTES dischaiihedBTES is

simulated for 5 years.
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Figure4.3: TRNSYS DST simulation input of fluid inlet temperature and simulation output of

average storage volume temperature. The input and output are shown with respect toatime fo
5-year simulation.
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Figure4.4: TRNSYS DST simulation output of total energy content of the BTES for 5 years. The
output is calculated by inputting the average storage volume temperature(out(tinto the
energy equatiok ( t ) €'Y ({t)-d0p), where V,} g andTp for thereference simulation are

provided in the TRNSYS interpretation of the validation BTES presented in Chajiala (
3.1).
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Figure4.5: TRNSYS DST simulation output of borehole heat exchanger fluid to ground storage
volume heat transfer rate with respect to tiorea 5year simulation. The heat transfer rate

reacts to the-Bnonth constant fluid inlet temperature alternating betvBsEBS charging and
discharging Figure4.2). When the heat transfer rate is positive the direction of energy transfer is
from the heat exchanger fluid to the storage volume and when the heat transfer rate is negative

the direction of energy transfer is from the storage volume to the heat excthaidger

4.4 Reference Simulation Heat Loss Transient Results

The 6month exponential function shape for top loss heat transfer rate and side/bottom
loss heat transfer rate are consistent with the shape of-arfiest ordinary differential equation
solution.Top loss heat transfer ratéigure4.6) and side/bottom loss heat transfer ré&igire
4.7) approximately have the function shape of f@=during BTES charging and f(t)Zeluring

BTES discharging.
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The direction of BTES side/bottom loss heat transfer Fatpi(e4.7) changes during
BTES discharging as the yearly charge and discharge cycle apprpacdioéicsteady state
operation. BTES heat loss increases the temperature of the ground surrounding the storage
volume and the inlet fluid teperature during discharging reduces the BTES storage volume
temperature. When the ground surrounding the BTES is a higher temperature than the periphery
of the BTES storage volume, heat exchange direction is from the surrounding ground to the

BTES.

The furction shape of side/bottom heat loBgy(re4.7) is not fully developed after 5
charge and discharge cycles. To engpaneodicsteady state operation for the reduced model
parameter sweep, simulation time is increased to 10 charge and discharge cycles. BTES fields
with low ratios of borehole heat exchanger area to BTES storage volume area take more charge
and discharge cycles teachperiodicsteady state.
The outputs for top and side/bottom loss heat transfer rate appeaoticsteady state when
the operating conditions are a constant yearly cycle. This justifies the creation of a reduced
model to classify thperiodicsteady state thermal response between a BTES storage volume and
the surrounding air or ground. The constant afien andoeriodicsteady state thermal response
of the storage volume heat loss can be represented with thermal resistance values for BTES

charging and discharging profiles, however, this model will be unable to replicate the change of

direction for the BES side/bottom loss heat transfer rate during discharging.
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Figure4.6: TRNSYS DST simulation output of BTES volume energy loss heat transfer rate
through the top of the storage volume with respect to fioma 5year simulation. A positive
heat transfer rate represents energy exchange from the storage volumanbit air above

the storage volume
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Figure4.7: TRNSYS DST simulation output of BTES volenenergy loss heat transfer rate
through the sides and bottom of the storage volume with respect to time-yaaa Simulation.
A positive heat transfer rate represents energy exchange from the storagetedhenground
volume surrounding the storagelume, and a negative heat transfer rate represents energy

exchange from the surrounding ground volume to the storage volume.

4.5 Reference Simulation Integrated Results

The reference simulation reaches an approxipeatedicsteady state thermedsponse
and thermal storage efficiency after 5 charge and discharge dyiase4.8). The difference
between year 4 and year 5 thermal storage efficiency ig-igare4.9). To ensure all BTES
fields of the reduced model parameter sweep rpadbdicsteady state operation, the simulation

operation is increased to 10 chargd discharge cycles.

Tot al BTES energy |l oss through the storage

discharging approagberiodicsteady state response by yeaF@re4.10).
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Tot al BTES energy | oss through the storage

discharging is significantly lower than during charging and decreases as the number of charge
and discharge cycles increasegy(ire4.11). BTES discharging decreases the temperature of the
BTES storage volume which will decrease the magnitude of total energy loss over the
discharging timestep. As the number of charge and discharge aycteases, the temperature of
the ground surrounding the BTES storage volume increases and the magnitude of heat transfer
from the surrounding ground to the BTES storage volume during discharging increases. Heat
recovery from the ground surrounding th€ES during discharging counteracts heat loss and

reduces the magnitude périodicsteady state total energy loss during discharging.

The magnitude of BTES heat exchanger total thermal energy excliaggeed.8) is
greater than the magnitudes of tépglre4.10) and side/bottomRigure4.11) total thermal
energy loss over eachrgonth timestep. The reduced mbdeBTES thermal response must
prioritise accurately representing BTES heat exchanger thermal respontigetnzt loss

thermal responses.
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Figure4.8: TRNSYS DST simulation integrated outputs for yedolal BTES energy injection
and extraction for a-gear simulation. Integrates borehole heat transfer rateFigure4.5 for
yearly total energy injection, when the rate is positive, and y&#dlextraction, when the rate
is negative. Energy is injected into the BTES during charging and extracted from the BTES
during discharging.
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Figure4.9: TRNSYS DST simulation integrated output of yearly thermal energy storage
efficiency. Efficiency is calculated as the ratio of energy extracted to energy injected during a
simulation year. The values of total energy injected and egttacta yeaare displayed in
Figure4.8.
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Figure4.10: TRNSYS DST simulation integrated outputs for yearly totatgynef BTES top

heat loss during injection and extraction for-gear simulation. Integrates top loss heat transfer
rate fromFigure4.6 depending on whether the heat carrier fluishjecting or extracting heat at
the time of the energy loss. Energy injection into the BTES happens during charging and

extraction from the BTE&appens during discharging.
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Figure4.11: TRNSYS DST simulation integrated outputs for yearly total energy of BTES side
and bottom heat loss during injection and extraction foeyeas simulation. Integras side and
bottom loss heat transfer rates fréigure4.7 depending on whether tieat carrier fluid is
injecting or extracting heat at the time of the energy Bssrgy injection into the BTES

happens during charging and extraction from the BTES happens during discharging.

4.6 Conclusion

The reference simulation provides an overview of the BTES thermal response to the
simplified charging and discharging cycle which is the basis of the reduced model. All parameter
sensitivity simulations foll ow etiddiestendy $tader e n c e
BTES data to be used by the reduced model. The parameter sensitivity simulations will be
performed over 10 charge and discharge cycles to epsticglicsteady state operation is
reached for all BTES fields. Theeriodicsteady stateonstant charging and discharging cycle

allows the reduced model to be represented by a series of thermal resistance values. The BTES
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reduced model should accurately replicate heat exchanger thermal response over loss thermal
responses due to heat exchartpermal response having the greatest magnitude of total thermal

energy exchange over each timestep.
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5 Reduced Model and Parameter Sweep

5.1 Introduction

This chapter presents a simplified or #dAred

boreholethermal energy storage (BTES) installation. The reduced model of BTES thermal
response is formed from the solution of the BTES ground storage volume and heat exchanger
fluid thermal energy equations. The energy equations are solved assuming constarg ehargi
discharging operating conditions. The DST model implemented in TRNSYS simulates BTES
thermal response and the TRNSYS solutions are used to generate thermal resistance values
which are used in the reduced model. The effects of BTES design paraongbersodic steady
state BTES ther mal resistance is presented
parameters. The reduced model and thermal resistance ranges provides engineers with a

simplified tool for estimating BTES performance.

5.2 BTES Consrvation of Thermal Energy Schematic
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Figure5.1: Schematics of the cylindrical BTES ground storage volume used for simplifying the

thermal energy equations. The schematics show the average temperdtarstafage volume is

a function of the energy transfer imparted by the borehole heat exclaggire energy lost to

the storage volumeds environment. Bl ack arrow

red arrows represent the direction ofpiwe heat exchange.
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Figure5.2: The thermal resistance schematic of the reduced model which is the result of the

thermal energy balance simplification.

5.3 BTES Thermal Energy Balance Solution Variablefibition
The energy balance for the BTES uses a lumped parameter approach with heat gains or
losses of the storage volume calculated using thermal resistance modelling. The variables used in

this model are defined in the table below.

Variable Units Definition
0O J Total energy content of the ground storage volume
0 @Y
0O J Total energy content of the fluid mass circulating in th
borehole heat exchangers
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0 S Time
0 J/s Rate of heat exchange between the borehole heat
exchanger area and the ground storage volume
0 J/s Rate of heat exchange through the ground storage vo
boundary a distande M6 'Oz T® ¢ ®
YR & @ "@¢ fi@m the central axis of the cylindrical
ground storage volume and the top and bottom groun
storage volume boundaries
Js Rate of heat exchange through the ground storage vo
boundary a distande Mo 0z Td» ¢ ®
YR & @ "@¢ fi@m the central axis of the cylindrical
ground storage volume and the bottom ground storag
volume boundary
0 Js Rate of heat exchge through the top boundary of the
ground storage volume
a kals Fluid mass flowrate through the BTES
0 kg Total ground storage volume mass
w me Volume of BTES ground storage
V="*(#BH)*H*(.525*Spacing¥
3 kg/m? Density of the groundtorage volume
@ J/(kg*K) Specific heat capacity of the heat exchanger fluid
@ J/(kg*K) Specific heat capacity of the ground storage volume
Y °C Temperature of the heat exchanger fluid as it enters tf
BTES
Y °C Temperature of the heat exchanger fluid as it exits the
BTES
Y °C Approximation of the average heat exchanger fluid

temperature within the BTES

w Py ey
C
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°C Average temperature of the ground storage volume
°C Initial average storage volume temperature when
borehole charging or discharging begins
°C Undisturbed average ground temperature at the locati
of the BTES installation
°C Yearly average air temperature at the location of the
BTES installation
m? Total borehole heat exchanger outer diameter
circumferential area in contact with the ground storagg
volume
0 “*(#BH)*H*D outerBHE
(Reference simulatioDoutergHe=0.15[m])
m? Total area of the sidend bottom of the BTES storage
volume
O ¢ O MBOzZmd YR OLOQEQ
“ M6 "0z 1@ ¢ YR OO "QE
m? Top area of the BTES storage volume
6 ¢ MOOzm ¢uYR HOO'QEQ
°C*m%W | Thermal resistandeetween the heat exchanger fluid ar
the ground storage volume with respect to the boreho
heat exchangersdé6 outer d
°C*m%W | Thermal resistance between the ground storage volur]
and the groundurrounding the BTES with respect to tH
sum of the storage volum
°C* m?W | Thermal resistance between the ground storage volur

and the air above the BTES with respect to the storag

volumeds top area

Functionconstant

Function constant

Function constant
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f - Function constant

Table5.1: Variable definitions for the BTES reduced model thermal energy balance solution.

5.4 BTES Thermal Energy Balan&»lution

The simplification of the thermal energy balance equation for BTES consists of the
control volumes for the ground storage volume and the heat exchanger fluid. These are described

below.
Ground:

The rate of change of the total eneogytent of the ground storage volume is the
difference between the rate of heat flow imparted by the borehole heat exchangers and the rate of

heat flow of the thermal losses for the ground storage volume.

0 .
D Y

C

Fluid:

The rate othange for the total energy content of the BTES heat exchanger fluid is
determined based on the rate of energy transfer by the fluid at the inlet and outlet and the rate of
heat flow between the heat exchanger fluid and the ground storage volume. Tédwchaager
fluid is incompressible so the mass flow of the BTES inlet is equal to the mass flow of the BTES

outlet.

(0]
(9.0)
[0
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The rate of heat flow between the heat exchanget dlnd the ground storage volume is
calculated using thermal resistance modelling. The rate of heat flow is represented as the ratio
between the heat transfer driving temperature difference and the thermal resistance of the
borehole heat exchangerswitkrpect t o t he borehol e heat excha

driving temperature difference is between the average temperature of the heat exchanger fluid

Y -7Y Y )andthe average temperature of the ground storage volume. The borehole
heat exchangersd thermal contact @rea is appr
. O Y Y 0o 6 By vy Y O
§) C

Y Y

Ground:

The rate of heat flow for the thermal losses of the ground storage vauemmésented
by thermal resistance modelling. The rate of heat flow is represented as the ratio between the
heat transfer driving temperature difference and the thermal resistance between the ground
storage volume and the ground or air outside the stex@gme with respect to the BTES
storage volumeds contr ol surface area. The dr
temperature of the ground storage volume and the undisturbed ground or ambient air
temperature. The rate of heat flow for thermal losses is split into storage volume top surface
and side/ bottom surface components. The groun
interacts with the ambient air temperature above the storage volume through an insulation layer.
The storagevolumd s si de and bottom surfaces thermally

temperature of the ground surrounding the storage volume.
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The energy content of the ground storage volume is measured by the thermal capacity of

the storage volume and the average storage volume temperature.
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Fluid:

The reduced model assumes constant BTES fluid inlet temperature and mass flow rate.

The total energy content rate for the heat exchanger fluid is neglected btheansgnitude of

the BTES ground storage volumeds ther mal mas s
(9.0)
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Ground:

The fluid outlet temperature deation from the heat exchanger fluid energy continuity
simplification is substituted into the storage volume energy continuity simplification to create an

ordinary differential equation with respect to the average temperature of the ground storage

volume.
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5.5 Reduced Model Solution Summary
The solution for the average temperature of the storage volume with respect to time

depends on the values for the function constants: A, Bnd (Equation 1, 2, 3, and 4). The
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components of the function constants are known for user specified BT&8qtars and

operation conditions except the thermal resistance values. The thermal resistance values for
periodic steady state operation are calculated with the DST model for BTES installations with
varying design parameters. The components of the redooddl of BTES thermal response
include the simplified solution for the average temperature of the BTES storage volume and

ranges of ther mal resistance values required

The ordinary differential equation solution predithe average temperature of the
storage volume with respect to time for constant BTES operation conditions (Equation 5). The
average temperature of the storage volume with respect to time is used to predict the energy
content of the storage volume (Eqoat6), fluid outlet temperature (Equation 7), heat exchanger

heat flow rate (Equation 8), and loss heat flow rates (Equation 9 and 10) with respect to time.
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5.6 Reduced Model Operation Conditions, and Limitations

The reduced model of BTES thermal response is created from the simplification of the

BTES thermal energy balance equations and the thermal resistance values generated from
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DST model implemented in TRNSYS. The simplification of the thermal energy balance
equations reduces the equationsdé complexity t
and | imitations for the reducedtationofd ST 6s use.
generated thermal resistance values imparts the limitations of the DST model to the reduced

model.

The reduced model 6s operation assumes the
represented by the average temperature of the storagee/ol'he temperature distribution of
the ground storage volume is integrated into a single value to represent the total energy content
of the storage volume and to reduce the compl
assumes the temperaturstdbution of the heat exchanger fluid from inlet to outlet is integrated
into a single value. The heat transfer drivin
operation is between the average temperature of the heat exchanger fluid and the average

temperature of the storage volume to reduce model complexity.

The reduced model 6s operation assumes the
surrounding the BTES have constant density, specific thermal capacity, and thermal
conductivity. The thermal propieri es of t he BTES sitebs ground |

value to reduce model complexity.

The ambient air temperature above the BTES is assumed to remain constant during BTES
operation. Air temperature i @laveagenietsmpardtueed by
The undisturbed ground temperature for the BTES location provides an estimation of annual

average air temperature above the BTES.
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The undisturbed ground temperature for the BTES location is assumed to be constant and
independen of depth below the groundébés surface. TF
temperature difference for BTES thermal losses being the same for the side and bottom surfaces
of the ground storage volume. BTES thermal losses through the side and swottaees of the
storage volume are between the same medium and with respect to the same temperature
difference, therefore, the reduced model represents side and bottom heat transfer effects on the

storage volume with a single thermal resistance value.

Thereduced model considers the thermal mass of the borehole heat exchangers and heat
exchanger fluid to be negligible relative to the thermal mass of the ground storage volume. The
mass simplification results in the rate of change for the energy contéiet BTES heat
exchanger fluid to be neglected, therefore, the reduced model assumes all thermal energy

exchange for the heat exchanger fluid is with the ground storage volume.

The reduced model assumes the heat exchanger fluid mass flow rate and inlet
temperature are constant during BTES operation. The model approximates annual BTES thermal

response with two-énonth states of BTES operation: charging and discharging.

The thermal resistance values used by the reduced model are generated by the DST
model integrated into TRNSYS, therefore, the reduced model acquires the operation conditions
and limitations of DST BTES simulations. The DST model does not account for the groundwater
content of the BTES location, therefore, the reduced model does nbatsthe convective heat
transfer of the storage volume. The side and bottom loss thermal resistance only considering
conductive heat transfer between the storage volume and the surrounding ground volume is a
limitation of the reduced model, because cative heat transfer effects within the BTES

storage volume can result in significant thermal losses and a reduction in storage efficiency.
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The reduced model is limited to the simulation of axisymmetric BTES installations with
constant borehole spacing it a hexagonal array, because of the limitations of the DST model.
The reduced model 6s storage volume magnitude

functions of number of boreholes, borehole depth, and borehole spacing as the DST model.

The thermalesistance values used by the reduced model are calculated for alternating
constant charging and discharging BTES states from DST simulations at steady state operation.
The reduced model simulates BTES thermal response assuming periodic steady staia opera

of the annual constant charging and discharging cycle.

The reduced model does not simulate the thermal mass of the ground surrounding the
storage volume. The reduced model does not retain information of the ground temperature
outside the storage volboundary, therefore, it does not simulate the change in heat flow
direction that occurs for periodic steady state discharging if the temperature of the storage
volume decreases below the temperature of the ground outside the storage volume. The reduced
model assumes the direction of BTES heat loss through the side and bottom boundaries to be

from the storage volume to the surrounding ground.

5.7 Thermal Resistance Definitions

The thermal resistance values used by the reduced model are derived from TRNSYS DST
simulations of BTES thermal response. The DST simulations are 10 years of altermatinth6
constant inlet fluid temperature and mass ftate charging and discharging states. The inlet
fluid temperature setpoints are 95°C for BTES charging and 20°C for BTES discharging. The
charging inlet fluid temperature setpoint is 95°C because it is the maximum operation

temperature of liquid water inNTEES systems [25], and the discharging inlet fluid temperature
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setpoint is 20°C as it is approximately room temperaitire.fluid inlet temperature setpoints

for charging and discharging are chosen to maximize the temperature difference between the
heat exhanger fluid and the ground storage volume so the parameter sweep also presents
theoretical maximum periodic steady state thermal storage efficiencies of BTES with respect to
BTES design parameters. The impact of the inlet fluid temperature on the raddeinance is

assessed and results are present&diRluid Inlet Temperature Independence

The thermal resistance values are derived from the periodic steady state DST

simul ationbds mean val ueY) alesage smrage volumetempdratured t e

('Y ), and heat flow rated( ,0  ,or0 ) over the émonth (4380 hour) charging or
discharging state. The values are normalized with respect to the thermal contact area of the heat
flow( ,0 ,ord ). The thermal resistance values of charging and discharging
presented in the parameter sweep are the average between the year 9 and 10 values, because

BTES thermal response is approximately at periodic steady state for year 9 and 10.

, Y Y O
Y
0 Ao
r\-}, X
wo
o
) Y Y 0
Y .
0 Ao
v -
wo
o

69



Qv

The mean heat flow rate is calculated as the ratio of total energy imparted over the 6
month charging or discharging tistep to the timestep length, because thermal losses in

TRNSYS DST operate on the simulationds gl obal

If the periodic steady state thermal resistance of thermal losses through the sides and
bottom is calculated to Eenegative value, the thermal resistance can be approximated to
approach infinity and the losses through the sides and bottom of the BTES storage volume over

the timestep can be neglected.

5.8 Reduced Model Verification

The reduced model is compared to theNBRY'S DST simulation to prove its accurate
representation of periodic steady state thermal response. The root meanstpuanse
(RMSD) between the TRNSYS DST simulation and the reduced model is presented for the total
10 year simulation and eachntont charging or discharging timestep for average storage
volume temperaturd-{gure5.3 andFigure5.4), total energy of the storage voluntegure5.5),
BTES fluid outlet temperaturéigure5.6 andFigure5.7), BTES heat exchanger heat flow rate
(Figureb.8 andFigure5.9), BTES top loss heat flow ratEigure5.11 andFigure5.12), and
BTES side/bottom loss heat flow rgtggure5.14 andFigure5.15). Percent difference of total
energy application is presented for eaam@nth charging or discharging timestep for BTES heat
exchanger heat flow rat&igure5.10), BTES top loss heat flow rat€igure5.13), and BTES

side/bottom loss heat flow ratéigure5.16).
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Figure5.3: TRNSYS DST simulation output and reduced model approximation of average
storage volume temperature with respect to time forgehd simulation (95 °C charging, 20 °C
discharging). RMSD=1.74 °C
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Figure5.4: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximation of average storage volume temperature over gaont® timestep for a 1pear
simulation (95 °C charging, 20 °C discharging).
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Figure5.5: TRNSYS DST simulation output and reduced model approximation of BTES total
energy content with respect to time for ayHar simulation. BTES total energy content is
calculated by applying the nsand thermal properties of the simulated BTES to

E(t) gETWft)dp) (95 °C charging, 20 °C discharging). RMSD=55 GJ
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Figure5.6: TRNSYS DST simulation output and reduced model approximation of fluidtoutle
temperature with respect to time for ayi€ar simulation (95 °C charging, 20 °C discharging).
RMSD=0.84 °C
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Figure5.7: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximation of fluid outlet temperature over eaghdnth timestep for a 1@ear simulation
(95 °C charging, 20 °C discharging).
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Figure5.8: TRNSYS DST simulation output and reduced model approximati®&TB&S heat
exchanger heat flow rate with respect to time for-gd#& simulation (95 °C charging, 20 °C
discharging). RMSD=12.3 kW
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Figure5.9: Yearly RMSD between the TRNSYS DST simulation output andettieaed model
approximation of BTES heat exchanger heat flow rate over eaubnéh timestep for a 1@ear

simulation (95 °C charging, 20 °C discharging).
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Figure5.10: Yearly percent difference between theNSYS DST simulation output and the
reduced model approximation of BTES heat exchanger total thermal energy application over

each émonth timestep for a tg@ear simulation (95 °C charging, 20 °C discharging).
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Figure5.11: TRNSYS DST simulation output and reduced model approximation of BTES top
loss heat flow rate with respect to time for ayEar simulation (95 °C charging, 20 °C
discharging). RMSD=7.012 kW=70 W
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Figure5.12: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximation of BTES top loss heat flow rate over eanfoth timestep for a 1@ear

simulation (95 °C charging, 20 °C discharging).
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Figure5.13: Yearly percent difference between the TRNSYS DST simulation output and the
reduced model approximation of BTES total thermal energy loss through its top surface over

each émonth timestep for a t@ear simuation (95 °C charging, 20 °C discharging).
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Figure5.14: TRNSYS DST simulation output and reduced model approximation of BTES sides
and bottom loss heat flow rate with respect to time for-geEdsimulation (95 °C charging, 20
°C discharging). RMSD=13.4 kW
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Figure5.15: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximation of BTES sides and bottom loss heat floevoaer each-8nonth timestep for a
10-year simulation (95 °C charging, 20 °C discharging).
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Figure5.16: Yearly percent difference between the TRNSYS DST simulation output and the
reduced model approximation of BTES total thermal energy loss through its side and bottom
surfaces over eachrBonth timestep for a @ear simulatior(95 °C charging, 20 °C
dischaging).

The reduced model demonstrates its ability to provide an accurate approximation of
periodic steady state thermal response. The RMSD and percent total energy differences between
the TRNSYS DST simulation and t Bdecreagedouced mod

acceptable levels as the TRNSYS DST simulation develops to a periodic steady state thermal

response.

The reduced model does not retain information about the ground temperature outside the

BTES storage volume boundary and it assumes thageatorage volume temperature to be
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interacting with the undisturbed ground temperature, therefore, the reduced model cannot
represent the change in sides and bottom loss heat flow direction the TRNSYS DST simulation
depicts Figure5.14). This occurs when the TRNSYS DST simulation switches from charging to
discharging and the outer portion of the borehole field becomes cooler than the adjacent soil
outside of the stage volume. The sides and bottom resistance value derivation includes the
summation of total thermal energy losses through the sides and bottom surfaces, which includes
a change in heat flow direction when the BTES reaches periodic steady state opEnetion.

results in a lower magnitude of total thermal energy losses through the side and bottom surfaces
over the emonth timestep being incorporated into the side and bottom loss thermal resistance
definition. The RMSD and percent difference of total enaeqgplication are greatest for side and
bottom thermal losses during discharging, however, the effect of the discrepancy on the reduced
model 6s accuracy is | ow due to the relative m
exchanger total energy ap@tioon. The relative magnitude of BTES storage volume side and
bottom loss heat transfer rate is low compared to BTES heat exchanger heat transfer rate,
therefore, negative derivations of side and bottomdassharging timestefnermal resistances

can beinstead set to infinity which removes the side and bottom heat loss terms from the reduced
model 6s f un ¢Eguatomm3 andojyemaviagsidesand bottom loss from the reduced

model 6s approxi mati on d¢Hquaton®r age st orage temp

5.9 Fluid Inlet Temperature Independence

Temperature independence of the reduced model is tested by changing the inlet fluid
temperature setpoints of BTES charging and discharging for the reduced model and the
TRNSYS DST simulation and verifying the agreemerthefr outputs. The BTES charging inlet

temperature setpoint is changed from 95 °C to 60 °C, and the BTES discharging inlet temperature
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setpoint is changed from 20 °C to 12 °C. The thermal resistance values used by the reduced
model, which are calculatetbin the TRNSYS DST simulation outputs operating with inlet
temperature setpoints of 95 °C and 20 °C, are unchanged when the reduced model is used to

predict BTES thermal response for different inlet fluid temperature setpoints.

The root mean squadifference(RMSD) between the TRNSYS DST simulation and the
reduced model is presented for the total 10 year simulation and-®achtb charging or
discharging timestep for average storage volume temper&ige€5.17 andFigure5.18), total
energy of the storage volumieigure5.19), BTES fluid outlet temperatur&igure5.20 and
Figure5.21), BTES heat exchanger heat flow ragg(re5.22 andFigure5.23), BTES top loss
heat flow rate Figure5.25 andFigure5.26), and BTES side/bottom loss heat flow rdgg(re
5.28 andFigureb.29). Percent difference of total energy application is presented for each 6
month charging or discharging timestep for BTES heat exchanger heat flowigate$.24),
BTES top loss heat flow rat€igure5.27), and BTES side/bottom loss heat flow rdtey(re

5.30).
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Figure5.17: TRNSYS DST simulation output and reduced model approximation of average
storage volume temperature witespect to time for a Iyear simulation (60 °C charging, 12 °C
discharging). RMSD=1.06°C
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Figure5.18: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximation ofiverage storage volume temperature over eanbr@h timestep for a 1@ear

simulation (60 °C charging, 12 °C discharging).
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Figure5.19: TRNSYS DST simulation output and reduced model approximation of Batas
energy content with respect to time for aylar simulation. BTES total energy content is
calculated by applying the mass and thermal properties of the simBIBESIto

E(t) £TWft)dp) (60 °C charging, 12 °C discharging). RMSD=34GJ
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Figure5.20: TRNSYS DST simulation output and reduced model approximation of fluid outlet
temperature with respect to time for ayiar simulation (60 °C charging, 12 °C discharging).
RMSD=0.52 °C
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Figure5.21: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximation of fluid outlet temperature over eaghdnth timestep for a 1@ear simulation
(60 °C charging, 12 °C dikarging).
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Figure5.22. TRNSYS DST simulation output and reduced model approximation of BTES heat
exchanger heat flow rate with respect to time for g d#r simulation (60 °C charging, 12 °C
discharging)RMSD=7.7 kW
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Figure5.23: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximation of BTES heat exchanger heat flow rate over eaubnéh timestep for a 1@ear

simulation (® °C charging, 12 °C discharging).
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Figure5.24: Yearly percent difference between the TRNSYS DST simulation output and the
reduced model approximation of BTES heat exchanger total thermal exqpgripation over

each émonth timestep for a tg@ear simulation (60 °C charging, 12 °C discharging).
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Figure5.25: TRNSYS DST simulation output and reduced model approximation of BTES top
loss heat flow ratevith respect to time for a 3gear simulation (60 °C charging, 12 °C
discharging). RMSD=4.48 kW=44 W
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Figure5.26: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximatiorof BTES top loss heat flow rate over eaeménth timestep for a 1@ear

simulation (60 °C charging, 12 °C discharging).

96



¢ Charging ® Discharging

Percent Difference BTES Top Heat Loss Total
Thermal Energy [%)]
iy
|
L ]

<4+
-+
-
<o
—++
<+
<+

Year

Figure5.27: Yearly percent difference between the TRNSYS DST simulation outpuhand t
reduced model approximation of BTES total thermal energy loss through its top surface over

each émonth timestep for a tg@ear simulation (60 °C charging, 12 °C discharging).
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Figure5.28: TRNSYS DST simulation output and reduced model approximation of BTES sides
and bottom loss heat flow rate with respect to time for-geEd simulation (60 °C charging, 12
°C discharging). RMSD=8.4 kW
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Figure5.29: Yearly RMSD between the TRNSYS DST simulation output and the reduced model
approximation of BTES sides and bottom loss heat flow rate over eacmh timestep for a
10-year simulation (60 °C charging, 12 °C disgjiag).
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Figure5.30: Yearly percent difference between the TRNSYS DST simulation output and the
reduced model approximation of BTES total thermal energy loss through its side and bottom
surfaces over eachronth timestep for a 3@ear simulation. The magnitude of teergy
gained from the surrounding ground over the
increases as the simulation develops to a periodic steady state operation. At year 5 theemagnitud
of heat gained over the timestep is equal to the magnitude of heat loss which drives down the
expected magnitude of thermal loss through the sides and bottom, which asymptoticly increases
the percent difference value (60 °C charging, 12 °C discharging).
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Figure5.31: Yearly percent difference between the TRNSYS DST simulation output and the
reduced model approximation of BTES total thermal energy loss through its side and bottom
surfaces over eachrBonth tmestep for a 1{ear simulation. The-pxis isrestricted to a

maximum of 100% to show the yearly development of the percent difference of charging (60 °C

charging, 12 °C discharging).

The reduced model exhibits its fluid inlet temperature independanddherefore, its
ability to simulate periodic steady state BTES thermal response for user defined fluid inlet
temperature setpoints. The thermal resistance values calculated from the TRNSYS DST
reference simulation can be used to estimate BTES perfoenohivarying charging and

discharging temperature setpoints.
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The heat transfer rate of thermal loss through the sides and bottom of the BTES storage
volume at periodic steady state BTES discharging is dependent on the temperature of the ground
outsidete st orage volume boundary, which is depen:
setpoints. The reduced model can still predict periodic steady state thermal response because the
total sides and bottom thermal energy loss over the discharging timastagdw magnitude

relative to the magnitude of the total energy application of the heat exchanger.

5.10 Thermal Resistance Paramebweep

The reduced model is a tool engineers can use to predict periodic steady state BTES
thermal response amdtimate steady state BTES performance, however, the thermal resistances
used to solve the model must have their sensitivity to BTES design parameters investigated. The
design parameters investigated are the geometric parameters that determine the 8HES vol
and the ground thermal properties of the BTES site. The geometric parameters that determine
BTES volume are number of boreholes, borehole depth, and borehole spacing. The ground

thermal properties investigated are volumetric heat capacity and themmalaictivity.

Each parametric sweep is performed with re
geometric parameters, and ground thermal properties. For each sweep, two geometric design
parameters (out of BTES volume, number of boreholes, borebpth,cand borehole spacing)
are held constant and two geometric design parameters are varied. The change in periodic steady
state thermal resistance values (heat exchanger, top loss, and side and bottom loss) calculated
from the simulations are presenteiiharespect to the changing geometric parameters. The
change in BTES steady state storage efficiency (ratio of total energy extracted during
discharging timestep to total energy injected during charging timestep for a simulation charging

and dischargingayl e) f or the reference simulationds of
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the changing geometric parameters. Finally, the parametric sweep is repeated for two different
soil types. One soil has an increased volumetric thermal capacity relativeétetiemce
simulation, and the other has an increased thermal conductivity relative to the reference

simulation. The full set of parametric sweeps is available in the appendix.

Variable Parameters Constant Parameters

Spacing, Volume Number of Boreholes, &pth

Spacing, Depth Number of Boreholes, Volume

Spacing, Number of Boreholes Depth, Volume

Number of Boreholes, Volume Spacing, Depth

Depth, Volume Spacing, Number of Boreholes

Table5.2: The variable parameters and constant parameters of each parameter sweep. The

constant parameters retain the same parameter values as the reference simulation while the
variable parameters are altered.

Sall Volumetric Heat Capacity | Thermal Conductivity (k)
( $pglkI/(M*K)] [Wi(m*K)]

1 1900 1.42

2 4424 1.42

3 1900 2.22

Table5.3: The thermal properties of the 3 soil types with parameter sweeps applied to them.
Each soil type has the full set of parameter sweep simulations applied to it. Soil 1 has the thermal
properties of the reference simulati@uil 1 parameter sweeps are praed in Appendix A,

Soil 2 parameter sweeps are presented in Appendix B, and Soil 3 parameter sweeps are presented
in Appendix C.
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S \% #BH | H ATea Asv sp | Asv t| Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t EﬁiCienCy
[m] | [m3] [m] | [m?] | [m?] [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%]
[CCmPW] | [°CreW] | [PCré/W] | [PCmPW] | [PCné/W] | [PCr?/w]

1 1870 | 48 45 | 1018 | 1070 42 1.36E01 | 1.35E01 2.44E+00 | -1.68E+00 | 1.65E+01 | 1.84E+01 51.3

2 7481 | 48 45 | 1018 | 2223 166 | 1.71E01 | 1.70E01 3.40E+00 | -5.96E+00 | 1.81E+01 | 1.97E+01 |65.4

3 16833 | 48 45 | 1018 | 3459 374 | 1.91E01 | 1.91E01 4.60E+00 | 1.19E+02 | 1.97E+01 | 1.96E+01 | 69.8

4 29926 | 48 45 | 1018 | 4779 665 | 2.06E01 | 2.04E01 6.16E+00 | 1.51E+01 | 2.12E+01 | 1.94E+01 | 68.5

5 46759 | 48 45 | 1018 | 6181 1039 | 2.16E01 | 2.14E01 7.76E+00 | 1.19E+01 | 2.21E+01 | 1.93E+01 | 65.2

6 67332 | 48 45 | 1018 | 7667 1496 | 2.25E01 | 2.22E01 9.22E+00 | 1.11E+01 | 2.24E+01 | 1.95E+01 |61.3

Il 91647 | 48 45 | 1018 | 9236 2037 | 2.31E01 | 2.26E01 1.05E+01 | 1.10E+01 | 2.24E+01 | 1.97E+01 | 57.3

Table5.4: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state swesg@effieisoil 1

parameter sweep with variable parameters: spacing and volume and constant paramatersof boreholes an@pith. The periodic steady state

thermal resistances of charging and discharging and the periodic steady state storage efficiency are pregareé®iito Figure5.41 with respect

to the variable parameters.
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Figure5.32: Borehole heat exchanger thermal resistance of periodic steady state BTES operation
normalized against total borehole area with respect to borehole spacing. Spacing and volume are

the variable parameters. Number oféholes and depth are held const8wil 1.
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Figure5.33: Sides and bottom loss resistance of periodic steady state BTES operation
normalized against storage volume side and bottom area with respect to borehole spacing. The
negative discharging resistance valueslargke magnitude of discharging resistance for 3

spacing is a result of the change in heat transfer direction that occurs for periodic steady state
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side/bottom loss heat transfer rate. Spacing and volume are the variable parameters. Number of

boreholes and depth are held constant. Soil 1.
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Figure5.34: Sides and bottom loss resistance of periodic steady state BTES operation
normalized against storage volume side and bottom area with respect to borehole spacing. The
f 1 g u+aesdsseduyced to omit disarging resistance outliers abdtter display charging
resistance values. Spacing and volume are the variable parameters. Number of boreholes and

depth are held constant. Soil 1.
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Figure5.35: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to borehole spacing. Spacing and volume are the variable

parameters. Number of boreholes and depth arecbelstant. Soil 1.
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Figure5.36: Periodic steady state BTES thermal storage efficiency with respect to borehole
spacing. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
during discharging timestep to the total energy injected during chaigiegtep for a simulation

charging and discharging cycle. Spacing and volume are the variable parameters. Number of
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boreholes and depth are held constant. The inlet temperature sef@IES charging is 95°C
and BTES discharging is 20°C. Soil 1.
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Figure5.37: Borehole heat exchanger thermal resistance of periodic steady state BTES operation
normalized against total borehole avégth respect to storage volume. Spacing and volume are
the variable parameters. Number of boreholes and depth are held cor@tdnt. S
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Figure5.38: Sides and bottom loss resistance of periodic steadyBTdES operation
normalized against storage volume side and bottom area with respect to storage volume. The
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negative discharging resistance values and large magnitude discharging resistb® &3 8o
volume is a result of the change in heat transfection that occurs for periodic steady state
side/bottom loss heat transfer rate. Spacing and volume are the variable parameters. Number of

boreholes and depth are held constant. Soil 1.
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Figure5.39: Sidesand bottom loss resistance of periodic steady state BTES operation
normalized against storage volume side and bottom area with respect to storage volume. The
f i g u+aesésgeduyced to omit discharging resistance outlierdatidr display charging
regstance values. Spacing and volume are the variable parameters. Number of boreholes and

depth are held constant. Soil 1.
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Figure5.40: Top loss resistance of periodic steady state BTES operatiomalized against
storage volume top area with respect to storage volume. Spacing and volume are the variable

parameters. Number of boreholes and depth are held constant. Soil 1.
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Figure5.41: Periodic stedy state BTES thermal storage efficiency with respect to storage
volume. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
during discharging timestep to the total energy injected during chargiagtep for a simulatio

charging and discharging cycle. Spacing and volume are the variable parameters. Number of
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boreholes and depth are held constant. The inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 1.

Theremainingparameter sweegraphs are presented in AppendixB, andC.

5.11 Thermal Resistance Parameter Sweep Analysis

BTESheat exchangeahermalresistance is primarily a function of borehole spacirte
parameter sweepgith borehole spacing held constant dispdayore constant linear trend for
heat exchanger thermal resistanoenpared tdhe parameter sweeps with variable borehole
spacing BTES side and bottom loss thermal resistaart@ BTES top thermal resistance ar
dependent on borehole spacing, number of borehemedyorehole depthThose 3 design
parameters control BTES volume, BTES storage volume areas, and the temperatures the storage
volume and its surroundings reaathperiodicsteady state operation whieh greatlyaffect
energy loss thermal resistance calculatidmmsdesign BTES with maximized steady state storage
efficiency, heat exchanger thermal resistance should be minimized and loss thermal resistances

should be maximized.

Increasing thestorage @ | u nveldnetric heat capacitipr the BTES reference
simulation from 1900 to 4424&J/(m>*K)] resulted imo significant change in the heat
exchanger thermal resistances, however, loss thermal resistances of charging increased and of
discharging decreaséu such a way thaherewas an overall increase in the periodic steady
state thermal storage efficiency from 69.8%203% (95C charging, 20C discharging).
Increasing the volumetric heat capacity of the BTES storage volume reduces the value of optimal

borehole spacing for maximizing periodic steady state storage efficiency.

Increasing he storage volumeds t hermemabimuatonduct i v

from 1.42 to 2.22\[V/(m*K)] reduced the heat exchanger thermal resistances from1D91o
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1.48x10* [°Cm?/W]. The loss thermal resistances during charging are decreased and during
discharging are increased. The increase in thermal condyctiakes the thermal resistance of

loss through the sides and bottom of the storage volume during discharging a negative value,
which is interpreted by the reduced model as a thermal resistance value of infinity. The increase
in thermal conductivity fothe reference simulation results in a decreaskeedperiodic steady

state thermal storage efficiency from 69.8% to 63.6%¢@harging, 20C discharging).

Increasing the thermal conductivity of the BTES storage volume increases the value of optimal

borehole spacing for maximizing periodic steady state storage efficiency.

5.12 Conclusion

The reduced model of BTES thermal response is formed frosirtiified thermal
energy balance solution with constant fluid inlet conditions and periodic steady state BTES
operation. The reduced model 6s operation rel.i
volume temperature as average storage volume tamaperand thermal resistances derived
from TRNSYS DST simulations of BTES operation. The derivation of the thermal resistance
values is presented and the effect that changing BTES design parameters has on the thermal
resistance values of the referenceuwdation is explored. The thermal response of the model is
compared to a validated TRNSYS DST simulation and the temperature independence of the

model is checked.

The reduced model compared to TRNSYS DSTreference simulation predicts the
periodicsteady state average storage temperature response of charging with a RMSD of 0.96°C
and of discharging with a RMSD of 1.3°The reduced model compared to TRNSYS DST
reference simulation predigeriodicstealy state BTES total heat exchanger energy application

of charging within 1.8%&andof discharging within 2.8%.
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The reduced model can accurately simulate periodic steady state BTES thermal response,
however, itcannot accuratelgepresent periodic steadyast side and bottom loss heat transfer
rate during BTES discharging that has a change in heat transfer direction. The relative magnitude
of BTES storage volume side and bottom loss heat transfer rate is low compared to BTES heat
exchanger heat transfereatherefore, negative derivations of side and bottomdissdarging
timestepthermal resistances can be instead set to infinity which removes the side and bottom
heat | oss terms from t he (Eqeation 8 ad4yemovihgdiebs f unc
and bottom |l oss from the reduced model 6s appr

(Equation 5)

The reduced BTES thermal energy balance solution and thermal resistance ranges
provides engineers with a simplified tool for estimating BTES performiam@pplication in
early siting, designing, optimizing, and control systems work in greater complexity community

energy projects such as IHarvest systems.
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6 Conclusion

6.1 Introduction

Greenhouse gas (GHG) emissions are a major contributing factor téecthange. The
residential building sector contributes 15% of Canadian GHG emissions with space heating
comprising 63% of the average househol dds ene
is primarily met with natural gas combustion which producE&@missions [1]. The Integrated
Community Energy Harvesting (ICHarvest) systems seek to integrate thermal and elgctric
energy production, storage, redistribution, and consumption in a way that significantly reduces
the amount of GHG emissions required to meet space heating demand [3]. Borehole thermal
energy storage (BTES) is utilized for seasonal energy storage irl#é6€est systems. Effective
design and implementation of BTES in [Etarvest systemaould benefitfrom the
devel opment of a simplified or fireducedo mode
approximate periodic steady state BTES thermal response and stdicigeat The reduced
model aids in early siting, designing, optimizing, and control systems development work for

ICE-Harvest systems.

6.2 Literature Review and Thesis Space Definition

The literature review determined TRNSYS DST provides robust and accunalatgons
of BTES thermal response for BTES with varying design parameters and thermal properties
which makes it an ideal basis for a reduced model of BTES thermal response. As part of the
current work, TRNSYS was validated against data from a BTES etstalland was found to
provide and accurate prediction of BTES thermal response. This thesis presents a novel reduction

of the thermal energy balance equations that govern BTES thermal response and the effects
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varying BTES design parameters and thermgbgrties have on the reduced model. TRNSYS
was used to generate thermal resistance constants required by the reduced modelishioe goal
characterize simplified periodic steady state BTES thermal response and its dependency on

design parameters and thetmeoperties.

6.3 Results of the Reduced Model of BTES Thermal Response

The BTES thermal energy balance equation is reduced and solved assuming simplified
operation conditions which reach a periodic steady state operation. The reduction is applied with
the ddinition of steady state thermal resistance values which dictate heat flow rates between the
heat exchanger fluid and the storage volume and between the storage volume and its
surroundings during BTES charging and discharging. The thermal resistanceBraze flom
the mean of average temperature differences and area normalized mean heat transfer rates of
simplified operation and periodic steady state TRNSYS simulations of BTES thermal response.
The thermal resistances are presented with respect to oth@iDES storage volume, spacing
between boreholes, borehole depth, and number of boreholes as well as altering the thermal
conductivity and thermal capacity of the BTES storage volume and surrounding ground. The
model 6s outputs are ianurhmdari eoch stbo otuh @@ UTRNS ¥aS ds t

confirmed to be independent of inlet fluid temperature setpoints.

The reduced model uses an integrated thermal energy balance equation to define an
ordinary differential equation that governs the tempavarage storage volume temperature.
The reduced model compared to the TRNSYS DST reference simulation predicts the periodic
steady state average storage temperature response of charging with a RMSD of 0.96°C and the
temperature response of dischargingweitRMSD of 1.3°C. The reduced model compared to the

reference simulation predicts steady state BTES total heat exchatagenergy application of
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charging within 1.8% and the total heat exchanger energy application of discharging within

2.8%.

The redeed model is unable to account for the energy loss through the side and bottom
boundaries of the storage volume during BTES discharging if the heat transfer direction changes
to be from the surroundings to the storage volume. When this situation oceady, State
energy loss through the side and bottom boundaries of the storage volume can be approximated
to be negligible relative to the reduced mode

storage volume.

6.4 Recommendations for Future Work

BTES sbrage volume is a function of spacing between boreholes, borehole depth, and
number of boreholes, therefore, the individua
steady state thermal resistance values cannot be isolated. Future work shaudohfo@ating a
design of experiments matrix which defines th
values with respect to storage volume size, spacing between boreholes, borehole depth, and
number of boreholes in the same equation. The thgrmoperties of thermal conductivity and
capacity should be implemented into the design of experiments matrix and the periodic steady
state resistance definition. The design of experiments relationship would allow the reduced
model greater versatility in piecting the steady state efficiencies of different sized BTES with

different BTES site locations.

Future work should consider a parameter se
state thermal resistances for TRNSYS DST parameters that are hatlanton the reference

simulation and for the parameter sweep. A sensitivity study for parameters such as the number of
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boreholes connected in series, the type of borehole heat exchanger used in the BIEES (U
double Utube, coaxial), the design paraerstand thermal properties of the borehole heat
exchangers, and the thermal properties of the heat exchanger fluid should be performed. The
effect that changing the magnitude of the constant inlet massdtevinas on the reduced

model 6s t h essmaldberneestigadet. &inady, the effect of the charging and
discharging inlet fluid temperatures on BTES with different ambient air and undisturbed ground

temperatures should be explored.

Future work should investigate the definition of a steadteshermal resistance for heat
loss through the side and bottom surfaces of the BTES storage volume that can represent the
change in heat flow direction between the storage volume and the surrounding ground that
occurs during BTES discharging. The reduneatiel presented defines thermal resistance in a
way that the counteracting heat loss flow rate directions result in a negligible heat loss
approximation during BTES discharging rather than a period of decreasing BTES heat loss

followed by heat gain fromhe surrounding ground.

The ordinary differential equation reduction for the reduced model includes the
assumptions of a constant mass flate, constant inlet temperatures for charging and
discharging operation, neglecting the mass of the boreholexatatrngiers, and neglecting the
change of energy content within the heat exchanger fluid. Future work should investigate the
error propagation of these assumptions and the viability of using the reduced model for operation
conditions with more complexity. @gplex operation conditions include the implementation of
an energy storage nAhol di maedntodhe BTES it Zem)betWeerh e r e
the charging and discharging timestegs annual sinusoidal inlet fluid temperature operation to

represent both charging and discharging BTiid8t fluid temperatures in the same functiand
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differentinlet fluid temperature valuaban periodic steady state operatthning the BTES
warmup period Future work should investigate the viability of using a reduced model to predict
the BTES thermal response of site measured BTES operation data that exhibits @adsient

on/off BTES inlet fluid temperature and mass flate.

A guideshould be developed which details how long a BTd&$s to reachperiodic
steady state thermal response and storage efficidheyguide should provide thength of time
as a function oinlet fluid temperaturenagnitudes, operation timestep lengtrsBTES
thermalcapacity BTES thermatapacityis definable byBTES designparameters anstorage

volumethermal properties
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Appendix A

S H[m] | #BH | V Atea | Asv.sp | Asvt| Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t Efficiency
[m] M3 | [m?q |[m? [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%]
[CCmP/W] | [PCr?W] | [°CrPW] | [PCmPW] | [FCniiw] | [FCnéiw]

1 405 48 16833| 9161 | 9297 42 15901 | 1.42E01 2.80E+00 | -2.68E+00 | 1.94E+01 | 2.58E+01 |57.1

2 101.3 | 48 16833 | 2290 | 4794 166 | 1.72E01 | 1.70E01 3.71E+00 | -6.29E+00 | 1.94E+01 | 2.23E+01 | 69.9

3 45 48 16833 | 1018 | 3459 374 | 1.91E01 | 1.91E01 4.60E+00 | 1.19E+02 | 1.97E+01 | 1.96E+01 | 69.8

4 25.3 |48 16833 | 573 2979 665 | 2.0501 | 2.04E01 543E+00 | 1.19E+01 | 1.97E+01 | 1.77E+01 | 62.5

5 16.2 |48 16833 | 366 2890 1039 | 2.16E01 | 2.14E01 6.14E+00 | 8.67E+00 | 1.92E+01 | 1.62E+01 |51.5

6 11.3 |48 16833 | 254 3039 1496 | 2.25E01 | 2.20E01 6.93E+00 | 8.02E+00 | 1.85E+01 | 1.53E+01 | 39.6

7 8.3 48 16833 | 187 3359 2037 | 2.31E01 | 2.20E01 7.96E+00 | 7.92E+00 | 1.84E+01 | 1.49E+01 | 28.8

Table Al: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state sthesg@efficisoil 1

parameter sweep with variable parameters: spacing and depth and constant paramdiersof boreholes andlume. The periodic steady state

thermal resistances of charging and discharging and the periodic steady state storage efficiency are pFregargedllino Figure A10 with respect

to the variable parameters.
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Figure Al: Borehole heat exchanger thermedistance of periodic steady state BTES operation
normalized against total borehole area with respect to borehole spacing. Spacing and depth are

the variable parameters. Number of boreholes and volume are held cdbsilaht.
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Figure A2: Sides and bottom loss resistance of periodic steady state BTES operation normalized
against storage volume side and bottom area with respect to borehole spacing. The negative
discharging resistance values and large magnitude of dischaggistancdéor 3 m spacing is a

result of the change in heat transfer direction that occurs for periodic steady state side/bottom
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loss heat transfer rate. Spacing and depth are the variable parameters. Number of boreholes and

volume are held constant. Sl
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Figure A3: Sides and bottom loss resistance of periodic steady state BTES operation normalized
against storage volume side and bottom area w
axis is reduced to omit discharging resistance outliers and Hespdsy chaging resistance

values. Spacing and depth are the variable parameters. Number of boreholes and volume are held

constant. Soil 1.
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+ Charging ® Discharging
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Figure A4: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to borehole spacing. Spacing and depth are the variable

parameters. Number of boreholes and volume are held constant. Soil 1.
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Figure A5: Periodic steady state BTES thermal storage effogievith respect to borehole
spacing. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
during discharging timestep to the total energy injected during chargiagtep for a simulation

charging and discharging cycle.&jmng and depth are the variable parameters. Number of
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boreholes and volume are held constant. The inlet temperature setpoint of BTES charging is
95°C and BTES discharging is 20°C. Soil 1.
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Figure A6: Borehole heat exchangdrermal resistance of periodic steady state BTES operation
normalized against total borehole area with respect to depth. Spacing and depth are the variable

parameters. Number of boreholes and volume are held constant. Soil 1.
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Figure A7: Sides and bottom loss resistance of periodic steady state BTES operation normalized

against storage volume side and bottom area with respect to depth. The negative discharging
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resistance values and large magnitude discharging resistance fdep#ns a result of the
change in heat transfer direction that occurs for periodic steady state side/bottom loss heat
transfer rate. Spacing and depth are the variable parameters. Number of boreholes and volume

are held constant. Soil 1.
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Figure A8: Sides and bottom loss resistance of periodic steady state BTES operation normalized
against storage volume side and b-axisismducedr e a
to omit discharging resistance outliers and betigplay chargingesistance values. Spacing and

depth are the variable parameters. Number of boreholes and volume are held constant. Soil 1.
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+ Charging ® Discharging
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Figure A9: Top loss resistance of periodic steady state BTES operatiomalized against
storage volume top area with respect to depth. Spacing and depth are the variable parameters.

Number of boreholes and volume are held constant. Soil 1.
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Figure A10: Periodic steady state BTES thermal storage efficiency with respect to depth. BTES
thermal storage efficiency is defined as the ratio of the total energy extracted during discharging
timestep to the total energy injected during charging timestepsiandation charging and

discharging cycle. Spacing and depth are the variable parameters. Number of boreholes and
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volume are held constant. The inlet temperature setpoint of BTES charging is 95°C and BTES
discharging is 20°C. Soil 1.
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S #BH | H \ ATea Asv sp | Asv t| Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t EfﬁCienCy
[m] [m] [[m®] |[m?3 |[m7 [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%]
[PCCmP/W] | [°Cr?/W] | [PCrW] | [°CrmPW] | [PCné/W] | [°Cr?W]

1 432 | 45 16833 | 9161 | 3459 374 | 1.52E01 | 1.32E01 3.02E+00 | -2.08E+00 | 1.69E+01 | 2.13E+01 | 76.3
15 |192 |45 16833 | 4072 | 3459 374 | 1.61E01 | 1.53E01 3.33E+00 | -3.33E+00 | 1.76E+01 | 2.07E+01 | 75.9
2 108 | 45 16833 | 2290 | 3459 374 | 1.72E01 | 1.69E01 3.70E+00 | -6.59E+00 | 1.83E+01 | 2.02E+01 | 74.8
3 48 45 16833 | 1018 | 3459 374 | 1.91E01 |1.91E01 4.60E+00 | 1.19E+02 1.97E+01 | 1.96E+01 | 69.8
4 27 45 16833 | 573 3459 374 | 2.05£01 | 2.04E01 5.68E+00 | 1.38E+01 | 2.13E+01 | 1.95E+01 |61.5
5 17 45 16833 | 360 3459 374 | 2.16E01 | 2.14E01 6.67E+00 | 1.01E+01 | 2.27E+01 | 1.99E+01 |51.7
6 12 45 16833 | 254 3459 374 | 2.24E01 | 2.20E01 7.52E+00 | 8.95E+00 | 2.41E+01 | 2.04E+01 |43.0
Il 9 45 16833 | 191 3459 374 | 2.31E01 | 2.22E01 8.20E+00 | 8.39E+00 | 2.51E+01 | 2.09E+01 | 35.7

Table A2: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state stesg@effieisoil 1

parameter sweep with variable parameters: spacing and number of boreholes and constant parameters: tapth dihe yeriodic steady state

thermal resistances of charging and discharging and the periodic steady state storage efficiency are pFregaraedllih to Figure A20 with respect

to the variable parameters.
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Figure A11: Borehole heat exchanger thermal resistance of periodic sseadyBTES
operation normalized against total borehole area with respect to borehole spacing. Spacing and
number of boreholes are the variable parameters. Depth and volume are held doistant.
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Figure A12 Sides and bodim loss resistance of periodic steady state BTES operation
normalized against storage volume side and bottom area with respect to borehole spacing. The
negative discharging resistance values and large magnitude of discharging resistance for 3 m

spacing isa result of the change in heat transfer direction that occurs for periodic steady state
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side/bottom loss heat transfer rate. Spacing and number of boreholes are the variable parameters.

Depth and volume are held constant. Soil 1.
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Figure A13: Sides and bottom loss resistance of periodic steady state BTES operation
normalized against storage volume side and bottom area with respect to borehole spacing. The
f 1 g u+aesdsseduyced to omit discharging resistance outliers atel esplay charging
resistance values. Spacing and number of boreholes are the variable parameters. Depth and

volume are held constant. Soil 1.

131



+ Charging ® Discharging
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Figure A14: Top loss resistance of periodic steady state BdjSation normalized against
storage volume top area with respect to borehole spacing. Spacing and number of boreholes are

the variable parameters. Depth and volume are held constant. Soil 1.

20
80 A
70 A
60
50 A
40 A
30 A
20 A
10 ~
0 I B B R B

5 6 7 8

Year 10 Storage Efficiency [%)]

o
=
Y

3
Spacing [m]

Figure A15: Periodic steady stat&TES thermal storage efficiency with respect to borehole
spacing. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
during discharging timestep to the total energy injected during charging timestep for a simulation

chaging and discharging cycle. Spacing and number of boreholes are the variable parameters.
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Depth and volume are held constant. The inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 1.
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Figure A16: Borehole heat exchanger thermal resistance of periodic steady state BTES
operation normalized against total borehole area with respect to number of boreholes. Spacing
and number of boreholes are the variable parameters. Depth and volume are hahd. it

1.
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Figure A17: Sides and bottom loss resistance of periodic steady state BTES operation

normalized against storage volume side and bottom area with respect to number of boreholes.

The negative discharging resistan@lues and large magnitude discharging resistance for 48

boreholes is a result of the change in heat transfer direction that occurs for periodic steady state

side/bottom loss heat transfer rate. Spacing and number of boreholes are the variable parameters

Depth and volume are held constant. Soil 1.
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Figure A18: Sides and bottom loss resistance of periodic steady state BTES operation

normalized against storage volume side and bottom area with respect to number of boreholes.
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The f i-gxisise@used to omit discharging resistance outliers and better display charging
resistance values. Spacing and number of boreholes are the variable parameters. Depth and

volume are held constant. Soil 1.
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Figure A19: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to number of boreholes. Spacing and number of boreholes

are the variable parameters. Depth and volume are held constant. Soil 1.
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Figure A20: Periodic steady state BTES thermal storage efficiency with respect to number of
boreholes. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
during discharging timestep to thaal energy injected during charging timestep for a simulation
charging and discharging cycle. Spacing and number of boreholes are the variable parameters.
Depth and volume are held constant. The inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 1.
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#BH | V [m3] S H ATea Asv sb | Asv t| Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t EfﬁCienCy
[Mm] | [m] | [m3] | [m? [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%0]
[CCmPW] | [°CreW] | [PCré/W] | [PCmPW] | [PCné/W] | [PCr?/w]
10 3507 3 45 | 212 1486 78 1.91E01 | 1.90EO01 3.74E+00 | 3.10E+01 | 2.12E+01 | 2.25E+01 | 445
25 8767 3 45 | 530 2421 195 | 1.91E01 |1.91EO01 4.24E+00 | 7.34E+01 | 1.99E+01 | 2.01E+01 | 60.9
48 16833 | 3 45 | 1018 | 3459 374 |1.91E01 | 1.91E01 4.60E+00 | 1.19E+02 | 1.97E+01 | 1.96E+01 | 69.8
75 26302 | 3 45 | 1590 | 4441 584 |1.92E01 | 1.91E01 4.88E+00 | 9.53E+01 2.00E+01 | 1.99E+01 | 74.3
100 | 35069 |3 45 | 2121 | 5233 779 | 1.93E01 |1.91EO01 5.09E+00 | 6.89E+01 | 2.05E+01 | 2.04E+01 | 76.6
150 | 52604 |3 45 | 3181 | 6623 1169 | 1.94E01 | 1.92E01 5.43E+00 | 4.32E+01 | 2.15E+01 | 2.15E+01 | 79.1
200 | 70138 | 3 45 | 4241 | 7856 1559 | 1.9701 | 1.93E01 5.73E+00 | 3.23E+01 | 2.26E+01 | 2.27E+01 | 80.2
500 | 1753453 45 | 10603 | 13854 | 3897 | 2.26E01 | 2.05E01 6.90E+00 | 1.76E+01 | 2.80E+01 | 2.88E+01 | 80.3

Table A3: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state stesg@effieisoil 1

parameter sweep with variable parameters: numbeoreholes and volume and constant parameters: spacing and depth. The periodic steady state
thermal resistances of charging and discharging and the periodic steady state storage efficiency are pregareedidh to Figure A30 with respect

to the variable parameters.
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Figure A21: Borehole heat exchanger thermal resistance of periodic steady state BTES
operation normalizedgainst total borehole area with respect to number of boreholes. Number of

boreholes and volume are the variable parameters. Spacing and depth are held constant. Soil 1.
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Figure A22 Sides and bottom loss resistance of peciatieady state BTES operation

normalized against storage volume side and bottom area with respect to number of boreholes.
The larger magnitude of discharging resistances is a result of the change in heat transfer direction
that occurs for periodic steadiate side/bottom loss heat transfer rate. Number of boreholes and

volume are the variable parameters. Spacing and depth are held constant. Soil 1.
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Figure A23: Sides and bottom loss resistance of periodic steadyB®T&8 operation

normalized against storage volume side and bottom area with respect to number of boreholes.
The f i-gxisise@used to omit discharging resistance outliers and better display charging
resistance values. Number of boreholes and volna¢he variable parameters. Spacing and

depth are held constant. Soil 1.
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Figure A24: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to number of boreiesber of boreholes and volume

are the variable parameters. Spacing and depth are held constant. Soil 1.
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Figure A25: Periodic steady state BTES thermal storage efficiency with respect to number of
boreholes. BTES thermal stge efficiency is defined as the ratio of the total energy extracted
during discharging timestep to the total energy injected during charging timestep for a simulation

charging and discharging cycle. Number of boreholes and volume are the variable gratamet
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Spacing and depth are held constant. The inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 1.
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Figure A26: Borehole heat exchanger thermal resistance of periodic steady state BTES
opemtion normalized against total borehole area with respect to storage volume. Number of
boreholes and volume are the variable parameters. Spacing and depth are held constant. Soil 1.
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Figure A27: Sides and bottom loss resistance of periodic steady state BTES operation

normalized against storage volume side and bottom area with respect to storage volume. The
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larger magnitude of discharging resistances is a result of the change in heat transiem thiagc
occurs for periodic steady state side/bottom loss heat transfer rate. Number of boreholes and

volume are the variable parameters. Spacing and depth are held constant. Soil 1.

¢ Charging ® Discharging |

1.0E+01
9.0E+00 A
8.0E+00 A
7.0E+00 A
6.0E+00 A
5.0E+00 A
4.0E+00 A
3.0E+00 -
2.0E+00 A
1.0E+00 A
0.0E+00 +——"———+r———— g

0.0E+0 5.0E+4 1.0E+5 1.5E+5 2.0E+5
Volume [m?]

Area Normalised Average
[cCm?/w]

Side/Bottom Loss Resistance

IIIIIIIIIIIIIIIII!‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
*

Figure A28: Sides and bottom loss resiate of periodic steady state BTES operation
normalized against storage volume side and bottom area with respect to storage volume. The
f 1 g u+aesdsseduyced to omit discharging resistance outliers and better display charging
resistance values. Numbafrboreholes and volume are the variable parameters. Spacing and

depth are held constant. Soil 1.
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Figure A29: Top loss resistance of periodic steady state BTES operation normalized against

storage volume top area with respiecstorage volume. Number of boreholes and volume are the

variable parameters. Spacing and depth are held constant. Soil 1.
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Figure A30: Periodic steady state BTES thermal storage efficiency with respect to storage

volume. BTES thermal storage efficiency is defined as the ratio of the total energy extracted

during discharging timestep to the total energy injected during charging timestegiriculation

charging and discharging cycle. Number of boreholes and volume are the variable parameters.
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Spacing and depth are held constant. The inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 1.
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H \% [m3] S #BH | Atea Asv sp | Asvt | Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t EﬁiCienCy
[m] [m] [m?] | [m?] [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%]
[CCmP/W] | [°Cn?/W] | [°Cm@IW] | [°CmW] | [PCné/W] | [PCr?/w]

5 1870 3 48 113 717 374 1.91E01 | 1.90E01 3.13E+00 | 8.26E+00 1.62E+01 | 1.48E+01 | 33.4
10 3741 3 48 226 1060 374 1.91E01 | 1.91EO01 3.47E+00 | 1.08E+01 | 1.71E+01 | 1.58E+01 |48.1
25 9352 3 48 565 2088 374 1.91E01 | 1.91E01 4.13E+00 | 3.14E+01 | 1.86E+01 | 1.80E+01 | 63.7
45 16833 | 3 48 1018 | 3459 374 191E01 | 1.91EO01 4.60E+00 | 1.19E+02 | 1.97E+01 | 1.96E+01 | 69.8
75 28055 |3 48 1696 | 5516 374 1.92E01 | 1.91E01 5.00E+00 | 3.00E+02 | 2.10E+01 | 2.13E+01 | 72.5
100 | 37407 |3 48 2262 | 7230 374 19301 | 1.91E01 5.22E+00 | 1.58E+02 | 2.19E+01 | 2.25E+01 | 73.1
150 | 56110 |3 48 3393 | 10658 | 374 19601 | 1.91EO01 557E+00 | 6.33E+01 | 2.37E+01 | 2.48E+01 | 72.9
250 93517 |3 48 5655 | 17514 | 374 2.04£01 | 1.90E01 6.07E+00 | 3.05E+01 | 2.73E+01 | 2.88E+01 | 70.7
300 |112221| 3 48 6786 | 20943 | 374 2.12£01 | 1.91E01 6.28E+00 | 2.52E+01 | 2.88E+01 | 3.06E+01 | 69.3

Table A4: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state sthesg@efficisoil 1

parameter sweep with variable parameters: demdhvalume and constant parameters: spacing and number of boreholes. The periodic steady st

thermal resistances of charging and discharging and the periodic steady state storage efficiency are pregareetidh to Figure A40 with respect

to the variable parameters.
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Figure A31: Borehole heat exchanger thermal resistance of periodic steady state BTES
operation normalized against total borehole area with respect to depth. Depth and volume are the

variable parameters. Spacing and number of boreholes are held constant. Soil 1
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Figure A32 Sides and bottom loss resistancgeiiodic steady state BTES operation
normalized against storage volume side and bottom area with respect to depth. The larger
magnitude of discharging resistances is a result of the change in heat transfer direction that
occurs for periodic steady stateesfbottom loss heat transfer rate. Depth and volume are the

variable parameters. Spacing and number of boreholes are held constant. Soil 1.
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Figure A33: Sides and bottom loss resistance of periodic steady state &JdE&tion
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Figure A34: Top loss resistance of periodic steady state BTES operation normalized against

storage volume top area with respect to depth. Depth and volume are theezarabheters.

Spacing and number of boreholes are held constant. Soil 1.
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Figure A35: Periodic steady state BTES thermal storage efficiency with respect to depth. BTES
thermal storage efficiency is defined as the ratio otdked energy extracted during discharging
timestep to the total energy injected during charging timestep for a simulation charging and
discharging cycle. Depth and volume are the variable parameters. Spacing and number of
boreholes are held constant. Tihket temperature setpoint of BTES charging is 95°C and BTES
discharging is 20°C. Soil 1.
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Figure A36: Borehole heat exchanger thermal resistance of periodic steady state BTES
operation normalized against total borehole aritla K@spect to storage volume. Depth and

volume are the variable parameters. Spacing and number of boreholes are held constant. Soil 1.
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Figure A37: Sides and bottom loss resistance of periodic steady state &¥dE&tion

normalized against storage volume side and bottom area with respect to storage volume. The
larger magnitude of discharging resistances is a result of the change in heat transfer direction that
occurs for periodic steady state side/bottom lossthaasfer rate. Depth and volume are the

variable parameters. Spacing and number of boreholes are held constant. Solil 1.
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Figure A38: Sides and bottom loss resistance of periodic steady state BTES operation
normalized againgtorage volume side and bottom area with respect to storage volume. The
f 1 g u+aesésseduyced to omit discharging resistance outliers and better display charging
resistance values. Depth and volume are the variable parameters. Spacing and number of

boreholes are held constant. Soil 1.
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Figure A39: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to storage volume. Depth and volume are the variable

parametes. Spacing and number of boreholes are held constant. Soil 1.
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Figure A40: Periodic steady state BTES thermal storage efficiency with respect to storage
volume. BTES thermal storage efficiency is defined as the ratleedbtal energy extracted

during discharging timestep to the total energy injected during charging timestep for a simulation
charging and discharging cycle. Depth and volume are the variable parameters. Spacing and
number of boreholes are held constaihie inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 1.
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Appendix B

S V #BH | H Atea | Asvsp | Asvt| Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t Efficiency
[m] | [m?] [m] | [m?3] | [m? [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%]
[CCmPW] | [PCm?W] | [FCnW] | [FCrW] | [PCrAiw] | [PCriw]

1 1870 | 48 45 | 1018 | 1070 42 1.37E01 | 1.36E01 1.96E+00 | -1.58E+00 | 1.70E+01 | 1.90E+01 | 64.2

2 7481 | 48 45 | 1018 | 2223 166 | 1.71E01 |1.70E01 3.16E+00 | -4.97E+01 | 1.95E+01 | 1.90E+01 74.2

3 16833 | 48 45 | 1018 | 3459 374 | 1.90E01 | 1.89E01 4.84E+00 | 9.93E+00 | 2.13E+01 | 1.89E+01 | 72.3

4 29926 | 48 45 | 1018 | 4779 665 | 2.03E01 | 2.01E01 6.52E+00 | 7.93E+00 | 2.21E+01 | 1.89E+01 |67.4

5 46759 | 48 45 | 1018 | 6181 1039 | 2.12E01 | 2.08E01 7.87E+00 | 7.62E+00 | 2.20E+01 | 1.92E+01 | 62.1

6 67332| 48 45 | 1018 | 7667 1496 | 2.19E01 | 2.11EO01 8.92E+00 | 7.57E+00 | 2.19E+01 | 1.93E+01 | 56.2

7 91647 | 48 45 | 1018 | 9236 2037 | 2.24£01 | 2.10E01 9.90E+00 | 7.66E+00 | 2.19E+01 | 1.95E+01 | 50.0

Table B1: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state stwesg@ietfieisnil 2

parameter sweep with variable parameters: spacing and volume and constant panaumeber of boreholes and depth. The periodic steady state

thermal resistances of charging and discharging and the periodic steady state storage efficiency are pFegaradsllito Figure B10 with respect

to the variable parameters.
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Figure B1: Borehole hea¢xchanger thermal resistance of periodic steady state BTES operation
normalized against total borehole area with respect to borehole spacing. Spacing and volume are

the variable parameters. Number of boreholes and depth are held constant. Soil 2.
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FigureB.2: Sides and bottom loss resistance of periodic steady state BTES operation normalized
against storage volume side and bottom area with respect to borehole spacing. The negative
discharging resistance values and are a rekthieacchange in heat transfer direction that occurs

for periodic steady state side/bottom loss heat transfer rate. Spacing and volume are the variable

parameters. Number of boreholes and depth are held constant. Soil 2.
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Figure B3: Sides and bottom loss resistance of periodic steady state BTES operation normalized
against storage volume side and bottom area w
axis is reduced to omit discharging resistance outliers and bettexyde$alrging resistance

values. Spacing and volume are the variable parameters. Number of boreholes and depth are held

constant. Soil 2.
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Figure B4: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to borehole spacing. Spacing and volume are the variable

parameters. Number of boreholes and depth are held constant. Soil 2.
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Figure B5: Periodic steady state BTES thermal storage efficiency with respect to borehole
spacing. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
during discharging timestep to the total energy injected during charging tinh@stepimulation
charging and discharging cycle. Spacing and volume are the variable parameters. Number of
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boreholes and depth are held constant. The inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 2.
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Figure B6: Borehole heat exchanger thermal resistance of periodic steady state BTES operation
normalized against total borehole area with respect to storage volume. Spacing and volume are
the variable parameters. Number of boreholes andhdeptheld constant. Solil 2.
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Figure B7: Sides and bottom loss resistance of periodic steady state BTES operation normalized

against storage volume side and bottom area with respect to storage volume. The negative
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discharging resistance values are a result of the change in heat transfer dlmattcours for
periodic steady state side/bottom loss heat transfer rate. Spacing and volume are the variable

parameters. Number of boreholes and depth are held constant. Soil 2.
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Figure B8: Sides and bottom loss resistanégeriodic steady state BTES operation normalized
against storage volume side and bottoasarea w
is reduced to omit discharging resistance outliers and better display charging resistance values.
Spacing ad volume are the variable parameters. Number of boreholes and depth are held

constant. Soil 2.
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Figure B9: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respecttirage volume. Spacing and volume are the variable

parameters. Number of boreholes and depth are held constant. Soil 2.
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Figure B10: Periodic steady state BTES thermal storage efficiency with respect to storage
volume. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
during discharging timestep to the total energy injected during charging timesgegirficulation

charging and discharging cycle. Spacing and volume are the variable parameters. Number of
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boreholes and depth are held constant. The inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 2.
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S H [m] #BH |V ATea Asv sp | Asv t| Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t EﬁiCienCy
[m] M3 | [m? |[m3 [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%]
[CCmP/W] | [°Cr?/W] | [°CrW] | [PCrmPW] | [PCné/W] | [PCr?w]

1 405 48 16833 | 9161 | 9297 42 1.65£01 | 1.44E01 2.31E+00 | -4.07E+00 | 2.21E+01 | 2.95E+01 | 65.1

2 101.3 | 48 16833 | 2290 | 4794 166 | 1.73E01 | 1.71E01 3.52E+00 | -3.26E+02 | 2.17E+01 | 2.19E+01 | 75.7

3 45 48 16833 | 1018 | 3459 374 | 1.90E01 | 1.89E01 4.84E+00 | 9.93E+00 | 2.13E+01 | 1.89E+01 | 72.3

4 25.3 |48 16833 | 573 2979 665 | 2.03£01 | 2.01EO01 5.87E+00 | 7.06E+00 | 2.04E+01 | 1.74E+01 | 63.2

5 16.2 |48 16833 | 366 2890 1039 | 2.12E01 | 2.06E01 6.55E+00 | 6.29E+00 | 1.90E+01 | 1.63E+01 |51.4

6 11.3 |48 16833 | 254 3039 1496 | 2.1901 | 2.06E01 7.20E+00 | 6.02E+00 | 1.80E+01 | 1.55E+01 | 39.1

Il 8.3 48 16833 | 187 3359 2037 | 2.25£01 | 1.97E01 8.13E+00 | 5.96E+00 | 1.78E+01 | 1.53E+01 | 28.2

Table B2: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state swesg®ieffieisnil 2

parameter sweep with variable parameters: spacing and depth and constant parametersf harebeles and volume. The periodic steady state

thermal resistances of charging and discharging and the periodic steady state storage efficiency are pregargdsilihto Figure B20 with respect

to the variable parameters.
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Figure B11: Borehole heat exchanger thermal resistance of periodic steady state BTES operation

normalized against total borehole area with respeabtehole spacing. Spacing and depth are

the variable parameters. Number of boreholes and volume are held constant. Soil 2.
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Figure B12: Sides and bottom loss resistance of periodic steady state BTES operation
normalized agairistorage volume side and bottom area with respect to borehole spacing. The
negative discharging resistance values are a result of the change in heat transfer direction that
occurs for periodic steady state side/bottom loss heat transfer rate. Spaciegthnare the

variable parameters. Number of boreholes and volume are held constant. Soil 2.
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Figure B13: Sides and bottom loss resistance of periodic steady state BTES operation
normalized against storage volume side andbotrea with respect to borehole spacing. The

f i g u+aesésgeduyced to omit discharging resistance outliers and better display charging
resistance values. Spacing and depth are the variable parameters. Number of boreholes and

volume are held constar®oil 2.
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Figure B14: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to borehole spacing. Spacing and depth are the variable

parameters. Number of borehotesd volume are held constant. Soil 2.
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Figure B15: Periodic steady state BTES thermal storage efficiency with respect to borehole
spacing. BTES thermal storage efficiency is defined as the ratio of the total ertzegyed

during discharging timestep to the total energy injected during charging timestep for a simulation
charging and discharging cycle. Spacing and depth are the variable parameters. Number of
boreholes and volume are held constant. The inlet tenupers¢tpoint of BTES charging is

95°C and BTES discharging is 20°C. Soil 2.
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Figure B16: Borehole heat exchanger thermal resistance of periodic steady state BTES operation
normalized against total borehole area with respead¢pdh. Spacing and depth are the variable

parameters. Number of boreholes and volume are held constant. Soil 2.
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Figure B17: Sides and bottom loss resistance of periodic steady state BTES operation
normalized against storagelume side and bottom area with respect to depth. The negative
discharging resistance values are a result of the change in heat transfer direction that occurs for
periodic steady state side/bottom loss heat transfer rate. Spacing and depth are tbe variabl

parameters. Number of boreholes and volume are held constant. Solil 2.
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Figure B18: Sides and bottom loss resistance of periodic steady state BTES operation

normalized against storage volume side and bottom area with respectd e pt h. -The f i g1
axis is reduced to omit discharging resistance outliers and better display charging resistance

values. Spacing and depth are the variable parameters. Number of boreholes and volume are held

constant. Soil 2.
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Figure B19: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to depth. Spacing and depth are the variable parameters.

Number of boreholes and volume are held constant. Soil 2.
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Figure B20: Periodic steady state BTES thermal storage efficiency with respect to depth. BTES
thermal storage efficiency is defined as the ratio of the total energy extracted during discharging
timestep to the total ener@yjected during charging timestep for a simulation charging and
discharging cycle. Spacing and depth are the variable parameters. Number of boreholes and
volume are held constant. The inlet temperature setpoint of BTES charging is 95°C and BTES
dischargings 20°C. Soil 2.
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S #BH | H \ ATea Asv sp | Asv t| Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t EfﬁCienCy
[m] [m] [[m®] |[m?3 |[m7 [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%]
[PCCmP/W] | [°Cr?/W] | [PCrW] | [°CrmPW] | [PCné/W] | [°Cr?W]

1 432 | 45 16833 | 9161 | 3459 374 | 1.55E01 | 1.42E01 2.47E+00 | -3.06E+00 | 1.91E+01 | 2.52E+01 | 85.0
15 |192 |45 16833 | 4072 | 3459 374 | 1.61E01 | 1.57E01 2.94E+00 | -8.03E+00 | 1.99E+01 | 2.23E+01 | 83.8
2 108 | 45 16833 | 2290 | 3459 374 | 1.72E01 | 1.71E01 3.55E+00 | 9.21E+01 | 2.05E+01 | 2.02E+01 |81.1
3 48 45 16833 | 1018 | 3459 374 | 1.90E01 | 1.89E01 4.84E+00 | 9.93E+00 | 2.13E+01 | 1.89E+01 |72.3
4 27 45 16833 | 573 3459 374 | 2.03£01 | 2.00E01 6.03E+00 | 7.34E+00 | 2.23E+01 | 1.89E+01 |61.2
5 17 45 16833 | 360 3459 374 | 2.12E01 | 2.06E01 6.92E+00 | 6.63E+00 | 2.29E+01 | 1.95E+01 |49.8
6 12 45 16833 | 254 3459 374 | 2.1901 | 2.06E01 7.58E+00 | 6.29E+00 | 2.36E+01 | 1.99E+01 |40.5
Il 9 45 16833 | 191 3459 374 | 2.24E01 | 2.01E01 8.10E+00 | 6.15E+00 | 2.42E+01 | 2.06E+01 | 33.1

Table B3: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state stwesg@etfieisnil 2

parameter sweep with variable parameters: spacing and number of boasltbbemstant parameters: depth and volume. The periodic steady state

thermal resistances of charging and discharging and the periodic steady state storage efficiency are pregaraeglhto Figure B30 with respect

to the variable parameters.
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Figure B21: Borehole heat exchanger thermadistance of periodic steady state BTES operation
normalized against total borehole area with respect to borehole spacing. Spacing and number of

boreholes are the variable parameters. Depth and volume are held constant. Soil 2.
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Figure B22: Sides and bottom loss resistance of periodic steady state BTES operation
normalized against storage volume side and bottom area with respect to borehole spacing. The
negative discharging resistance values and large magnitadscbarging resistance for 2 m

spacing is a result of the change in heat transfer direction that occurs for periodic steady state
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side/bottom loss heat transfer rate. Spacing and number of boreholes are the variable parameters.

Depth and volume are hetdnstant. Soil 2.
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Figure B23: Sides and bottom loss resistance of periodic steady state BTES operation
normalized against storage volume side and bottom area with respect to borehole spacing. The
f 1 g u+aesésseduycedotomit discharging resistance outliers and better display charging
resistance values. Spacing and number of boreholes are the variable parameters. Depth and

volume are held constant. Soil 2.
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Figure B24: Top loss resistance pkriodic steady state BTES operation normalized against
storage volume top area with respect to borehole spacing. Spacing and number of boreholes are

the variable parameters. Depth and volume are held constant. Soil 2.
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Figure B25: Periodic steady state BTES thermal storage efficiency with respect to borehole
spacing. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
during discharging timestep to the total energy injected during charging tinh@stepimulation

charging and discharging cycle. Spacing and number of boreholes are the variable parameters.
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Depth and volume are held constant. The inlet temperature setpoint of BTES charging is 95°C
and BTES discharging is 20°C. Soil 2.
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Figure B26: Borehole heat exchanger thermal resistance of periodic steady state BTES operation
normalized against total borehole area with respect to number of boreholes. Spacing and nhumber

of boreholes are the variable parameters. Depdhvalume are held constant. Soil 2.
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Figure B27: Sides and bottom loss resistance of periodic steady state BTES operation

normalized against storage volume side and bottom area with respect to number of boreholes.
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The negativalischarging resistance values and large magnitude discharging resistance for 108
boreholes is a result of the change in heat transfer direction that occurs for periodic steady state
side/bottom loss heat transfer rate. Spacing and number of borehdles waeable parameters.

Depth and volume are held constant. Soll 2.
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Figure B28: Sides and bottom loss resistance of periodic steady state BTES operation
normalized against storage volume side and bottom area with respaatiber of boreholes

The f i-gxisise@used to omit discharging resistance outliers and better display charging
resistance values. Spacing ananber of boreholeare the variable parametebBepthand

volumeare held constangoil 2.
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Figure B29: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to number of boreholes. Spacing and number of boreholes

are the variable parameters. Depth andwelare held constant. Soil 2.
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Figure B30: Periodic steady state BTES thermal storage efficiency with respect to number of
boreholes. BTES thermal storage efficiency is defined as the ratio of the total energy extracted
duringdischarging timestep to the total energy injected during charging timestep for a simulation

charging and discharging cycle. Spacing and number of boreholes are the variable parameters.
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Depth and volume are held constant. The inlet temperature setpBiRESf charging is 95°C
and BTES discharging is 20°C. Soil 2.
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#BH | V [m3] S H ATea Asv sb | Asv t| Rnx Rhx Rioss_s,b Rioss_s,b Rioss_t Rioss_t EﬁiCienCy
[Mm] | [m] | [m3] | [m? [m?] | (charge) | (discharge) | (charge) | (discharge) | (charge) | (discharge) | [%]
[CCmPW] | [°CreW] | [PCré/W] | [PCmPW] | [PCné/W] | [PCr?/w]
10 3507 3 45 | 212 1486 78 1.90E01 | 1.88E01 3.83E+00 | 7.37E+00 | 2.31E+01 | 2.07E+01 | 49.6
25 8767 3 45 | 530 2421 195 | 1.90E01 | 1.89E01 4.41E+00 | 9.06E+00 | 2.14E+01 | 1.90E+01 | 64.8
48 16833 | 3 45 | 1018 | 3459 374 | 1.90E01 | 1.89E01 4.84E+00 | 9.93E+00 | 2.13E+01 | 1.89E+01 | 72.3
75 26302 | 3 45 | 1590 | 4441 584 |1.91E01 | 1.89E01 5.16E+00 | 1.02E+01 2.17E+01 | 1.94E+01 75.9
100 | 35069 |3 45 | 2121 | 5233 779 | 1.91E01 | 1.90EO01 5.38E+00 | 1.03E+01 | 2.23E+01 | 2.00E+01 | 77.5
150 | 52604 |3 45 | 3181 | 6623 1169 | 1.94E01 | 1.91EO01 5.71E+00 | 1.01E+01 | 2.36E+01 | 2.13E+01 | 79.0
200 | 70138 | 3 45 | 4241 | 7856 1559 | 1.9701 | 1.92E01 5.94E+00 | 9.88E+00 | 2.48E+01 | 2.26E+01 | 79.3
500 | 1753453 45 | 10603 | 13854 | 3897 | 2.36E01 | 2.02E01 6.41E+00 | 8.90E+00 | 3.00E+01 | 2.83E+01 | 75.8

Table B4: Design parameters, heat transfer areas, periodic steady state thermal resistances, and periodic steady state swesg@etfieisnil 2

parameter sweep with varialparameters: number of boreholes and volume and constant parameters: spacing and depth. The periodic steady sta
thermal resistances of charging and discharging and the periodic steady state storage efficiency are pFregaradgidihto Figure B40 with respect

to the variable parameters.
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Figure B31: Borehole heat exchanger thermal resistance of periodic steady state BTES operation
normalizedagainst total borehole area with respect to number of boreholes. Number of boreholes

and volume are the variable parameters. Spacing and depth are held constant. Soil 2.
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Figure B32 Sides and bottom loss resistance of pedatieady state BTES operation

normalized against storage volume side and bottom area with respect to number of boreholes.
The larger magnitude of discharging resistances is a result of the change in heat transfer direction
that occurs for periodic steadiate side/bottom loss heat transfer rate. Number of boreholes and

volume are the variable parameters. Spacing and depth are held constant. Soil 2.
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Figure B33: Sides and bottom loss resistance of periodic steady state BTESiape

normalized against storage volume side and bottom area with respect to number of boreholes.
The f i-gxisisedused i omit most discharging resistances and better display charging
resistance values. Number of boreholes and volume are iablegrarameters. Spacing and

depth are held constant. Soil 2.

Figure B34: Top loss resistance of periodic steady state BTES operation normalized against
storage volume top area with respect to number of boreiesber of boreholes and volume

are the variable parameters. Spacing and depth are held constant. Soil 2.
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