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Abstract

The deployment of stationary battery energy storage system continues to grow as renewable energy
systems are integrated into the electricity grid. Research on battery systems covering areas of
system optimization, battery management system, grid integration of BESS, etc., have transformed
the pattern of energy use and storage resulting in more energy efficient and sustainable energy

systems.

This thesis explores the thermal dynamics of subterranean battery energy storage systems for
residential applications. Residential battery installations have brought up concerns surrounding
safety, pollution, and structural footprint, which could hinder a widespread adoption of stationary
battery storage systems for increased electrification. Burying batteries underground addresses
these concerns. While previous research has focused above-ground battery installations, this study
explores the potential of utilizing the ground as an infinite heat sink or storage for thermal
management. The impact of soil temperatures, battery geometry and soil thermal properties on

battery performance are analyzed through thermal modelling and laboratory experiments.

The result indicates that the thermal response of the battery and its surrounding soil is significantly
influenced by the battery operation signal and the thermal properties. This is reflected in the
variation peak battery temperature and the heating or cooling rate of the battery. The ground
temperature has a linear influence on the peak battery temperatures but has no impact on the rate
of heat dissipation. Variation of the geometry may create or reduce the heat pathways, which
influences the temperature of the system minimally. For example, a four-sided battery pack creates
a wider area for heat diffusion, and the predicted battery temperature peaks at 67 °C for an

aggressive signal, which is a 5 °C less than the result of a six-sided battery pack.

viil
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Chapter 1: Introduction

This thesis investigates subterranean battery installations and the thermal response to the battery
operations, which influences the performance. This research includes thermal modeling and
laboratory experimentation, from which results are analyzed and conclusions are drawn for

comprehension of subterranean battery operations.

1.1 Background

The demand for electricity coupled with environmental concerns has propelled the growth of
renewable energy generation. The integration of renewable energy resources (such as solar, wind,
tidal, and geothermal energy, etc.) into electricity systems provides many benefits aimed to
increased energy independence and security. However, the deployment of renewable energy
systems in large scales into the electrical grid also introduces a myriad of problems due to the
inconsistent nature of renewable energy sources. Energy storage provides solutions to these

problems, due to its unique ability to act as a load (storing energy) and a generator (dispensing

energy) [1].

Battery energy storage systems (BESS) are a widely used and cost-competitive energy storage
technology. They possess a wide range of power and energy storage capabilities, are efficient, and
are not subject to geographical constraints, which means they can be integrated at any point from
energy production to end-use consumption [2]. Lithium-ion is the foremost battery technology in
the market due to its unique characteristics including comparatively high energy and power
density, improved cycling stability (i.e., reversible intercalation and deintercalation of lithium ions
in the electrode materials), and high cycle life. Thus, increased efforts at electrification through
battery energy storage employ lithium-ion battery technology and have given rise to a wide range
of these units on the market for diverse applications including stationary applications. This
presents the question of the physical placement of BESS in the energy system. BESS placement
involves the process of BESS sizing and choosing an installation location in the energy system [3],
[4]. BESS placement discussed in existing literature is targeted at minimizing cost and energy or
power losses showing a major consideration towards technical operation and maintenance [3], [5],
[6], [7]. BESS placement models and algorithms developed in literature place minimal focus on

the installation process, and often do not consider the state of the physical location (building or



space) in determining an optimal location for BESS placement. The physical footprint of BESS
varies depending on the technology employed and the energy capacity required. Increased energy
capacity necessitates additional space. It is not unusual for owners of distributed BESS to utilize
indoor spaces such as the garage or basement approved by [8], which typically have poor air
circulation for maintaining the ambient temperatures within a range that is favorable BESS
operations. In some cases, an external structure may need to be built to house BESS units.
However, there are concerns from BESS owners regarding safety, the inconvenience of additional
cost, thermal management, strict adherence to stringent codes and standards like the standard for
the installation of stationary energy storage systems, NFPA 855, Canadian electrical code, CSA
C22.1:21 [9], etc. As an innovative alternative, installation of batteries underground could
potentially address these concerns. Such subterranean BESS installations leave no apparent
footprint as they require no external structure to be constructed. They are not noticeable, hence
concerns from the BESS owner regarding safety, thermal management, codes and standards, etc.,
are alleviated. BESS adoption for residential applications is likely to increase when there are less

worries about indoor installations.

1.2 Research Objectives

The primary challenge with subterranean BESS operation is thermal management due to difficulty
accessing the system underground. BESS require thermal management to keep battery
temperatures uniform and within a desired temperature range. Extensive research had been done
on battery thermal management, often involving large convective surfaces or active air or liquid
thermal control systems, which is easily implemented for above-ground BESS installations.
Subterranean environments experience limited temperature fluctuation further away from surface
levels, which eliminates the undesirable effects of ambient temperature fluctuations. However,
accessibility to the battery is limited underground, hence active thermal management utilizing
active control mechanism for thermal management, is difficult to achieve. Consequently, passive
thermal management which requires only the ambient environment, and no active thermal control
mechanism is more plausible. Thermal management of the battery below ground surface is
complicated by varying properties in the ground e.g. thermal conductivity, moisture content in the
soil, thermal mass. The objective of this research is to model the thermal dynamics of subterranean

battery operation and perform practical lab tests to evaluate the cycling and power capabilities as



a function of the maximum temperatures, as well as other limitations under continuous operations.
This research provides a framework for modeling and evaluating subterranean battery operation
in different scenarios and for various power outputs. Thus, the research questions for this project
are,
e What is the temperature response of the battery and the surrounding soil during operation,
and how does this vary for different soil?
e What is the heat dissipation rate, and how does that decide the duration of maximum power
output and maximum average power from the battery during continuous operations?
e What is the average steady state temperature and the impact on the degradation of lithium-
ion battery?
e What are the cycling and power limitations as a function of temperature?

¢ How do the limitations affect battery operations and residential battery applications?

1.3 Scope of the Research

The model developed in this work is a thermal model for a module or pack-level battery operation.
The modeling technique is analytical with the use of ANSYS and Solidworks software packages.
ANSYS is an analytical modeling and simulation tool, which uses finite element analysis for
comprehensive engineering simulation and provides detailed and accurate analysis results.
Solidworks is a design software used for computer-aided design, and simple engineering model
simulations and analysis. For this work, the geometry parts are designed using Solidworks and
imported into ANSY'S for thermal simulation and analysis. The soil thermal properties are assumed
to be homogenous. Emphasis is placed on the heat dissipation in the soil, and the thermal recovery
of the battery. A comprehensive study of the battery module itself (at the cell level interfaces) in
operation underground is a different scope outside of this study. Therefore, for an integrated
battery module with a cooling plate, it is tenable that the battery is modeled as a single lumped
element with uniform heat generation. A test unit was built for experimental validation of the

model.

This research is targeted towards residential applications given the growth of distributed renewable

energy generation and BESS installations.



Chapter 2: Literature Review

This chapter provides a review of academic literature relevant to this research. The selected
literature focus on battery thermal behaviours, management and control, and the thermal dynamics
of subterranean environments. The findings drawn from the reviewed literature provide critical

information to the basis of this project, and present benchmarks for comparison of the model.

2.1 Thermal Behaviour of Lithium-ion Battery

The thermal dynamics in a battery is a complex process that involves several events in the battery
such as entropy change, mass transport, charge transport, etc. Many researchers have studied this
process for understanding and designing thermal management strategies for battery operations

(involving small cells or modules and large battery stacks).

2.1.1 Heat Generation in Lithium-ion Batteries

The heat generated in lithium-ion batteries can be attributed to various phenomena occurring
within the battery, which can be categorized into reversible and irreversible heat. These includes
joule or ohmic heating, heating due to charge transfer between the electrodes and the electrolyte,
heating due to mass transport resistance between the electrodes, through the electrolyte, heat of
mixing, phase change heat, side reactions heat and entropic heating caused by the insertion and

removal of lithium ions from the electrode materials [10], [11], [12], [13], [14].
Irreversible heat generation

The irreversible heat generation arise due to transport resistances and overpotentials related to
charge transfer reactions in the battery. Transport resistances includes electron transport resistance
in the electrode materials and the current collectors, contact resistance between material
components, charge transport resistance between the electrode and electrolyte interfaces, and mass
transport resistance in the electrolyte. These resistances contribute to power lost as heat into the
battery module and its external environment. Other contributions to irreversible heat generation
includes heat occurring as a result of undesired electrolyte-electrode reactions, solid electrolyte
interface (SEI) reactions with the electrolyte, and heat of mixing during battery voltage relaxation

[14], [15].



Reversible heat generation

The reversible heat generation is attributed to entropic heating due to the electrochemical processes
that occur within the battery. The intercalation and deintercalation of lithium ions in the electrode
materials leads to changes in the atomic arrangement in the crystal lattices in the electrodes causing
a change in entropy. An increase in the entropy absorbs heat and a decrease in entropy releases
heat. Ideally, the same amount of heat is absorbed as is released during battery operation, making

entropic heating reversible [12], [14], [16]

For most battery thermal models, the heat generated due to side reactions, mixing and phase
changes are neglected because they are often considered small compared to heat generated due to

resistance in the battery.

Several factors affect reversible and irreversible heating which includes; ambient temperatures,
state of charge or depth of discharge, charge and discharge rates and electrode material structure
[11]. Chen et al. in [17] summarizes that a battery’s thermal behaviour and its electrochemical
performance are dependent on each other. During a discharge, a battery generates more heat with
increasing rate of discharge and depth of discharge. Consequently, increasing temperatures
enhances a battery’s performance due to increased conductivity of ions in the electrolyte and other

factors.

During battery operations, the irreversible heat (joule heating) is the predominant source of heat
as a function of the state of charge and current rate [16]. The heat which cannot be converted back
to electrical energy causes an initial localized increase in battery temperature, which is dependent
on the battery thermal mass, and is then dissipated to the external environment of the battery. The
heat generated may be dissipated more easily for smaller batteries than larger battery stacks due to
shorter path lengths. For battery modules or packs, the heat generated is higher than that of a single
cell, from a scaling perspective, and elevated battery temperatures are more likely due to a lower

surface area to volume ratio for heat dissipation, than that of a single cell.

2.2 Temperature Effect on Batteries

The performance and degradation of batteries are strongly influenced by temperatures, which
comprises of both operational and ambient temperatures. The operational temperature is defined

as the temperature of a battery, usually measured at the battery cell surface, during battery



operation. The ambient temperature is defined as the temperature of the battery’s external
environment, which includes the storage temperature. The effect of temperature presents itself in
the battery electrochemical performance and its aging [ 18]. The temperature effects on lithium-ion
batteries can be discussed in three groups: low temperature influence, high temperature influence

and the influence of non-uniform temperature distribution.

2.2.1 Low Temperature Influence

A sundry of studies has been done on the effects of low temperatures, typically below -20 °C, on
lithium-ion batteries, which has established that lithium-ion batteries perform inadequately in low
temperatures [19]. The poor performance can be primarily attributed to the transport properties of
the electrolyte, which is the medium for ion transport between the battery electrodes. At low
temperatures, the deliverable energy and power from lithium-ion batteries decrease [12], which is
due to poor electrolyte conductivity, low charge transfer capabilities, increased resistance due to
SEI formation, and reduced ion diffusivity through the active materials on the electrodes [20], [21].
The viscosity of the electrolyte increases with reduced temperatures, which in turn increases the
resistance of ion movement, limiting the ion conductivity [22]. To remedy this, various research
has been done on electrolyte performance in cold temperatures. Similarly, experimental research
has also shown that the charge transfer resistance and SEI resistance increases in lower
temperatures, which reduces ion diffusivity into the active materials and limits the cycling

performance of the battery [19], [21], [23].

The increase of the battery internal resistance limits the power capability of the cell, and the
transport limitations of the electrolyte, in conjunction with SEI thickening at the electrodes limits
the energy capacity. Loss of active material and lithium ions from lithium plating occurs as a
function of low ion diffusivity in the active material, which is a major aging mechanism for
lithium-ion batteries [24], [25]. High current rate charge operations under low temperature
conditions may lead to cracks in the negative active material due to mechanical stress, which

contributes to battery degradation, and may lead to battery failure [26].

In summary, low temperatures not only limit battery performance but can also play a significant

role in causing battery failure and degradation.



2.2.2 High Temperature Influence

In contrast to low temperature effects, higher temperatures reduce the electrolyte viscosity thus
increasing the ionic conductivity. Ion diffusivity is also improved, which aids the movement of
ions from one electrode to another and improves the electrochemical performance of the battery

[11], [22]. This is beneficial for the overall energy efficiency, and power performance.

However, increased temperatures, typically above 60 °C triggers detrimental effects within the
battery leading to undesired outcomes. High temperatures increase the rate of electrochemical
reactions, which may lead to undesired side reactions. Ramadass et al. in [27] reported that
accelerated chemical reactions due to high temperatures leading to thickening of SEI film on the
electrode materials lead to more consumption of lithium ions, and increased resistance on the
negative electrode resulting in capacity degradation with continuous cycling. Capacity degradation
may also be attributed to electrolyte decomposition and degradation of active material, which is
expedited at higher temperatures [28]. Increased resistance is a byproduct of SEI formation and
thickening, electrolyte decomposition as well as active material degradation, all contributing to

reduced power capabilities of the battery [29].

During battery operation, the temperature of a battery increases due to joule heating and the
electrochemical reactions generating heat. However, as the battery degrades, the temperature rise
during operations become more inflated, and depending on the application rate, this could lead to
thermal runaway and cause battery failure. Thermal runaway occurs when the exothermic reaction
between the electrolyte and the electrodes is expedited by higher temperatures, increasing the heat
generation rate, and leading to gas production. If the heat generated is not dissipated fast enough,
the battery temperature surges further which leads to an exacerbation of the exothermic reactions,
developing into a self-sustaining loop. The outcome of this snow-ball effect is a thermal runaway
occurrence. The accumulation of gas within the battery, heightens the risk of rupture and an

explosion evolving into a safety incident [30].

Although higher temperatures improve the battery’s electrochemical performance, they have

undesirable consequence that expedite battery degradation and reduce battery life.



2.2.3 Non-uniform Temperature Distribution

As mentioned earlier, temperature directly influences the reaction rate within a battery. Therefore,
the temperature distribution of a battery is crucial for uniform battery performance. Non-uniform
temperatures lead to uneven reaction rates within the battery resulting in non-uniformity of other
parameters such as resistance, capacity, etc., and different degradation rates [31], [32].
Experimental results from the study done by Feng et al. [33] proved a temperature difference of 5
°C within a battery module or pack, resulting in a 1.5% to 2% loss of the battery’s useful capacity.
Similarly, Kuper et al. [34] reported that a temperature difference of 5 °C within a battery module
or pack, reduces the useful power capability of the battery by 10%. Thus, it is recommended to

keep battery temperatures as uniform as possible, and not exceed a temperature difference of 5 °C.

The typical recommended temperature range provided by battery manufacturers in technical data
sheets for long lasting lithium-ion batteries are 0 —45 °C for charging and -20 — 60 °C for discharge

operations.

2.3 Battery Thermal Management

It has been established that lithium-ion batteries have an optimal temperature range of operations,
outside of which, the battery performance and life is adversely affected. To predict the battery’s
thermal behaviour, diverse thermal models have been developed and validated by experiments to
the end of optimizing battery design and operation performance. Accordingly, battery thermal
management has become a topic of investigation adopting the thermal model results and
developing techniques for thermal control. The primary purpose of battery thermal management
is to keep the battery temperatures within an acceptable range and maintain uniform temperatures
within the battery. This may involve cooling or heating depending on the environment of BESS
integration. Additional purposes for battery thermal management, highlighted in [35] are insulation
and thermal storage. Battery thermal management may be categorized in diverse ways based on
the material used (i.e., liquid, air, phase change materials), heating or cooling, internal or external,
active, or passive etc., with each having distinct advantages and disadvantages [36]. For simplicity,

they will be classified into active or passive thermal management as defined below in this review.



2.3.1 Active Battery Thermal Management

Active thermal management, in existing literature have been defined as requiring the use of
external device that consume energy for thermal control [37]. However, for this study, this
definition is broadened to include the involvement of active control mechanisms to determine

thermal behaviour. Active thermal management systems may employ the use of liquid, or air.

Air-based active BTM

Battery heating or cooling can be done through forced convection by directing the air using a fan
or pump. This strategy may be adopted for small battery modules due to its simplicity, and low
cost. Typical values for the convective heat transfer of air under free or forced convection, ranges
from 2.5 to 500 Wmk'!, and that of liquids ranges from 100 to 100,000 Wm2k™! [38]. The heat
transfer coefficient of air is low compared to liquids, hence air-based systems may be limited in
controlling battery temperatures [35], [37]. Many studies have been done on air-based thermal
management for batteries, with existing literature focusing on the design aspect and cell
arrangement, efficiency of thermal management, and control mechanisms.

Yu et al. in their investigation of air based battery thermal management systems [39], report that
thermal management is enhanced if the flow of air in the battery is in two dimensions (through the
sides as well as the height of the battery). This helps to distribute the air more efficiently and
maintain a more uniform temperature within the battery. They also note that thermal control is
enhanced with a higher air flow rate resulting in more effective cooling and keeping the maximum
battery temperature at 36 °C, as opposed to 42 °C, where there is no thermal management. A
multiple factor analysis of angle of air inlet and outlet, and the air channel layout in the battery
was studied by Xie et al. [40]. The study was done on a module containing ten prismatic lithium-
ion cells and having eleven coolant passage within. The numerical study evaluated the variation
of individual parameters of the air inlet and outlet angle, and the width of the coolant passage for
battery design optimization. The result showed optimal thermal performance for cell arranged with
uniform air channel widths between the cells and a 2.5° angle of air injection and rejection in the
battery pack resulting in a 28% drop in the temperature difference within the battery pack, and the
peak temperature reduced by 12.8% from a maximum temperature of 44 °C observed for a range
of different channel widths and angle of air injection and rejection. Their work highlighted the

influence of battery design on thermal management.
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Existing literature on BTM prioritize battery cooling rather than heating which is important for
BESS operation in very cold climates. The air flow channel design is the most common aspect of
optimization for air-based systems. The different channel designs are summarized and illustrated
in Figure 1. However, this mode of BTM could be used in conjunction with substructures like fins,
heat pipes or other thermally conductive materials for a more efficient thermal control [41]. For
the many studies and models developed for optimizing air-BTM systems, they are often
insufficient for large BESS operations involving high power-rate and high ambient temperature

conditions, thus, liquid-based BTM is explored in research [37].
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Liquid-based active BTM

The use of liquids for BTM is adopted for better battery thermal management in comparison with
air based BTM systems. Liquids possess better thermal qualities in terms of thermal conductivity
and heat capacity, than air. However, the use of liquids makes the system susceptible to faults due
to leakages, consequently making the system more complex. This means higher cost of the system,
and increased maintenance. There are a range of thermal fluids (liquids) that can be used for
thermal management including water, oil, acetone, glycol, etc., the choice of which is dependent
on factors including thermal performance, safety, and cost [37]. Liquid BTM may be designed
using direct or indirect contact with the battery [32].

Several studies have been done on this method of BTM, which includes one that was done by
Karimi et al. [42] using a lumped capacitance thermal model and a flow network approach to
analyze the thermal performance of water and silicone oil and compare the performance with air.
In this study, the flow configurations are investigated and the effects on temperature distribution
for pouch cells. The flow channels are looped around each battery cell, and the inlet and outlet
locations are varied for comparison. The findings in this paper show that although, the U-
configuration (i.e., inlet and outlet locations on one side of the battery) and Z-configuration (i.e.,
inlet and outlet locations on opposing sides and heights of the battery) are more common designs
for liquid BTM, a three-point inlet, and single outlet position provides the best thermal results
ensuring more even temperature distribution within the pack and maintain the battery temperatures
below 40 °C. The results also showed that for higher discharge-rates (12 minutes discharge or less),
air cooling was insufficient to keep battery temperatures below 40 °C, unlike the silicone oil and
water. The use of silicone oil consumed higher parasitic power, compared to water, making water
the best fluid for thermal management in this study.

Another numerical study validated by experiments compares the thermal performance of liquid
metal (gallium and its alloys) to water for liquid based BTM with prismatic cells was done in [43].
The battery was discharged at a twenty-minute rate, and under ambient temperatures of 25 °C. The
use of this material was sufficient to keep the peak temperature at 40 °C, and the temperature
difference within the battery to 2.3 °C as opposed to a temperature difference of 3.1 °C with water
as the thermal fluid. The findings from this study show that under the same flow conditions (i.e.,

configuration and flow rate), liquid metal provides superior thermal management than water,
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keeping battery temperatures 2.3 °C cooler, and consumes less parasitic power, making them
suitable for aggressive conditions (i.e., high ambient conditions, and high discharge rates). The
demerit of liquid metal as a thermal fluid is the weight, which makes the system heavier and may
not be preferred for applications where mass is a concern. In addition, aluminum jackets are often
used for conventional liquid BTM systems, however, liquid metal reacts with aluminum hence
nickel-plated copper is adopted for the jackets.

Liquid-based BTM may be direct or indirect. For direct cooling for BTM, the coolant flows
through the battery module or pack and is in direct contact with individual cells surfaces. This
mode of liquid cooling is rather complex, considering flow distribution and potential for leakage.
Dielectric fluid is often utilized for direct cooling. For indirect liquid based BTM, heat plates or
tubes are placed between the cells and at the surface areas of the cells in the battery module or
pack, which passes liquid through to optimize the area for heat transfer and improve thermal
performance [44], [45], [46].

The existing literature on liquid BTM systems focus on channel design and arrangement, coolant

types and thermal properties, performance evaluation, and flow properties.

2.3.2 Passive Battery Thermal Management

Passive thermal management involves only the ambient environment and requires no external
power consumption for thermal management [37]. Passive thermal management is a rather simple
approach to BTM in that the complexities of active BTM are excluded, mostly depending on heat
transfer through natural convection, conduction, or radiation. Passive thermal management
involves no active control of the thermal behaviour of the battery. The thermal performance is
determined by the natural flow of air, fins, heat plates or pipes or phase change materials (PCM),

and the thermal properties of the components within the battery.

Wu et al. [47], studied the use of hydrogel for large-format lithium-ion pouch cells. Here hydrogel
is used as a heat sink material, due to its ability to hold substantial amounts of water. The emphasis
of this study is cooling and temperature uniformity. Different configurations were adopted for
applying the hydrogel exploring direct contact cooling and indirect contact cooling, the system
being integrated with a heat plate, fins, and copper foams. The indirect contact method which
utilized hydrogel in conjunction with other thermally conductive material produced better thermal

performance, proving to have more efficient thermal management. The most optimal configuration
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was determined to be the heat fin-hydrogel method, characterized by the incorporation of heat fins
emanating from a heat plate. This produced the most favourable result, with peak temperatures

remaining below 33 °C and a temperature difference of 1.4 °C at a discharge rate of twenty minutes.

The use of passive thermal management for high-current cycling and high ambient temperatures
was explored in [48] using PCM. The PCM used possessed a melting point of 42—45 °C and
exhibited sufficient heat absorption capabilities, keeping the peak battery temperature below 45
°C and the temperature difference within 4 °C at a discharge rate of twenty-nine minutes. Whereas
in the absence of PCM, a larger temperature difference of approximately 10 °C within the battery
was observed. The long-term effect of PCM-BTM was evaluated for one-hour constant current
discharge on the battery. The temperature control by the PCM resulted in lower operating
temperatures which slowed the capacity degradation by approximately 50%. Compared to other
systems, PCM-BTM provides compactness and reduces the weight of the overall system.
However, pure PCM may possess low thermal conductivity and are more expensive than inorganic
PCM [49]. Some battery designs may integrate the battery cells directly in contact with PCM,
which may lead to displacement in the pack when the PCM melts, resulting in safety issues [50].
Researchers have explored the addition of other materials to PCM for improved battery thermal

performance in references [51], [52], [53].

The investigation of heat pipes as a method for thermal management was reported in [54]. The
study was done on a module containing sixteen prismatic lithium-ion cells, and heat pipes were
arranged to form a mat. The ‘heat mat’ was positioned under the battery module, absorbing the
heat from the battery, and transferring it to an external cooling medium (water or refrigerant in this
study). This method was able to control the battery temperature difference to within 1 °C and
maintained the battery temperatures below 30 °C for battery operations under representative duty
cycles conditions for electric vehicles. The use of heat pipes or plates alone in literature were found
to be insufficient for thermal management and thus are often coupled with air or liquid cooling for
improved thermal performance. A summary of literature that investigate the performance of heat

pipes in BTM systems can be found in [37].

2.3.3 Hybrid Battery Thermal Management

Active and passive BTM may be considered for BESS applications for reasons including cost,

simplicity, thermal performance, etc. However, both categories have limitations alongside the
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benefits. Thus, hybrid BTM is common for BESS applications to maximize thermal control.
Hybrid BTM systems may be a combination of active and passive BTM systems such as heat pipes
with liquid flowing through for better heat exchange, two passive BTM systems such as heat plates
and PCM together, two active BTM systems such as liquid cooling within the battery and forced

convection in the ambient environment [37].

Zhao et al. in [55] did an experimental study on the coupled effect of PCM and heat pipes on
thermal performance for power batteries containing cylindrical cells. The report shows that PCM
only BTM systems accomplished a temperature difference reduction of 33.6% compared to air
BTM systems, however integrating with the heat plate further reduced the difference by another
28.9% resulting in a temperature difference within the battery of less than 5 °C. The heat pipe
provided support by absorbing heat from the battery and storing it before release to the PCM. This
ensures more time for heat absorption and phase transition in the PCM, which has significant effect

in cooling the battery and keeping the battery peak temperature below 50 °C.

A numerical study in [56] combines two active cooling strategy; forced gas and liquid cooling for
BESS application in space. The set up is such that a cool plate, which passes liquid coolant through,
is placed beneath the battery module, absorbing the heat generated from the battery. The heat is
transported from the battery through conduction, radiation and forced air convection using a top
fan, in the battery enclosure. Different fan positions and sizes were investigated for thermal
performance and compared with the thermal performance of only natural convection. Optimization
was achieved when forced convection was introduced at the bottom of the battery. The peak
temperature was reduced by 3.45 °C from 47.8 °C, where only natural convection is considered
and temperature difference within the pack was reduced from 17.3 °C to 13.6 °C. The thermal
performance of the integrated method showed a significant dependence on the forced convection

in the battery enclosure.

2.4 Thermal modeling of Lithium-ion Cells

Thermal modeling of lithium-ion batteries is a way to describe the thermal behaviour of batteries
during their operation [15]. This includes the heat generation within the battery and the heat
dissipation out of the battery into its external environment. Many studies have been done on battery

thermal modeling for both research purposes and battery thermal management. The development
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of thermal models in existing literature often takes into consideration the design features, as well
as the operation variables and conditions. The thermal behaviour of lithium-ion batteries may be
described with simplified spatial and/or temporal one-dimensional models, two-dimensional
models, or complex three-dimensional models [15], [57]. They may also be developed as a lumped
model. Often times, developed thermal models are coupled with electrochemical models or
equivalent circuit models defining the thermal behaviours as a function of the electrochemical

processes in the battery or the operational characteristics of an electric circuit [58].

Bernardi et al. in [10] developed a founding but rather complicated model, deriving a general
energy balance equation, which describes the heat generation in a battery. The model involves
rather complex processes like electrochemical reactions, phase changes in the battery, the electrical
work done, the mixing effects, and changes in the heat capacity. This requires considerable
parameterization; hence the equation was simplified, ignoring the heat due to mixing effects, phase
change, and considering a single-cell reaction [59], [60]. Many researchers and literature have
adopted the simplified equation, amongst other equations, in developing new electrochemical
thermal models. Bernardi’s simplified equation for heat generation in a battery is written in

equation 1.

av
Q=1 —V)—IT a”;" (1

The term Q is the heat generation rate. /, V' and T are the current, terminal voltage and battery
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aT

temperature respectively. Vo is the open-circuit voltage, and is the temperature derivative of

the open-circuit voltage. The first term on the right side of the equation describes the irreversible
heat generation in the battery and the second term describes the reversible heat in the battery. The
irreversible heat generation can be further simplified by defining an overpotential resistance, R as

. o . .. Vocy—V
the difference between the open-circuit voltage and terminal voltage, divided by the current, ==—

Thus, the irreversible heat can be expressed as F°R. The equation 1 can be then written as

v,
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At low C-rates (above 2-hour rate), the reversible heat (entropic heat) contributes makes up a
significant proportion of the total heat generation (approximately 60%) and is also dependent on
the state of charge of the battery. The entropy coefficient is high at low states of charge (0-20%
SOC) and decreases by more than 80% between 20%-100% SOC. At higher C-rates, reversible
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heating contributes only about 5% of the total heat generation [16]. Chen et al. in [61] developed
a three-dimensional thermal model to investigate the heat generation and dissipation under
constant current and dynamic power output conditions. The model was useful for describing the
temperature profile and temperature distribution within the battery, providing insight for battery
thermal management strategies. This work has been used to evaluate different arrangement of
cooling and heating channels, and the choice of heating, cooling or insulation materials used in
battery design. The work in [62], develops an electrochemical-thermal model for studying the
impact of discharge rate, and the ratio of negative to positive electrode capacity, mainly attributed
to the thickness of the electrodes, on the heat generation of a battery. This study is helpful for
battery design as well as determining appropriate BESS applications as a function of the heat
generation of the battery. A coupled thermal-electrochemical battery model is produced in [63], to
describe and predict both the thermal response of a battery and the electrochemical behaviours by
combining the thermal energy equation with other electrochemical models based on the
temperature dependent properties of the battery. The model provides a tool for predicting the cell
electrochemical and thermal behaviours for different charge modes, and to identify mechanisms

responsible for thermal runaway.

The common theme with battery thermal modeling is that they focus on the heat generation and
transport within the battery and are geared towards improving battery design and BESS thermal
management. However, they differ in the mode of heat generation prediction adopting either
experimental data or electrochemical models [15]. Simplified battery thermal models as in [64],
[65], [66], [67] often do not consider the electrochemical reactions, visualizing the battery as a
solid homogenous body having average thermal properties with a heat source. These types of
models require fewer computational parameters and less processing time, making it easy to
implement and understand. However, the accuracy of these models is limited as the model adopts
average values and assumes homogeneity ignoring the internal variations of the battery thermal
properties. They are beneficial where comprehensive electrochemical understanding is not
required, providing a means for visualizing the temperature distribution of the system. More
complex electrochemical thermal models as in [68], [69], [70], [71], [72] describe the battery’s
thermal dynamics more accurately, taking into account the electrochemical processes in the
battery. However, they require numerous parameters and long processing time, making the model

complex. They are useful for visualizing the temperature distribution as well as evaluating battery
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performance as a function of temperature. The increased accuracy of electrochemical thermal
models compared to simplified thermal models provide increased reliability of results, reducing

the need for complex experimental study.

Many battery models concentrate solely on the internal aspects of the battery, without conducting
an independent examination of the external environment. This presumes that the environment
inherently possesses thermal management capabilities. The focus of this thesis is on the thermal
dissipation in the surrounding environment rather than within the battery, evaluating the effect on
battery temperatures and by extension, battery operations. The model is developed to provide a
framework for studying subterranean battery thermal dynamics and may be applied for exploring
BESS operations and performance. Thus, the model is a simplified thermal model assuming
homogeneity of materials and adopts average values. A complex electrochemical thermal model
is not necessary for this study as the comprehensive details of the battery is not required to
investigate a new application or environment for battery operation. In addition, battery
manufacturers may design battery units differently, however, the heat released to the environment

is ascribed to the signal based on the application.

2.5 Subterranean Environment

The subsurface level of the earth contains materials including soil and rocks with unique thermal
properties. The soil is a porous media, which is a composite mixture of minerals, organic matter,

liquid, and gases, which varies with location. The typical composition of soil by volume is,

e 459% Minerals: This comprises of clay, silt, gravel, sand, and stones,
e 25% Water: this varies with the level of precipitation and the holding capacity of the soil.
o 25% Air
e 5% Organic matter
Over time, the physical properties of the soil, including the thermal properties, are influenced by

climatic factors and activities of living organisms [73].

The rate at which temperature changes in the soil reduces with depth. The depth of influence of
diurnal climatic changes reaches within the first 0.8 m below the surface, and the influence of
seasonal climatic factors on the changing soil temperatures reach only to an approximate depth of

10 — 20 m, depending on the geographical location and soil properties [74]. The geothermal
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gradient, defined as the rate of change in soil temperatures with respect to increasing depth, has an
approximate value of 25 — 30 °C per km [75]. This means that the soil temperatures beyond 20 m,
and within a depth range of 1 m in the earth’s crust stay within 1 °C, and the average annual ground
temperature increases by 1 °C per 50 m [76]. The annual temperature fluctuations in the ground at

different depths in Ottawa, Canada is illustrated in Figure 2.
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Figure 2: Annual temperature fluctuations with depth in the ground (Ottawa) [76], [77].

For installations situated beyond 2 m depth, the effect of temperature fluctuations decreases with
depth, and becomes negligible beyond 20 m, which is helpful for applications where isothermal
conditions are of importance. Many studies have been done on the subterranean environment,
exploring the feasibility of engineering applications such as nuclear energy waste disposal, buried
electrical cables etc. [77], [78], [79], [80], [81]. However, the installation of BESS underground
has hardly been explored and the understanding of the heat flow in the soil is necessary as the
thermal behaviour is crucial to the operation and performance of the battery. The literature [82],
analyses the thermal properties of soil (thermal conductivity, heat capacity, and density) for
underground battery operations. The study explores heat transfer mechanisms from the battery to
the soil, considering the effect of surface thermal conditions on the temperature distribution of the
battery where it is situated close to the surface, and avoiding earth heating through the bottom of
the battery. The battery use case for the study applies to providing uninterrupted power for remote
telecommunication devices, requiring low power. Unlike the work done in [82], the project in this

thesis explores the soil thermal dynamics as a function of BESS operation, at depths where surface
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climatic factors have limited effects and earth heating is avoided. Thus, heat is transported radially
from the battery through the soil. The battery application is towards residential energy use cases

adopting higher power signals with higher heat generation in the battery.

2.5.1 Soil Thermal Dynamics

The soil thermal dynamics describe the changes and movement of thermal energy within the soil.

This involves three thermal processes in the soil: heat generation, heat transport and heat storage.

The generation of heat in the earth may be attributed to two sources in almost equal proportions:
radiogenic heat and primordial heat. Radiogenic heat generation is due to the decay of radioactive
materials present in the earth’s mantle and crust, which releases heat in the process. Primordial
heat is the residual heat in the earth’s core originating from the earth’s formation. The heat in the

earth is transported outward towards the earth’s surface along the geothermal gradient [83].

The transport of heat in a porous media like the soil, may be through conduction, convection, or
radiation. Heat transport through radiation, in the lithosphere of the earth is negligible [84]. The
effect of radiation in sand is less than 1% of the overall heat transfer under normal atmospheric
temperatures, and thus is ignored. The heat transport by convection is attributed to the fluids
contained in the soil. This is particularly influenced by the flow of the liquid and gas in the soil.
The heat transfer in the soil by conduction occurs through particle contact in the soil without the
need for movement of the particles [85]. The dominant heat flow mechanism in the soil is

conduction. Convection and radiation have relatively small or negligible effects [74].

The thermal energy storage capacity of the soil is determined by its volumetric heat capacity, which
is a function of the specific heat capacities of the material composition of the soil, and the density

of the soil.

The thermal dynamics of a soil having isotropic, homogenous properties may be mathematically
defined by the general heat equation.
0?T _0°T _0°T .. pC,oT
A A A =2 ©)

0x? + dy? + 0z2 +0 ot

The first three terms on the left-hand side of the equation 2 describe the heat transfer in the

directions of x, y, z, which is a function of the thermal conductivity (A) and the change in

temperature (7). The fourth term ‘Q’, represents the internal heat generation inside the soil. The
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term on the right-hand side of the equation describes the energy stored in the soil expressed as a
function of the specific heat capacity (C,), density (p), and the change in temperature, 7" with time
(t) in the soil [86].

The combined effect of thermal energy generation, heat transport, and storage is exhibited by
temperature changes in the soil with time and/or spatial dimension, and is dependent on its varying
thermal properties (heat capacity and thermal conductivity) [87]. Thus, thermal models predicting

the thermal behaviours in the soil require the consideration of the thermal properties.

2.5.2 Thermal Properties of Soil

The thermal properties of the soil primarily depend on the mineral composition, porosity, and
moisture content in the soil [88]. Three primary soil types exist as determined by soil scientists,
which are sand, silt and clay. The variety of existing soils may be classified by texture using the
percentage of the three soil types present in the soil. The sand in a soil sample is identified by the
mineral particles of diameters ranging from 2 to 0.05 mm, the portion of the soil sample that
contains the mineral particles of diameters ranging from 0.05 to 0.002 mm is recognized as silt,
and soil composition with mineral particle size that are less than 0.002 mm in diameter is identified
as clay. The soil texture is strongly related to the soil porosity, water retention and diffusion of
fluids in the soil, which in turn influences the soil thermal properties [89]. A classification of soil

types by the texture is presented in Figure 3 below.
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Figure 3: soil types by texture [91]
Soils with a high average particle size like sand and sandy loam, consist mainly of large pores
(macro-pores). The flow of water by gravity is unrestrained for these types of soils, and thus water
retention is poor. A smaller average of particle sizes in the soils e.g. clay, silty clay, contain smaller
pores. The close bond between the particles provides higher water retention abilities against the

force of gravity. [90], [91].
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Figure 4: Soil moisture content capacity according to texture adapted from [91]

The Figure 4 shows the water content capacity of different soils based on the texture. The field
capacity refers to the water content of the soil after saturation point has been reached and the soil
is allowed to drain freely. The loss of moisture from the soil may be due to gravitational drainage,
evaporation, or plant use. As water is lost in the soil, the force between the mineral particles and
water becomes stronger and more energy is requires for water to move. The wilting point describes
the point at which organisms in the soil can no longer used the water in the soil [90], [91]. There
are two main soil thermal properties with significant influence on the thermal behaviour shown by

the heat equation (equation 3). These are the heat capacity, and thermal conductivity [92].

Thermal Conductivity

Thermal conductivity is a fundamental property that characterizes heat transfer in a medium. The
thermal conductivity of any soil is defined as the quantity of heat transported per unit time through
a unit cross-sectional area of the soil under a unit temperature gradient in the direction of the flow

of heat [74]. The thermal conductivity of the soil varies from the influence of several factors.
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However, the primary factors that affect thermal conductivity are the mineral components of the

soil, porosity, and water content [93].

The thermal conductivity of soils varies due to the mineral composition. The thermal conductivity
of typical soil minerals ranges from 1.70 to 10.68 Wm'K™ (Table 2). The least thermal
conductivity for any soil mineral is 1.70 Wm'K"!, which is sixty-five times that of air which is
0.026 Wm™'K"!. Therefore, the impact of mineral composition on soil thermal conductivity is not
negligible, especially for dry soil with significantly more pores than moist soil. Summarily, the
volume fraction of the distinct minerals in the soil influences the thermal conductivity. Soil

containing higher volumes of minerals with higher conductivity, naturally will transport heat better

[94].

A soil has a distribution of particle size which decides its density and porosity. The particles may
be coarse (particle sizes > 0.5 mm) or fine particles (particle sizes < 0.5 mm) [95], [96]. Soil
containing coarse particles may be packed together in many ways and determines the number of
contact points between the particles, which determines the porosity. Increased contact between the
particles means fewer pores and consequently better heat transfer. Soil containing fine particles
hold smaller particle sizes and they have smaller but numerous pores compared to coarse-particle
soil. Hence porosity is higher for fine-particle soil and thermal conductivity is lower [74], [97].
Naturally occurring soil may contain a mixture of fine and coarse particle sizes and have
intermediate pore distribution sizes and consequently dynamic heat transfer behaviours. In
summary, the soil porosity is inversely related to the thermal conductivity of the soil, mainly due
to three factors, the quantity of solid matter per unit soil volume, air, or water pores per unit of soil

volume, and heat transfer across the particle contacts [74].

The effect of moisture content on thermal conductivity is one that has been study in literature for
various soil types. The thermal conductivity of water is 0.598 Wm™'K™! at 20 °C, which is 25 times
that of air. Hence, the addition of moisture in the soil increases the thermal conductivity as air-
filled pores are replaced with water-filled pores. However, the effect of increasing moisture content
in the soil varies according to soil type. Generally, the rate at which soil thermal conductivity
increases is higher at lower moisture content. Continuous addition of moisture has less effect

beyond a moisture level of 20% [74].
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Heat Capacity

The thermal capacity of the soil is the amount of heat required to cause a temperature change in
the soil. The thermal capacity is fundamental to thermal storage and is dependent on the mass, and
the specific heat capacity of the material composition [98]. The thermal capacity of the soil is
determined by the addition of specific heat capacities of its individual mineral components based
on their proportions. The heat capacity can be varied across a narrow range, influenced by moisture
content and soil density. This behaviour is distinct to the soil type. Like thermal conductivity, the
heat capacity of soil increases almost linearly with increasing moisture content up to 15%.
However, for sandy soil, continuous increase in moisture content above 15% has a limited effect
on increasing the heat capacity further. In contrast, clay soils exhibit significant further increase in
heat capacity with more water added until a saturation point is reached (approaching 30%
volumetric water content [99]) [87]. A summary of the specific heat capacity of different soil types

at different moisture content is presented in the table below.
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Table 1: Specific heat capacity for different soil types and water content [100]

SOIL TYPE WATER SPECIFIC HEAT

CONTENT (%) | CAPACITY (Cp)/J.g'K!
China clay (D)(saturated) 46.2 2362
China clay (D)(dry) 0 800
Sandy clay 26.5 1696
Sandy clay 19.5 1459
Soft dark grey sandy gravely clay 28.5 1764
Soft grey fine sandy clay 54.6 2646
Soft grey fine sandy clay 41.4 2200
Stiff dark grey sandy gravely clay 10.1 1141
Stiff dark grey sandy gravely clay 9.6 1125
Stiff dark grey-brown sandy gravely clay 9 1104
Very soft grey fine sandy clay 46.2 2362
Grey slightly silty sandy gravel 11.1 1175
Grey limestone (very hard) 0.1 803
Coarse sand (dry) 0 800
Coarse sand (saturated) 20.2 1483
Dark grey clayey fine sand/silt 28 1747
Fine sand (dry) 0 800
Fine sand (saturated) 24.6 1632
Made ground (Silty gravely sand) 13.9 1270
Medium sand (dry) 0 800
Medium sand (dry) 20.3 1483

Thermal Diffusivity

The thermal diffusivity of a soil is the ratio of the thermal conductivity to the volumetric heat
capacity. This is related of the rate of change in soil temperatures due to heat conduction. The
thermal diffusivity value is directly related to the temperature change rate i.e., the higher the

thermal diffusivity, the faster the temperature changes are transmitted through the soil. The
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dependence of diffusivity in both thermal conductivity and heat capacity means that it is influenced

by all the factors affecting both parameters. [101].
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Figure 5: Soil thermal properties: Thermal conductivity (), heat capacity (C), and thermal
diffusivity (a) versus volume fractions of water (0), solids (vs), and air (ns) for four medium-
textured soils [92].

Figure 5 obtained from [92] illustrates the influence of the volumetric content of moisture, solid
matter (i.e. mineral composition), and soil air porosity on the thermal conductivity, volumetric
heat capacity and thermal diffusivity of soil. The figure shows a strong correlation of the thermal
conductivity to porosity of the soil. The effect of air porosity proves to be the dominant influence
in soil thermal conductivity compared to that of moisture content and soil mineral composition. It
is shown that the volumetric heat capacity of the soil is influenced by both the moisture content
and soil porosity in almost equal measure, whereas the effect of the volume fraction of the minerals
come secondary. The thermal diffusivity being a ratio of both thermal conductivity and volumetric

heat capacity shows a dependence on soil porosity as is the case of thermal conductivity and
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volumetric heat capacity. The figure also shows a strong correlation of volume fraction of solid

minerals present to the thermal diffusivity, but less influence of moisture content due to the thermal

diffusivity being a ratio of thermal conductivity and heat capacity.

Table 2: Soil mineral components and their thermal properties [94], [102], [103].

MINERAL | THERMAL SPECIFIC DENSITY VOLUMETRIC THERMAL

CONDUCTIVITY HEAT (p) / gem™ HEAT DIFFUSSIVITY

(K) / W.m k! CAPACITY CAPACITY (Cv) | (a) /105 m?s!

(Cp) @ 20°C / @ 20°C / J.em™K!
J.gK!

Albite 2.50 0.730 2.62 1.91 1.31
Amphibole 2.81 0.749 3.20 2.40 1.17
Anhydrite 4.80 0.585 2.95 1.73 2.78
Anorthosite 1.80 0.840 3.50 2.94 0.61
Basalt 1.70 0.840 2.87 241 0.71
Calcite 3.60 0.815 2.75 2.24 1.61
Chlorite 3.01 0.600 2.80 1.68 1.79
Diabase 2.30 0.860 2.79 2.40 0.96
Dolomite 5.50 0.900 2.80 2.52 2.18
Feldspar 2.25 0.790 2.70 2.13 1.05
Gabbro 2.20 1.000 3.00 3.00 0.73
Gneiss 2.60 0.979 2.70 2.64 0.98
Hematite 10.68 0.620 5.15 3.19 3.34
Hornblende 2.81 0.710 3.08 2.19 1.28
Kaolinite 2.00 0.974 2.65 2.58 0.77
Mica 2.03 0.770 3.00 231 0.88
Microcline 2.44 0.700 2.58 1.81 1.35
Plagioclase 2.00 0.730 2.60 1.90 1.05
Quartz 7.70 0.740 242 1.79 4.30
Siderite 3.00 0.740 3.90 2.89 1.04
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2.6 Depth for Battery Installation

The allocation of infrastructure underground requires careful consideration of the dynamics of the
conditions of the environment relative to the operation of such infrastructure. These considerations
include the ground or soil conditions, nature of infrastructure, and installation depth. The soil
conditions have been discussed in the section 2.5, and the nature of infrastructure (i.e., BESS) in
the preceding sections of this chapter. The use of underground space for installation may be

classified by the depth of installation, summarized in Table 3.

Table 3: Typical range of depth according to use (in meters) [104]

CATEGORY | LOCAL BUILDINGS | REGIONAL UTILITIES | MINES
UTILITIES (TRANSIT)

Shallow 0-2 1-10 0-10 0-100

Medium 2-4 10 -30 10-50 100 — 1000

Deep >4 > 30 > 50 > 1000

BESS use may be grouped under local utilities or buildings infrastructure, therefore the depth of
installation considered, depending on the size, may range from 0 — 10 meters in the ground. An
added consideration for depth of BESS allocation in the ground is the temperature conditions,
which may influence the battery operations (the effect of temperature on lithium-ion batteries are

discussed in section 2.2).

The influence of surface climatic factors on the ground temperature provides a means of
determining a range of depth prescribed for BESS installations. The surface climatic changes
including temperature fluctuations, have undesired effects on battery operations. Therefore, soil
depth within 0 — 1 m below the ground surface are not the best for BESS installations as diurnal
climatic changes have prominent effects on ground temperatures within this range. The annual
temperature changes are evident up to 10 m below ground surface and decreases with depth. The
seasonal amplitude of ground temperatures at a given depth is dependent on the surface amplitude
which changes with geographic location. For ground depth between 1 — 10 m, ground temperatures
are not rapidly changing and present no adverse effect on the battery. Therefore, they are suitable

for BESS installations. For additional layer of protection from surface climatic factors, no less 2
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m below ground surface may be adopted for BESS installations. It may be concluded that a

prescribed range for BESS installation underground is 2 — 10 m below the ground surface.

2.7 Summary

The literatures reviewed in section 2.1, 2.2 and 2.3 covers the thermal behaviour of lithium-ion
batteries, discussing the processes of heat generation within a battery, and the thermal effects on
the battery’s electrochemical performance and degradation. It has been established that the
operation of BESS within a range of desired temperatures is recommended, and the temperatures
be maintained as uniformly as possible to within a 5 °C difference. The works reviewed provides
information of the adverse effects of extreme temperatures and temperature difference within a
battery. Battery models have been developed both empirically and numerically to describe battery
behaviour including the thermal aspects. The findings from the literature have contributed to

optimizing the performance of BESS and for research purposes.

Literature cited under battery thermal management discusses the different systems and strategy for
managing and controlling battery heat generation and temperature, the influence of current rate
and ambient temperatures are investigated. Studies have shown that active and hybrid thermal
management strategies are preferred for most applications. The thermal management strategies in
literature are developed for above-surface BESS installations and not investigated for sub-surface
adoption. It is common for battery manufacturers to include a recommended temperature range in
technical data sheets for lithtum-ion batteries. This range typically spans from 0 to 45 °C for
charging and -20 to 60 °C for discharge operations. Maintaining the recommended temperature
range can be effectively supported by the installation of BESS underground, using the ground for
passive thermal management. The ground soil around the battery may be carefully chosen based
on the battery application and the environmental thermal requirements — whether as a heat sink or
for heat storage. This research explores the performance of subterranean BESS operations with

passive thermal management employed.

The literature cited under subterranean environment discusses the nature, material component and
thermal properties in the soil. The factors influencing thermal behaviour in the soil is also
reviewed. The reviews provide knowledge related to the heat transport media in this research,

which aids the modelling of this work.
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The installation of engineering infrastructure below ground surface is practical for limited
applications. These include are pipelines, electrical power lines, and geothermal applications. The
allocation of battery systems in the ground has not been explored. Literature in [78], [79], [105],
[106] investigate the thermal performance of electrical cables. These studies focus on the soil as
well as the conductor in their study. Electrical cables are within one to two meters deep in the soil,
which is much closer to the surface where climatic factors influence the thermal properties
significantly. Unlike electrical cables, batteries are more sensitive to temperatures as it directly
affects their electrochemical processes. Hence, they need to be buried deeper where the thermal
properties of the soil are more stable. In contrast, geothermal loops go much deeper in the ground,
up to a few hundred meters deep [107]. However, the temperatures at this depth are very high,
which is not favourable for battery operations. In addition, the heat generation for a battery is much

different from that of electrical cables or geothermal heat pumps. Thus, the need for this study.

This thesis contributes to literature by modelling and evaluating the thermal behaviours of
subterranean BESS operations using a numerical simulation approach and heat generation obtained

from experiments which represent real life energy use profiles.
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Chapter 3: Experimental Methodology

This chapter presents the experimental methods used to evaluate the thermal behaviour and
limitations of subterranean battery operations. It discusses the experiments carried out for model
validation. The content of this chapter describes the selection of the battery module, soil material,
and test procedures. The sensors and equipment used for experiments are also described in this

chapter.

3.1 The Battery

The battery used for this study is a Lithium-ion module containing cylindrical cells adhering to the
21700s size format, (i.e., 21 mm in diameter, 70 mm in length). Cylindrical cells are a popular
format of Lithium-ion battery used for a wide range of applications including residential storage.
The cells contain Nickel Cobalt Aluminum (NCA) material in the positive electrode, and silicon-
graphite as the negative electrode material. The NCA battery chemistry possess high energy
density and power capabilities due to the high Nickel content in the cell [108]. The material
specifications for the cells are summarized in Table 4 below, directly sourced from the datasheet

[109].

Table 4: Cell specifications

NOMENCLATURE CELL SPECIFICATION
Nominal Capacity (Ah) 5

Nominal Voltage (V) 3.60

Charge Voltage (V) 4.20

Discharge cut-off Voltage (V) 2.50

Maximum Charge Current (C-rate) 1C @ 25°C

Maximum Discharge Current (C-rate) | 3C @ 25°C

Internal Resistance (mQ) <30
Weight (kg) <0.072
Storage Temperatures 1 year: -20 ~ 25 °C,

3 months: -20 ~ 25 °C,
1 months: -20 ~ 25 °C
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The module is designed as one side of a hexagonal shaped pack with six modules, and thus to
achieve industry standard working voltages of approximately 600 VDC, the maximum voltage of
the module does not exceed 100 VDC. To stay within this range and keep within a one-meter
diameter for the pack, the chosen module configuration is 22S24P i.e., twenty-two cell groups in
series each containing twenty-four cells connected in parallel. The module is sized to an Amp-
hour capacity of 120 Ah, with an energy capacity of 10 kWh. The battery module is shown in
Figure 6.

Figure 6: 120 Ah Battery module

The module specification is determined based on the cell information, and the cell configuration
in the module. Nominal capacity is determined as the added nominal capacity of the cells in parallel
and the module voltage is determined by the added voltage of the number of cell groups in series.
The total internal resistance of the module is determined based Ohm’s law, and the number of cells

in series and parallel.
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Table 5: Module specifications

NOMENCLATURE MODULE SPECIFICATION
Nominal Capacity (Ah) 120
Nominal Voltage (V) 79.2
Charge Voltage (V) 92.4
Discharge cut-off Voltage (V) 55.0

Maximum Charge Current (C-rate) 1C @ 25°C

Maximum Discharge Current (C-rate) | 3C @ 25°C

Internal Resistance (mQ) <27.5

Weight (kg) <40

1 year: -20 ~ 25 °C,
3 months: -20 ~ 25 °C,
1 months: -20 ~ 25 °C

Storage Temperatures

3.1.1 The Battery Thermal properties

The thermal properties of the battery are a function of the separate components in the module,
which comprises the cells, a cell holder, and a thermally conductive gap pad. The thermal
properties discussed here are the thermal conductivity and the heat capacity of the battery. The
thermal properties for the cell are not stated in the technical datasheet, hence, estimated values
based on published literature are adopted. 21700 NCA cylindrical cells possess a thermal
conductivity of 0.83 Wm™'K™! in the radial direction and 11.55 Wm™'K"! in the axial direction (i.e.,
along the current collector inside the cell) [110]. The heat generated in the cell is transported
through the backplate and into the soil, hence the axial conductivity is used. The heat capacity for
NCA cell range from 0.8 to 1.1 Jg'K'! in published articles (Table 6), thus, a value of 1 Jg"'K! is
chosen. The cell holder which houses each cell is a material made of modified Polyamide 6,
reinforced with glass fibre and mineral, and halogen free flame retardant. The thermal conductivity
of the material is 0.8 Wm'K!, and the heat capacity is 1.3 Jg'K!. A thin layer of thermally
conductive gap pad is spread at the back of the battery cell holder. This material has a thermal
conductivity of I Wm™K"! and heat capacity of 1.3 Jg"'K"!, estimated from published articles. Heat
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flows from the cell into the cell holder and through the thermal gap pad out of the module. Table

7 summarizes the values of the thermal properties of the module.

Table 6. Heat capacity of NCA battery in published literature

REFERENCE | HEAT CAPACITY (Jg'K™)
[111] 0.9585

[112] 0.83 +0.019

[113] 0.825 - 0.92

[114] 1.11

[115] 1.07

[116] 1.047

[117] 0.946

[118] 1.05 + 0.05

Table 7: Battery Module thermal properties

COMPONENT THERMAL CONDUCTIVITY | HEAT CAPACITY
(Wm'K?) Jg'K

Battery cell 11.55 1

Cell holder 0.8 1.3

Thermally conductive gap pad 1 1.3

3.2 The Soil

The soil chosen for this experiment is a specialized backfill with similar properties and
compositions as geographical locations with tropical climates like Florida. The soil is a low-

strength soil (2 MPa), which is a mix of fine-coarse sand containing silt, clay, cement, and water.
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The soil was tested in a geothermal research laboratory where several trial mixes of the composite
material containing varying proportions of each were produced to achieve a consistently high-
slump and non-segregated slurry. The thermal conductivity was desired to be greater than 1.00
Wm K1, at zero percent moisture content. The soil composition and properties are presented in

Table 8, sourced from the datasheet.

Table 8: Soil properties and composition

COMPONENT PROPERTY VALUE UNIT
3/8” Aggregate 530 dry density 530 kgm’
Fine sand (Jahna green bay sand) 910 | dry density 910 kgm?
Cement dry density 225 kgm’
Water volume m? 420 kgm?
Slump particle size (mm) [~200 mm
Mixed soil dry density 1650 Kg m?
Mixed soil (dry) thermal 1.15 Wm'K!
conductivity

3.2.1 The Soil Thermal Properties

Adequate heat conduction is desired in this experiment. Therefore, the soil thermal properties
desired for experimentation are of significant importance. The mineral composition, porosity, and
moisture content were considered carefully because these properties have a direct impact on soil
thermal conductivity. The heat capacity of the soil is also of importance in this experiment, which
is related to the mass of the soil. To satisfactorily conduct the heat from the battery, the selected
soil contains a 10% volumetric water content (VWC), with a thermal conductivity of 2.00 Wm™ 'K
!, The heat capacity is estimated to be 1 Jg'K"!. The soil thermal properties are summarized in

Table 9 below.
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Table 9: Thermal properties of selected soil

PROPERTY VALUE
Thermal conductivity 2.00 Wm'K!
Moisture content 10%

Mass 2000 kg

Heat capacity 1Jg'K.

3.3 Test Unit Design and Construction

A vertical trapezoidal prism box is built, which represents one part of the hexagonal battery pack
and allows for heat dissipation radially. Due to the symmetrical attributes of the hexagonal shape,
the single sided representation is sufficient for this study. The set-up is assembled such that the
battery module sits in front of a stainless steel backplate in contact with the soil, which serves to
transport the heat from the battery into the soil. The interior of the box, which contains the soil, is
lined with a vapour barrier to prevent loss of soil moisture through the wall of the box. An
isothermal cavity is built at the back of the enclosure, which houses a heater element, a cooling
fan and two circulating fans to maintain a constant temperature of 30 °C with a tolerance of +0.5
°C. Outside of the range a thermal controller initiates heating or cooling as required. The isothermal
cavity represents the undisturbed soil temperatures further away from the battery. ECH20 EC-5
Moisture sensors are positioned midway between the battery and the isothermal cavity, along the
height of the box at heights approximately one-third and two-thirds of the soil depth. Four
temperature sensors (T-type thermocouples) each are positioned at three distances in the soil; at
the back of the battery backplate on the soil side, midway between the battery and the isothermal
cavity, and at the soil side of the isothermal cavity. The temperatures are positioned to measure
temperatures with respect to time at four positions; center top, center bottom, side top, and side
bottom, as heat from the battery is transported through the soil. The test unit is illustrated in Figure
7. To restrict heat flow to only the radial direction, the sides of the enclosure box and the battery
(with the exception of the isothermal cavity) are insulated with twelve inches (0.3 m) of Soprema
Polyisocyanurate insulation material with a thermal resistance (R — value) of 12 RSI. The heat

transfer coefficient is calculated using Equation 16.
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U= = 4)

The heat transfer coefficient, U, is calculated to be 0.083 WK 'm™. The heat transfer rate from the
insulation is determined using Equation 17.

Q = UAAT (5)

The soil temperatures, inside the enclosed box is kept at 30 °C, and the outer environment of the
box (i.e., laboratory temperature) is kept at 20 °C. For a total surface area of insulation of 5.33 m?,
the rate of unintentional heat transfer through the insulation material was computed to be 4.4 W.
For a typical aggressive load cycle on the battery in conditions of 20 °C natural convection, the
rate of heat loss is 55 W, and 71.5 W for 40 °C forced convection. Therefore, less than 10% of the
heat is lost through the insulation material and it is sufficient to restrict heat flow to more than 90%

of the heat transferred radially through the back of the box.

Figure 7 below shows the test unit and the positions of sensor in the unit.
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Figure 7: Test unit design showing sensor positions
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G) Instrumentation othe (k) Test unit with battery (1) Completed test unit
unit installed

Figure 8: Build progression of the test unit
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3.4 Equipment

The tests done for the experimentation of subterranean battery operation involved the use of several
equipment which includes a battery power cycler, battery management systems, measurement and

data logging devices, and some other equipment.

3.4.1 Power Cycler

The battery power cycler was chosen to match the battery’s voltage range and satisfy the desired
cycling rate of the battery. A Gustav Klein battery power cycler operated with Greenlight
Innovations Emerald software, is used for all the battery cycling necessary for this experiment.
The cycler is designed with several layers of software- controlled and hardware features for reasons
including safety. The unit is a grid regenerative cycler equipped with two channels. Each channel
has a rated voltage range of 8 — 800 V, and a current rating of 200 A. The unit power rating of
the unit is 100 kW.

777777777
vvvvvvvvvv

Figure 9: GLI-GK battery pack cycler
3.4.2 Battery Management System

A battery management system (BMS) is necessary for measurement and regulation of the cell
group voltages and temperatures in the module. The BMS also provides safety protection in the

operation of the battery. An Orion battery management system including a thermistor expansion

module (TEM) is used for this experiment. The BMS protects the battery by measuring the inputs
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from cell voltage taps, total battery voltage and thermistors, and using the outputs to control battery
charge and discharge. The BMS is set to keep the battery cell voltages within the limits of 2.5 V
to 4.2 V. Balancing between the cell groups is initiated as soon as a cell group reaches a voltage
of 4.2 V. The balancing of the battery is continuous until the difference between the cell group
voltages is within 5 mV. The TEM is operated together with the BMS and is used for monitoring

temperatures on the battery.

a: Orion BMS b: Orion TEM

Figure 10: BMS devices

3.4.3 Measurement and Datalogging Devices

The measurement of parameters like temperature, moisture content, thermal conductivity, etc.,
were crucial for this experiment. The devices used for measurement and datalogging includes a
weigh scale, multimeter, battery analyzer, temperature sensors, moisture sensor, datalogger, and

thermal conductivity meter.

The datalogger used for recording soil temperature and moisture content levels is a Campbell
scientific datalogger, CR5000. This is a high-performance data acquisition system with many input
channels for large number of sensors. The CR5000’s operating system includes measurement,

processing, and output instructions for programming the datalogger.

A TEMPOS thermal property analyzer, TEM00001292, is used for measuring the soil thermal
conductivity by passing current, generating a known amount of heat through a sensor probe into
the soil, and measuring the temperature change in the sensor over a time period until a stable

temperature is reached. The sensor is inserted with as little wiggle room as possible to prevent air
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gaps and thermal drifts which may affect the output measurements. The operating temperature of

the meter ranges from 0 - 50 °C.

The temperature sensors used include T-type thermocouples and negative temperature coefficient
(NTC) thermistors. These were used to measure temperatures at various points on the battery and
inside the soil. ECH20 EC-5 moisture sensors are embedded in the soil to measure moisture content

levels at different heights.

The scale, and the Fluke multimeter and battery analyzer were used for preliminary tests done on

the battery and the soil.

b: TEMPOS thermal properties
analyzer

a: Temperature sensor b ECH20 EC-5 ¢: Weigh scale

Moisture sensor

Figure 11: Measuring and datalogging devices.
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3.4.4 Other Instrument Used

Other instruments used for this experiment includes a thermal chamber for preliminary soil density

analysis, thermal controller, booster fans and circulating fans, and a heater element. A summary

of the equipment used, their description and used are presented in Table 10.

Table 10: Equipment used for experiments.

DEVICE DESCRIPTION USE
GLI-GK 2 channels operated independently or in parallel, Voltage | Charging and
battery pack | range per channel: 8 to 800 V, Current range per channel: | discharging the
cycler [119] | -200 A to 200 A, Power rating: 160 kW battery
Orion BMS | Supports 180 cell inputs and equipped with isolation | Cell balancing,
[120] fault detection. Cell voltage measurement rating: 0 - 5V, | voltage  regulation,
cell voltages resolution: 1.5 mV. Supply voltage: 12 V, | and safety protection.
active supply current: 250 mA. Cell balancing current:
200 mA.
Orion TEM | Supports 80 thermistor inputs. Operating temperature | Battery  temperature
[121] range: -40 to 80 °C. Supply voltage range: 10 - 16 V, | measurements
supply current (@12V): 35 -60 mA
CR5000 Supports 40 single ended channels. System power | Datalogging
datalogger | requirements 11 - 16 VDC, baud rates: 1200 to 115200
[122] bps.
TEMPOS Temperature range: 0 - 50 °C, sensor thermal | Soil thermal
thermal conductivity range: 0.1 - 6 Wm'K'!. Accuracy: +10% conductivity
property measurement
analyzer
[123]
Temperature | T-type thermocouple, NTC thermistors Temperature
Sensors measurements
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DEVICE

DESCRIPTION

USE

ECH20 EC- | Volumetric water content range: 0 - 100%, resolution: | Moisture sensing and

5 Moisture | 0.001 m*)m*> VWC in mineral soils. Operating | measurements

sensor [124] | temperature range: -40 to 60 °C

Starfrit Max weight 100 g at + 0.003 g accuracy Mass measurements

Weight

scale

Fluke 510 | Voltage range = 6 VDC at + 0.09% accuracy, IR range 3 | Voltage and IR

battery to 3000 mQ at + 0.8% accuracy measurements

analyzer

[125]

Fluke 289 | Voltage range 0.05 to 50 VDC + 0.025% accuracy, | Voltage

multimeter | current range 500 pA to 10 A with £+ 0.05% accuracy measurements

[126, p. 289]

Thermal Temperature control range: -50 - 120 °C. Accuracy: +1 | Temperature control

controller °C, resolution: 0.1 °C. NTC sensor type. Mode: on or off | in Isothermal cavity

(ITC-308) (heating and cooling)

[127]

Booster fan | Rated Power: 14 W Cooling of isothermal
cavity

Circulating | Rated Power: 20 W Air circulation in the

fan isothermal cavity

Electric Equipped with a fan. Power rating: 830 W Heating of isothermal

Heater cavity

CSZz-32 1 chamber, -73 °C to 190 °C, Accuracy of + 0.1 °C. Soil  drying  for

thermal preliminary soil

chamber density analysis
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Isothermal Cavity

Figure 12: Diagram of test unit hook-up

3.5 Test Procedures

The test procedures for the experimental validation of the model may be grouped in two stages;
initial validation tests on the soil and the battery to verify the information in the specification sheet,
and the post-validation tests focused on battery operations adapted to residential energy use

profiles.

3.5.1 Initial Validation Testing

The initial validation tests involved soil density analysis and moisture content validation, and
thermal conductivity test on the soil. For the battery, initial internal resistance and open circuit

voltage tests were conducted.

3.5.1.1 Soil density analysis and moisture content validation
The measurement of soil density is important for understanding the properties of the soil, and this
plays a vital role in experimental research. The soil bulk density, p, is related to the soil

compaction, which is an essential element of its thermal properties. It is calculated as the ratio of
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mass of dry soil, Msary to the total volume of the soil, Vs, before drying [128], written as Equation
18 below.

Ms dary
=2 6
Pb v, (©)

The density analysis was done on the soil sample in a simple procedure using a weight scale and
a thermal chamber. Under laboratory conditions, the soil was filled into a plastic container of
known volume, V. and mass, M.. The mass of the soil-filled container, M;+., was measured on the
scale and recorded. The soil was then placed in the thermal chamber and oven dried. The mass of
the oven- dried soil-filled container, M;+c a4~ Was measured again on the scale and recorded. The
isolated mass of dry soil, M; 4 is obtained from the subtraction of the mass of the container from
the total mass of the plastic container filled with dried soil. The equations are:

Vo=V, )

Ms.ary = Mcys,ary — M. ®)
The soil bulk density was obtained by substituting equation (19) and (20) into the equation (18).
The moisture or water content in the soil is also determined from this process, the gravimetric or
mass water content (MWC), was calculated first and then used to determine the volumetric water
content (VWC). The MWC is simply the ratio of the mass of water, M,, contained in the soil to the
mass of the wet soil, M; . 1.e., the difference in the mass of wet soil and dry soil, divided by the

mass of the wet soil.

M
MWC = —2 ©)
Ms,wet
The mass of the wet soil is calculated using Equation (22) and substituted into Equation (21).
My wet = Mcyswer — Mc (10)

The mass of water is calculated using Equation (23) and substituted into Equation (21).

My, = Ms,wet - Ms,dry (1T)
The soil bulk density and MWC are used to obtain the VWC, using the mathematical expression,
M,, x
ywe =—22 _ ywex 22 (12)
Ms,wet X pw Pw

pw is the density of water,

The soil test results from the density analysis are summarized in Table 11.
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Table 11: Soil bulk density and moisture content

PROPERTY VALUE
Soil bulk density 1823 kgm™
Gravimetric moisture content 5%
Volumetric moisture content 10 %

Compared to the values indicated in the datasheet, where the soil bulk density is 1922 kgm™, and

the VWC is 11%, the test results are lower, but approximate to specified values.

=

Figure 13: Soil density analysis

3.5.1.2 Thermal conductivity test

To validate for thermal conductivity against the specified values, the soil thermal conductivity was
determined experimentally using a TEMPOS thermal conductivity meter together with an RK-3
thermal sensor. This test was done by filling up plastic containers with soil and inserting the
thermal sensor at three distinct points in the soil. The TEMPOS meter measures and records the
thermal conductivity of the soil. This procedure was done for different packing methods; hand-

packed and foot-packed, for dry and non-dry soil in the container.
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a. Non-dry soil b. Dry soil

Figure 14: Soil thermal conductivity Tests

The thermal conductivity measurement from the meter was taken at least ten times for each
position of the sensor in the soil, this is necessary due to the frequent occurrence of thermal drifts
in the soil, and inconsistencies in the results. Thermal drift occurred when the sensor is not fit
tightly in the soil, or there is an air pocket around the sensor in the sample. Soil compaction was
done manually, which is not an optimal method of compaction, compared to machines like
vibrating tampers, vibrating plate compactors, rammers etc. The sensor probe was inserted
manually for this test. The combined effect of using manual methods for soil compaction and
insertion of the sensor, leads to undesired air pockets created in the sample and causing a thermal
drift. In the occurrence of a thermal drift, the meter displays an error reading, and the test is
repeated. The manual processes of this test required that the test be repeated many times and the

measured output values be averaged. The results are summarized in Table 12.

Table 12: Thermal conductivity results

Dry soil 10% VWC, hand- | 10% VWC, foot-
packed packed
Average thermal conductivity | 0.25 0.79 1.9
(W.m K1)
Standard deviation 0.0007 0.14 0.09

The thermal conductivity of dry soil saw no change with different packing method and produced

poor thermal conductivity for this experiment. This is appropriated to high friction between the
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soil particles due to lack of moisture, consequently leading to poor compaction in the soil. The test
results for soil containing 10% VWC showed a clear influence of the packing method on the soil
thermal conductivity, which is related to the compaction of soil particles. The higher the
compaction of soil particles, the higher the thermal conductivity. Based on these results, the soil

for this experiment was foot packed.

3.5.1.3 Battery Open Circuit Voltage and Internal Resistance test

A Fluke BT-510 battery analyser was used for initial open circuit voltage (OCV) and internal
resistance (IR) measurements to determine the battery’s initial state of charge and internal
resistance. This process also allows checking for wiring mistakes or imbalance among the cell
groups in the module. The feasibility of this research relies on the workings of an unimpaired
battery; hence it is necessary to verify adequate performance characteristics and consistency

among the cell groups. The results are presented in Figure 15.
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Figure 15: OCV and IR results for individual cell groups in the battery
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In the circumstance of an imbalance, as shown in Figure 15, the battery is charged in constant-
current-constant-voltage (CCCV) mode, until the cell group voltages are balanced by the BMS to

within a maximum voltage difference of 5 mV. At this point, the cell groups are well balanced.

To verify the IR of the battery, each cell group resistance is calculated based on the battery
configuration of 24P22S. Each cell is rated to have an internal resistance of > 30 m£2, therefore
the total resistance of a cell group containing twenty-four cells in parallel is > 1.25 mQ. The IR

tests show that the battery is within the specification of the internal resistance.

3.5.2 Post-Validation Testing

After the initial tests are performed on the soil and battery to certify necessary conditions for
battery operations, the post validation tests begin. The results of these tests are analyzed and
compared to the model results for validation of the model. The test procedures are developed to
mimic residential energy consumption. The tests performed on the battery includes reference
performance tests (RPT), and degradation tests for aggressive and non-aggressive battery cycling,
and solar test use profiles. The factors considered in the tests are the hour-rate, temperatures, and

time.

3.5.2.1 Reference Performance Test (RPT)

The battery degradation cycling is done within a bound state of charge (SOC), therefore those tests
provide no information about the battery’s usable capacity and efficiency. This information is
provided by reference cycling of the battery over the full SOC range to compare the performance
to that given in the specification sheet. This is done at intervals in between degradation testing.
This is necessary for obtaining performance and degradation metrics such as discharge amp-hour
capacity, discharge energy, and energy efficiency. The RPT protocol includes a constant-voltage
(CV) charge step, which provides balancing between the cell groups to within a tolerance with a
maximum voltage difference of 5 mV. Reference cycling is done in both constant-current (CC)
mode and a constant-current-constant-voltage (CCCV) mode. Three cycles are completed in this
procedure. In the first cycle, the battery responds to the preceding test done on the battery, the
second cycle is done for thermal acclimation of the battery to the current test procedure, after
which the third cycle ensures consistency and therefore the result is utilized to draw conclusions

on the battery’s present status. A discharge step is done after the three cycles to return the battery
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to an SOC before the next test is initiated. The test protocol is given in Table 13 and the signal is

shown in Figure 16. The negative values represent discharge mode and positive values represent

charge.
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Figure 16: Reference performance test signal
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Table 13: Reference performance test procedure

STEP | STEP HOUR RATE STEP END CONDITIONS
# TYPE
1 Rest N/A Maximum measured temp < 55 °C AND Step
time > 36 s
2 CC 4(30A) Minimum cell voltage <=2.5V
Discharge
3 Rest N/A Maximum measured temp < 55 °C AND Step
time > 36 s
4 CC Charge | 4 Module voltage 0f 92.4 V (avg 4.2 VPC)
5 CV Charge | 4 or less. Module held at | Step time >=4 h
92.4V (avg 4.2 VPC)
6 Rest N/A Maximum measured temp < 55 °C AND Step
time > 36 s
7 Loop N/A Go back to step 2 (3 cycles total)
8 CC 4 Step time >=2 h
Discharge

3.5.2.2 Solar Test

This test procedure was created for residential solar photovoltaic energy storage application, where
energy is stored during solar production in the midday and the battery is discharged in the evenings.
The test is designed to avoid solar energy exports during peak production (midday) and peak load
in the evenings. This is represented by a CC charge from the hours of 10:00 to 14:00, and a CC
discharge from 18:00 to 22:00, with rest periods in between. The signal is designed to operate
within a small voltage range, delivering an amp-hour throughput of 68 Ah. This is equivalent to
0.57 full cycles equivalent for every twenty-four hours, which is a light duty signal. The battery is
charged and discharged at a 6.5-hour rate, leading to small heat generation from the battery. The
battery is first charged up to an 80% SOC before initiation of the 24-hour solar test signal profile.
The signal is shown in Figure 17. The negative values represent discharge mode and positive

values represent charge. The summary of this test procedure is presented in Table 14.
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Figure 17: Twenty-four hours solar test signal

Table 14: Solar test procedure

T T 70
16 20 24

STEP | STEP TYPE | HOUR RATE STEP END CONDITIONS
#
1 Rest N/A Maximum measured temp <55 °C AND Step time
>36s
2 CC Charge 4(30A) Module voltage of 89.32 (avg 4.06 VPC)
3 CV Charge 4 or less. Module | Module current < 1.2 A (0.055 APC)
held at 89.32 V (avg
4.06 VPC)
4 Rest N/A Maximum measured temp <55 °C AND Step time
>4h
5 CC Discharge | 6.5 (18.5 A) Step time >4 h
6 Rest N/A Maximum measured temp < 55 °C AND Step time
>12h
7 CC Charge 6.5(18.5A) Step time >4 h

The battery is charged up to 80% SOC from its initial state before the signal is applied.
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3.5.2.3 Non-Aggressive Test

The non-aggressive test procedure was created to cycle the battery in a non-aggressive manner.
The test adopts an electrical current signal that varies over a period of twenty-four hours. The
signal is a low-power, low-energy signal likened to a light duty load smoothing application that is
projected to produce low heat from the battery. The peak discharge current in the signal is 24 A,
which is equivalent to a five-hour rate, and the peak charge current is 18 A. The total amp-hour
throughput in the signal is 208.5 Ah, inclusive of charge and discharge amp-hours. This is
equivalent to 0.9 full cycle equivalent for every twenty-four hours. The signal is intended to start
and end at a 50% SOC position for the battery and maintains a SOC band of 40% to 80% SOC for
the twenty-four hours. The signal is shown in Figure 18 and Table 15 below outlines the test
procedure for non-aggressive battery cycling. The negative values represent discharge mode and

positive values represent charge.
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Figure 18: Non-aggressive test signal
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Table 15: Non-aggressive test procedure

STEP | STEP HOUR RATE STEP END CONDITIONS
# TYPE
1 Rest N/A Maximum measured temp < 55 °C AND Step
time > 36 s
2 CcC 4(30A) Module voltage of 89.32 (avg 4.06 VPC)
Charge
3 Cv 4 or less. Module held at | Module current < 1.2 A (0.055 APC)

Charge 89.32 V (avg 4.06 VPC)

4 Rest N/A Maximum measured temp < 55 °C AND Step
time > 36 s
5 CC 4 Discharge 36 Ah to get to 50% SOC
Discharge
6 Current 6.67 or less 24 h non-aggressive signal
Signal
7 Rest N/A Maximum measured temp < 55 °C AND Step
time > 36 s

The battery is charged to 80% SOC from its initial state, and afterwards, repositioned to 50% SOC

before the signal is applied.

3.5.2.4 Aggressive Test

The aggressive test on the battery adopts a more aggressive electrical current signal than the non-
aggressive signal, varying over the same time. The signal is a high-power, high-energy signal that
represents a peak shaving application, and is projected to produce significant heat from the battery,
which leads to low efficiency. The peak discharge current in the signal is 130.9 A, which is
equivalent to a 55-minute discharge, and the peak charge current is 49 A (2.5 h or 0.4 C). The total
amp-hour throughput in the signal is 867 Ah, inclusive of charge and discharge amp-hours. This

is equivalent to 3.5 full cycle equivalent (four times that of the non-aggressive signal) for every
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twenty-four hours. Continuous battery operation which adopts this signal will lead to greater wear
on the battery compared to the non-aggressive or solar test signal. The signal is intended to start
and end at an 80% SOC position for the battery and maintains a SOC band of 10% to 80% SOC
for the twenty-four hours. Table 16 outlines the test procedure for non-aggressive battery cycling.
Figure 19 below shows the 24-hr aggressive test signal. The negative values represent discharge

mode and positive values represent charge.
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Figure 19: Aggressive test signal
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Table 16:

Aggressive test procedure

STEP | STEP HOUR RATE STEP END CONDITIONS
# TYPE
1 Rest N/A Maximum measured temp < 55 °C AND
Step time > 36 s
2 CcC 4(30A) Module Voltage of 89.32 (avg 4.06 VPC)
Charge
3 Cv 4 or less. Module | Module current < 1.2 A (0.055 APC)
Charge held at 89.32 V (avg
4.06 VPC)
4 Rest N/A Maximum measured temp < 55 °C AND Step time >
36s
6 Current 0.88 or less | 24 h aggressive Signal
Signal (Maximum 130 A)
8 Rest N/A Maximum measured temp < 55 °C AND Step time >
36s

The battery is charged up to 80% SOC from its initial state before the signal is applied.
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A summary of the battery application signals is presented in Table 17 and Figure

comparison.
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Figure 20: Battery test power signals
Table 17: A comparison of the battery application signals
SIGNAL PEAK PEAK DISCHARGE | DISCHARGE SOC
CHARGE CURRENT AMP-HOUR BAND
CURRENT (A) THROUGHPUT | (%)
(A) (Ah)
Reference 30 30 120 0-100
Performance
Solar Test 18.5 18.5 68 25 -80
Non-Aggressive 18 24 104.25 40 - 80
Aggressive 49.1 130.9 433.5 10-80
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Chapter 4: Modelling Methodology

This chapter discusses the modelling methodology providing a description of the model with

identified parameters and the model development processes.

4.1 Model Description

A passive battery thermal management strategy, comprised of a steel plate and the soil surrounding
the battery as the heat transport media, is adopted for thermal management in this work, and it is
targeted towards residential stationary applications. The thermal model describes the heat flow
into the soil. It does not describe the heat distribution within the battery. The battery module is the
sole source of heat generation, and it is modelled as a homogeneous heat source (i.e., uniform
internal heat generation). The heat flow and temperature distribution from a hexagonal battery
pack is illustrated in Figure 22. The heat flow and temperature distribution from all sides of the
battery are identical due to the symmetry of the hexagonal shape. Therefore, it is sufficient to
model and evaluate only one side of the pack. The geometry of the model represents one-sixth of
a full pack buried in the ground. The soil is the heat dissipation medium in this model hence the
geometry of the surrounding soil is uniquely a trapezoidal prism to account for heat transfer along
the radii of an arc. The heat from the battery flows to the steel plate which then transfers that heat
to the surrounding soil. The heat flow diagram is illustrated in Figure 21. The model assumes that
the soil is contained of a homogenous material with uniform thermal properties all through. This
is a logical assumption because the soil surrounding the battery can be methodically compacted
during the installation. The temperature distribution through the soil is predicted, and the time
constant for heat transfer and steady state conditions is investigated. The mode of heat transfer

considered in this model is conduction.

Battery —. Steel - Soil
module Plate

Figure 21: Heat flow for passive BTM
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a: Temperature
pack

c: 3D model of full pack showing isothermal d: cross-section of 3D model showing heat
back planes sides flowing through isothermal back planes alone

Figure 22: Full hexagonal battery pack
4.2 Model Parameters

The model parameters are identified using input and output variables only. The parameter
identification is necessary to determine parameters to be substituted for, in the thermal model based

on the input and output variables. The input parameters for the model are listed below. The selected

values of the model parameters are real representative values of the thermal properties of the model
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parts obtained through measurements or documentation, as well as the test signals. Values for each

are given in Table 18.

e Thermal conductivities of the materials, A
e Specific heat capacity of the materials, C,

e Density of the materials, p

e Volumetric heat generation in the battery, Q

e Initial temperature, T,

e Adiabatic conditions

e Isothermal soil temperature at the back of the geometry, Tiso

e Simulation time, t
For accuracy of results, whilst also enhancing the processing time, the time step of the simulation
is determined by the duration and smallest step time of the test signal. For transient thermal
analysis, the time step sizes may be large i.e., minutes or hours, if necessary, based on the duration
of the simulation. However, the events that take place under short periods must be captured too.
The shortest time for any step in the signals is five minutes, a 1-minute time step is sufficient for
capturing all the steps in the battery test signals. For consistency, a uniform time step is chosen for

all test signals.

4.2.1 Model of the Battery Module

As a function of the battery module being modeled as a single homogenous entity composed of
the cells, cell holder, and thermal pad, an average value is determined for the thermal properties.
This is achieved using the volume fraction of each individual material in the module.

The average thermal conductivity for the battery module is calculated using the equation 4,

Aavg = ) (02 (13)
i
where ¢; is the volume fraction of individual materials, i and 2A; is the corresponding thermal

conductivity.

Similarly, an average specific heat capacity of the battery module is calculated using Equation 5,
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MCp,avg = Z (m;. Cp,i)
i

(14)

where M is the mass of the module, C), a1 is the average specific heat capacity of the module. M;,

cp,i are the individual mass and specific heat capacity of the material components, i, in the module.

The output parameters of the model are the temperature distribution within the soil in a set time.

The temperature change within the soil provides information on the heating and cooling time as

well as the magnitude.

Table 18: Model input parameters

Input Parameters Symbol | Value Unit
Thermal conductivity of battery module b 4.82 Wm 'K
Thermal conductivity of steel plate Ap 18 WmK!
Thermal conductivity of soil As 1.9 WmK!
Density of battery Db 1163 kgm™
Density of steel plate Dp 7800 kgm
Density of soil Ps 1823 kgm™
Specific heat capacity of battery Cpb 1.031 JgIK!
Specific heat capacity of steel plate Cop 0.460 Jg'K!
Specific heat capacity of soil Cps 1.000 JglK!
Isothermal surface temperatures T 30 °C
Uniform Initial temperatures (battery, backplate and soil) | 7; 30 °C

Heat flux 0 0 Wm™

Simulation time

Heat signal

time

Time step

60
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4.3 Model Heat Generation Rate Prediction

The heat generation rate in the battery can be described with Equation 2 (section 2.4). The heat
dissipated through the surrounding environment (i.e. soil) is determined using the energy loss for
a single cycle. This energy is recognized as the irreversible heat generated in the battery, and
therefore is the adopted heat signal for this model. This can be appropriated to heat generation as
a function of the resistance in the battery. The reversible heating is ignored here, so the equation
is simplified into;

Q =I%R (15)

The internal resistance of a battery is influenced by temperature and state of charge (SOC). The
variation of internal resistance decreases with increase in temperatures, and internal resistance are
higher or lower temperatures below 10 °C. Above 10 °C, the influence of temperature on the
internal resistance becomes less significant [129], [130]. The influence of SOC on the internal
resistance of a battery is prominent at low SOC (0-10%) and high SOC (above 90%). Between
10% and 90% SOC, the variation of the battery’s internal resistance is negligible and thus the
internal resistance is considered to be constant [131], [132]. The operating temperature range for
this model is above 30 °C, and the battery is cycled between an SOC range from 10% to 80%.
Therefore, the drastic changes in the internal resistance of the battery are avoided and the effective
battery resistance is taken as a constant and is obtained from experimental results. As a function
of cycling between a bound state of charge, reversible heating is not accounted for. Although
reversible heating is significant at low C-rates, more than 80% of the reversible heat is generated

at low states of charge between 0-10% SOC, which is avoided [16].

To determine the effective battery resistance, The total heat loss (i.e., the difference between the
charge energy, C.E and discharge energy, D.E), is determined from experimental battery testing
for a distinct duty cycle and is divided by time to complete the cycle to obtain an average heat

generation rate (W).

_C.E-D.E (16)
avg _t—

The rate of heat generated is divided by the summation of the squared current signal adopted for

the cycle to determine a constant effective battery resistance using Equation 6.
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The varying heat generation rate, Qg i.€., heat generated at any time, ¢ during the battery operation

is calculated from the total heat generated divided by the time interval, dt.

2
(t) - at

The varying heat generation rate is converted to a volumetric quantity, dividing by the volume of

the battery module, V5 to obtain the internal heat generation, Q which is inputted into the model.

PO Q(t) 18
Q= v, (18)
4.4 Model Development

The thermal model was built with ANSYS mechanical software. The battery module is represented
as a rectangular block, with uniform internal generation. The geometry represents a module built
according to industry standards, containing cylindrical cells of 0.07 m in height, and stacked into
a block of material designed to hold individual cells and keep the cells spaced apart. The
dimensions of the module are given as width of 0.38 m, height of 1.02 m, and a thickness of 0.09
m. The steel back plate is designed as a thin rectangular plate with dimensions of height, 1.5 m,
width 0.55 m and a thickness of 0.005 m. The soil medium is represented using a trapezoidal prism,
of height, 1.5 m. The parts were created and assembled in Solidworks, and the geometry was
imported into Ansys. The input parameters including thermal properties (i.e., thermal conductivity,
specific heat capacity, and density) are defined in the ANSY'S software. This work uses an adaptive
method of meshing based on the geometry. For this model, medium hexahedral mesh elements are
chosen over tetrahedral due to the simplicity of the geometry and the absence of curvature. This
ensures reasonable contact between elements and accuracy with less computation time than
tetrahedral methods. The meshing technique selected generated a total of 11,567 elements and
53,998 nodes (comprised of 14,203 corner nodes and 39,795 mid nodes). The average skewness
was 0.16 with a maximum skewness of 0.79, which is below the 0.89 limit of accuracy for
hexahedral mesh elements. The model predicts the temperature distribution at all points in the soil,
however, for model validation, soil temperatures are measured at twelve positions, defined using

coordinate systems, and compared to experimental data.
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Figure 23: Battery model parts with dimensions (in meters)
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4.5 Initial and Boundary Conditions

Initial Conditions

Where the battery is not being operated, thermal acclimation occurs, and the temperatures are
uniform across all the material parts. Because the soil is an infinite medium, the constant ambient
soil temperature becomes the initial temperature of the whole system (i.e., the battery and the

immediate surrounding soil). The system temperature at the initial state, T(=0) = Tam.

Boundary Conditions

The boundary conditions for the model determine the heat transfer in the medium. To avoid earth
heating of the battery as well as surface climatic heating or cooling from the top, the direction of
heat flow is controlled to only radial direction in the model. All sides of the geometry (including
the top and bottom) are adiabatic to evaluate the radial heat flow, hence heat flux is set to zero
except for the rear face of the geometric structure representing the soil further away from the
battery in the horizontal direction. As a function of little variation of soil temperatures with
increasing depth in the soil [76], this is represented by maintaining a constant temperature at the

isothermal surface of the soil geometry part.

4.6 Governing Equations

Considering the law of conservation of energy, the internal energy of the whole system may be
described by Equation 10.
Qin = Qout T Qgen = Qst (19)
The heat input, Q;, is zero for this module. The rate of heat flow out, Qo is the radial heat
conduction rate from the battery to the soil, which can be determined using the conduction shape
factor, (CSF) by Equation 11.
Qout = S-AAT (20)

where A is the thermal conductivity, AT is the temperature difference between the inner and outer
boundaries, and S'is the conduction shape factor. The CSF is defined as the ratio of the heat transfer
area, A to the heat transfer length, L. A simple model is developed in [133] to determine the shape
factor of hollow cylinders, whose inner or outer cross-sections may be an n-sided polygon. The

model uses an averaging technique due to the changing area of heat transfer from the inner
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boundary to the outer boundary of the geometry. Thus, an average heat transfer area is defined by

the equation 12.

A= () am) + (1= )| 20 @

n, 4y

In (52
where 4 is the average heat transfer area, 7, is the number of sides of the outer polygon, 4;, 4, are
the surface areas of the inner and outer boundaries. The equation 12 can then be substituted in the
equation 13 to obtain a shape factor for a fixed heat path length. This is further substituted into

equation 11. to determine a one-dimensional heat conduction rate.

A
S =— 22
T (22)
The heat stored in the medium is defined by the equation 14,
aT
Qse = pC (23)
The conservation of energy equation (equation 10) becomes,
aT
Qgen — S-A.AT = pC— (24)

where A is the thermal conductivity, p is the soil density, 7 is temperature, and ¢ is time. Qgen
represents the rate of internal heat generation inside the battery module volume. The second term
defines the heat conducted, and the last term on the right-hand side describes the energy storage

inside the soil.

4.7 Summary

The method used in the model development may be summarized in the following steps.

1) Build and assemble geometry parts in Solidworks,

2) Load ANSYS software and initiate transient thermal simulation,

3) Import assembled parts to ANSYS software and define the material thermal properties (i.e.,
thermal conductivity, density, and specific heat capacity),

4) Define mesh property and generate mesh,

5) Determine internal heat generation data using Equations (6) — (9),

6) Input internal heat generation to the representative battery block,

7) Set initial conditions: uniform temperature of 30 °C for the battery, back plate, and soil,
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8) Set boundary conditions: isothermal surface of 30 °C, Heat flux of 0 Wm! on adiabatic sides

of the geometry,
9) Set simulation total time and step time of 60 seconds,
10) Run the simulation and download result,

11) The resulting temperature distribution of the soil is analysed and discussed.
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Chapter 5: Results

This chapter presents the results of the developed model predicting the soil thermal behaviour and
results from experiments. Distinct soil temperatures and heat power are shown and discussed for

different battery signals.

5.1 Experimental Results

The objective of experimentation is to provide a framework for validation of the developed model
by comparison. The temperature variation in the soil is examined as the battery is cycled. This

section presents the result for the individual test procedures discussed in section 3.5.2.

The experimental results include battery performance results and soil temperature response to the
heat generated from the battery. The energy measurements of the battery capacity are logged and
downloaded from the energy management system of the power cycler. The soil temperatures are
recorded and logged in the CR5000 datalogger, through connected thermocouples. The recorded
data contained soil temperatures measured with thermocouples situated at distinct points in the
soil. The result files are downloaded as Excel files, and the data was analyzed with Python
programming language. The battery energy measurements are recorded at a 15 second time
interval and soil temperatures are recorded at 1 second time interval. However, the result files are
averaged to one minute for comparison with the model. The soil temperatures plots are labelled in
the format “7 XYZ C avg” to refer to test temperatures measured from the thermocouple
locations in the soil. X is a numerical value (1,2 or 3), denoting the location from the battery back
plate in the soil. “1” indicates soil temperatures nearest to the battery, “2” indicates soil
temperatures 0.375 m away from the battery, and “3” indicates soil temperatures 0.75 m away
from the battery. Y denotes the position relative to the symmetry of the conducting surface area of
the battery module. It is represented by a S for side, or C for center. Z denotes the position relative
to the height of the battery module. It is represented by a 7 for top height of the battery, or B for
bottom at half the height of the battery. ¢ C ’indicates that the temperatures are measured in °C.

In summary the naming format is given in the table below.
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Table 19: Naming format for recorded soil temperatures

LOCATION LABEL
Position 1, Center, Top T 1CT C_
Position 1, Side, Top T 1ST C_

Position 1, Center, Bottom | T 1CB C

Position 1, Side, Bottom T 1SB C_

Position 2, Center, Top T 2CT C_
Position 2, Side, Top T 2ST C_

Position 2, Center, Bottom | T 2CB C_
Position 2, Side, Bottom T 2SB C_
Position 3, Center, Top T 3CT C_
Position 3, Side, Top T 3ST C_

Position 3, Center, Bottom | T 3CB C_

Position 3, Side, Bottom T 3SB C_

5.1.1 Reference Performance Test Results

Figure 24 shows the test power, maximum battery temperature, and soil temperature variations in
the soil as heat is generated in the battery and transported through the soil. The result show that
less heating occurs at the beginning of discharge, keeping the temperatures almost constant, but
towards the end of discharge, significant heating occurs, raising the temperatures substantially.
The trend is similar for the constant-current charge. However, in the constant voltage charge, the
power output is very low and less heat is generated, hence the module temperature declines
significantly. Three cycles are completed following each other with no wait period in between,
hence the battery temperatures increase with each cycle due to insufficient time for cooldown. The
battery temperature peaks at 47 °C in the third cycle. Soil temperatures nearest to the battery
respond quickly as the heat begins to flow through. At this position, soil temperatures are higher
because the cross-sectional area of the heat conduction path is smallest, therefore the ‘heat
concentration’ is highest at this position in the soil. Further away from the battery, the cross-
sectional area increases creating more pathways for heat flow thus temperatures are lower at

positions 2 and 3, and respond slower. It is also observed that nearer to the battery, the soil
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temperatures at the top are lower because there are additional heat pathways above the top due to
additional backplate material, which is not the case at the lower height of the battery. The soil
temperatures rise at high heat generation rates, and fall as the rate of heat generation reduces. Soil

temperatures continues to rise with each cycle, and a steady state is not yet reached.
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Figure 24: Reference performance test soil temperatures

5.1.2 Solar Test Result

Figure 25 shows test power, maximum battery temperature, and soil temperature response for the
solar test described in section 3.5.2.2. The procedure involves very low rate cycling and significant
rest periods between charge and discharge modes in the procedure. The battery temperature
increases as heat is generated and declines during the rest periods in the signal. The maximum
battery temperature peaks at 34.4 °C and remains below 35 °C through consecutive cycles. The
battery temperature returns to its initial temperature during the rest period before a new cycle
begins. The soil temperatures respond to battery heat, rising as heat is generated and cooling as the
heat is transported through the soil. Soil temperatures close to the battery only increase by 2 °C,
indicative of low heat generation for this procedure, and cools back to its original temperatures
during the extended rest period. Soil temperatures at positions 2 and 3 do not increase notably

following four consecutively cycles. This points to sufficient thermal mass of the soil to store the
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little heat generated. A steady temperature trend or steady state is observed through each cycle.
This means that extended continuous battery cycling for solar test application of this mode can be

achieved, and the battery temperature be kept below 40 °C.
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Figure 25: Solar test soil temperatures

5.1.3 Non-Aggressive Test Result

The test begins with a repositioning charge of the battery before the current signal is adopted,
therefore the time step for this initial step is shown negative, and the 0 hour corresponds to the
start time of the non-aggressive signal. Figure 26 shows the test power, maximum battery
temperature, and soil temperatures for five cycle of non-aggressive battery testing. The battery
temperature increases as heat is generated and declines during the periods of decreasing heat
generation in the signal. The maximum battery temperature peaks at 34.4 °C during the initial
charge step, however the battery temperature only increase by 3 °C through consecutive cycles.
The battery temperature returns to its initial temperature before a new cycle begins. The soil at
position 1 respond immediately to heat from the battery, but the temperatures only rise by 2 °C.
Soil temperatures at position 2 and 3 do not show increase through five cycles. Although there are
no lengthy rest periods in this signal, the signal is a low power signal, which generates little heat.

The soil temperatures are identical with each cycle which suggests a steady state with consecutive

73



non-aggressive cycling. This means that extended continuous battery cycling for a non-aggressive

application such as this can be achieved, and the battery temperature be kept below 40 °C.
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Figure 26: Non-aggressive test soil temperatures

5.1.4 Aggressive Test Result

The test begins with a repositioning charge of the battery before the current signal is adopted,
therefore the time step for this initial step is shown negative, and the 0 hour corresponds to the
start time of the aggressive signal. Figure 27 shows the test power, maximum battery temperature,
and soil temperatures for one cycle of aggressive battery testing. The test signal contains high
power outputs at several points, leading to significant heat generation. The battery temperature
increases as heat is generated and declines during the periods of decreasing heat generation in the
signal. The battery temperature peaks at 58 °C. Soil at position 1 respond immediately to heat from
the battery and have higher temperatures, peaking at 46 °C. Positions 2 and 3 do not record rising
temperatures until much later in the signal as more heat is generated. Soil temperatures at position
2 starts to increase after twelve hours of battery operation. Position 3 stays constant, only
responding to the heat with a small temperature increase towards the end of the cycle. This

indicates that the soil has insufficient thermal mass and thermal conductivity for the heat generated
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in this signal, and substantial time for heat propagation in between aggressive battery cycles is

required. Thus, consecutive aggressive cycles may be detrimental to the battery.
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Figure 27: Aggressive test soil temperatures

5.1.5 Summary of Tests Heat Generation

Table 20 presents information used to obtain the heat power rate, which includes the total heat loss
for each signal, the total time for a single duty cycle, average heat generation rate, and the

maximum heat power generated.

Table 20: Summary of heat loss calculation

SIGNAL TOTAL HEAT | CYCLE TIME | AVERAGE MAXIMUM
LOSS (kWh) (h) HEAT RATE | HEAT RATE
(kW) (kW)
RPT 0.43 12 0.035 0.058
Solar test 0.12 24 0.005 0.016
Non-Aggressive | 0.12 24 0.005 0.026
Aggressive 1.83 24 0.076 0.67
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5.2 Model Results

The model results are presented in this section. The model results are obtained from ANSYS as
Excel files and processed with Python programming language. Soil temperatures are recorded at
twelve locations, defined by coordinate system, relative to the battery: four positions (each one at
the side top (ST), side bottom (SB), center top (CT), and center bottom (CB)) directly behind the
battery (position 1), 0.375 m away from the battery (position 2), and 0.75 m away from the battery
(position 3). Figure 28 below shows the coordinate positions for the recorded soil temperatures
presented in the results. In the developed model, the isothermal soil surface is defined at a distance
1 m away from the battery module, whereas the isothermal cavity of the laboratory test unit is
located behind the soil temperature sensors, which are positioned at 0.75 m from the battery
module. This is because the soil temperature sensors at position three, 0.75 m away from the
battery, are placed in the soil inside the test unit, and the isothermal cavity is built outside the soil
enclosure box. Thus, the isothermal is set beyond 0.75 m in the model because at 0.75 m away

from the battery, the soil is not isothermal.

Center
position Side

position

Figure 28: coordinate position of recorded soil temperatures in the model

The model results include information about the battery temperatures and soil temperature
response to the heat generated from the battery. The soil temperatures plots are labelled in the

format “M XYZ C ™. ‘M ’ is to indicate the soil temperatures from the model. X is a numerical
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value (1,2 or 3), denoting the location from the battery back plate in the soil. “1” indicates soil
temperatures nearest to the battery, “2” indicates soil temperatures 0.375 m away from the battery,
and “3” indicates soil temperatures 0.75 m away from the battery. ¥ denotes the position relative
to the symmetry of the conducting surface area of the battery module. It is represented by a S for
side, or C for center. Z denotes the position relative to the height of the battery module. It is
represented by a T for top height of the battery, or B for bottom at half the height of the battery.
‘ C ’indicates that the temperatures are measured in °C. In summary the naming format is given

in the table below and is similar to experimental naming format.

Table 21: Naming format for model soil temperatures

LOCATION LABEL
Position 1, Center, Top M _1CT C_
Position 1, Side, Top M _1ST C_

Position 1, Center, Bottom | M _1CB C_

Position 1, Side, Bottom M 1ISB C_

Position 2, Center, Top M 2CT C_

Position 2, Side, Top M 2ST C_

Position 2, Center, Bottom | M 2CB C_
Position 2, Side, Bottom M 2SB C_
Position 3, Center, Top M 3CT C_
Position 3, Side, Top M 3ST C_

Position 3, Center, Bottom | M 3CB C
Position 3, Side, Bottom M 3SB C_

5.2.1 Model Input Heat Power Generation

The internal heat generation input signal of the model that is used to obtain the model results are
discussed here. The heat power signals are calculated from the current signals and the loss
efficiency obtained from experimental testing results for each signal (see section 5.1.5). The test
signals are illustrated in section 3.5.2, and the equations used are discussed in section 4.3. Figure

29 shows the obtained heat power generation rate for each of the battery signals.
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Figure 29: Heat power for the battery signals

78

Heat Power (kW)

Heat Power (kW)

0.04

Solar Residential

0.03 A

0.02 A

0.01 A

0.00

T T
10 15
Elapsed time (h)

Aggressive Degradation

20

0.7

0.6 1

0.5 1

0.4 4

0.3 1

0.2 1

0.1

0.0

10

T T
15 20
Elapsed time (h)

25

30



5.2.2 Reference Performance Model Results

The figure shows the predicted soil temperatures and the maximum battery temperature when the
battery is fully cycled in CCCV mode multiple times. The calculated heat power is also shown in
Figure 30. The model predicts increasing temperatures with each cycle as heat from battery cycling
is generated. The RPT signal is a four-hour rate signal, which lasted 36 hours for 3 cycles. The
battery temperature rises and fall as the heat is generated with each cycle, and peaks at 43 °C. The
cycles are completed following each other, with no extended rest periods in between cycles.
Cooling occurs when the battery is in CV mode and less heat is generated, however, this CV time
is not sufficient to bring the temperatures to its initial temperature before the next cycle begins.
Soil temperatures for position 1 respond quickly to the battery heat, whereas the temperatures at
position 2 and 3 respond more slowly. The soil 0.375 m away from the battery rises slowly to 34
°C. Soil temperatures at position 3 appears to decrease first and slightly increases towards the end
of the last cycle of the RPT signal. This suggests heat transport from position 3 further away before
the heat from the battery reaches that position and the temperatures begin to increase. The result
indicates high thermal mass of the soil and the need for sufficient cooling time for the battery as
well as soil temperatures near the battery to fall below a desired temperature before immediately

cycling the battery with a high-power signal.
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Figure 30: RPT model soil temperature results

The battery temperatures predicted from the model are shown in Figure 31. The chart includes the
average temperature of the battery module, and the averaged temperatures from the face of the
battery, presumed to be the hottest (the front of the battery), and coolest (the battery face touching
the back plate). The temperatures at the front of the battery are presumed to be the hottest and the
coolest part of the battery is the face in contact with the back plate. This is because the heat is
removed through the back plate. Hence, for a uniform heat generating entity as is represented with
the battery module, the heat closest to the back plate is dissipated first, and the temperatures are
lower there. Similarly, the front face of the battery will record the highest temperatures as
illustrated in the figure below. A maximum temperature difference of 2 °C is observed between

the front and back of the battery.
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Figure 31: RPT model battery temperatures

5.2.3 Solar test Model Results

The solar test signal is a low energy signal with lengthy rest periods in between. The predicted soil
temperatures, maximum battery temperature, and calculated heat power are shown in Figure 32.
The result is shown for four consecutive solar test battery cycles, lasting a duration of 4 days. The
battery temperature rises and fall as the heat is generated with each cycle, and peaks at 33.5 °C on
the fourth day. The cycles are completed following each other. The model predicts soil
temperatures rising very slowly due to low heat rate from the battery. Four consecutive cycles
show only a 3 °C rise from position 1 nearest to the battery. Soil temperatures at position 2 remain
almost constant with minute temperature increases as heat travels through with consecutive
cycling. Soil temperatures at position 3 appears to decrease first and slightly increases through the
four cycles of the signal. This suggests heat transport from position 3 further away before the heat
from the battery reaches that position and the temperatures begin to increase. Cooling occurs
during the rest period returning the soil temperatures at position 1 almost to its initial temperature.
Soil temperatures at position 2, and 3 remain within 1 °C of the initial temperatures, even after
four consecutive cycles, and the maximum battery temperature falls below 32 °C with each rest
period. This suggests that this cycle can be continuously repeated, whilst maintaining a safe

working temperature for the battery.
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Figure 32: Solar test model soil temperatures result

The battery temperatures predicted from the model are shown in Figure 33. The chart includes the
average temperature of the battery module, and the averaged temperatures from the face of the
battery, presumed to be the hottest (the front of the battery), and coolest (the battery face touching
the back plate). A maximum temperature difference of 0.4 °C is observed between the front and
back of the battery. The battery temperatures remain almost uniform throughout the cycling period

for continuous solar battery cycling.
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Figure 33: Solar test model battery temperatures

5.2.4 Non-Aggressive Model Results

The non-aggressive battery signal is a low-power output signal with no lengthy periods of rest in
the signal. The predicted soil temperatures, maximum battery module, and calculated heat power
are shown in Figure 34. The figure shows the soil temperatures for five cycle of non-aggressive
battery testing. The battery temperature rises and fall as the heat is generated with each cycle, and
peaks at 33.4 °C on the fifth cycle. The cycles are completed following each other, with no
extended period of rest in between cycles. Soil at position 1 respond immediately to heat from the
battery, but the temperatures only rise by 2 °C after five cycles. Soil temperatures at position 2
slowly increase by 1 °C. Soil temperatures at position 3 appears to decrease first and stay almost
constant, slightly increasing through five cycles of the signal. This suggests heat transport from
position 3 further away before the heat from the battery reaches that position and the temperatures
begin to increase. Cooling occurs during periods of low heat generation in the battery and the
maximum battery temperature remains below 34 °C through five cycles. This suggests that this

cycle can be continuously repeated, whilst maintaining a safe working temperature for the battery.
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Figure 34: Non-aggressive model soil temperatures result

The battery temperatures predicted from the model are shown in Figure 35. The chart includes the
average temperature of the battery module, and the averaged temperatures from the face of the
battery, presumed to be the hottest (the front of the battery), and coolest (the battery face touching
the back plate). The maximum temperature difference observed between the front and back of the
battery remains within 0.5 °C. The battery temperatures remain almost uniform throughout the

cycling period for continuous non-aggressive cycling.
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Figure 35: Non-aggressive model battery temperatures

5.2.5 Aggressive Model Results

The aggressive battery signal is a high-power output signal with no lengthy periods of rest in the
signal. The predicted soil temperatures and calculated heat power are shown in Figure 36. The
figure shows the temperatures for only one cycle of aggressive battery testing. The battery
temperature rises and fall as the heat is generated with each cycle, and peaks at 58 °C Soil at
position 1 respond immediately to heat from the battery, rising significantly as the heat rate
increases. Soil temperatures at position 2 increases slowly as heat travels through the soil, rising
by 5 °C at the end of the cycle. At position 3, further away from the battery, soil temperatures stay
almost constant. Peak soil temperature is 52 °C from the soil nearest to the battery’s mid-point
(1CB).
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Figure 36: Aggressive model result

The battery temperatures predicted from the model are shown in Figure 37. The chart includes the
average temperature of the battery module, and the averaged temperatures from the face of the
battery, presumed to be the hottest (the front of the battery), and coolest (the battery face touching
the back plate). The model predicts a maximum temperature difference of 7 °C between the front
and back of the battery. This is more than the recommended temperature difference of 5 °C that is

specified in literature
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Figure 37: Aggressive model battery temperatures

A summary of the model results is provided in Table 22 below.

Table 22: Summary of model results

30

—— Heat Power (kW)
—— Battery front Temp (avg)

Avg Battery Temp

l 60 —— Battery back Temp (avg)

SIGNAL TOTAL MAX BATTERY | MAX SOIL MAX SOIL MAX SOIL
HEAT TEMPERATURE | TEMPERATURE | TEMPERATURE | TEMPERATURE
LOSS (POSITION 1) (POSITION 2) (POSITION 3)
(Wh)

RPT 426.6 49.9 42.9 34.6 31.5

Solar test 120 34.1 324 30.9 30.6

Non- 124 33.8 32.2 30.9 30.5

Aggressive

Aggressive | 1831 71.9 52.6 353 30.9

87




Chapter 6: Numerical Model Validation

Analytical or numerical model are developed for predicting system behaviours under specified
operations or conditions, without needing to carry out experiments. However, the models must be
validated with experimental data to determine accuracy and instil confidence in the model before
they can be adopted as a representation of the reality for research purposes or project development.
This chapter provides a comparison of model results with the results obtained from experiments.
The current study focuses on the thermal dissipation in the soil highlighting the time dependent
temperature response of the soil during BESS operation, which may be useful for prescribing a
recommended duty cycle for subterranean BESS operation as is appropriate for the intended
application. A graphical method of comparison between simulation results and experimental
results is adopted and the maximum relative error between experiment and model results are listed
in Table 23. comparison between model and experimental results are done individually for each
soil location (i.e., 1, 2, and 3), away from the battery, and this is done for the different battery
signals. In comparing the model results with experimental results, the initial uniform temperature
for each signal is set as the average value. This is due to fluctuating soil temperatures during lab
testing as a function of previous experiments. Thus, the initial temperatures, which should be
uniform at all points is averaged and used as the initial temperature condition in the model.
Figures 38 compares the battery peak temperature and the soil temperatures at position 1, 2, and 3
for the reference performance battery signal. Figures 39 compares the battery peak temperature
and soil temperatures at position 1, 2, and 3 for solar test application signal. Figures 40 compares
the battery peak temperature and soil temperatures at position 1, 2, and 3 for the non-aggressive
battery signal. Figures 41 compares the battery peak temperature and soil temperatures at position
1, 2, and 3 for the aggressive battery signal. Only one cycle of each signal is used for validation of

the model.
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Figure 41:Graphical comparison of model results, (‘M ) vs experimental test results, (‘T ), for
aggressive battery signal

The validation metric used in this work is the root mean square error (RMSE) between the model

result temperature values (MV) and the test result temperature values (TV). This is given by the
Equation 25 below.
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S jzimf — MV)? (25)
n;

where n; is the number of entries.

Table 23: Root mean square between model and experimental temperature (°C) results

REFERENCE SOLAR NON- AGGRESSIVE

PERFORMANCE | TEST AGGRESSIVE SIGNAL

SIGNAL SIGNAL SIGNAL
Peak Battery | 2.93 0.86 1.07 2.04
Temperature
1CT 1.02 0.44 0.42 3.43
1ST 1.07 0.51 0.49 3.24
1CB 1.38 0.49 0.52 3.93
1SB 1.53 0.48 0.47 441
2CT 0.32 0.12 0.09 0.91
2ST 0.60 0.35 0.26 0.96
2CB 0.91 0.18 0.23 1.72
2SB 1.15 0.40 0.42 1.61
3CT 0.27 0.17 0.26 0.30
3ST 0.19 0.09 0.13 0.16
3CB 0.28 0.32 0.34 0.41
3SB 0.19 0.19 0.26 0.31

For determining model performance lower RMSE values are desired. The RMSE values are higher
for higher heat concentration. The maximum value for RMSE between the model results and test
results is 4.41 °C occurring in the center bottom closest to the battery from the aggressive battery
signal. The model performance is stronger for low-power signals with low heat generation as the
RMSE value is higher for higher power signals. The error may be attributed to unintended heat
loss through the insulation of the test unit, or the estimation of the soil heat capacity for the model.
Other factors include the measurement of thermal conductivity during laboratory experiments.
Thermal conductivity of the soil was tested in small buckets before filling the test unit. There is

likelihood of inefficiencies during soil compaction in the actual test unit. Similarly, although the
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test unit was lined with vapour barrier, there is a possibility of moisture drift thus affecting the

thermal conductivity of the soil where temperature sensors were situated.

Lower battery peak temperatures are observed in the model compared to experimental values. This
is attributed to the averaging of the module properties in the model, which implies that the heat
from the battery is uniformly generated in the module. However, in reality, the heat is only
generated from the battery cells and is transported through the other materials in the module into
the soil. Laboratory testing procedures measures and records the temperature at the cell terminal,
which is the actual heat source and consequently is the hottest surface on the battery module. The
model distributes the heat through the module resulting in lower predicted peak battery
temperature. In addition, reversible heat is not considered in this model, however reversible
heating does occur during battery cycling. Although the test protocols avoid most of this as
reversible heating is dominant at low SOC for low C-rates, low amounts of endothermic heat
occurs between 40-60% SOC for the low-rate signals during discharge modes. Thus, this

contributes to error between the model and test battery temperature.

The thermal model in this work may be used for further analysis relating to the thermal behaviour

of subterranean battery operations and the sensitivity of the adjustable parameters in the model.
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Chapter 7: Sensitivity Analysis of the Model

A sensitivity analysis is carried out to determine the dependence of the model on the adjustable
parameters of the model. This study focuses on the thermal behaviour in the soil, therefore the two
input parameters of significant importance in this study are the thermal parameters: the thermal
conductivity and the specific heat capacity. A sensitivity analysis of these two parameters is
discussed in this chapter. The aggressive signal is chosen as the signal for exploring the sensitivity
of the model to the two thermal parameters because the notable temperature variation observed in

the result.

7.1 Variation of Soil Thermal Conductivity

The thermal conductivity of the soil is varied, and results are studied with all the other input
parameters kept the same. The heat capacity of 1000 Jkg 'K, is the same for all scenarios. Figure
42 shows the heat power, and soil temperatures predicted for different thermal conductivities. The
test result is included (labeled ‘7 XYZ C ’). The peak battery temperature from the model result
correlates well with test results where the thermal conductivity is 2 Wm™'K!. The soil temperatures
nearest to the battery module (i.e., position 1), respond rapidly to heat from the battery, as the heat
is initially localized here, and the diffusion area is smallest at this position. Higher soil
temperatures are observed where the thermal conductivity value is low as expected because the
soil’s ability to conduct heat efficiently is poor. At higher thermal conductivities, the soil
temperatures are lower because the soil transports heat more efficiently and thus the heat is

dissipated faster.

For higher thermal conductivities, quicker rising soil temperatures are observed further away from
the battery module, at position 2; 0.375 m away from the battery, and position 3; 0.75 m away
from the battery. This is because the heat from the battery conduction is faster and thus the soil
temperature response is quicker at higher thermal conductivities. At lower thermal conductivities,
heat conduction is poor and inefficient, hence the soil temperatures further away from the source
of heat (i.e., the battery) respond slower, as shown in the figure. Nearest to the battery, the
measured soil temperature from testing is most similar to the response of the soil, where the
thermal conductivity is 4 Wm™'K™'. However, further away from the battery, the behaviour of soil

temperatures where the thermal conductivity is 1 Wm™'K"! is more similar to the test result. The
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correlation between the varying thermal conductivity and the test result does not seem conclusively

clear.
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Figure 42:Soil temperatures for different thermal conductivities.

7.2 Variation of Soil Specific Heat Capacity

The specific heat capacity of the soil is varied, and results are studied with all the other input
parameters kept the same. The thermal conductivity of 2 Wm™K! is the same for all scenarios as
measured during soil testing. Figure 43 shows the heat power, maximum battery temperature and
soil temperatures predicted for different heat capacities. The test result is included (labeled

‘T_XYZ _C ’). The peak battery temperature from the model result correlates well with test results
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where the thermal conductivity is 1000 J.kg'K™'. Nearest to the battery, where the heat is initially
localized, the soil temperatures are higher for lower specific heat capacity values because the soil’s
thermal storage capacity is lower. At higher specific heat capacity values, the soil has a higher

capacity to hold heat with low temperature increase, hence lower temperatures are observed.
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Figure 43:Soil temperatures for different soil specific heat capacity
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The figure shows quicker rising soil temperatures further away from the battery module, with
lower specific heat capacity values. This is due to low heat retention capabilities; hence the soil
warms up quicker, and thus the soil temperatures are higher. At higher specific heat capacities,

heat retention is high and temperature changes are less, hence lower soil temperatures are observed
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further away from the battery as shown in the figures. The soil temperature result is most closely
aligned with the measured test result when considering a heat capacity of 2000 J.kg 'K, at all

positions in the soil.

Figures 42 and 43 show that the variation of either thermal input parameters, the thermal
conductivity of the soil and the specific heat capacity of the soil, influences both the soil
temperatures and the heating or cooling time. An optimization of these parameters tailored to the

battery operation may be done for best battery performance.

7.3 Optimization of Parameter Variation

The thermal conductivity and specific heat capacity of the soil are varied, with all the other input
parameters kept the same. From section 7.1 and 7.2, the soil temperatures from the test result
closely aligns with the model results where the soil has a heat capacity of 2000 J.kg 'K, and there
was no clear alignment with the variation of thermal conductivity values. Therefore, the soil
thermal response is compared for heat capacity of 2000 Jkg'K™' with different thermal
conductivities and compared to the test result. The resulting soil temperature response is most
closely aligned with the test result when considering a heat capacity of 2000 J.kg 'K~ and thermal
conductivity of 2 Wm'K"!,

Near the battery, the highest soil temperatures are observed for soil with low thermal conductivity.
This is due to poor heat conduction through the soil, hence the soil temperatures are higher.
Similarly, where the soil possesses high thermal conductivity, efficient heat conduction and
retention capabilities of the soil leads to lower temperatures, which is shown in the Figure 44.
Further away from the battery, the reverse is the case as the heat travels quicker for higher thermal

conductivities, causing the soil temperatures to increase more rapidly.
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Figure 44: Soil temperatures variation for changing thermal conductivity and specific heat

capacity value of 2000 J. kg 'K™".
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Chapter 8: Parametric Analysis of the Model

A parametric analysis is done to study the impacts of ground temperatures, geometry, and different
isothermal surface distances from the battery, on the heat diffusion rate and resulting battery
temperatures. The aggressive signal is used for this parametric study because of the notable
temperature variation in the model results. In this analysis, every other input parameter is kept the
same apart from the varied parameter of concern for the analysis. Individual soil positions (1, 2,

or 3) are shown.

8.1 Variation of Ground Temperatures

The influence of ground temperatures on the soil thermal response for subterranean battery
operations are discussed in this section. The soil temperatures at position 1, 2, and 3 follow the
same trend as the model result presented in section 5.2.5. The influence of the initial ground
temperature parameter on the result is shown in the peak temperatures reached for both the battery
and the soil. However, there are no observable influence of ground temperatures on the cooling or
heating rate of the battery and the soil. Lower ground temperatures result in lower peak temperature
for the battery and the higher ground temperatures result in higher peak battery temperature as heat
is generated from the battery and transported through the soil. This is shown in Figure 45. The
results show that for a 5°C lower ground temperature, the peak battery temperature is reduced also
by 5 °C, indicating a linear relationship between ground temperatures and peak battery

temperatures.
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Figure 45:Model results at different ground temperatures

8.2 Variation of Geometry

The soil thermal response for a different geometry shape of the battery is studied in this section.
The geometry is altered such that the battery pack is now a four-sided polygon as seen in Figure
46, and the heat is transported from the battery through the soil across a wider arc creating more
heat pathways and increased volume of soil for heat storage. Figure 47 shows the battery
temperature and changing soil temperatures through the soil at positions nearest to the battery,

0.375 m away from the battery and 0.75 m away from the battery.
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Figure 46: model with four -sided pack geometry

Figure 47 shows that the soil temperatures follow the trend of the model result presented in section
5.2.5, lower temperatures are observed which can be appropriated to the heat pathway of the
geometry. Compared to the six-sided pack, a higher heat diffusion rate is observed for a four-sided
pack due to the added pathways for heat flow and the peak battery temperatures are reduced by 4
°C, which is not a big difference. Therefore, the shape of the battery pack does not reflect a strong
influence on the maximum battery temperature. The center bottom position where heat dissipation

is least efficient due to having the least number of heat pathway is shown in Figure 47
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Figure 47: Soil temperatures for rectangular pack geometry vs hexagonal pack geometry

8.3 Variation of Isothermal Surface Distance

The isothermal surface distance was varied for studying the effects, if any on the heat diffusion
and soil temperatures. Previous model results are given for a distance on 1 m between the battery
and the isothermal surface. In investigating this impact of this distance, the model was adapted,
and the isothermal surface was set at 4 m away from the battery. Soil temperatures are measured
and recorded at the same positions previously set and compared. The center bottom position where

heat dissipation is least efficient due to having the least number of heat pathway is shown in Figure

48.
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Figure 48: Soil temperatures for an aggressive cycle where isothermal surface is 4 m vs 1 m away
from the battery

Figure 48 shows a peak battery temperature of 55 °C for the isothermal surface set at 4 m away
from the battery which is 3 °C less than the peak battery temperature of 58 °C, where the isothermal
is set at 1 m. The heat diffusion rate for a 4 m isothermal surface is higher compared to that a 1 m
isothermal surface. This is not a big difference as the temperatures are only 3 °C lower, indicating
that the influence of the distance of the isothermal surface from the battery is limited beyond 1 m.
For a single aggressive cycle, the soil temperature at 0.75 m away from the battery remains almost
constant, only increasing by 1 °C. Continuous cycling of this duty cycle having significantly more
heat transported through the soil would prompt a more notable response at this position with
increasing cycles. However, for a low-power signal with low heat generation, the soil temperature
at 0.75 m away from the battery remains unchanging, only increasing after many days of constant
cycling. There are only a few degrees difference between the results between an isothermal soil
surface of 1 m away from the battery, and that of 4 m. This is noteworthy for scenarios where
multiple subterranean battery units sited at 1 m from each other, are cycled aggressively, it is most
likely that heat generated from one battery will have an impact on the other. However, at a 4 m
spacing between units, the likelihood of impact from one BESS unit on the next is minute
suggesting an optimum distance between the units lies between 1 m and 4 m. Consecutive

aggressive cycles with no cooling period in between cycles will result in increasing soil
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temperature and consequently larger impacts on nearby BESS units. This may be investigated in

future research.

8.4 Summary

In summary, the variation of parameters such as the ground temperatures, geometry or battery
operation signal influences the soil temperatures and heat dissipation time for heating or cooling.
A high-power signal will generate more heat and thus lead to higher temperatures of the battery
and through the soil. This is an important for determining battery application for subterranean
battery installations and the iteration of battery operation. The underground temperatures influence
peak temperatures around the battery linearly but has no impact on the heating or cooling rate of
the battery or the soil. Higher ground temperatures result in higher peak temperatures, as heat
travels through the soil, and lower ground temperatures produce lower peak temperatures. The
geometry also influences the thermal dynamics as it is dependent on the heat diffusion area for
heat dissipation. Less diffusion area means less heat pathways and thus higher soil temperatures
and more diffusion time. A wider area for heat diffusion leads to faster heat diffusion and lower
temperatures. However, the impact of the battery pack geometry is minor, and the soil temperatures

will vary only slightly.
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Chapter 9: Conclusion and Recommendations

The installation of stationary BESS continues to grow as renewable energy systems are integrated
in the electricity grid. Residence and commercial establishment adopt this technology for various
applications. Though BESS has proven to be a key player in the energy system, there are obstacles
to the widespread adoption of this technology due to concerns from homeowners or owners of
commercial establishments. These concerns surround the installation site of the system such as
safety concerns, noise pollution, structural footprint etc. Burying the battery in the ground provides
a strategy for addressing these concerns and increasing BESS installations. Previous work done on
BESS highlights the importance of battery thermal management, therefore battery installations are
predominantly above-ground for increased accessibility. However, the consideration of the ground
as an infinite heat sink or storage medium for battery thermal management is not considered in
previous studies. To support these types of battery installations and operations, this thesis studies
the thermal dynamics of a subterranean battery’s ambient environment (i.e., the soil) during battery
operation. The thesis used current signal data applicable to residential load applications to

determine heat generation in the battery and simulate the thermal response of the soil.

The conclusions from this study drawn from the results and research objectives in section 1.2, are
discussed in this chapter and are presented below:

e The model results show that the temperature response of the soil during battery operation
is influenced by several factors such as the operation signal, geometry of the battery
module, and the soil thermal properties. These parameters may be optimized for
maintaining desired temperature conditions suitable for a unique application or
environment.

e The rate of heat dissipation is predominantly dependent on the thermal properties of the
soil. This is highlighted by the results discussed in chapter 7. Therefore, for subterranean
battery operations in colder climates, where heating is essential, a specialized soil type of
higher specific heat capacity and lower thermal conductivity of the soil may be filled in the
immediate areas that surround the battery module. Therefore, the heat from the battery is
stored in the soil and warms up the battery when needed. Where cooling is prioritized, high
thermal conductivity and specific heat capacity of the soil should be filled nearer to the

battery.
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The ground temperature linearly impacts the peak battery temperature, i.e., by defining the
initial ground temperatures at 5 °C lower than previous value, the resulting peak battery
temperatures are reduced by 5 °C. Similarly, increasing the initial ground temperature by
5 °C increases the resulting peak battery temperatures by 5 °C. The ground temperatures
have no influence in the heating/cooling rate of the battery.

The geometry of the battery pack determines the heat pathways from the battery. However,
it has little impact on the peak battery temperatures.

The occurrence of an average steady temperature trend is determined by the battery signals
and the frequency of recurrent cycles. Sufficient rest or periods of low heat generation rate
provides time for the temperatures to return to the initial state before the next duty cycle,
thus leading to a steady temperature trend for each duty cycle. The ambient (soil)
temperatures directly affect the battery temperature; thus, a steady temperature trend
implies a consistent degradation pattern of the battery as a function of temperature.

The operation of BESS underground is subject to the temperature response for each
individual battery signal. Therefore, cycling and power capabilities may be limited. For
example, the aggressive signal for peak shaving applications results in high soil
temperatures up to 50 °C near the battery. Consecutive cycles of this nature with no cooling
period in between cycles will result in significantly increasing temperatures which directly
affects battery temperature and degradation rate. However, the non-aggressive signal from
light-duty residential load exhibits lower soil temperatures and the cycle may be repeated
multiple times consecutively, while remaining below 40 °C. In order to maintain battery
operation within a desired temperature range and for optimal performance, it may be
necessary to create a duty cycle considering the temperature response of each signal, rest
periods, and periods of low heat generation from the signal.

Subterranean BESS operation for residential applications may be continuously utilized
efficiently for a single low-power application with limited concerns, however for higher-
powered applications, this may not be feasible, hence a combination of multiple
applications such as peak-shaving and light-duty residential application may be

recommended.
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9.1 Future Research Areas

The model developed in this work is a basic one which assumes the battery as a single homogenous
entity with uniform thermal properties. This assumption may have led to overestimation of some
parameters. Hence, there are several areas that may be improved, which are discussed in this

section alongside other areas of consideration for future works on subterranean battery operations.

e The battery is modeled as a single homogenous entity, which is not the reality. Although
the battery temperature trend provides useful information for cycling and power
limitations, the battery temperature may not be viewed as a very accurate temperature
values during battery cycling. A more detailed cell-level model of the battery may be
utilized for this study, which will produce more accurate results.

e The model may be adapted for varying geometries, ground temperatures and soil thermal
properties for specific scenarios.

e Nearer to ground surface, soil temperatures are influenced by climatic factors. Thus, for
BESS installations in this region (between 0 — 20 m), the temperature of the ground will
vary along the height of the system. Future works on this topic includes an investigation of
the impact of this variation on the battery’s thermal dynamics.

e This work assumes that heat will flow only radially. However, in reality, heat will flow
through the top and bottom of the pack, which will impact the heating/cooling rate of the
battery and the battery peak temperatures. This can be investigated in the future.

e A potential research area for future investigation of subterranean battery operation is a
recommended optimal distance between the placement of battery packs to mitigate the
mutual influence of heat dissipation from the batteries. This investigation may provide a
means of adopting subterranean BESS installations at a bigger scale than residential such
as utility or community scale.

e The model may be further studied for other BESS applications such as frequency
regulation, load shifting etc., and thus control strategies would need to be developed for
optimal BESS operations to maintain steady temperature trends for continuous operation

and a steady degradation pattern.
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e A method of combining various stationary energy storage applications based on the
temperature response of the soil to each unique application may be developed for

continuous BESS operation underground depending on the environment.
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Figure 2: Annual temperature fluctuations with depth in the ground (Ottawa) [76]— Reproduced

with the permission of the National Research Council of Canada, copyright holder
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Figure 3: soil types by texture [91]
Figure 4: Soil moisture content capacity according to texture [91]
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Figure 5: Soil thermal properties: Thermal conductivity (A), heat capacity (C), and thermal
diffusivity (a) versus volume fractions of water (6), solids (vs), and air (na) for four medium-

textured soils [92]. Reproduced with permission from the publisher copyright
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Appendix B: Datalogger Script
The code below was used to record and store soil temperature data in the CR5000 Campbell

Scientific datalogger during battery testing.

'CR5000

'Declare Variables and Units
PublicDL B V
PublicDL T C

Public Lab T C

Public T _ICT C

Public T IST C

PublicT 1CB C

Public T _1SB_C

Public T 2CT C

Public T 2ST C

Public T 2CB C

Public T 2SB _C

Public T 3CT_C

Public T 3ST C

Public T 3CB C

Public T 3SB _C

Public VWC _2CT mV
Public VWC _2CB_mV
Public VWC 2CT pct
Public VWC 2CB_pct
Const VWC_Mult=0.8406
Const VWC_Offset=0.4196

'Define Data Tables
DataTable(Data, True,-1)
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Datalnterval(0,60,Sec,10)
Average(1,DL B V,FP2 False)
Average(1,DL_T C,FP2,False)
Average(1,Lab T C,FP2 False)
Average(1,T 1CT_C,FP2,False)
Average(1,T _1ST C,FP2,False)
Average(1,T_1CB_C,FP2,False)
Average(1,T_1SB_C,FP2,False)
Average(1,T 2CT _C,FP2,False)
Average(1,T 2ST C,FP2,False)
Average(1,T_2CB_C,FP2,False)
Average(1,T 2SB C,FP2,False)
Average(1,T 3CT _C,FP2,False)
Average(1,T 3ST C,FP2,False)
Average(1,T_3CB_C,FP2,False)
Average(1,T_3SB C,FP2,False)
Average(1,VWC _2CT _mV,FP2,False)
Average(1,VWC _2CB_mV,FP2,False)
Average(1,VWC 2CT pct,FP2 False)
Average(1,VWC 2CB_pct,FP2,False)
EndTable

'Main Program
BeginProg
'Main Scan
Scan(1,Sec,1,0)
Battery(DL_ B V)
PanelTemp(DL_ T C, 60Hz)

TCDiff(T _1CT_C,1,mV20C,1,TypeT,DL T C,True,0, 60Hz,1,0)
TCDiff(T _1ST C,1,mV20C,2,TypeT,DL T C,True,0, 60Hz,1,0)
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TCDiff(T_1CB_C,1,mV20C,3,TypeT,DL T C,True,0, 60Hz,1,0)
TCDiff(T _1SB_C,1,mV20C,4,TypeT, DL T C,True,0, 60Hz,1,0)
TCDiff(T 2CT_C,1,mV20C,5,TypeT,DL T C,True,0, 60Hz,1,0)
TCDiff(T 2ST C,1,mV20C,6,TypeT,DL T C,True,0, 60Hz,1,0)
TCDiff(T 2CB_C,1,mV20C,7,TypeT,DL T C,True,0, 60Hz,1,0)
TCDiff(T _2SB_C,1,mV20C,8,TypeT,DL_T C,True,0, 60Hz,1,0)
TCDiff(T 3CT _C,1,mV20C,11,TypeT,DL T C,True,0, 60Hz,1,0)
TCDiff(T 3ST C,1,mV20C,12,TypeT,DL T C,True,0, 60Hz,1,0)
TCDiff(T 3CB_C,1,mV20C,13,TypeT,DL T C,True,0, 60Hz,1,0)
TCDiff(T _3SB_C,1,mV20C,14,TypeT.DL T C,True,0, 60Hz,1,0)

TCDiff(Lab T C,1,mV20C,20,TypeT,DL T C,True,0, 60Hz,1,0)

VoltDif( VWC _2CT _mV,1,mV5000,9,True,0, 60Hz,1,0)

VoltDiff( VWC_2CB_mV,1,mV5000,10,True,0, 60Hz,1,0)

VoltDiff(VWC _2CT pet,1,mV5000,9,True,0, 60Hz,VWC Mult, VWC_Offset)
VoltDiff(VWC_2CB_pct,1,mV5000,10,True,0, 60Hz,VWC_ Mult, VWC_Offset)

'Call Data Tables and Store Data
CallTable Data

NextScan

EndProg
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Appendix C: Data Processing Python Code
The code below was used to process soil temperature data and create chart results obtained from

experiments or model results.

import pandas as pd

import numpy as np

import os

from matplotlib import pyplot as plt

import seaborn as sns

%matplotlib inline

model data = pd.read csv('filepath.csv')

model data =model data.set index('Time (s)',drop=True)
model data['elapsed time'] = (model data.index )

Temps = [t for t in model data.columns if 'T_xxx'in t]

fig, ax = plt.subplots(figsize=(12,8))

x =model data['elapsed time']

yl =model data['Battery Power (kW)']
ax.plot(x,y1l,color="black',label='Battery Power (kW)')
ax.set_xlabel('Elapsed time (h)')
ax.set_ylabel('Battery Power (kW)")

ax1 = ax.twinx()

for ¢ in model temps:
y2 =model data[c]
ax1.plot(x,y2,label=c,linestyle="--")

axl.set_axisbelow(True)
ax1.grid(axis='both')
axl.set_ylabel('Temperature \N{DEGREE SIGN}C")

ax.set_zorder(1)

Ins = [l for 1 in ax.lines] + [1 for 1 in ax1.lines]

labs = [l.get_label() for 1 in Ins]
ax.legend(Ins,labs,bbox to anchor=(1.07,1),loc="best',ncol=2)
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Appendix D: ANSYS Model Temperature Figure
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