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ABSTRACT

This thesis undertakes a comprehensive exploration of Battery Thermal Management Systems
(BTMS), with a specific emphasis on improving cylindrical 18650 batteries' performance, through the
integration of passive cooling techniques via multi-level Computational Fluid Dynamics (CFD)
simulations. The research was meticulously designed to enhance the thermal performance and lifespan
of lithium-ion (Li-ion) batteries, pivotal components of Electric Vehicles (EVs) and Hybrid Electric
Vehicles (HEVs). The investigation commenced with an extensive literature review delving into
Thermal Energy Storage (TES), focusing on Latent Heat Storage (LHS) and Phase Change Materials
(PCMs). The study encompassed types, designs, and applications, including their integration with
Electrical Energy Storage (EES) devices such as Li-ion batteries. The primary goal was to implement
thermal renewable energy systems in EVs and HEVs, with a particular interest in passive cooling
methods and their impact on battery performance from the cellular to the module level. Given the high
energy density of Li-ion batteries, their safe operation under diverse temperature conditions poses a
challenge, necessitating an effective BTMS. The literature review scrutinised thermal and
electrochemical battery modelling, heat transfer mechanisms, BTMS developments, and CFD analysis
methods. Different BTMS technologies were evaluated based on criteria like cost, efficiency, safety,
and adaptability to various cooling and heating techniques. A specific focus on PCMs within the BTMS
domain explored various types, including pure, composite, and hybrid-based systems, analysing the
behaviour of cells and modules upon PCM integration. This multidimensional exploration aimed to
contribute essential insights for advancing BTMS, which is crucial for EVs' widespread adoption and

sustainability.

In terms of LHS, a proposed horizontal concentric double-pipe heat exchanger with N-eicosane
PCM for Latent Heat Storage (LHS) was studied. It focused on the impact of fin type and orientation
on charging (melting PCM) and discharging (solidifying PCM). Various cases were considered
including fin orientation (longitudinal and transversal) and fin types (corrugated and flat), which were
simulated for optimal thermal and heat transfer performance when compared with and without the
addition of the fins. The results showed that natural convection enhanced melting while conduction
dominated during discharging. Fins significantly reduced charging and discharging times, influenced
by orientation and type. Higher fin surface area (corrugated) and transversal position exhibit a 27 %
improvement in heat transfer. For melting, transversal corrugated fins outperform, achieving over 88 %
reduction in melting time. The transversal corrugated fin design excelled in both processes, with the
shortest overall processing time. Notably, longitudinal flat-finned arrangements were 1.2x faster, and

transversal flat-finned arrangements were 8.7x faster than the unfinned case.
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Additionally, a numerical study examined EV battery cell performance using a Latent Heat
(LH) jacket for passive cooling. The battery cell was coupled with PCM and assessed through
continuous cycles. Validation against literature values for a Panasonic 18650PF Li-ion cell displayed
less than 1 % deviation. Thermal and electrical parameters were analysed under various climatic
conditions. Passive cooling, especially with a 3 mm jacketed PCM, resulted in a significant 340 %
thermal performance improvement at ambient weather (25 °C). Higher temperatures (40 °C and 55 °C)
displayed improvements of up to 275 % and 440 %, respectively. At lower temperatures (-20 °C and 0
°C), passive cooling maintains stability with improvements of 162 % and 160 %, respectively. The

study concluded that efficient passive cooling enhances EES safety and performance in EVs and HEVs.

Moreover, the efficacy of passive cooling with PCMs in BTMS was further explored. The study
focused on a single cylindrical Panasonic 18650 battery cell with a circumferential LH jacket under
real-world drive cycles when compared without. The challenge was understanding the diverse driving
behaviours’ impact on battery performance and thermal stability with passive cooling. Using conjugated
thermo-chemical and electrical models based on simulated real-world scenarios, the study indicated that
significant battery performance enhancement was achieved with LH jackets, improving over 50 % in
most cycles. Particularly, in aggressive drive cycles, the battery life extended from 2.2x to 2.4x. LH
jackets maintain thermal stability and result in more than 45 % thermal performance improvement and
over 200 % life extension across all cycles. This approach enhanced understanding and improved

BTMS in real-world scenarios, especially in passive cooling through LH jackets.

Furthermore, another study investigated passive cooling’s impact on BTMS by analysing
various module configurations under ideal continuous cycling and real-world drive cycles. Using
numerical CFD, the study focused on circumferential PCM jackets for each cell in 3 dimensional (3D)
modules consisting of 24 battery cells. Modules, arranged in different configurations, were simulated
with and without LH/PCM jackets. Evaluation criteria included battery module temperature, PCM
liquid fraction, state of charge (SOC), and passive zone potentials. Findings emphasised passive
cooling, which stabilised the system and cell temperatures under normal and harsh conditions. The
results indicated a stable and uniform temperature, with an average 20 °C module temperature reduction
and less than 5 °C difference. There was over 200 % improvement in battery module life across all

assessed drive cycles, regardless of module arrangements.
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CHAPTER 1: INTRODUCTION

1.1 Background and Motivation

Developing energy challenges as a direct consequence of the consistent advancement of
humanity to improve the role of advanced industrial processes and products that enhance our day-to-
day lives, have affected our immediate natural environment both domestically and globally. The sharp
upsurge in energy levels post-industrial development markedly corresponds to additional heat
generation and an increase in worldwide temperature levels from fossil fuel exploitation including
greenhouse gas emissions and carbon emissions. Human activity has caused considerable effects on our
climate affecting all life, the economy, and the natural environment as devastating as the extinction of
individual species and the melting of the polar ice caps. Post-industrial levels show rising planet
temperatures causing heat waves, major flooding, and wildfires across the globe. In this regard, there is
a need to shift towards alternative forms of energy crucial to sustainability and to reduce contribution

to climate change for the betterment of current and future generations.

A revolution towards renewable energy sources particularly in the application of zero-emission
vehicles and green transport as outlined by governmental initiatives to reduce carbon emissions, and
the implementation of stricter regulations, has shifted attention towards Hybrid Electric Vehicles (HEV)
and Electric Vehicles (EVs). Research and applications into Thermal Energy Storage (TES) seek to
contribute to the UK and a larger extent, the world, for green energy initiatives and decarbonisation for
all sectors according to the NetZero Strategy: Build Back Greener, for net zero carbon emissions by
2050 published October 2021 and recommended by the Climate Change Committee (CCC). The plan
centres around improving renewable energy resources to reduce carbon emissions, implementation of
nuclear power, shift to zero-emission vehicles and green transport and construction as well as carbon
capture, usage and storage and investments to innovation and protection of the natural environment.
Unfortunately, these forms of energy e.g., solar, wind and thermal are intermittent. Effective energy
storage becomes crucial in which case Latent Heat Storage (LHS) and Phase Change Materials (PCMs)
for their thermophysical properties including constant temperature during material phase change, are

becoming widely acceptable.

These EVs and HEVs use battery technology where the lithium-ion (Li-ion) battery has been
seen to be consistent and outperform competitors for high energy density, voltage, and low self-
discharge rate to name a few. However, during loading such as charging and discharging, the operating
temperature has a direct impact on the battery cells' performance. These optimum operating
temperatures usually lie between 20-40 degrees (°C) based on the type and so outside of these, the

battery's electrical performance is reduced significantly, as some Battery Thermal Management System



(BTMS) is usually employed using air or liquid cooling or some combination of both with the drawback

being complicated designs and added weight to the vehicles.

Published on 26" November 2023, the UK battery strategy has further propelled the need for
this research and the topics conducted within this thesis directly align with the objectives and new
commitments by the UK government to improve the Battery sector. In this regard, batteries are poised
to be a pivotal force in our journey towards a sustainable energy future and fulfil the NetZero plan
published in 2021. With their indispensable role in various devices, transportation modes, and the
evolving landscape of energy generation, high energy capacity and rechargeable batteries are at the
forefront. According to the recently published battery strategy, the government plans to commit billions
of investments into critical areas such as research and development within the automotive sector.
Looking ahead five years, a vision which fosters economic prosperity and the facilitation of transition
to a net-zero environment would see the implementation of battery supply chains including design and

production for a vibrant ecosystem of battery innovation.

This research explores the viability of incorporating passive cooling mechanisms to prolong the
maintenance of EV battery temperatures. The overarching aim is to enhance battery efficiency and
performance across diverse loading and climatic conditions. The literature and research study chapters
within this thesis revolve around the outcomes stemming from the integration of two storage techniques:
LHS and Electrical Energy Storage (EES). The study zeroes in on the cellular level, incorporating
modular-level research into this thesis. Additionally, within the study chapters, a post-processing
analysis of the results is conducted, culminating in a comprehensive conclusion. The thesis not only
encapsulates the current state of affairs but also casts a forward-looking gaze into the prospects for
recommendations for future work. It emphasises TES utilising PCMs and their combination with Li-
ion batteries. The enhancement focus spans from single-cell configurations to module-level setups, all

directed toward enhancing thermal performance.
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1.2 Statement of the Problem

Batteries are the cornerstone of modern applications:

®
0'0

Versatility in Applications: Batteries, with a special emphasis on Li-ion batteries, stand as
indispensable components across a spectrum of applications. From powering portable
electronic devices to propelling the electric revolution in vehicles and serving as essential

elements in grid energy storage, their role is central to modern technological landscapes.

Rising demand for High-Performance Batteries:

O
0‘0

Performance as a Driving Force: The increasing demand for batteries with enhanced
performance characteristics has been a driving force behind technological advancements.
Consumers and industries alike seek batteries that deliver higher energy density, prolonged

lifespan, and improved efficiency to meet the evolving needs of a dynamic world.

The Nexus of Challenges in Thermal Management:

R/
0.0

The Unavoidable Thermal Challenge: However, this pursuit of high performance has ushered
in a host of challenges, with thermal management emerging as a critical nexus of concern. The
efficient control of temperature within batteries has become paramount, and the failure to

address this challenge gives rise to pressing issues that echo across different sectors.

Critical Thermal Challenges:

R/
0.0

0
°

Safety Imperatives: Thermal runaway, a phenomenon where escalating temperatures trigger
self-sustaining reactions within batteries, poses serious safety risks. This is especially crucial
in applications like electric vehicles and energy storage, where the failure of a battery can lead
to catastrophic consequences.

Performance Enhancement: The performance and efficiency of batteries are intricately linked
to temperature. Elevated temperatures accelerate chemical reactions within batteries, impacting
their lifespan, energy efficiency, and overall capabilities. Effective thermal management
becomes the linchpin for sustained and optimal battery performance.

Longevity concerns: Prolonged exposure to high temperatures contributes to the degradation of
battery cells. Heat-induced degradation results in a reduction in capacity and lifespan,
necessitating strategies to mitigate excessive heat and maintain temperature variations within
permissible limits to ensure the longevity of battery cells.

Environmental Considerations: As the global transition towards cleaner energy gains

momentum, the environmental impact of energy storage systems comes under scrutiny.
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Sustainable and energy-efficient thermal management strategies are not only imperative for
battery performance but also for minimising the environmental footprint associated with their
production and disposal.

s Application-Specific Reliability: Batteries find applications in diverse settings, each presenting
unique operating conditions. From electric vehicles navigating varying terrains to stationary
energy storage systems, the challenges in thermal management are multifaceted. Thus, there is
a growing need for tailored thermal management strategies that ensure reliability across a

spectrum of applications.
The Crux of the Matter:

¢ Thermal Management as a Keystone: Considering these multifaceted challenges, it is evident
that the thermal management of batteries stands as a keystone issue that demands immediate
attention. The crux of this research lies in navigating these challenges and proposing innovative,
sustainable, and efficient thermal management solutions. The overarching goal is to contribute
to the development of energy storage systems that not only meet the demands of contemporary

applications but also align with the sustainability imperatives of the future.
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1.2.1 Aims

This research thesis aims to evaluate research into ANSYS Fluent with applications to TES
conjugated with EES to produce post-processing results of an effective passive cooling thermal
management strategy targeted at EV batteries such as Li-ion cylindrical batteries. The thesis seeks to
propose this approach to engineering for both commercial and industrial applications, providing
seamless analyses through effortless interactions improving efficiency and reducing time constraints to
designs. This can include extensive applications in the medical, pharmaceutical,
renewable/petrochemical, education, automotive, maritime and aviation industries through which

varying professionals interact with software and hardware technology.

The TES systems and EES systems are analysed in CFD software. There is always the need to
improve how we do things with creativity in analyses and interpretation through varying software and
programs that assist designers and developers of all backgrounds. The great advantage is, how the idea
or product is efficiently and effectively presented, with numerical analysis a way forward that

researchers can use to analyse and visually display their products and findings.

To fully undertake this idea into practicality, research is focused on thermal and electrical
energy storage and more specifically on LHS with the use of PCM in conjugation with batteries. The
conjugation of the two technologies must also be studied to produce a creative new design to further
what is already in literature today. Sufficient knowledge of LHS inclusive of PCM designs and types
along with implementing PCMs in electrical devices like batteries must be significantly reviewed.
Furthermore, improving the knowledge on the use of passive cooling as an effective battery thermal
management system technology up to the present date must be studied intently to execute the post-
processing results of the thermal analyses. Moreover, literature on PCMs must be reviewed with
replications of the verified results from literature produced alongside data created from new analyses,
to ensure that the methodological analysis undertaken is of sufficient standard with the relevant

literature up to and including industry standards.

A numerical analysis method was selected to address the design challenges using ANSYS
Fluent. This approach involved performing numerical calculations to analyse specific geometries,
meshing, boundary conditions, and simulation setups. The goal was to ensure accurate and efficient
analysis of the designs. This method offers several advantages, such as repeatability, safety, and
environmental suitability, while remaining effective under varying weather conditions and
unpredictable environments. Although numerical analysis is emphasised for its practical benefits, the

importance of experimental analysis remains recognised and should not be overlooked.
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1.2.2 Objectives

The objectives of the Thesis are outlined below, identifying the key tasks that empirically define

the set of investigations to which the hypothesis tends to solve the problem specification. The emphasis

was intrinsically focused on the aim of the thesis previously highlighted. The thesis is dissected into 3

milestones with the main objectives split into the three as follows:

I*" milestone:

Comprehensive Research on TES devices:

Objective: Conduct an extensive investigation into TES devices, with a specific emphasis on
LHS utilising PCM, and EES, particularly chemical/electrochemical systems in rechargeable
batteries like Li-ion batteries.

Rationale: Understanding the nuances of LHS and its integration with ESS in batteries is
crucial for advancing thermal management strategies.

Methodology: Combine literature reviews, experimental data analysis, and computational
simulations to explore the principles and applications of LHS and ESS in the context of battery
thermal management.

Expected Outcome: In-depth insights into the synergies between LHS and ESS technologies

and their potential applications in battery systems.

Numerical Analyses on PCM structures:

Objective: Perform numerical analyses on 2D and 3D, cylindrical, horizontal, and longitudinal
structures of selected PCMS, both with and without enhanced heat transfer areas.

Rationale: Investigate the structural and thermal behaviours of PCMs under various geometries
to understand the impact of design choices on their performance.

Methodology: Utilise numerical simulations, potentially employing CFD tools, to analyse
PCM structures in different configurations.

Expected Qutcome: Insights into how different PCM geometries and enhanced heat transfer

areas influence their thermal response.
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Geometry Preparation and Comparison:

e Objective: Prepare geometries 2D and 3D in ANSYS Design Modeler or CAD to replicate
chosen benchmarks from the literature. Compare these with new designs featuring enhanced
heat transfer areas. Cylindrical, horizontal, and longitudinal structures of the chosen PCMs with
and without enhanced heat transfer areas.

o Rationale: Assess the impact of design modifications on the thermal performance of PCM
structures.

e Methodology: Utilise ANSYS Design Modeler or CAD tools to recreate benchmark
geometries and develop new designs. Perform comparative analysis.

o Expected Outcome: Clear understanding of how design changes affect thermal characteristics.

Meshing and Mesh Independence Analysis:

e Objective: Compute the most appropriate mesh for PCM designs, ensuring accuracy and
reduced computational time. Use ANSYS Meshing with the elements assigned closer to the
domain walls for more accurate computational analysis. Perform a mesh independence analysis.
Produce images of the mesh topology and zoomed images of the domain walls

e Rationale: Mesh quality influences simulation accuracy; hence, achieving independence is
vital.

e Methodology: Utilise ANSYS Meshing, assigning elements closer to domain walls. Analyse
grid sizes concerning liquid fraction for mesh independence.

e Expected Outcome: Optimal mesh configurations for accurate yet computationally efficient

simulations.

Application of Boundary Conditions:

e Objective: Apply relevant boundary conditions to the selected PCM based on verified
literature.

e Rationale: Accurate representation of real-world conditions is crucial for simulation validity.

e Methodology: Implement boundary conditions consistent with established literature to ensure
realistic simulations.

e Expected Outcome: Simulations that closely align with real-world scenarios, enhancing the

reliability of results.
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Convergence and Time Step Analysis:

e Objective: Evaluate the most appropriate number of iterations and time step size to ensure the
convergence of scaled residuals that satisfies the convergence of velocity, energy, and
continuity and estimate computational time for PCM melting/solidification.

e Rationale: Achieving convergence and time steps are critical for computational efficiency.

e Methodology: Analyse the effects of varying time step sizes on convergence and computational
time.

o Expected Outcome: Determination of optimal iteration numbers and time step sizes for

efficient simulations.

Solidification/Melting Analysis in ANSYS Fluent:

e Objective: Employ ANSYS Fluent for solidification/melting analysis to simulate thermal
energy behaviour, considering laminar fluid flow within the PCM.

o Rationale: Understanding the phase change dynamics of the PCM, is crucial for assessing its
thermal energy storage capabilities.

e Methodology: Set up simulations with appropriate energy equations involving laminar fluid
flow in ANSYS Fluent.

e Expected Outcome: Detailed insights into the solidification/melting behaviour of the PCM,

aiding in improving energy storage efficiency.

Visualisation of Results:

e Objective: Produce contours of temperature and liquid fraction, along with plots of flow times
and velocity streamlines of fluid flow. Compare the results from replicated data in verified
literature to ensure that the simulation procedure is at the industrial standard.

e Rationale: Visual representation enhances the interpretation of complex simulation data.

e Methodology: Utilise post-processing tools to generate visualisations in ANSYS.

e Expected Outcome: Clear visual representation aiding in the comparison of results with

established literature and industry standards.
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2" milestone:
Conjugate Thermal Solution:

e Objective: Integrate the newly enhanced heat transfer area into the battery cell and establish a
conjugate thermal solution.

e Rationale: By combining this enhanced heat transfer area, the goal is to assess its impact on
thermal performance concerning a standard analysis.

e Methodology: Develop a comprehensive thermal solution model that incorporates the modified
heat transfer area, considering relevant parameters such as material properties, geometry, and
environmental conditions.

o Expected Outcome: Insights into how the enhanced heat transfer area influences the thermal

behaviour of the battery cell.

Verification and Validation of CFD Results:

e Objective: Employ suitable equipment and software to rigorously verify and validate CFD
results.

e Rationale: Ensuring the accuracy and reliability of CFD results is crucial for the credibility of
the thermal analysis.

o Methodology: Utilise available equipment and software, taking into consideration factors such
as computational resources, simulation time, and precision requirements.

o Expected Outcome: Confirmed accuracy of the CFD results, enhancing the reliability of

subsequent analyses and conclusions.

Ilustration of Post-Processing Results on ANSYS:

e Objective: Demonstrate and interpret post-processing results derived from the thermal analysis
using ANSYS.

o Rationale: Clear visualisation and interpretation of results are essential for extracting
meaningful insights and communicating findings effectively.

o Methodology: Employ ANSYS post-processing tools to generate graphical representations of
the thermal analysis results. This may involve temperature contours, heat flux distributions, and

other relevant visualisations.
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e Expected Outcome: A comprehensive illustration of the thermal behaviour of the battery cell,

showcasing how modifications to the heat transfer area impact various parameters.

3" milestone:
Conjugate Thermal Solution in Battery Module:

e Objective: Integrate the thermal solution with the newly enhanced heat transfer area into a
battery module and assess its performance in comparison to standard analysis.

e Rationale: Understanding how enhanced heat transfer areas influence the thermal behaviour of
an entire battery module is crucial for practical applications.

e Methodology: Implement a conjugate thermal solution within a battery module using CFD
simulations.

e Expected Outcome: Insights into the holistic impact of passive cooling on the thermal

performance of battery modules.

Verification and Validation of CFD Results:

e Objective: Employ the most effective equipment and software, dependent on availability, for
the verification and validation of CFD results.

e Rationale: Ensuring the accuracy and reliability of CFD results is paramount for the credibility
of the entire study.

e Methodology: Utilise appropriate CFD tools and equipment to verify simulated results against
theoretical expectations and validate them with experimental data.

e Expected Outcome: A validated and verified CFD model that aligns closely with real-world

observations, enhancing the reliability of the entire study.
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1.3 Research mind map

Figure 1.1 displays a research mind map which follows the main objectives of this research.
Highlighted for the literature review section, 4 main study areas were selected for critical review. These
included TES, Management of EES devices, PCMs, and conjugation of thermal and electrical energy
storage from single cell level to module level. These key areas were then further dissected into the
elements that would provide sufficient research to identify areas that would be of interest for research
study including journal articles and conference submissions. The literature then follows the research

mind map and how the research work successfully fulfils the aim and objectives.

Current developments

Reviews, challenges and
applications

Analysis of designs
aiding heat transfer

Experimental and
numerical designs
Effective strategies for
optimal heat transfer

Methods used for
conjugation

Designs to improve heat
transfer and maintain
optimal working
conditions

A

Fig. 1.1 Research Mind Map.
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1.4 Research Flowchart

[1] The chosen topic for research/research problem:

a.
b.

c.
d.

€.

Determine research interest,

Based on aims, objectives and milestones (1 to 3 depending on timeframe in the
research timeline),

Background reading on the overall topic,

Determine the scope and limitations,

Any other issues beneficial for interest.

[2] Critical review of literature:

a.

c.

Search for relevant literature on the topic: attend webinars/training courses available at
the university and offered by Scopus,

Gain feedback from supervisors,

Determine research strategy based on action plans set in the research timeline using
gained techniques from training courses including keywords, phrases, and functions,
Conduct strategy using books, search engines, peer-reviewed journal articles, and
conference abstracts,

Capture key information and store it for drafting of literature.

[3] Methodological approach applicable to the study:

Quantitative research analysis,
Numerical modelling approach,
Chosen applicable software most suitable to strategy including complementary

software and research materials such as hardware (journals, meeting records, notes,

apps).

[4] Define and prepare the proposal:

a.

€.

f.

Search for relevant courses on developing research proposals: attend webinars/training
courses available at the university or another university,

Align the structure of the proposal according to guidelines,

Address research requirements including costings and available equipment/software,
Prepare ethical approval form (disclaimer/full ethical approval),

Gain feedback from supervisors,

This can include abstract submissions.

[5] Prepare investigations and capture appropriate data:

a.

b.

Follow numerical/experimental approach,

Validate captured data,
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c. Verify results,
d. Store data appropriately.
[6] Data interpretation and analysis:
a. Analyse the captured quantitative research data using appropriate data analytics
techniques of clear formattable structure,
b. Generate appropriate plots, figures, and tables using the validated data,
c. Formulate findings of results and explanation of the outcome.
[7] Prepare report/write article/review:
a. Ensure the most appropriate resources have been used,
b. Structure report based on pre-requisites,
Write an article with a focus on delivering results to a wide variety of audiences,

d. Review the article and rewrite as needed based on comments/suggestions.
Forward View:

This research journey as outlined by the research flow chart in Figure 1.2 commences with the
identification of a compelling topic driven by genuine interest and guided by predefined aims,
objectives, and milestones. Extensive background reading ensues to shape the research scope, and
potential issues are proactively addressed. A critical literature review is then undertaken, leveraging
webinars, training courses, and supervisor feedback to craft a robust research strategy. Methodological
considerations are meticulously chosen, emphasising the quantitative and numerical modelling
approach, aligning with the selected software and necessary research materials. The proposal, shaped
through relevant courses and guidelines, encapsulates ethical considerations and research requirements,
garnering supervisor input. The subsequent phase involves the direct preparation and capturing of data
through numerical or experimental methodologies followed by rigorous validation and verification
processes. Data interpretation and analysis, employing advanced techniques, yielding structured
findings and meaningful outcomes. Finally, a comprehensive report/article is meticulously crafted,

ensuring broad accessibility, and subjected to thorough review and rewriting based on feedback.
Reverse View for Review:

As seen in Figure 1.2 and outlined in this section, if any step in this process is incompletely
executed, the research might face setbacks. Failure to articulate a compelling topic with well-defined
objectives can lead to aimless efforts. Inadequate background reading may result in a superficial
understanding of the subject. A poorly conducted literature review might miss crucial insights and
methodologies. Ineffectively chosen methodologies may compromise the research’s integrity. A hastily

prepared proposal can lead to an oversight in ethical considerations and resource planning. Insufficient
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data preparation jeopardises the reliability of findings, while lacklustre interpretation may yield
inconclusive outcomes. Neglecting the report’s structure and audience relevance undermines the
research’s impact. Continuous feedback and iteration at each step are pivotal to mitigating such risks

and ensuring a robust research outcome.

a. Research interest
b. Aims and objectives
c. Background reading
d. Scope and limitations

@. Other interests.

[2] Crticial
literature review

a. Relevant literature
b. Supervisor feedback
¢. Background reading

d. Research strategy
e. Compile appropriate

referances

a. Quantitative research
b. Numerical modelling
approach
c. Most applicable software

[5] Prepare and
capture data

a. Mumericallexperimental
approach
b. Validate data [-—
c. Varify results
d. Store data

a, Verify resources

b. Strucutre report

c. Prepare article >
d. Feedback

&. Review and rewrite

Fig. 1.2 Research flow chart.

1.5 Thesis Outline

This thesis is structured thoroughly to facilitate a comprehensive exploration of the
investigation of thermal management for Li-ion 18650 cylindrical batteries, incorporating PCMs and
leveraging multi-level CFD simulations. The sequential organisation of chapters ensures a logical

progression of knowledge and insights.
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Chapter 2: Critical Literature Review of the Research Topic

In this chapter, an in-depth exploration of existing literature research is presented. The review
spans diverse topics, including TES, LHS, PCMs, and the application of PCMs in thermal management
systems. Furthermore, it examines thermal and electrochemical battery modelling, highlighting relevant
models such as the Equivalent Circuit Model (ECM) and the Newman, Tiedemann, Gu, and Kim
(NTGK) model. This chapter concludes with a concise overview and a forward-looking view, setting

the stage for subsequent empirical investigations.

Chapter 3: Impact of Fin Type and Orientation on Performance of PCM-Based Double Pipe Thermal
Energy Storage Building upon the knowledge gained from the literature review, this chapter focuses on
a specific aspect of thermal energy storage — the impact of fin type and orientation on the performance
of PCM-based double-pipe thermal energy storage systems. A detailed numerical methodology is
employed, involving model development, mathematical approaches, and verification studies. The
results and analyses contribute to the understanding of the thermal behaviour of PCMs, laying the

groundwork for subsequent investigations.
Chapter 4: Investigative Analysis of EV Battery Cell Performance Under Varying Climate Conditions

This chapter shifts the focus towards the primary subject of Li-ion 18650 cylindrical batteries.
It begins with an introduction and proceeds to detail the numerical method including models,
assumptions, and computational model setup. Verification studies validate the reliability of the
simulations, leading to a comprehensive discussion of results and analyses. Special emphasis is placed
on the coupled thermo-chemical and electrical outcomes, providing valuable insights into the

performance of EV battery cells under diverse conditions.

Chapter 5: Latent Heat-Based Passive Cooling on the Performance of EV Battery Under Automotive
Drive Cycles addressing the practicalities of real-world scenarios. Chapter 5 introduces the concept of
Latent heat-based passive cooling applied to EV batteries during automotive drive cycles. This chapter
defines drive cycles, outlines the numerical methodology, and presents a meticulous analysis of the
results. Through verification and validation studies, the impact of Latent heat jackets on battery

performance under different discharging C-rates is explored, offering practical implications for EVs.

Chapter 6: Thermal Performance Analysis of Battery Modules Using Latent Heat Cooling-Based
Management System For Real Cycling Modes in Electric Vehicles. Expanding the scope to battery
modules, Chapter 6 evaluates the effectiveness of the proposed Latent heat cooling system under real

cycling modes in electric vehicles. It begins with an introduction and details the numerical
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methodology, including models and assumptions. The chapter encompasses grid and temporal
independence studies, validation, technical discussions, and a thorough examination of the proposed
passive cooling system’s effectiveness. Insights gained contribute to the broader goal of enhancing

thermal management strategies.
Chapter 7: Conclusion and Recommendations

This final chapter synthesises the findings from the preceding chapters. It reiterates the main
conclusions drawn from the investigations and presents recommendations for future research in the field
of Li-on battery thermal management. The chapter serves as a reflective summary, consolidating the

contributions made through the research and offering insights into avenues for further exploration.

This structured approach ensures that each chapter contributes progressively to the principal theme of
enhancing thermal management for Li-ion 18650 cylindrical batteries. It guides the reader through a
logical sequence of knowledge, from theoretical foundations to practical applications and concludes

with a reflective synthesis of the research outcomes.
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CHAPTER 2: CRITICAL LITERATURE REVIEW OF THE RESEARCH
TOPIC

2.1 Chapter Brief

This chapter presents an extensive exploration of the literature underpinning the present study,
aiming to elucidate the intricate relationship between TES and EES. Aligned with the outlined aims and
objectives in the introduction section, this research endeavour fulfils the specified milestones in section
1.2.2, particularly those related to milestones 1, 2, and 3. The inquiry encompasses a detailed
examination of the connection between TES and, more specifically, LHS materials, with a central focus
on PCMs—the exploration further delves into the diverse types, designs, and applications of PCMs.
Additionally, the literature scrutinises EES and its integration with TES, extending its purview to
cellular-level investigations and extending to modular and pack-level research. This comprehensive
review lays the foundation for the subsequent analyses and discussions, providing a nuanced
understanding of the interplay between thermal and electrochemical considerations in battery
modelling, incorporating models like ECM, NTGK, and Newman. Finally, it assesses the potential of

passive-based cooling strategies at the single-cell, module, and pack levels with PCM integration.

2.2 Thermal Energy Storage (TES)

With the advent of technological enhancement in the present situation where there is a need to
improve on our current standing as human beings in a world encapsulated with potential, many societies
thrive on the need to progress civilisation further beyond its current scope. As beings of energy who
seek to harness power to further our idealistic cause, men in their insatiable appetite yearn for increased

energy becoming parasites, strongly dependent on consistent energy consumption.

According to (Kousksou et al., 2014), energy has become a mainstay in the critical advancement
of the civilisation population. Our unquenchable thirst for energy has driven mankind to harness the
energy from our natural oil and gas reserves, exhausting carbon energy in the form of fossil fuels. The
products which power our very livelihood, however, negatively affect our natural environment in the
form of pollution and global warming. Alternative sources of energy in the form of renewable energy
and improved efficiency in our use of fossil fuels have become more important shifting the focus from
our own needs to the need for a sustainable and energy-efficient planet. In their review, a change to this
type of efficient energy storage comes with economic and development barriers including cost factors

and transitional implementation with current energy production.
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With our current scientific renewable energy extractors such as solar and wind energy
dependent on variable seasonal effects, consistent power production is far-reaching. Storage of these
energies in excess for timely use is a critical factor for a dominant change in this power production.
This is what the world would expect to see in our foreseeable future with the increase in demand for
this change according to Sorenson (2015). Storage of these renewable energies provides benefits to our
short to long-term requirements even in the presence of fluctuations in energy demand, seasonal, day-
to-day and for the transitional requirements between fossil fuels and renewable energy. This is driven
by our economic growth and the affluence of our expanding population to harness the power of

electrical energy to power our essential products and services.

Efficiently done, renewable energy storage in power applications goes through three separate
phases as outlined by (Kousksou et al., 2014), from the charging phase to the storage and finally
discharging phase. The amount of storage and power required depends upon the applications
specifically suited to its function. As solar energy moves to become the most applicable energy source
by today’s standards, and soon, conversion of this type of energy occurs through either solar electrical
energy or solar thermal energy. Currently, there are three different electrical energy storage
technologies except for Thermal Energy Storage (TES) as described by Sorenson (2015) and (Kousksou
et al., 2014). These include electrical storage where the energy is stored through battery technology in
which chemical energy is transposed to electrical energy. These are most useful in rechargeable batteries
such as the Lead-Acid (LA) Battery, Lithium-ion (Li-ion) Battery, Nickel-Based (NB) Sodium-Sulphur
(SS) battery and other battery technologies as outlined by Sorensen (2015). Mechanical energy
manifests in various utility storage technologies, such as Kinetic Energy (KE) through linear or
rotational motion and Potential Energy (PE) represented by methods like Pumped-Hydro Storage (PHS)
and Compressed Air Energy Storage (CAES). Additionally, chemical energy finds expression in
hydrogen and solar fuels. In contrast, thermal energy takes diverse forms, ranging from thermochemical
energy storage involving reversible process and sorption processes to heat storage mechanisms such as
Sensible Heat Storage (SHS) and Latent Heat Storage (LHS) and cryogenics. This thesis section
predominantly focuses on TES, providing a comprehensive overview of this technology. A specific

emphasis is placed on exploring heat storage, with a detailed examination of SHS and LHS.

Figure 2.1 displays the varying types of energy storage (Jouhara, 2020) currently used in power
systems. According to their review (Sharma et al., 2009), the campaign to improve quality of life by
reducing the emissions from carbon pollution is focused on renewable energy storage in the most ideal
form where the energy captured can be transformed to the required application or process. Efficiency
in performance and dependability are just two of the important benefits that have major impacts on
energy conservation through the reduction of counter-current differences between supply and demand.
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subsections (Adapted from (Jouhara, 2020)).
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The focus of this paper deals with TES and more specifically LHS through solidification from
liquid to solid, and melting, from solid to liquid. In their review (Jouhara et al., 2020), the storage of
thermal energy is achieved by varying the temperature of the medium by heating or cooling. The energy
successfully stored in the medium is then available for future use depending on the application or
function where there is a requirement for a temperature change useful in the power generation industry
such as heating and cooling in buildings. Integrating TES into the relevant applications provides major
benefits important towards the conservation of energy by improving the overall efficiency of the system
whilst reducing the harmful impacts of pollution and carbon emissions. They also stated that the

integration of solar technology into TES devices can also enhance the technology.

TES can be defined as energy storage technology that stores the energy in the form of thermal
meaning through heat or cold. It can be categorised into namely two types, including thermophysical
and thermochemical, Sorenson (2015). This storage technology functions effectively through the
integration with electricity power output as well as the capability to supply power to electrical systems

in off-peak situations and so became highly demanded by various industries outlined in their review
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(Kousksou et al., 2014). They also stated that this energy is more often stored as a temporary means
through which varying temperatures, even high or low, can be stored, and due to this sinusoidal
characteristic, supply and demand can more easily be targeted to specific needs. The lower temperature
ranges, often below 200 °C, whereas the higher temperature ranges above this. This means that the
technology is useful for heating and cooling applications in which a variation of temperature is needed
like in air conditioning (AC) systems, hot and cold-water systems, heating in buildings and even
transportation. The energy collected and dispersed can vary depending on the application, but time for
discharge must be kept in mind as sustainable long-lasting systems are highly preferable. In this regard,
the choice of TES medium is particularly important to successfully fulfil the product or system
specification needed. At its core, the TES, regardless of use, should function under the standard of
collecting or capturing the energy required in a process known as charging, sustaining the energy over
a period, and then releasing the energy when needed, known as discharging. The physical process can
then be further classified into Sensible Heat Storage (SHS) and Latent Heat Storage (LHS). While SHS
forms a major part of TES, this thesis does not delve into this topic as the focus is more aligned with

the LHS technology.

Figure 2.2 displays the processes in which Sensible heat and Latent heat comprise. These are
classified under the Physical processes which vary due to the application of storage as stated by (Jouhara
et al., 2020). As they outlined in their study, thermal conductivity forms a crucial facet of the charging
and discharging process. As part of the selection process for the choice of TES, high storage capacity,
in terms of energy density, repeatability in the charging and discharging process, chemically stable with
low corrosion and high tensile strength. In their review between the Physical processes and Chemical
processes, (Nazir et al., 2019), they explained the methodological approach in both aspects. For the
Physical processes, they outlined that the thermophysical properties of the medium are crucially
important to the method of heat transfer. They also noted that for Sensible heat, the energy stored is due
to the variation in temperature through the heat transfer process of conduction, convection, or radiation
of the medium reliant on the value of its specific heat capacity and the value of the temperature variation.

Sorenson (2015), and (Cozzolino et al, 2019) also referenced the diverse types of energy storage.
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Fig. 2.2 Separation of the physical processes from the chemical processes with Sensible heat and Latent heat

(Adapted from (Sorenson (2015), (Cozzolino et al, 2019)).

Reliable materials for this type of heat storage are based on metals and non-metals but,
drawbacks such as economic cost and manufacturing as well as low thermal conductivity and low
specific heat capacity respectively restrict them to specific applications that are not interchangeable. In
this regard, the LHS is more related to constant temperature with its application based upon the phase
change of the medium rather than the temperature change. These mediums are most often called Phase

Change Materials (PCMs).

In contrast, chemical processes are based on chemical reactions and sorption through reversible
reactions. A dissociation reaction occurs resulting from thermochemical heat storage and through
reversibility, the energy recovered is through the same principle of charging, storing, and discharging

as with all TES applications reviewed by (Nazir et al., 2019).

[lustrated by (Gabriela, 2012), Figure 2.3 displays a plot of temperature with time when a
material is heated showing the increase in temperature with time linearly up to point A from origin O,
where Sensible heat is dominant. Between points A and B, the temperature does not change but a phase
change occurs from solid to a solid-liquid mixture until point B where it is completely liquid. The phase
change represents Latent heat where there is no change in temperature with time but a change of phase.

From B to C, Sensible heat is dominant again with a further increase in temperature as the material is
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fully liquid until it reaches point C where no further increase in temperature occurs with time until D.
Latent heat is dominant here again as the material is now in the liquid-vapour stage. At point D, there
is another increase in temperature until all the material changes from liquid vapour to complete vapour

between points D to E where Sensible heat becomes more dominant.
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SOLID
LIQUID
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Time
Fig. 2.3 Variation in temperature with time when a substance is heated (Adapted from (Gabriela, 2012)).

Figure 2.4 illustrates not only the components of TES with regards to Sensible heat and Latent
heat but also further into these sections with the materials in a specific form comparable to these
components. As highlighted in their study, (Sharma et al., 2009), Sensible heat comprises solid and

liquid forms while Latent heat has forms including solid-liquid, liquid-gaseous and solid-solid.

Definitions provided in work by Sorenson (2015) and (Zhang et al., 2016) state that Sensible
heat storage is based upon the principle of temperature variation with no change in phase by the material
through a TES process. The value of the heat storage (q), temperature difference, specific heat capacity
(Cp(T)), the difference in temperature (T,pgq — Tin;) and the volume of the material (M) involved as

stated in equation (2.1) Sorenson (2015).
T€Tl
q= sznsz' C, (T).dT 2.1

The material stores the energy based on the three principles of heat transfer including conduction,
convection, and radiation and is highly dependent on the immediate environment temperature through

which the energy is captured or released by this change.
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Fig. 2.4 Structure of topics that revolve around Thermal Energy Storage (Adapted from ((Sharma et al., 2009)).

As explained by Sorenson (2015), the literature also supposed that water seems to be the best for this
type of energy storage because it is widely available, economical and has good chemical and physical
properties and high specific heat capacity. This was also outlined in literature by (Jouhara et al., 2020)
as they exclaimed that ceramic as well as oil form good mediums for Sensible heat storage systems.
Additionally, (Kousksou et al., 2014), also claimed that water is a good medium for Sensible heat
storage, nonetheless, corrosive in the case of mediums as well as only viable in storage within 10 years

due to inclement decay of the material life.

As reflected by (Sharma et al., 2009), for temperatures above 100°C, where water usually
changes phases to vapour, other materials such as molten salts, varying oils and some liquid metal
materials can be used in its place. This was in good agreement with the study by (Jouhara et al., 2020).
Water functions both as a storage medium as well as capable of transportation for use in solar energy
as colder climates use it for warm tap water and heating. Furthermore, buoyancy effects can be
advantageous in water tanks through thermal stratification. This means the removal of mixing to allow
the colder-temperature water molecules to sink to the bottom of the tank while the higher-temperature
water molecules rise to the top. This is beneficial as it allows the use of similar collected temperatures

rather than the slight variation in blending at reduced temperatures, as well as it is assumed that there
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would be higher energy available if the accumulated water temperature is less than the blending
temperature. When considering large water tank developments, it is necessary to ensure no water loss,
reducing heat losses incurred through diffusion through walls. Underground aquifers were considered
as well for their large storage capacity and their usefulness for storage during seasonal changes. Open
bodies of water can also be used as forms of storage and have been considered but with this form of
storage, the research into the specific applications must be considered, however, not dealt with in this

review.

As explained in work done by Sorenson (2015) for Sensible solid storage, the mediums used
usually operate within low temperatures between 10 °C to above 70 °C, bricks, and its constituents as
well as sandwich panels and laminate materials with low specific heat. Work done by (Zhang et al.,
2016) also commented on the low economic costs and thermal conductivity. These types of materials
are used as compared to liquid, it does not undergo freezing or boiling, (Kousksou et al., 2014). They
also conveyed that the same type of material used for the associated piping going to the storage medium
should both be the same to reduce the effects of separation from their varying expansion coefficients
that reduce the heat transfer process. This type of storage is mostly reserved for buildings, AC, and
space heating. They have lower specific heat capacities and so store lower volumes of heat than that of
liquid storage. However, they are useful at higher temperature ranges and containment issues are
negligible with aspects such as geometrical shape, density in structure, orientation of flow and the

category of fluid media chosen must be considered.

Disadvantages of this type of TES include heat loss through self-discharging and minimal
energy density. This type of TES has been particularly researched in literature for its usefulness in
heating buildings using solid and liquid mediums. Examples of these include water for liquid medium,
bricks, concrete, insulated laminate foam material, rocks, earth, sandwich panels and much more,
Sorenson (2015). Other disadvantages pointed out in their review, (Kousksou et al., 2014) include
bigger storage sizes and large temperature variations directly because of its poor energy storage capacity
also outlined by (Zhang et al., 2016). Usually, if this variation is allowed, then the storage size becomes
smaller which is not the case for other storage methods. Heat loss is because of the larger storage sizes
as well as higher economic costs. Moreover, when considering the use of large storage tanks, which are
focused on solar energy, the load, area of zone collection, weather conditions, and operations all manage
the economic aspect of the system. They suggested that when considering the geometric designs, low

surface area per unit volume can be implemented to negate the effects of heat loss.
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2.2.1 Latent heat storage (LHS)

The sectioning of LHS into the three different types of material changes (solid-liquid, liquid-
vapour, and solid-solid) when applied to a heat storage process is displayed in Figure 2.5. As described
in the literature, (Mohamed et al., 2017), LHS has been regarded as an efficient form of TES. It is reliant
on the discharge and charging of the storage medium that goes through phase changes in either of the
three forms identified in Figure 2.5 and stated in their review, (Pielichowska et al., 2014). These phase
changes occur at a certain temperature depending on the material through the charging of energy
commonly known as Latent heat of fusion for changes from solid to liquid and the reverse. Other phase
changes consider Latent heat of vaporisation. The temperature causing Latent heat of fusion through

the charging process is usually constant until all the storage medium has melted by which it continues

to rise if more heat is injected into the process.

%

Latent
Heat
Storage

Liquid to
vapour
change

Solid to
solid
change

Fig. 2.5 Structure of Latent heat storage into the type of materials used (Adapted from ((Mohamed et al., 2017)).

This can be seen in Figure 2.6 shows the plot increases linearly during Sensible storage where
heat is added to the system followed by a constant temperature during Latent heat storage with a small
change in pressure and volume and finally to the Sensible storage phase as more energy is supplied and
the temperature rises (Mohamed at al., 2017), (Rostami et al., 2020). The variation of temperature with
the amount of energy stored as the material is heated showing the area where Sensible heat and Latent

heat occurs is displayed in Figure 2.6. The melting and solidification cycles through the Sensible and
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Latent heat phases show where the phase change of the PCM occurs at the phase change temperature
of the PCM.
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Fig. 2.6 Melting and solidification of the PCM at a phase change temperature (Adapted from ((Rostami et al.,
2020)).

The amount of heat stored during the phase change is dependent on the variation in enthalpy of

the material through the transition of solid to liquid with the equation as follows (Jouhara et al., 2020):
VQ = VH = mVH (2.2)

A study by (Kousksou et al., 2014), characterised Latent Heat as being normally greater than that of
Sensible heat for storage materials comprising lower volumes and reduced temperature variation due to
fusion or vaporisation at a constant temperature. In most cases, it has been suggested that solid to liquid
and vice versa is much more applicable, however, certain complications arise from instability of
properties, segregation of phases and supercooling. Studies performed by (Mohamed et al., 2017),
(Pielichowska et al., 2014), (Sharma et al., 2009) and (Zhang et al., 2016) were all in agreement with
the efficiency of Latent heat being much greater than Sensible heat. It was also stated in their work,
(Zhang et al., 2016), that liquid-to-vapour and solid-to-solid change are associated with their
complications involving containment capacity and exceptionally low Latent heat, respectively. In this
regard, liquid-to-vapour and solid-to-solid are not studied in detail in this research as the focus was on

solid-to-liquid change and vice versa.

For the solid-to-solid change, there is little volume change and therefore less heat storage as the

material just alters its crystalline structure to another form compared to solid-to-liquid change as stated
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in their review, (Sharma et al., 2009), with work by Sorenson (2015) in agreement. There are outlining
benefits from using this form, which facilitates less rigour in containment as well as enables greater
creativity in design. The studies showed that in terms of this phase change, pentaglycerine has been
identified as possibly suitable for solar applications due to its properties. Further research into this
material and enhancements can prove beneficial and significant research area, however, it is not dealt

with in this paper.

In the case of solid-to-gas and liquid-to-gas changes, greater LHS is available, but due to the
nature of these phases to exhibit larger volumes, stricter containment policing must be in place, so they
are not applicable in the case of solar energy storage and TES as described by (Sharma et al., 2009),
(Pielichowska et al., 2014). They also indicated that for solid-to-liquid changes in mediums,
comparatively less heat energy occurs in their transition as opposed to the others identified previously,
however, they can charge, store, and discharge larger amounts of heat energy within a small volume
and temperature change of the material as seen also in research conducted by (Jouhara et al., 2020).
This makes the material economically feasible also discussed by (Pielichowska et al., 2014) and
(Mohamed et al., 2017). Moreover, they stated that the heat energy charged can also be retrieved at
constant temperatures as well as store greater amounts of energy as opposed to Sensible heat, regardless
of small temperature differences between the heat source and the heat sink. This enables LHS to be
desirable compared to SHS for TES applications including solar energy storage. For materials, the

Latent heat capacity equation is as follows (Jouhara et al., 2020):
Q = mCydT(s) + mL + mC,dT (2.3)

According to work done by (Jouhara et al., 2020), the interaction of the heat transfer surfaces
is an important aspect of TES. As in the case of heat transfer in heat exchangers, the heat transfer process
can be either through direct contact or indirect contact. For the indirect contact type, there is a separation
wall between the two transfer mediums as there is no mixing between the two mediums but there is still
a gradient flow of heat transfer from one medium through the wall to the other medium. For direct
contact types, this is not the case, as the two mediums are in contact and can mix. For the latter, due to
the absence of a separating wall, temperatures of both mediums can reach smaller temperature

differences to saturation, in this case, mass transfer also takes place, Thulukkanam (2013).

One of the major aspects when considering TES and LHS, is that the geometry, function and
boundary conditions or parameters, play major roles in the improvement of efficiency of the process.
The amount of energy stored and available can include heat transfer improvements such as surface
enhancements of the medium, additives to improve thermal conductivity, mass flow rate and inlet
temperature of the fluid, dimensional changes, even those through different angular perspectives,
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encapsulations and shape the medium takes (Jouhara et al., 2020). This brings into focus, the topic of

PCMs and their role in LHS and TES as a whole which will be further discussed in section 2.2.2.

2.2.2 Phase change materials (PCM)

As discussed in the previous section 2.2.1, PCMs characterise the materials used in LHS
applications. This medium has been investigated over the past 20 years with the vast nature of the
studies themselves incorporating large spectrums of the material which have effortlessly been redefined
to determine the best material for the process. PCMs are normally characterised by three (3) states that
include, solidifying, melting and gaseous states. It is through these various states of solidifying and
melting, that the material can absorb energy in the form of charging/melting, store the energy for a
period and discharge/solidify the energy when required. These materials have been actively used to

store different forms of TES in real-world applications (Pandey et al., 2018).

During the initial heating, the temperature of the PCM increases as the energy absorbed also
increases, until the temperature is at the melting temperature or conversion of phase into liquid,
(Mohammed et al., 2017). In this respect, there are PCMs with specific melting temperatures or
solidifying temperatures often referred to as the liquidus or solidus temperature. Above or below these

temperatures, the PCM can be in a complete state of homogeny in the liquid or the solid state.

This makes them useful in different applications as the phase change temperature of the PCMs
varies depending on the type and application it is used. They store the energy during the phase change
process within very narrow temperatures and at larger energy densities than in SHS applications
(Mohamed et al., 2017), (Sharma et al., 2015), (Sharma et al. 2009), (Piclichowska et al., 2014) and
(Kousksou et al., 2014). The equation for LHS capacity with a PCM is shown in the following equation
(Mohamed et al., 2017):

Q= [,"mC,dT + maybhy, + [,/ mCydt (2.4)

The equation represents the Sensible heat stored in the PCM during the initial heating phase to increase
the temperature, followed by the amount of LHS energy charged or discharged because of the phase
change process, and finally an account of the increase in temperature during the liquid phase. The
equation most represents the LHS in which the phase conversion is from the solid phase to the liquid
phase (Mohamed et al., 2017). This phase conversion for melting is important, as it forms one of the
main factors for the choice of PCM material and more specifically, its melting temperature. For obvious

reasons in the selection process, the melting temperature of the PCM should be lower than the heat
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source and higher than the ambient temperature of the operating environment (Jouhara et al., 2020). As
we know, for heat transfer to occur, a differential temperature gradient must be present, as heat is
transferred from higher temperatures to lower temperatures due to the differential gradient. In this case,
if the temperature of the PCM is higher than the heat source or lower than the ambient temperature of

the environment in a melting experiment, the PCM would lose heat and remain in its solid state.

According to work completed by (Mohamed et al., 2017), (Wei et al., 2018), and (Faraj et al.,
2021), certain criteria involve choosing the relevant PCM for the various applications for which it is
designed. The material is chosen or selected on the basis that it satisfies specific properties whether it
be towards the kinetic energy, thermodynamic relation, chemical makeup, and economic factors. In
terms of applications related to LHS, the properties must be related to the PCM with the properties

shown in Figure 2.7.
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Fig. 2.7 LHS properties of PCM depending on the application (Adapted from ((Mohamed et al., 2017), (Wei et
al., 2018), and (Faraj et al., 2021)).

As seen in Figure 2.7, for the thermal properties, it is important specifically for the application
that the PCM temperature for phase change is appropriately aligned to the operation temperature. The

properties of high Latent heat reduce the volume size ratio of the containment. The high levels of
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thermal conductivity and specific heat capacity improve the ability of the PCM to conduct heat per unit
area of the PCM (Mohamed et al., 2017). Higher values provide good conductive materials while lower
values would only cause the PCM to function as an insulator or poor conductor, which defeats its
purpose. Additionally, high conductivity means that the material would have a high thermal diffusivity.
In respect of transient heat conduction, this value is representative of how quickly heat conducted would
travel through the material, increasing the propagation of heat in the material. This effectively decreases

the charging and discharging time through Sensible heat.

To reduce the need for larger containment, a densely packed PCM with little volumetric change
during transition is desirable. Low vapour pressures under operational conditions reduce the tangential
forces on the container and hence improve its integrity. Harmonious melting prevents segregation in

the reversible reaction avoiding loss of efficiency.

Concerning the Kinetic properties of the PCM, supercooling prevents efficient heat extraction
so minimal, or no amount of supercooling is preferable. Good nucleation and crystallisation rates also
affect the efficiency of the material preventing non-uniform solidification and instances of rapid or slow

cooling.

Moreover, for Chemical properties, PCMs degrade due to crystallisation based on chemical
instability with containment material chosen or fluid losses. Therefore, the choice of material used in
the application for containment of the PCM must be non-reactive, stable, and corrosion-resistant. Also,
for any safety protocol based on the intended application, a non-toxic and non-flammable PCM should
be investigated. For the material selection process, the PCM material should be economically feasible,
widely available for use and in high supply (Pielichowska et al., 2014), (Kousksou et al., 2014), (Sharma
et al., 2009), (Wei et al., 2018), and (Liu et al., 2012).

According to (Wei et al., 2018), different methods can be used to select the most appropriate
PCM for a particular study or application. These are not limited to experimental approaches, hand
calculations or using simulation software. Traditional practices may not be able to capture all the data
through research of other published works as they are constrained to either investigation of thermal
properties or may lack other issues such as economics and the environment. They also stated that due
to the high number of available PCMs, simply choosing one that can fulfil all the requirements of a
particular study may be difficult and can take a long duration. They suggested the use of material
database software packages like GRANTA EduPack to aid in the selection and creation of PCMs for
the application. The software developed by Mike Ashby, contains a database of thousands of materials
that can be selected, compared, and modified to even synthesise new materials based on desired

properties, cost, and manufacturing process.
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PCMs can be classified under certain groups that form a range of subgroups of classifications.
According to (Jouhara et al., 2020), PCMs can be classified as organic in composition and can include
Paraffins, Fatty acids, Esters, and Alcohols. Inorganic PCMs are mostly composed of Salts, Salt-
Hydrates, Metallic compounds, and Metal Alloys. They can also be classified under Eutectic PCMs as
Organic-Organic, Inorganic-Inorganic and Organic-Inorganic. These classifications fall under the
Solid-Liquid PCMs as highlighted earlier in section 2.2.1. Polymers fall under the category of Solid-
Solid PCMs including Cross-linked polyethylene, Polyurethanes, Polybutadiene and Polyalcohols.

These classifications have been illustrated in Figure 2.8 in their study (Nazir et al., 2019). The
figure shows the various categories and classifications under TES, more specifically, this section deals

with the LHS with the applications of PCMs and their various categories.
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Fig. 2.8 Description of TES with more detail into SHS, LHS and Thermochemical Energy Storage (TCES)
(Adapted from ((Nazir et al., 2019)).

In a study completed by (Pandey et al., 2018), they also categorised PCMs into different Organic,
Inorganic and Eutectic groups showing similarities and agreement with work done by (Nazir et al.,

2019), (Rostami et al., 2020), (Faraj et al., 2021), and (Sharma et al, 2009).
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According to (Sharma et al., 2009), (Pandey et al., 2018), (Rostami et al., 2020), and (Sharma et al.,
2015), PCMs including the varying types of Organic, Inorganic and Eutectic are attainable through any

number of desired temperature limits.

In terms of their Latent heat of fusion and melting parameters, Organic and Inorganic materials
can be classified as PCMs. A vast majority of PCMs cannot satisfy the storage requirements considering
the melting temperature within the operating parameters. Based on the desired LHS properties (see
Figure 2.7), there are no PCMs currently which can facilitate all the requirements, so additional
materials must be used in conjunction to bridge the gap between poor properties and the requirements.
These can also be implemented as part of the design of the PCM. This can vary from metallic materials
that can increase the poor thermal conductivity of PCM, including the supplementary design of added
fins, adding nucleating agents to prevent supercooling, and increasing thickness to reduce dissimilar
melting (Sharma et al., 2015). As compared to Organic materials, Inorganic materials have twice the
amount of LHS capacity (250 — 400 kg/dm?) to (128 — 200 kg/dm3). These descriptions will be

outlined further in this thesis.

In their research (Pielichowska et al., 2014), potential PCMs have been classified into Paraffin
and non-paraffin compounds, Salt hydrates, metallics, and Organic-Organic, Organic-Inorganic
Eutectics within the past forty (40) years (see Figure 2.8). They stated that PCMs can be further defined
by their phase change temperature.

Low-tier temperature PCMs range below 15 °C, often used for AC and preserving food
applications. Mid-tier temperature PCMs, range between 15 — 90 °C and have been the most applicable
and used PCM in renewable energy, engineering designs in buildings to improve efficiency, electronics,
and other various industries. High-tier temperature PCMs range above 90 °C, mostly used for high-
temperature applications including the aerospace industry and where high-temperature operations are
required. Whilst research by (Zhang et al., 2016) stated that low-tier temperature PCMs lie below 200
°C and high-tier temperature PCMs lie above 200 °C, they involved a larger temperature range as

opposed to work done by (Pielichowska et al., 2014).

Organic materials, described as natural by (Pandey et al., 2018) and (Jouhara et al., 2020),
comprise Paraffin compounds and non-paraffin compounds that have certain advantages and
disadvantages as compared to Inorganic PCMs. Advantages include thermal and chemical stability,
high Latent heat of fusion, non-corrosiveness and generally can be recycled. While, disadvantages
include, poor thermal conductivity, flammability, disagreement with polymer and encapsulating
containers conferred in their reviews (Zhang et al., 2016), (Jouhara et al., 2020), (Kousksou et al., 2014),
(Sharma et al., 2009), and (Sharma et al., 2015).
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Paraffin compounds have been extensively used in TES for their characteristic properties which
include non-toxic, non-corrosive, constant conductivity during cycles (reduced phase segregation), no
supercooling (little crystallisation), low vapour pressure and high fusion heat. They are normally in the
straight-chain alkanes group CH; — (CH,) — CH;3 (Kousksou et al., 2014) and (Sharma et al., 2009).
Considering the various melting points, they have been used to conserve energy in buildings. However,
poor thermal conductivity and high-volume expansion make it disadvantageous as well as their high
costs in manufacturing and fabrication (Pandey et al., 2018). For LHS systems, technical grade Paraffins
are preferred for their low economic costs, reliability, and chemical stability. Below 500 °C, they are

chemically stable (Sharma et al., 2009), (Kousksou et al., 2014), and (Sharma et al., 2015).

To reduce the impact of volume expansion, encapsulation methods can be used to improve
storage and reduce spill-over. Non-paraffin compounds include fatty acids attained from animals and
plants and have better physical and thermal properties as opposed to Organic Paraffin compounds
(Jouhara et al., 2020). In a review of the literature (Sharma et al., 2009), (Kousksou et al., 2014) and
(Pandey et al., 2018) stated that non-paraffin materials are often diverse in their nature and properties,
however, there are commonalities between them that were outlined. Advantages include chemical
stability during long periods of operating temperature with no adverse effects of phase segregation or
degradation, zero supercooling and the transformation of phases results in high amounts of Latent heat
energy storage. Disadvantages include similarities to Paraffins including low thermal conductivity and
flammability but may also involve high economic costs for fatty acids, corrosiveness, and toxicity as
well as instability at high-tier temperatures and low flash point values. Non-paraffin PCMs vastly
outnumber other PCMs relative to their different properties. This group of Organic PCMs consist of
fatty acids, esters, and alcohols. These PCMs have innate characteristic hazards such as flammability
and should be treated with some caution to avoid open flames or any oxidising agent. The chemical
formula that describes fatty acids as desirable PCMs is CH3(CH;),,. COOH (Sharma et al., 2009),
(Sharma et al., 2015) and (Pandey et al., 2018). As described in the work by (Sharma et al., 2015),
considering their high economic costs, fatty acids display efficient change of phase as compared with
paraffin fatty acids and display improved qualities. These include good TES efficiency and chemical
stability appropriate to most LHS applications due to the range of melting temperature and harmonious
melting. They can also sustain their properties and nature without degrading through cyclic changes of
phase change. These materials have been discussed in detail in other research, but this thesis will be

void of an in-depth detail of these materials as they have already been evaluated.

Moreover, PCMs also include Inorganic materials that constitute Salt hydrates and Metallics
(see Figure 2.8). These materials do not permit supercooling or degradation, (Sharma et al., 2009) and

(Pandey et al., 2018). According to their review (Pandey et al., 2018), while Organic materials are
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usually carbon-based, Inorganic materials exclude materials involving carbon. Advantages of this type
of PCM include good thermal conductivity and two times the amount of LHS capacity as compared
with Organic materials (Kousksou et al.,, 2014). They can also be involved in high-temperature
processes and are cheaper as compared to Organic PCMs (Mohamed et al., 2017). In their description,
(Jouhara et al., 2020), solid Inorganic materials process the heat energy in different forms of
transformation including magnetic, crystallographic structure and order-disorder affecting crystal and
amorphous structures. Magnetic and crystallographic structure transformation involves a vast amount
of Latent heat. Disadvantages of this type of PCM include phase segregation and separation (reducing
the storage capacity), corrosivity (reducing the life span incurring higher costs) and instability as well
as subcooling and thus these materials are often used in waste heat recovery in industrial plants. The
metallic forms of Inorganic materials have decent properties of thermal conductivity, stability and
density that make them well-suited as PCMs as they are irrespective of the disadvantages outlined

above.

In the case of Inorganic materials, salt hydrates can be described as crystalline solids of
inorganic salts and water, (Sharma et al., 2009) and (Pandey et al., 2018). The phase transformation that
involves solid to liquid, consists of dehydration of the salt like the thermodynamic process of melting
or solidification. The general formula is stated as AB . nH,0 with AB set as the inorganic salt in the
expression and nH, 0 expressed as the number of water molecules present and the chemical formula
describing the melting reaction to salt hydrate and water or an anhydrous change is as follows (Sharma
et al., 2009), (Pielichowska et al., 2014), and (Kousksou et al., 2014): AB. nH,0 — AB .mH,0 +
(n—=m)H,0 or AB.nH,0 —» AB + nH,0. An increase in Sensible heat energy of salt hydrate
separates the crystals into anhydrous state of salt and water or a lower state of salt and water. Since all
the solids do not convert efficiently, heterogenous melting occurs causing the denser particles to fall to
the bottom of the container while the less dense particles rise to the top of the container. In the case of
its poor nucleation properties initiating supercooling, the addition of a nucleation agent to revert or deter
this reaction can be a solution to this disadvantage. They are one of the most valued sets of PCMs for
their high thermal conductivity and Latent heat of fusion with little volume change in the melting

process, also with little corrosivity and toxicity (Zhang et al., 2016).

In terms of melting, three different outcomes include homogenous melting (completely
soluble), heterogenous melting (completely insoluble) and semi-homogenous (partially soluble)
melting. One major disadvantage of these types of outcomes is that homogenous melting does not take
place causing an irreversible process with increasing factors of each cycle. This brings about another
disadvantage that involves supercooling the material to ensure proper nucleation, forcing the discharge

of stored energy to be released at lower temperatures. Several practical solutions can be used to reduce
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the effect of heterogenous melting including mechanical mixing, encapsulation, thickening agents,
increased water supply to the process and modifications to the chemical composition of the material in
a review of their studies, (Sharma et al., 2009), (Pielichowska et al., 2014), (Kousksou et al., 2014), and
(Mohamed et al., 2017). According to work done by (Vikas et al., 2017), the use of paraffin PCM in a
rectangular enclosure was used to simulate the melting of the PCM using ANSYS Fluent. One side of
the container had constant heat flux while the other sides of the container were insulated. Varying
contours of liquid fraction and temperature were generated to review the effect on the PCM from the
increase in temperature and the effect of heat transfer on the PCM. Melting was seen to begin from the
top of the container with increases in the melting rate as the charging of the PCM progressed. It was
seen that initially; conduction was the main form of heat transfer followed by natural convection near

the top region.

Another characteristic form of PCMs includes metallics. These include metals with low melting
properties as well as metal eutectics. One major disadvantage or deterrent from using this type of PCM
is the density and hence weight factor of the material. Although this brings about positives for its high
heat of fusion for each volume unit present in the process, unlike other PCMs, this type has high thermal
conductivity due to its properties as stated in their study (Sharma et al., 2009) and (Zhang et al., 2016).
This was also conveyed in their paper (Pandey et al., 2018) with features such as low specific heat and
low vapour pressure also conveyed as properties of metallic PCMS in their review (Kousksou et al.,
2014). Also discussed by (Mohamed et al., 2017), these types of PCMs have low heat of fusion for each
unit of weight in the process, so due to their weight value, these types may not be considered as stated
previously. Another important aspect discussed in their paper was that chemical reactions take place in
the solid-liquid type PCMs with the molten metallic alloy and the container. As discussed previously,
one of the possible solutions for this is, encapsulation to restrict the interaction between the two
materials. In their review, (Pielichowska et al., 2014), these types of metallics or alloys are mostly used
in high-temperature processes for their repeatability and thermal reliability. Of these types, they
suggested that aluminium, copper, magnesium, and zinc which are bountiful and available, can be used
in TES applications for their potential. Aluminium alloys in this case were preferential due to their
properties of thermal stability, and heat density and a preferred phase transition temperature was suitable
in a wide range of applications. For this reason, aluminium was chosen as the heated material and testing

material in the simulation tests conducted throughout this research study.

As opposed to Organic and Inorganic PCMs mentioned previously, another type called the
Eutectics has been determined to be a characteristic form of PCMs. This material consists of two or
more elements that homogenously melt and freeze creating a crystallisation mixture of minimum
melting as stated by (Sharma et al., 2009) and (Pandey et al., 2018). The phase change temperature
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remains constant in this type of PCM which can be of the form Organic or Inorganic (Kousksou et al.,
2014) and (Jouhara et al., 2020). One advantage of this type of PCM is the absence of phase segregation,
since during melting or solidification, both materials either melt or solidify at the same time reducing
or eliminating any instance of phase segregation (Zhang et al., 2016). It has been suggested that some
PCMs that are also minimum melting types be called Eutectics, but this has been highlighted as
incorrect, due to their phase segregation characteristics. These types can be correctly identified as

peritectic because of the reaction during the transition phase.

2.2.3 Types, designs, and applications of PCMs

As described above, one of the ways to prevent the interaction of the PCM and the containment
media it is in is to encapsulate it as seen in Figure 2.9 for the engineering principle behind the heating
and cooling of the encapsulated PCM. As described by (Jouhara et al., 2020), (Wei et al., 2018), and
(Nazir et al., 2019), encapsulation minimises any potential leaks that may occur from the molten PCM
through the container. This has been one way used to increase the efficiency of the LHS process that
involves PCMs. The performance of PCMs using different techniques including improvement to the
surface area through encapsulation or the introduction of fins, additives to improve thermal conductivity
(Rathore et al., 2019) and enhancements to the PCM themselves have been done through
thermodynamic means. Of these methods, with the exclusion of the water-to-ice process, encapsulation
is used to restrict the interaction between the PCM and the container or environment, which may cause
instability or initiate some physiological change. Encapsulation also improves the mechanical integrity

with varying geometries having added benefits or drawbacks.

Three types of encapsulation techniques include macro, micro and nano (Jouhara et al., 2020)
and (Nazir et al., 2019). For the macro-encapsulation, the encapsulation shell should be greater than 5
mm as stated by (Rathore et al., 2019) or 1 mm as stated by (Alehosseini et al., 2019) or between Imm
to 1cm as stated by (Nazir et al., 2019). The shape of the encapsulation can be variable and take on
many different forms including tubes, triangular, cylindrical, rectangular, cubic or any other shape. Due
to the wide variety of designs and shapes, this encapsulation technique is mostly used in building
applications. The varying types shown for tube type configurations are shown in Figure 2.10 as well as

an illustration of encapsulation of a PCM core material in Figure 2.11.
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Fig. 2.9 Operating principle for an encapsulated PCM (Nazir et al., 2019).

As described in their study, (Nazir et al., 2019), the core represents the PCM material while the
shell represents the encapsulated material. Once the heat is applied to the sufficient melting temperature
of the PCM for phase change, an initial solid PCM changes to liquid, storing the energy through LHS.
When this heat energy is discharged in the cooling process, the liquid core returns to its solid state.
According to research by (Rathore et al., 2019) and (Wei et al., 2018), the encapsulation material should
fulfil certain criteria such as good thermal conductivity, high strength, non-toxicity, non-corrosive, non-
flammable and chemically (see Figure 2.7) inert with the building materials as well as UV rays and
moisture. In their study, (Rathore et al., 2019), they used macro-encapsulation with the building blocks

to improve the thermal capacity using steel as the encapsulating material and RT18 as the PCM as

shown in Figure 2.12.
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Fig. 2.11 PCM core encapsulated in a shell material (Rathore et al., 2019).

Fig. 2.12 Macro-encapsulated material within the red bricks (Rathore et al., 2019).

In the case of micro-encapsulation, as per their study (Jouhara et al., 2020), improves heat
transfer through variation of the surface-to-volume ratio as well as active control for volumetric changes
(Pielichowska et al., 2014). As seen in Figure 2.13, these variations include some simple, irregular,
multi-core, multi-wall, and matrix designs. Additionally, micro-encapsulation can be implemented in
TES building applications as well as other design parameters including chemical and physical, used in
medicine, food, and agriculture industries (Jouhara et al., 2020) (Pielichowska et al., 2014). The layer
of encapsulating material is usually between 1 ym — 1000 um around the core material either in liquid
or solid state. It must be noted that encapsulation improves thermal storage with organic material having

less thermal conductivity than inorganic as exclaimed in section 2.2.2.
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Fig. 2.13 Variation in micro-encapsulation designs (Jouhara et al., 2020).

In their research (Alehosseini et al., 2019), both micro-encapsulation and nano-encapsulation
isolate the solid, liquid or gas material within a shell of ideal properties. They stated that this technique
is a necessary cause to efficiently apply PCM material to a process. Not only does this technique prevent
unnecessary leakage of any liquid material, but it also protects the PCM and enhances its use. It does
this by reducing corrosion, and degradation, improving efficiency and reliability and throttling the
energy discharged. The only drawback of encapsulation methods is cost implications for desired
material properties, shape, design, and strength capabilities as outlined in their review (Pielichowska et
al., 2014). The nano-encapsulation is classified with shell sizes between 1 — 1000nm or below 1pm
(Nazir et al., 2019). The shells must be designed in such a way as to avoid any fracture and have high
strength to withstand the volumetric changes during phase transformation. The material can either be a
solid material or a combination of materials that can stabilise, accelerate, or retard the TES process.
Nano-encapsulated PCMs due to their small size, have high surface area and stability along with their
quantum tunnelling and volume effects that are valued in applications involving TES. The main role of
encapsulation is the preservation of the PCM core material. They can be achieved through three
different techniques as exclaimed in their study (Alehosseini et al., 2019), inclusive of chemical, physio-
chemical, and physio-mechanical. This paper does not seek to address any issues or concerns with these
methods but merely seeks to identify them in case further research or reading is needed as they are not
discussed in detail in this thesis. Figure 2.14 displays the PCM encapsulation techniques for both

physical and chemical forms and the methods involved.
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In their review of PCM encapsulation, (Mohamed et al., 2017) outlined that PCMs in their
liquid phase must be encapsulated with the exclusion of water and ice. This agrees with their study
(Jouhara et al., 2020). They agreed that leakage is a major issue for containment which encapsulation
tries to resolve. Not only does it contain the molten material, but also acts as a barrier to the external
environment which may have degrading effects on the PCMs as well as improving the heat transfer by
increasing the heat transfer area. They stated that the technology is only viable for insoluble PCMs. As
seen in Figure 2.14, the encapsulation techniques, usually for micro-encapsulation, involve a physical
and a chemical method through which when compared, the physical method increases the size of the

capsules and increases the surface roughness thereby reducing essential storage capacity.

Moreover, PCMs operate efficiently within specific temperature ranges and are suitable
depending on the applications. The temperature ranges are grouped into three categories to further
isolate the most applicable PCM for its use and function. The ranges follow low temperature between
5 °C and 40 °C, medium temperature between 40 °C to 80 °C, and high temperature between 80 °C to
200 °C and above as outlined by (Jouhara et al., 2020). In terms of applications, generally, the low-
temperature range is useful for cooling and heating of buildings, the medium-temperature range is
useful for solar and electric devices and processes and the high-temperature range is useful for waste
heat recovery and cooling. Depending on the energy storage facility or the temperature range for which

the application or process requires, the PCMs that operate efficiently within those requirements are
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sensible. It should be noted however, as stated in section 2.2.2, no single PCM has yet been discovered
that sufficiently satisfies all the working requirements (see Fig. 2.7) and conditions desirable within any

functional areas such as buildings as in the case of their review, (Jouhara et al., 2020).

In their study for phase transition temperature, (Nazir et al., 2019), their classifications for low-
temperature, medium-temperature, and high-temperature PCM melting points ranged from 220 °C to
220 °C — 420 °C and above 420 °C, respectively. They stated that for Organic PCMs, whose melting
temperature range is below 80°C, the low-temperature range applications are suitable as they usually
efficiently operate between 100 — 200 °C. They stated that salt hydrates usually have melting points
below 220 °C, whereas Inorganic salts have melting points up to but not above 1000 °C. These types
of PCMs are normally used in cyclic operations that involve temperatures covering 500 °C and above,
including TES applications for high temperatures. Their study indicated that metal alloys and inorganic
eutectics are suitable for solar applications due to their extremely high melting temperatures, which are
usually about 770 °C. Organic PCMs are usually employed in low melting temperature applications
and, the Inorganic PCMs for their high melting temperatures would be ideal for high melting

temperature applications.

In their review of high-temperature PCMs, (Liu et al., 2012) salts and metals, and their eutectic
forms are viable for solar power plant applications since their melting temperature properties are
generally higher than 300 °C but less than 550 °C. Above these temperatures need to be investigated
further. They outlined salts and eutectics for their applications as PCMs are viable above 300 °C based
on their thermophysical properties. They included the inorganic compound, melting temperature, heat
of fusion, density, specific heat, thermal conductivity, and thermal expansion coefficient as well as the
same properties for inorganic eutectics. They were chosen based on their availability and economic
costs. As such, studies have been conducted creating numerical models of cylindrical enclosures
investigating the melting and solidification of high melting point PCMs. Metals and their alloys were
also listed and analysed for their properties, since salts and their composites are limited by their
corrosivity, thermal conductivity and their volumetric changes, (Wei et al., 2018). Work done by (Zhang
et al., 2016) also looked at the inorganic material properties viable for use as PCMs between 300 °C
and 800 °C, listing the same properties as seen in work done by (Liu et al., 2012). They looked at these
types of PCMs due to their widespread availability and their economic costs, however, as stated
previously, these materials are limited by their low conductivity, therefore, appropriate methods must
be investigated to improve the efficiency of the charging and discharging of energy. Even in the
examples highlighted, it was shown that Sensible heat technologies outperform the LHS PCMs
technology due to this disadvantage. Therefore, techniques to improve the thermal conductivity of the

PCMs are currently being investigated by researchers.
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In this section of the research, the applications of PCMs were closely looked at to give examples
of where these PCMs have been used and any possibilities of further use, discovered in research of the
literature. According to (Pielichowska et al., 2014), various PCMs with the properties identified in the
literature have been used in industrial applications such as buildings, textiles, automotive, medical,
industrial, electrical, and solar energy. The electrical and medical industries have been the latest
applications in which the technology of LHS PCMs was implemented or studied. The construction
sector, however, requires more advanced TES technology that has been studied and more research

required in that field.

In terms of building applications, as discussed earlier, TES used in the cooling and heating of
buildings (Jouhara et al., 2020), (Pandey et al., 2018), (Sharma et al., 2009), (Sharma et al., 2015),
(Faraj et al., 2021), (Gonzalez et al., 2021), (Pandey et al., 2021), and (Nazir et al., 2019) are becoming
essential due to the variety of temporal weather and environmental conditions (Pandey et al., 2018).
Domestic heating or cooling has often been bombarded by the varied changes in weather related to hot
or cold climates and the fluctuating electrical energy required during daylight hours and nighttime,
varies depending on the climate region. Applying LHS passive PCM technology reduces the strain
caused by these cyclic and fluctuating differences, (Pielichowska et al., 2014). These passive devices
are defined such that they do not require an external mechanical device to assist the system with energy
to heat or cool. The earliest instalments of this technology including paraffins, dated back to the 1980s
for greenhouse buildings in countries such as Japan, the United States, and Germany. If the most suitable
PCM material was chosen, the greenhouses were managed efficiently for energy storage and humidity.
In comparison, the active storage systems were used for low peak loads, applied mainly at night to
reduce the need for energy consumption. PCMs are studied in this case for photovoltaic (PV) devices
(Jouhara et al., 2020), (Pandey et al., 2018), (Browne et al., 2016), (Sharma et al., 2009) and floor
heating, (Gonzalez et al., 2021), where they have characteristically similar temperatures for the Solid-
Liquid PCM with added fins to improve the thermal conductivity and performance (Pielichowska et al.,

2014).

PCMs have also been used in the heating and cooling of water, with materials used like
encapsulated salt hydrates, PCM-graphite composites and PCM modules studied for their effects. Other
applications for PCMs have seemed to be directed towards Latent functional thermal fluids (LFTF),
otherwise known as double-phase fluids, which offer larger values of specific heat than their single-
phase alternatives. These are often in the form of emulsions of PCM materials suspended in a heat
transfer fluid with suggestions that this may increase the thermal performance of the process with

potential applications in technologies that they can be adapted for (Piclichowska et al., 2014).

68



Solar Energy Storage (SES) is one of the major applications for which PCM material would
absorb the energy during daylight hours for discharge at nighttime (Rostami et al., 2020). In their
review, (Pielichowska et al., 2014), PCMs were shown to improve the performance with their use,
providing alternatives to traditional devices. Over half of current Solar power plants use LHS
technology in the form of molten salts, however, their use accompanies drawbacks such as high
economic cost, high volume, and large facilities, (Jouhara et al., 2020). The use of PCMs also displayed
good performance for thermal management in air-based solar heating systems for low-temperature
applications in a parametric study presented by (Pandey et al., 2018), (Sharma et al., 2009), and (Sharma
et al., 2015) as well as for solar thermal technology in power plants. They described the various uses
and applications in solar air heating applications relating to conventional air heaters, finned heaters,
corrugated heaters, double exposure, double flow, and two-pass solar air heaters. They also reviewed
solar cookers, free cooling and building applications. Their work can be reviewed in detail in their
paper, but this study does not present a comprehensive review of various applications but descriptions

of where LHS PCMs can be incorporated.

Another application is seen in their work (Pielichowska et al., 2014) and (Nazir et al., 2019)
regarding smart textiles technology, in which over 40 years ago, the National Aeronautics and Space
Administration (NASA) designed fibrous PCM microcapsules for example nonadecane in space suits,
to reduce the effect of temperature fluctuations experienced in space. They described the use of thermal
fibres dipped in PCM solutions, coated, or encapsulated; however, these were not suitable for thermal
storage as they were very unreliable and could not withstand the cyclic processes. Therefore, the use of
micro-capsules has been further developed and deemed much more suitable for use in smart textiles for
TES. Their study also described using the smart textile technology biomaterials and biomedical
applications for use as bandages or burn wounds. Other types of applications with smart textiles include
blankets, layered clothing and sportswear which involves microcapsules PCMs between 1 and 30 um

spherical in diameter, (Sharma et al., 2015).

In their study, (Zhang et al., 2016), they reviewed LHS technology applied to cryogenics. These
liquid energy carriers usually have temperatures below -150 °C. High energy density liquid natural gas
has sufficient properties that can provide an alternative to fuels. Their internal energy is decreased, and
their exergy is increased in storage with daily energy loss to the environment less than 1 %. They are,
however, 40 % efficient, although this can be improved using the Rankine cycle as outlined in their
review. They also reviewed LHS with steam accumulators. These accumulators use the liquid-gas phase
change in a pressurised container with steam and water. The energy is stored in the liquid phase as it is
economically viable as opposed to the storage of saturated or superheated steam. More on this can be
reviewed in their study of accumulators, (Zhang et al., 2016).
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PCMs’ use in electronics in the form of heat sinks has also been studied and implemented with
improved functional characteristics and power in hand-held devices, such as cellular phones, laptops,
tablets, and cameras (Fan et al., 2013) and (Pieclichowska et al., 2014). Handheld electrical devices are
usually designed for short periods of operation before charging and so implemented PCMs give greater
positive potential with chip technology often maximised between 85 °C to 120 °C. Temperatures
exceeding these limits run the risk of overheating. Their study (Fan et al. 2013) investigated the effects
of adding internal fins to PCM heat sinks, for the effects of melting on the performance using organic
PCMs. Their results highlighted that the finned heat sink with higher melting temperatures sustained
the device below overheating temperatures for a longer period. The addition of fins to the heat sink
reduced the thermal resistance and hence improved the heat transfer regardless of the PCMs used in the
experiment. It was suggested that melting temperature and the addition of fins must be considered for
PCM selection. Investigations conducted by (Mahmoud et al., 2013) also examined the effects of fins
in parallel, cross and honeycomb configurations, with results comparable to that of (Fan et al. 2013)
with the results of the honeycomb arrangement at better economic cost compared with machined fins
having about the same effect on the thermal performance. The use of fins of varying thickness and
height was also studied by (Hosseinizadeh et al., 2011), indicating improved results with larger fin
thickness because of reduced thermal resistance and better heat transfer. However, the volume of PCM
was reduced for larger fin thickness and impacted upon the LHS capacity of the system, as any increase
in the fin thickness had no further effect on the performance. With regards to the fin height, the taller
the fins, the better melting performance was seen as a greater region of the PCM interacted with the fins
thus, enhancing the effect of natural convection and improving the heat transfer. Their results also
showed that the initialisation of melting was slower with a reduced melting time when both the increase
in fin thickness and length were assessed. In a study performed by (Al et al., 2018), different designs
of pin-fins from circular to rectangular to triangular with and without a PCM were examined. In their
analysis, the triangular design was determined to be the best followed by the rectangular then the
circular. It was stated that the surface area ratio for the triangular fins was much less than the others as
well as a higher number of fins was present. Improving the number of fins seems to have benefits for
heat transfer but must be noted that studies showed that after a threshold fin thickness was reached,
there was no improvement further in performance. This was considered for the fin designs in
conjunction with PCM use for an analysis performed on the number of fins as well as the similar or

equal surface area to volume ratio for the fin and the volume of the PCM used.

PCMs have also been used in the automotive industry, for cooling the internal combustion
engine (ICE) and thermal heating in the car. They reviewed in their study, (Pielichowska et al., 2014),

applications in which TES PCM was used for pre-heating engines to reduce emissions and time for the
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engine to reach operating temperatures during start-up in colder climates. Research conducted by (Zhu
et al., 2018) examined the performance of partially filled PCM heat sinks with metal foam (copper) as
in TES applications, fin design, metal foams and use of extended surfaces to increase the surface area
applied to heat sinks. They stated that the application of metal foam improves the heat transfer as
opposed to the other design enhancements. They analysed the filling height ratio, pore size and the
effect on performance. The results showed performance improvement when the filling ratio was
increased, with little to no impact due to pore size at lower power as compared with higher power, and
full filling was not cost-effective as compared with partial filling, seemingly beneficial to efficiency.
According to a study performed by (Baby et al., 2014), a finned PCM heat sink was analysed with an
unfinned PCM heat sink and a heat sink without any PCM as a standard assessment under different
power levels at constant operation, varying heat inputs and loads. The finned heat sink showed
improvement over the other cases with the varying power levels or heat not as efficient and less
economical. Another study performed in their work (Debich et al., 2020), examined a rectangular PCM
heat sink with different numbers of fins and varying the PCM material as well as the input power levels
(Baby et al., 2014). The PCMs examined in this research were salt hydrate, paraffin and N-eicosane for
their thermal performance on the system. Their results showed that a smaller number of fins used in the
PCM sink had improved the thermal storage energy charging phase while an increased number of fins
improved the thermal energy discharging phase. It was also noted that in comparison with the other
PCM materials for this experiment, the PCM N-eicosane had better thermal performance than the other
selected PCMs, especially in the charging phase. In this paper, further studies were highlighted using
this PCM for its properties and operating temperature ranges. It should be noted that other experiments
using PCM heat sink in combination with other LHS technologies have also been looked at in unique
cases such as in their study (Kozak et al., 2013), in which they tried to enhance conduction and
convection rates due to a hybrid design using an eicosane PCM based heat sink with a forced draft fan
heat sink placed above it. They noted that more research was needed to study the effects of using a
variety of sink designs. Another study performed (Kansara et al., 2021) investigated the effects of
varying Grashof’s number to affect gravitational performance on a selection of PCMs in a control
module with pin-fins to identify whether this had any effect on the melting performance of the PCM.
Their results showed that during the initial melting phase, conduction was more prevalent than natural
convection as well as more dominant during the solidification process. This was verified during a

replication analysis for melting in a concentric cylinder as seen in chapter 3 of this paper.

One of the major drawbacks of the utilisation of PCMs is their properties of low thermal
conductivity as mentioned previously. Thermal conductivity can be described as the capacity of a body

of material or substance be it solid, liquid or gas to conduct heat, (Kumar et al., 2020). As explained in
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their review (Liu et al., 2012), the thermal conductivity for most PCMs is around 0.5 W/mK which is
low for heat transfer. This corresponds to the discharging of stored energy through solidification of the
liquid to solid phase change where the energy is transferred to the exchanger surface. However, the

energy transferred is minimal due to the low thermal conductivity and hence low heat transfer,

(Mohamed et al., 2017).

All PCMs including the Organic and Inorganic types have low thermal conductivity properties
usually between 0.1 to 0.6 W /mK which inherently causes the slow charging and discharging of heat
energy, (Pielichowska et al., 2014). A review by (Mohamed et al., 2017) stated even though Inorganic
PCMs have higher thermal conductivities than Organic PCMs, they are not able to improve heat transfer
by any significant amount. In this case, the heat exchange is limited. However, they stated that there are
varying methods to improve the thermal conductivity of the PCM as well in agreement, according to
their study, (Pielichowska et al., 2014), a multitude of techniques have been studied and implemented
that can improve the thermal conductivity. These techniques highlighted in their study, (Mohamed et
al., 2017), exclaimed that the enhancements can be in the form of heat pipes, metal foams, increased
porosity materials, and increases to the surface area through extended fins or metallic matrices. They
suggested that the fins made of varying metals including aluminium, steel, and copper chosen based on
their physical properties can be used to improve the thermal conductivity of the PCM. The fins can be
arranged longitudinally or circular governed by the heat transfer fluid passing through the pipe of the
shape of the containment whether it be cylindrical or rectangular. The shape of the fins has also been
studied in detail with comparisons to thickness, helical shape, length, and number of fins showed
improvement in the thermal performance of the PCM. In their study, (Mohamed et al., 2017), improved
heat transfer was seen in the thickness of the fin compared to no fin material as well as helically shaped
fin compared to dimpled, and cone and the number of fins had insignificant effects on the thermal

performance.

In their review, (Zhang et al., 2016) and (Wei et al., 2018), also identified that fins can be used
to increase the heat transfer rate which can be designed either axially or radially to tubes which agrees
with the work by (Liu et al., 2012), where they stated that adding the finned design is a cheaper
alternative than encapsulating the PCM which can be expensive above 200 °C melting temperature. The
materials used for the fin material can be highly conductive materials such as metals like aluminium,
steel, copper, and graphite to raise the thermal conductivity. Different arrangements and designs of the

finned structures have been reviewed in detail by researchers.

They indicated, (Liu et al., 2012), (Liu et al., 2016), (Pielichowska et al., 2014), (Zhang et al,
2016), (Nazir et al., 2019), (Sharma et al., 2015), (Wei et al., 2018), (Rostami et al., 2020), and (Jouhara
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et al., 2020) that in addition to this method, the thermal conductivity of the PCM can be improved using
finned tubes/finned surfaces with high conductivity material, the implementation of a metal matrix,
micro-encapsulation of the PCM and applying porosity. These methods enhance the thermal
conductivity of the PCM by increasing the surface area by changing the structure through fins or
porosity. According to Newton’s law of cooling and Fourier’s law of heat conduction as shown in
equations 2.5 and 2.6, respectively, the rate of heat transfer can be improved by either increasing the
convection heat transfer coefficient by adding forced convection via a pump or fan or through extended

surfaces by increasing the surface area directly proportional to heat transfer.
Newton’s law of cooling: Qconvective = MAs(Ts — Too) (2.5

Fourier’s law of heat conduction: Q.pnguction = —kA% (2.6)

This can also include adding to the PCM, materials that have high thermal conductivities. These
materials improve the Sensible heat transfer phase to increase the temperature of the material. Nano-
enhanced PCMs with an injection of highly conductive nanomaterials into the PCM discussed in their
paper, (Kumar et al., 2020), enhance the thermal conductivity of the PCM without the added weight if
metal foams or fins are used. As seen in Figure 2.15, the ideal characteristics of PCMs are highlighted

as described in this review showing the preferred qualities required for efficient TES applications.
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Fig. 2.15 Preferred characteristics of PCM materials useful for LHS TES applications (Adapted from ((Kumar et
al., 2020)).
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Composite materials with porosity as well as graphite can have substantial improvements in the
thermal conductivity of the PCM even up to 70 W/mK as stated in their study (Liu et al., 2012). This
can be done by either entrenching with porous graphite, with metal foam showing greater improvement
in performance as opposed to expanded graphite, (Mohamed et al., 2017). Distribution of the graphite
into the PCM through mechanical means or compression of both materials was assessed in their study
(Liu et al., 2012). Results through experimentation showed improvement in the thermal conductivity
and hence heat transfer of the PCM. The investigation of open-cell metal foams has also been studied
by (Cozzolino et al., 2019) with an experimental prototype design with stacks of metal foams including
straight and U-tube designs. Results showed improved thermal performance with modifications in
layout designs for future experiments which can have applications viable to the commercial sector as
well as residential. The use of fluidised beds concerning particulate solid material was also suggested
in their study (Liu et al., 2012). The physical properties of the materials generate the fluidisation effect
for which porosity, diameter, and density form key properties that are affected using this method. They
were also in agreement that macro, nano, and micro-encapsulation to improve the thermal conductivity
of the material as described above. Other methods mentioned include graphite composites, cascades of
PCM, and the use of metal matrices can also have positive effects on the thermal conductivity of the

material.

Moreover, in terms of nanomaterials addition to the PCM to enhance the thermal conductivity,
a review conducted by (Nazir et al., 2019) stated that the nanomaterials come in various shapes and
sizes. These can include particles, sheets, fibres, wires, rods and or nano-sized droplets. Two methods
have been suggested that can be used to produce the nano-fluids referred to as the one-step or two-step
method. The 1*' method involves the coinciding production and distribution of the nanoparticles
throughout the fluid while in the 2" method, the nanoparticles are produced separately with an agitative
method performed when distributing the nanoparticles throughout the fluid. Results showed that there
was a valuable rise in the conductivity of the PCM through the addition of nanomaterials. A study
performed by (Choi et al., 2014) and (Liu et al., 2012) also investigated the effects of improving the
thermal conductivity of PCM through the addition of nanomaterials and carbon additives which showed
a more than 20 % increase in performance with graphite material outperforming graphene in their study.
Their article also summarised that there are other ways to improve the thermal conductivity of the PCM
other than the use of nanomaterials and encapsulation, such as an increase in the porosity of the PCM.
Implanting metal foams with highly conductive metals such as aluminium, nickel, copper, expanded
graphite and polyethylene showed considerable improvement in the thermal conductivity of the PCM
compared with the general Organic PCM, paraffin, as well as Inorganic PCMs. Their work also agreed

that the use of extended surfaces such as fins or the use of PCMs with varying properties depending on
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the arrangement, can also have a positive impact on the thermal performance of the PCM and as such

the TES system.

As seen in Figure 2.16, the use of multiple PCM arrangements can be integrated into a series
layout to improve the efficiency of the TES system if the relevant properties and volume of PCMs
coincide with one another, (Liu et al., 2012) (Wei et al., 2018). This approach maintains the heat flux
between the transfer mediums. In this case, one PCM would usually have a reduction in heat transfer
due to a reduction in temperature difference in the direction of flow. The figure shows that the reduction
in the temperature difference is supplemented by the corresponding PCM in the line-up that has a higher

melting temperature and so continues in the pattern whilst the fluid flows through the heat exchanger.

This effect is also valid for the reverse direction in the discharging phase.
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Fig. 2.16 Multiple PCM arrangement in a shell and tube heat exchanger (Adapted from ((Liu et al., 2012)).

Research conducted in their paper (Liang et al., 2020) investigated the effects of changing the
geometric parameters of the shell and tube heat exchanger, as well as the effects of the type of fluid
flow for the heat transfer fluid on the volume ratio of the PCM. The research was used to identify the
most ideal PCM volume ratio. Paraffin wax was used as the PCM in this work with the shell and tube
heat exchanger oriented in the vertical position. The inner and outer tube diameters were varied with
the effects of changing the PCM volume and thermal conductivity analysis of the output temperature,
efficiency, and effectiveness in the presence of laminar and turbulent fluid flow. Their results indicated
that energy storage was improved when the size of the shell and tube heat exchanger increased due to
the increase in heat transfer area. The increase in effective thermal conductivity had little effect on the
energy storage unless the PCM volume ratio was above a critical value. It was also seen that laminar

flow outperformed turbulent flow for the heat transfer fluid.
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Compared with other materials, it was stated that Aluminium, for its good properties for thermal
conductivity and low density and cost was preferred over other metals, as well as the most ideal material
to use to improve heat transfer with corrosion resistance. Intermediate heat transfer fluid has also been
used with the interaction of the PCM useful for liquid-vapour phase change. Heat pipes with high
thermal conductivity have also been implemented as intermediaries between the PCM and the heat
transfer fluid. They function as interfaces between the heat transfer fluid and the PCM through
vaporisation or condensation designed in various ways, (Mohamed et al., 2017). This technique
effectively increases the heat transfer in the TES system. Other methods involve studies of the
combination of techniques performed by researchers and scientists to identify whether it is congruent,

(Nazir et al., 2019).

A numerical investigation involving a combination of rectangular fins and heat pipes was
evaluated by (Diao et al., 2019). Their study assessed rectangular fin thickness and height in a
longitudinal arrangement around sections of a heated pipe array with water passing through a TES tank
unit. Their analysed results showed a U-type phase change dependent on the configuration of the fins.
For their design, the fin height increased, and improved thermal performance whilst fin thickness
remained inconsequential due to the PCM used. Another study using a combination of heat transfer
techniques was completed by (Ren et al., 2019). Their study involved using a lattice Boltzmann method
to understand the charging process of copper nanoparticle-enhanced PCM (N-eicosane) along with a
comparison between rectangular fins and triangular fins made of copper in a square container. Results
showed for this analysis that substituting a rectangular fin with two triangular fins of constant length
improved the charging time. The nanoparticles had a positive effect on heat transfer if the temperature
of the heated surface remained below 324K, with any further increase reacting negatively. It was also
noted that for their analysis, bottom surface heating rather than side heating proved better TES results

with corresponding fin location.

In their study (Parsazadeh et al., 2018), a vertical heat exchanger tube with partially filled
horizontal circular fins was numerically investigated with two forms of heat transfer enhancement,
namely, using fins and nanomaterials. The PCM was paraffin wax and aluminium oxide was used as
the nanomaterials. Varying angles of the fins and location along the inner tube were investigated for
effects on the charging process. It was noted from their results that during early conduction at the initial
state, the added materials to improve heat transfer had little to no effect only until after ¥4 of the PCM
melted. The amount of heat transfer taking place at the bottom was improved using the fins whilst the
natural convection had improved heat transfer at the top of the heat exchanger. It was also seen that the
addition of the nanoparticles had reduced the heat transfer performance, with the fins as natural
convection to the top half was inhibited. The vortices produced around the fins were also impacted by

76



the angle of the fins to the inner tube improving heat transfer. A study involving the improvement of
heat transfer in LES systems with a combination of heat pipes, fins and copper foam in a vertical
arrangement was done by (Zhang et al., 2020). Their study encompassed four varying cases including
heat pipe with PCM alone, heat pipe with fins, hat pipe with copper foam and a combination of heat
pipe with horizontal partial fins and copper foam filling the whole container. Their results showed for
a constant PCM volume, the increased number of fins had better performance over the reduced fin,
copper foam combination. The lowest total time for both processes was seen in the copper foam, fin,
and heat pipe combination as well as this setup had the best conduction results. The copper foam and
heat pipe combination had the lowest improvement in heat transfer as the copper foam would have

reduced the effects of natural convection in the upper half of the container.

Another method involving the use of PCMs to improve the thermal efficiency and overall heat
transfer includes the variation in where the PCM is packed into the containment device such as a tube.
In their study (Chen et al, 2020), the variation between placing the PCM on the inside of the inner tube
or with the annular space in a shell was investigated. The variations have been referred to as the cylinder
model and pipe model, respectively. They investigated this with a tube heat exchanger for both melting
and solidification of the PCM as well as variation between the triplex tube and elliptical-shaped tubes.
They were investigated for horizontal and vertical positions to compare which orientation was best
suited. Their results indicated that the horizontal elliptical design and triplex tube design had better

performance than the vertical and circular designs.

Varying plate-fin heat exchangers with varying configurations were studied by (Riahi et al.,
2018). The vertical shell and tube heat exchanger was designed with a vertical plate fin configuration
with heat transfer fluid entering and leaving the system through various flow models. The enthalpy-
porosity method with constant heat flux imposed on the bottom surface of the system with insulated
sides was used for the evaluation of temperature distribution in both the charging and discharging
processes. Their analysis outlined an economical system showing that a low-temperature gradient in the
charging phase and a high-temperature gradient in the discharging phase, subsequently has a consistent
rate of heat transfer. They suggested from their work that zone separation plays an important aspect in
similar designs and should be considered. Another variation in this research was done by (Jia et al.,
2019) considered PCM encapsulation through a spherical capsule with varying pin fin designs to
investigate the effects on thermal efficiency. 3D models of the capsule filled with a PCM composite
capric acid-lauric acid-oleic acid (CA-LA-OA) were filled with varying numbers of partially filled and
fully extended pin fins with different lengths and thicknesses. Charging and discharging of the PCM

was simulated with the corresponding temperature and liquid fraction produced similar results.
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2.3 TES application and management of electrical energy storage devices

Globally, there has been an outreach for the transition towards electric vehicles (EVs) and the
reduction of emission levels has propelled nations, including the EU, China, France, Britain, and
Norway, to recommend EV adoption via stringent deadlines backed by policies and funding. The
governments are incentivising EV sales centred on emissions and prices with strong support for
charging infrastructure. The International Energy Agency (IEA) therefore has suggested a substantial
EV growth, which has been estimated to be 1.3 million units (Lin et al., 2021) by the year 2030.
Emissions that emanate from internal combustion engines (ICE) contribute significantly to certain
regions, particularly in the European Union, which account for around one-fifth of the carbon dioxide
(CO») emissions. These harmful gases have detrimental effects on flora and fauna including the natural
environment. Policies introduced by government bodies have adopted energy portfolios with a focus on
zero-emission vehicles and potential bans on using ICE in major cities (Mohammad et al., 2022). The
global population is threatened by the growing energy crises, and the impact on the environment has
been detrimental, yet the demand which energy resources including fossil fuels, for example, oil,
continues to rise forced by economic progress. Demands for these reviews have been indicated by the
BP Statistical Review of World Energy 2016 and BP Energy Outlook 2016, which has contributed to
the underlying need for cleaner alternatives in the use of EVS, hybrid electric vehicles (HEVs) and

including plugins (PHEVs), have in their potential to reduce pollutants and greenhouse gas emissions.

Despite the challenges associated with safety, cost, lifespan, and susceptibility to temperature-
based degradation, Li-ion batteries are a critical component in driving these vehicles due to their high
energy, power, long life, and low discharge rates (Wen et al., 2020). Addressing these concerns,
particularly, thermal issues, has brought about the need for effective battery thermal management
systems (BTMS) for prolonged life and performance. Narrow temperature ranges between 15 °C to 35
°C (Liu et al., 2017 and Liu et al., 2019) and in different cases 20 °C to 40 °C are deemed pivotal, with
severe impact on the capacity and safety. Mitigating risk to prevent damage and hazards and to ensure
safe operation of Li-ion necessitates managing temperature both during the discharge and charging
phases (Xia et al., 2017). Efficient management of temperature and a balanced temperature within
battery packs can improve safety and lifespan. The temperature has a profound impact on the
performance of Li-ion batteries, and the development of an efficient BTMS, demands a deep
understanding of various aspects of thermal generation, transport, and heat dissipation (Liu et al., 2019)
from a single-cell level to module and pack. A compromise on operating temperature and uniformity
leading to the extreme, can negatively affect cycle life leading to localised degradation (Gulfam et al.,

2019) and thermal non-uniformity.
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Depicted in Figure 2.17, presents a comprehensive view of a multi-objective optimisation
approach as seen by (Lin et al., 2021 and Liu et al., 2019) for economic-conscious charging. This
coupled integration defines an interesting model in which economy, energy and time management have
been closely related to charging cost, temperature and charging time, respectively. These Li-ion
batteries spearheaded towards zero emission solutions have seen in their development, oxide cathodes
and graphite anodes which improves energy density and long life cycle in comparison to other battery
technologies. A promising trajectory by research seen by (Jiang et al., 2020) indicates improvement in
cost, safety and energy efficiency albeit, barriers which affect performance in energy, power and low-
temperature operations. Beyond human comfort level, extreme temperature is exacerbated in multiple

battery connections creating inconsistencies and overall degradation.
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Fig. 2.17 Overall multi-objective optimisation framework for economic-conscious charging (Lin et al., 2021 and

Liu et al., 2019).

Within the last four decades, thermal systems utilising phase change materials (PCMs) have
undergone a remarkable transition. Reversible processes which involve matter phase change between
states such as solid, liquid and gas sensitive to thermal changes, encompass the storage and release of
Latent Heat (LH). These PCM materials can be in either organic or inorganic form including paraffin
waxes and salt hydrates respectively, and switch between states of matter exhibiting very distinct
melting and solidification temperatures (Gulfam et al., 2019). Technological advancements that
purposely create PCM material with attributes clinical to thermal management and control have been

scientifically explored to produce different types and ranges of PCMs with manipulated properties.
79



Gaining acknowledgement for low-temperature TES, PCMs can be useful in many areas such as battery
and photovoltaic thermal management. Paraffin PCMs (Verma et al., 2019), (Greco et al., 2015), and
(Bais et al., 2022) have been showing promise can enhance thermal management, although there are
many challenges which focus on the low thermal conductivity. This can limit their use as cooling
alternatives, however, passive cooling with linear temperature increase until phase change occurs during
which temperature stabilisation and consistency may be beneficial in certain applications. The available
LH, conductivity and phase change temperature can be useful in Li-ion battery applications and thermal
balance, maintaining the battery's optimum temperature range. Other characteristics also include almost
negligible volume change in transition, stability, non-toxic, non-flammable, cost-effective and widely

available as mentioned in their work (El Idi et al., 2021), (Du et al., 2018), and (Sharma et al., 2015).

Figure 2.18 (Xia et al., 2017) displays different levels of research to develop a highly efficient
and robust BTMS system to understand heat transport and dissipation. Both the single cell and module
display the direction of the heat source and sink including boundary conditions from the input and
corresponding output. The single cell deals with heat generation in steady or variable conditions while
the module level deals with the dissipated heat including cell-to-cell temperature differences and

control. These differences are often within a maximum of 5 °C.
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Fig. 2.18 Thermal issues at cell and module levels. (Xia et al., 2017).

Exceeding the 5 °C temperature difference between cells in a module can lead to issues including

prolonged exposure that can trigger problems such as diminished capacity in cold climates and thermal
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runaway at higher temperatures (Sharma et al., 2015), (Kim et al., 2019), (Zhou et al., 2023). There are
numerous BTMS that have emerged to maintain thermally optimum temperatures in Li-ion batteries.
Techniques have included air cooling/heating (Ahmad et al., 2023), (Kausthubharam et al., 2021), (Luo
et al., 2023), (Mahek et al., 2023), (Verma et al., 2023), (Yang et al., 2023), (Zhang et al., 202024)
liquid cooling/heating (Chavan et al., 2023), (Dai et al., 2024), (Fan et al., 2023), (Guo et al., 2023),
(Wang et al., 2022), (Xie et al., 2023), (Xu et al., 2023), (Ye et al., 2023) heat pipe (Bernagozzi et al.,
2023), (Hu et al., 2022), (Maghrabie et al., 2022), (Septiadi et al., 2022), (Weragoda et al., 2023),
(Zhang et al., 2020) and PCMs. The most simple and cost-effective is air cooling but limited to low heat
transfer efficiency and high sensitivity to temperature. Liquid cooling has higher heat transfer
coefficients, however, additional parts and components are required and more costly whilst heat pipes
increase weight and complexity. In contrast, PCMs offer energy-efficient and component-free thermal
management (Olabi et al., 2022), (Alami et al., 2022), (Zhang et al., 2021), (Luo et al., 2022). Often
composed of multiple cells in different arrangements, Li-ion batteries in series and parallel face many
challenges including low-temperature efficiency and thermal runaway. Li-ion batteries have been
designed in many ways with larger battery cells more susceptible to localised (Bai et al., 2019) heat

accumulation.

The use of PCMs can be used to absorb the heat regardless of the cell size and should be
designed such that the LH capsules prevent temperature spikes and an optimal balance for thermal
conductivity and LH. Non-uniform temperatures lead to short-circuits and local degradation, thus
maintaining the temperature below 40 °C is crucial. PCM volume/thickness including additives and
varying composite materials has been examined with cell-to-cell spacing (Jilte et al., 2019) also an
effective method for efficient heat dissipation. Flow passages and spacings in multicellular
arrangements can improve overall battery performance if cells are thermally affected by other cells.
Studies on encapsulation techniques for PCM melting and solidification based on different geometries
have been summarised in their studies (Mohaghegh et al., 2021). These materials absorb, store and
release LH (Malik et al., 2016) whilst maintaining almost constant system temperature. It also aids in
reducing the effects of thermal imbalance between cells with encapsulation with coupled systems
gaining momentum. PCM-based thermal storage leverages high thermal storage capacity where near-
constant temperature represents the best efficiency with aligned melting temperatures (Fallahi et al.,
2017). It is seen that passive cooling using PCMs can provide a compact alternative to active cooling
methods with the effect of absorption of heat during phase change, delaying effects and prolonging
battery life, low thermal conductivity may cause internal temperature gradients with studies to enhance
thermal conductivity using material with high thermal conductivity (Murali et al., 2021), (Magbool et
al., 2023), (Tan et al., 2023), (Wang et al., 2023), (Lee et al., 2023), (Zhang et al., 2023) can enhance
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the PCM performance. A study by (Reuben et al., 2020) also highlighted that form-stable PCMs can be
negatively impacted by contact resistance and lack of flexibility. Flexible foam PCMs were stated to
enhance thermal contact and resistance. Some studies also focus on thermal abuse and potential thermal
runaway scenarios to evaluate whether a PCM-based thermal management technique can address the
implications which can arise. One such study for a proposed module with a cooling plate system
(Kshetrimayum et al., 2019), analysed a battery module even damaged by nail penetration to gain

insight into preventing thermal runaway in various conditions.

There are many applications which involve diverse engineering domains in which
computational fluid dynamics (CFD) software can be used to efficiently enhance thermal solutions.
This numerical method enables benefits such as cost and time saved but also contains optimisation tools
and functions for increased efficiency. Modelling techniques to ensure longevity including diverse
battery modelling behaviour for the thermal aspects of Li-ion batteries use electrochemical-thermal
models in computational tools. These tools can be used in conjunction with experimental data or studies
(Al-Abidi et al., 2013) to analyse the heat generation, dissipation and distribution within cells to fully
understand temperature control and safety for these storage devices. There are existing models which
have limited capabilities but the use of detailed models is computationally intensive. Methods in the
estimation of the state of charge (SOC) and state of health (SOH) employ models that solely rely on
data processing with different battery models offering co-estimation which can improve the accuracy

with a proposed electrochemical model (Panchal et al., 2018) based on the electrical circuit.

This review focuses on BTMS which uses different numerical computational modelling of
PCM-based thermal management. Despite progress in thermal characteristics, there is a lack of
comprehensive discussion on battery electrical models using computational software based on different
battery types and models as well as the effect on PCM-based thermal management with an emphasis on
ambient and maximum temperature during different cycling modes. This study aims to address this gap
and highlight modelling performance-related challenges in accurate BTMS using LH-based materials
and composites. This chapter is further structured into two main sections with the exclusion of the
conclusion. Section 2.3 introduces the phase change theory of PCMs including battery modelling using
computational software like ANSYS and COMSOL including proposed battery modelling techniques
with an overlapping field of PCMs summarised. Section 2.4 elaborates on thermo-physical
characteristics of PCM-based thermal management solutions covering the type of battery modelling,
arrangement of battery cells, cooling method, discharging or charging rate, continuous cycling or drive
cycle modelling and ambient and maximum temperature based on SOC. It also includes an extensive
list of research papers covered during the review with an attempt to review ideal modelling development
and characterisation techniques for improved thermal management systems. The chapter concludes with
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a critical discussion addressing thermal system design including composites with possible
recommendations. This section reviews the existing work for thermal cycle options for next-generation
batteries and multi-physical cooling BTMS performance and temperature management for EV battery-
powered systems. It goes into detail on thermo-chemical and electrical modelling of batteries including
simulation techniques during phase transition and the feasibility of the PCM based thermal
management. Heat transfer concepts and their applications are explained including an in-depth analysis
of the advantages and disadvantages of the different modelling host systems and optimisation measures

for any technical challenges that may arise, providing real solutions for the future of BTMS research.

2.3.1 Thermal and electrochemical battery modelling

Li-ion batteries use electrochemical redox processes as their primary mode of operation and
work as rechargeable EES. Exothermic processes and ohmic losses (Shahjalal et al., 2021) which
happen in the charge transport release heat. In this event, the cell temperature increases consequentially
affecting neighbouring cells impacted in a battery module or pack. The change in temperature results
in an entropy change that then affects the thermal performance of the battery and can be intensified with
different C-rates. Distinct profiles are shown visually in Figure 2.19 (A) (Jeon et al., 2014), (B) (Goutam
et al.,, 2017), and (C) (Li et al., 2021), with an illustration of the temperature distribution across
cylindrical cells, pouch cells and prismatic cells. For intricate battery configurations which are
characterised by interconnected modules that form packs, cells within are predisposed to significant
heat generation, thus thermal management and uniform temperature distribution become pivotal for cell
life. Left unaddressed, non-uniform temperature increases can potentially escalate to more serious
problems such as thermal runaway. This phenomenon’s quantitative description is encapsulated in the
heat generation equation, elaborated in various studies (Qian et al., 2019), (E et al., 2021), (Yoo et al.,
2019), (Huang et al., 2022), (Ping et al., 2021), (Williford et al., 2009) which acts as a foundational
equation that characterises this behaviour. Heat transfers due to conduction and convection (Qian et al.,

2019) during BTMS design and simulation are shown in eqn. (2.12) and (2.13).
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Fig. 2.19 Battery cell surface and profile temperature, A) cylindrical cell (Shahjalal et al., 2021), B) pouch cell
(Jeon et al., 2014) and C) prismatic cell (Goutam et al., 2017).
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The following expression by Bernardi represents the heat generation model:

dE,
ar]

1
q= v [Eocv - E,+T 2.7)

Where the battery current is, [; open circuit voltage, E,.,; cell voltage, E,,; battery temperature, T; a
. . d . . . .
low-value temperature coefficient, ﬁ. Low coefficient term is overlooked with the difference [E,., —

E,] acting as the total battery resistance, giving the joule heat energy:

Eocp — Ey, = IR; (2.8)
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Enthalpy change equation:

dT
q=mc,— 2.9

Where the mass of the battery is, m; specific heat capacity, c,.

The new equation, substituting (2.7, 2.8 and 2.9) therefore:

== mR—% micp”;iT (2.10)
q=I2R;+IT 2~ @.11)
Heat transfer in the battery cell due to conduction according to Fourier’s law:
q=—k Z_i (2.12)
While convection heat transfer between cell surface and ambient conditions:
q = hA(Tceu — Tair) (2.13)

Gaining insights into the dynamics of heat generation and dissipation within the Li-ion cell is
paramount due to its profound influence on the overall performance of the Li-ion battery since its
temperature plays a crucial role. The phenomenon of heat generation within the battery is intricate,
inherently tied to electrochemical reaction rates, and undergoes variations over time with changing
temperature conditions. This intricate interplay is illustrated in Figure 2.20 (A) (Panchal et al., 2017),
where the active materials embedded within both the positive and negative electrodes are fundamental

components influencing the Li-ion content of the cell.
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Fig. 2.20 Li-ion cell schematic, A) charge/discharge cycling process (Panchal et al., 2017) and B) physical
model (Peng et al., 2016).

A standard Li-ion cell has fundamental components including a positive electrode, a negative
electrode, an electrolyte, and a selectively permeable membrane through which Li-ions traverse and a
protective shell. Distinct layers come together; a copper current collector, a negative electrode, a
separator, a positive electrode, and an aluminium current collector seen in Figure 2.20 (B) (Panchal et
al., 2017), and (Zhang et al., 2022). The negative electrode employs the carbon material, while the
positive electrode incorporates lithium-containing compounds such as LiFePO4, LiMn204 and Li
(NiCoMn)O2. The core operation of the Li-ion batteries involves the movement of Li-ions between the

two polar terminals.

The behaviour of the active materials in these electrodes is noteworthy; they facilitate the
extraction or insertion of lithium ions from or into the particles without inducing significant structural
alterations. During the charging phase, Li-ions are extracted from the active material in the positive
electrode, subsequently being inserted into the negative electrode (Panchal et al., 2017), and (Zhang et
al., 2022). Conversely, during the discharge cycle, lithium ions traverse the electrolyte to reach the
positive electrode. These electrochemical reactions transpiring within both the positive and negative
electrodes contribute to the overall reactions which govern the battery’s performance. The specific
electrochemical reactions pertinent to each electrode, as well as the overarching comprehensive

reaction, are succinctly captured from the following equations as seen in (Panchal et al., 2017).
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For the positive electrode:

charge/discharge
LiM0O, &————— Li;_,MO0, + xLi* + xe™ (2.14)

For the negative electrode:

. . charge/discharge
C+ xLi* + xe” + LIMO, — Li,C (2.15)

Total reaction:

charge/discharge
LiMO, + C &———= Li,C + Li;_, MO, (2.16)

In the context of studying battery thermal behaviour, mathematical models based on different
dimensions (Gulfam et al., 2019), and (Sharma et al., 2015) including zero-dimensional (lumped
parameter modelling), one-dimensional (1D) (Martinez-Rosas et al., 2011), two-dimensional (2D)
(Samba et al., 2014), and three-dimensional (3D) (Guo et al., 2013) models, are commonly used. These
lower-dimensional models offer simplifications of the comprehensive 3D model tailored to specific
battery scenarios. For instance, a 2D model can be viewed as a 3D model with homogeneity along one
dimension, allowing that one dimension to be omitted. This simplification strategy is exemplified by
the 2D current distribution developed in their research (Mastali et al., 2015). Additionally, various cell-
level thermal models, classified by their physical mechanisms and dimensions, have been explored. The
models identified (1D, 2D and 3D) include electro-thermal, electrochemical thermal, and thermal
runaway propagation models (Sharma et al., 2015) which analyse the heat generated from Li-ion
batteries and thermal dissipation which profoundly affect performance. The heat generated is because
of the irreversible activation, joule heating and reversible reactions from entropy change. The
connection between battery performance and temperature is significant. Reduction in performance can
negatively affect its capacity and power which are impacted when active materials are converted into
inactive and where there is an increase in impedance, respectively. The intricacies of these processes
underline the role of operation temperature in Li-ion battery performance. This understanding has led
to the development of comprehensive thermal models, which aid in predicting internal temperature

distribution and improving battery performance while minimising experimental costs.
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Analysing the thermal behaviour of Li-ion batteries, which profoundly impacts their
performance and safety, is pivotal at all levels of arrangements including single cell up to pack level.
While alternative methods are available, experiments and numerical thermal simulations have emerged
as the predominant methods. However, the experimental route presents limitations which may include
tailoring conditions to individual experiments, making it arduous and time-consuming to explore battery
behaviours across diverse ambient environments of discharge rates. There are also disparities between
the core temperature and surface temperature measurements which might inadequately represent the
maximum battery temperature. Internal temperature measurements using thermocouple temperature
sensors may prove to be too impossible to achieve given the compact battery casing. Contrastingly,
numerical simulations (Wen et al., 2020) offer versatility by adapting to different conditions through
parameter adjustments. Furthermore, these simulations enable the depiction of thermal behaviours
across various sections of the battery despite the minor deviations from experimental conditions, the
numerical approach is favoured. This method also employs thermal enhancement for configurations
and BTMS systems. In subsequent sections, numerical simulations are examined, highlighting their
versatility in controlling different boundary conditions and parameters. Additionally, in-depth
exploration is conducted on the use of equivalent circuit models (ECM) and electrochemical models,

specifically the Newman, Tiedemann, Gu, and Kin (NTGK) models, as well as the Newman P2D model.

2.3.2 Equivalent circuit model (ECM)

Researchers have been exploring the design of optimal charging protocols using models based
on the equivalent circuit model (ECM). These models are integrated into optimisation problems with
single or multiple objectives and constraints. The optimisation problems involve employing first-order
(Parvani et al., 2015), (Zheng et al., 2015), and (Nemes et al., 2019) or higher-order (Khamar et al.,
2014) ECMs (Jiang et al., 2014), (Xiaopeng et al., 2014), (Tomaszewska et al., 2019) to characterise
the cell behaviour. Diverse cost functions are formulated to achieve maximum charging efficiency and
minimise charging loss during fast charging. Loss in charging is determined by factors such as internal
resistance, current rate, and charging time. Optimisation on ECM models was reviewed by (Xiaopeng
et al., 2014) to reduce temperature and battery degradation. Their study also highlighted that while
ECMs capture external battery characteristics, one drawback is that they lack insights into internal state
information, particularly side reactions from charging and lithium deposition. Therefore,
electrochemical models have increasingly become preferential in their capability to address this
drawback. Nonetheless, ECM models have proven sufficient to evaluate battery cycling performance.

ECM simplify complex electrochemical battery behaviour using basic electrical components. Unlike
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detailed electrochemical models, ECMs require fewer parameters (Yang et al., 2023), making them
efficient and widely used. Commonly, Thévenin-based and impedance-based models categorise these
approaches. Impedance models employ a constant phase element, while the Thévenin models use
voltage sources, resistors, and RC pairs (Feng et al., 2015). These models have been studied to be twice
the computational speed compared to impedance models. The simple internal resistance model, a
Thévenin variant, uses a voltage source and resistor to represent battery internal resistance (Guo et al.,

2022). While it is easily integrated into BTMS systems, it may lack simulation accuracy.

A 1D basic equivalent circuit model (Zheng et al., 2015) is depicted in Figure 2.21 (A)
represents the internal resistance of a battery. It consists of an ideal voltage source connected to a
resistor symbolising the battery’s internal equivalent resistance. This uncomplicated model is easily
incorporated into various BTMS due to its simplicity. However, its simulation accuracy often falls short.
A more comprehensive model shown in Figure 2.21 (B) is the second-order ECM (Khamar et al., 2014)
which encompasses components such as resistances and capacitance, open circuit voltage (OCV) with
battery terminal voltage. This model presents increased accuracy, clarity, and comprehensiveness. The
model employs a capacity and a current-controlled current source on the left, derived from runtime-
based models, to represent battery capacity, state of charge (SOC), and runtime. Furthermore, the model
incorporates an RC network, akin to Thévenin models to simulate transient responses. To establish a
link between SOC and OCV, a voltage-controlled source is integrated. This proposed model
amalgamates components and dependencies from previous models, resulting in a simplified extraction
process and facilitating compatibility with Cadence. Notably, it seamlessly predicts runtime, steady
state, and transient response, capturing the dynamic electrical characteristics of batteries including
useable capacity, OCV and transient response. In their review (Guo et al., 2014), the estimation of state-
of-power (SOP) can still be accurately modelled using the simple 1st-order RC ECM model as seen in
Figure 2.21 (A) due to its ease of implementation and simplicity. Nevertheless, this model has
significant limitations when compared to real-world scenarios. They stated that the structure cannot
precisely replicate specific reactions and non-linear behaviours of Li-ion batteries which can include
hysteresis effects and diffusion. Moreover, the SOC greatly affects the parameters, current and
temperature. Failure to account for these discrepancies undermines the model’s accuracy for different
battery states and operating conditions. Therefore, various models (Guo et al., 2022), (Shen et al., 2019)

of SOC estimation refine the structure and incorporate parameter variability.

As reviewed in their study (Shen et al., 2019), the ECM employs circuit elements such as
constant voltage sources (representing OCV), resistances (indicating electron and ion movement
difficulty), and RC networks (depicting battery polarisation) to emulate battery I-V traits and transient
actions. This model finds a balanced compromise between understanding external dynamic behaviour
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and gaining insights into internal or microscopic behaviour. Equivalent circuits (ECs) can be broadly
classified into two types: those in the time domain and those in the frequency domain. They emphasised
that the time-domain ECMs construct components to replicate external attributes like voltage and
current. These models are extensively employed in EV management systems due to their simplicity and
parameter identification. The Thévenin model allows for enhanced polarisation between the electrodes
and electrolyte and encompasses a more precise transient response. Various sophisticated ECMs have
been developed to comprehensively capture intricate battery electrochemical processes, enabling
accurate battery state estimation. Other models (Wu et al., 2014), (Mousavi et al., 2014) which were
discussed in their review included alongside the ones discussed, the Impedance-based model, the
Runtime-based model, the combined electrical circuit-based model, and the generic-based model.
Modelling and simulation are prominent tools for exploring and refining battery cell and BTMS designs.
These methods offer insights into various battery behaviours, encompassing electrical, electrochemical,
and thermal aspects, to predict performance under controlled conditions. Two primary modelling
categories are employed: electrochemical models, which provide comprehensive data on cell
electrochemical actions using sets of partial differential equations, and electrical equivalent circuit
models that simplify complex electrochemistry by representing it as electronic components like
capacitors and resistors. The electrical equivalent circuit model, such as the internal resistance model
with a resistance and ideal voltage source, simplifies the electrochemistry. More complex variations
enhance the accuracy. While electrochemical models are precise, they demand substantial computing
resources, making them less suitable for power and dynamic system studies. Simplified models, like

order-reducing models, aim for faster simulations.
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Fig. 2.21 Li-ion cell schematic of, A) first-order RC equivalent circuit model (Parvani et al., 2015) and B)

second-order equivalent circuit model (Khamar et al., 2014).

For the first-order RC equivalent circuit model (Guo et al., 2013):

U‘U = UOCV - Rpl - Up (217)
At At
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For the second-order RC equivalent circuit model, the multi-scale multi-domain (MSMD) approach for

the thermal and electrical analysis (Tomaszewska et al., 2019), (Chen et al., 2006):
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For the second-order RC equivalent circuit model, the electric circuit represents:

V = V,e(S0C) =V, — V, — Ry(SOC)I(t)
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Heat is a pivotal factor that directly impacts the thermodynamic attributes of batteries.
Influencing variables like the rate of temperature alterations. Conversely, battery temperature also
yields an effect on parameters such as resistances, influencing voltage. This relationship is noteworthy,
as higher temperature may lead to reduced internal resistance as well as reduced battery voltage when
the current is high. To effectively represent this and accurately numerically simulate battery
characteristics and the dynamic changes, a coupled electrochemical and thermal model (Ozdemir et al.,
2021), (Tran et al., 2020) has been reviewed. In this coupling mode, both the electrochemical model
which represents electrical properties as well as the thermal model based on the heat equations are
concurrently integrated. A set of partial differential equations (PDEs) offers precise insights into battery
voltage and temperature responses. This thermo-electric coupling can be generated using 1D, 2D and
3D electrochemical and thermal models for different batteries of different chemistry. It is noted that this
model employs the ECM model in which the electrical characteristics are supplemented with a thermal
model to represent simple real-world battery applications under various dynamics. Comparison of the
performance of different ECM models (Tran et al., 2020) for various common Li-ion battery chemistries
including lithium iron phosphate (LFP), lithium nickel manganese cobalt oxide (NMC), lithium
manganese oxide (LMO) and lithium nickel cobalt aluminium oxide (NCA). The first, second and first-
order hysteresis models were analysed under dynamic and non-dynamic current profiles. Results
indicated that all three ECM models can accurately predict battery voltage, with better performance
observed in dynamic current profiles. They also stated that the choice of ECM should be modified to
the specific Li-ion battery chemistry, highlighting that the significance is fundamental in selecting the
appropriate models with real-world battery chemistry and BTMS applications.

In electronics applications, high-energy density rechargeable Li-ion batteries are advantageous,
but the inherent heat generation becomes problematic, escalating with discharge rates. Managing this
thermal issue is crucial within Li-ion BTMS. In their study (Kirad et al., 2021) cooling of a battery
module comprising 30 Li-ion batteries using forced air. The numerical models centred around both
single cell and module arrangement with the influence of longitudinal and transverse spacing variations
between cells for the impact of velocity and discharge rate studied. Results indicate that transverse

spacing significantly affects cooling efficiency and temperature uniformity. High temperatures and cell-
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cell temperature differences significantly impact the ageing and thermal runaway of Li-ion batteries.
Research conducted by (Liang et al., 2021) investigated the BTMS method using ECM on a 168-cell
pack under a 5C discharging rate. Electrical and thermal behaviours were simulated through an
electrical model (Simulink) and heat transfer model, (ANSY'S fluent). Results show that high tolerance
levels and ageing contribute to elevated local cell temperature and substantial temperature discrepancies
in battery packs. The flat-heat-pipe-based BTM maintained the temperature below 50 °C and within a
5 °C temperature difference. The increasing demand for battery storage systems in applications such as
EVs and the importance of internal heat production for maintenance of battery temperature between 15
°C — 45 °C is essential. Active and passive cooling techniques like liquid and air cooling as well as
passive in PCMs and heat pipes are actively being explored. A study by (Padalkar et al., 2023) used the
ECM battery modelling technique, which is versatile regardless of active or passive cooling for ANSYS
using previous data. Grouping of cells to introduce turbulence in forced-air cooling, resulting in a 21.2
% reduction in temperature rise and a 12.7 % decrease in power as noted. A study by (Yang et al., 2023)
analysed the thermal performance of air-cooled BTMS for a honey-comb cylindrical battery pack with
24 Li-ion cells. CFD using ECM modelling evaluated the cooling efficiency and velocity distribution
with findings showing a reduction in maximum temperature and temperature difference compared to a
standard module. The thermal impact on the performance, lifespan, and safety of Li-ion batteries
necessitates effecting cooling solutions. A tree-shaped channel heat sink was designed by (Ran et al.,
2023) for Li-ion battery cooling compared with existing fractal and serpentine channels. Employing an
electrical thermal and fluidic physics simulation based on the ECM model, the temperature
distribution’s effect on battery pack consistency was explored. Different arrangements of series and
parallel configurations were assessed for initial temperature during discharging and charging. The
results indicated that the new design had superior heat dissipation and more parallel cells in the module
had a negative impact on the battery consistency and increased the average temperature rise and the

temperature difference between cells.

A combination with PCM is a promising innovation including those with PCM nanocapsules.
According to their study (Qaderi et al., 2022), an 18650 Li-ion battery pack with water nano-
encapsulated PCM BTMS was analysed using the ECM battery model. Results revealed benefits up to
34 % and 51 % for average and maximum cell temperature compared to just water-based systems. Over
78 % improvement in temperature uniformity was also observed. In a study for combining a hybrid
BTMS with PCM and liquid cooling (Wang et al., 2022), numerical modelling using a 3D thermal ECM
model for battery behaviour, power consumption, weight and efficiency were analysed with a system

with PCM only. Results indicated that at high C-rates, the PCM cooling may not be sufficient for large-
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format Li-ion batteries. Temperature uniformity and maximum temperature difference were kept at a

minimum with the integration of the ECM model for thermal analysis with economic considerations.

2.3.3 Newman, Tiedemann, Gu, and Kim (NTGK) model

Li-ion batteries are the favoured choice among secondary batteries, surpassing lead-acid, and
nickel-metal hydride (NiMH) batteries due to their superior energy density, extended life cycles, and
reduced self-discharge rates. They have been embraced in hybrid, plug-in hybrid, and electric vehicles,
playing a significant role in reducing emissions and resolving energy storage limitations (Wu et al.,
2019), (Zhang et al., 2017). Yet, while Li-ion batteries offer higher energy and power density, they also
exhibit increased heat generation, making them highly susceptible to temperature variations during
operation. The heat generation within these batteries, driven by chemical reactions, reveals reversible
heat predominance at low discharge rates and irreversible heat dominance at higher rates (Du et al.,
2017). As demands for increased power rise, ensuring the thermal safety of Li-ion batteries is
paramount. Research focusing on the thermal behaviour of Li-ion batteries is crucial to maintaining
safe operating temperatures as defined by (Liu et al., 2019), (Adeniran et al., 2023), (and KOK et al.,
2020), ensuring temperature variation among cells stays within a 5 °C range (KOK et al., 2020). This
approach guarantees optimal battery performance while avoiding overheating risks. The integration of
simulation software and experimental validation methods has become an essential practice within the

battery industry.

A diverse range of software tools is available each offering distinct models. This study
emphasises three primary models: ECM, NTGK, and P2D. While the Single Potential Empirical Battery
model demonstrates advantages in fully resolved model geometry, its limitations become evident when
simulation battery systems and their associated electrochemical events. Conducting a single-cell
simulation using this model could become computationally burdensome (Adeniran et al., 2023). The
multi-scale, multi-dimensional (MSMD) approach, however, addresses this limitation by viewing the
entire battery as an orthotropic continuum. The second key model, NTGK, is widely used by others
(Liu et al., 2019), (Adeniran et al., 2023), (KOK et al., 2020), (Hussain et al., 2023). Is a simple semi-
empirical electrochemical model proposed in (KOK et al., 2020). This model relies on experimentally
derived parameters to establish a relationship between volumetric current density and voltage (Hussain
et al., 2023). Primarily suited for battery pack simulation with constant discharge rates (C-rates), the
NTGK model requires fewer parameters and is easier to compute, offering an advantage in cases of
limited cell technical data availability. Nevertheless, certain discharge performance data is essential for
determining specific parameters (Adeniran et al., 2023).
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In the pouch cell modelling phase, for example, the internal structure comprises distinct layers
such as positive and negative electrodes, porous separators, current collectors, and electrolytes, each
individually modelled with similar shapes and structures. The exterior of the cell is enveloped in an
aluminium/plastic composite, with the porous separator situated between the positive and negative
electrodes. Despite the structure being 3D, the electric current flow between the electrode pairs is
observed as a 2D structure. Simulating the repetitive electric field flow demands significant modelling
time and computational resources. Thus, to streamline the process, the cell is simplified by modelling a
single pair of positive and negative electrodes (Adeniran et al., 2023). For further details regarding the
battery’s internal structures, (Kwon et al., 2006) can be referred to. In adopting the NTGK model for
simplicity, several assumptions are made: the short distance between the electrodes results in a
perpendicular current flow; the electrode is considered an equivalent network of electrode material and
current collector resistors linked in parallel; the temperature differences across the cells stacks are
overlooked due to their thinner dimensions in comparison to the electrodes; and the cell is treated as a

single domain, with the physical parameters being an average of the subdomains (Hussain et al., 2023).

The NTGK model serves as an efficient approach (Zhang et al., 2020) to predict rapid heat
generation within Li-ion batteries, aiding in evaluating electrochemical heat and temperature variation
between battery cells. Researchers have leveraged the NTGK model to explore cooling techniques and
temperature uniformity in simple hacks (Ho et al., 2020). The model uses equations to solve battery
temperatures based on cell voltage and current (Molaeimanesh et al., 2020). Nevertheless, it presents
certain limitations, such as lacking the Arrhenius equations (Zhang et al., 2020), which hinders
temperature distribution feedback, resulting in a single I-V curve under specific discharge conditions.
Despite these limitations, the model’s simplification, ease of parameter adjustment, and efficient

computational time outweigh its drawbacks.

To reduce computational time, Reduced order models (ROMs) are used with additional
assumptions. However, caution is needed when employing ROM methods due to potential information
loss (Cheng et al., 2014). Yet, this loss does not significantly impact results in particular applications
like soc estimation and voltage prediction. Passive and active cooling systems have been used to cool
Li-ion batteries historically utilising air or liquid systems. Both systems contribute significantly to
BTMS, reducing thermal runaway possibilities (Kim et al., 2019), (Narasimha et al., 2022).
Nevertheless, traditional cooling methods as noted by (Kim et al., 2019) and (Narasimha et al., 2022),
are complex in design installation and have limited effective temperature ranges. PCMs, however,
address these challenges. As Li-ion battery temperature surpasses the PCM’s melting point, the phase
transition process manages the temperatures. However precise NTGK settings are necessary to model
the moment of melting accurately. The activation of the Solidification/Melting models as described by
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(Cheng et al., 2014) and understanding the enthalpy formulation are essential concepts in solving phase

change problems.

2.3.4 Newman P2D model

This section explores a comparison between a rigorous pseudo-two-dimensional model and two
simplified models for simulating the cycling performance of Li-ion cells. It assesses the advantages and
limitations of each approach. According to research (Santhanagopalan et al., 2006), findings reveal that
a simple ordinary differential equation (ODE) model is highly accurate in predicting potential over time
for discharge rates up to 1C. However, for rates beyond 1C, it is advisable to incorporate certain
simplifications into the rigorous model to improve computational efficiency. Each modelling approach
has its strengths and weaknesses. The porous electrode model offers detailed insights into battery
processes but is computationally intensive. The single particle model, while significantly faster,
simplifies some physical processes, potentially compromising accuracy. Incorporating polynomial
approximations into the porous electrode models strikes a balance between complexity and

computational efficiency.

In the context of simulating Li-ion cell performance across multiple cycles, it is crucial to
choose models that provide a trade-off between accuracy and computation time. By using a parabolic
approximation for solid-phase concentration, these approximate models significantly reduce
computational time while maintaining accuracy, making them suitable for cyclic simulations. As seen
in their research (Santhanagopalan et al., 2006), (Xu et al., 2015), Figure 2.22 (A) illustrates the pseudo-
two-dimensional (P2D), (B) shows the single particle (SP) model and (C) the 3D computational domain
and a 1D pouch cell during discharge. The P2D model envisions the solid phase as spherical particles
with radial diffusion as the primary transport mode with concentration and potentials varying solely
along the x coordinate. A constant open circuit potential is assumed for a side reaction, leading to
capacity fade. The SP model involves the representation of each electrode with a single spherical
particle which disregards the limitations posed by the solution phase and maintains assumptions
regarding the side reaction. A third approach with combines the parabolic approximation with the P2D
model retains the complexity of the porous electrode theory but is mathematically simpler. The
approaches offer various trade-offs between complexity and computational efficiency in modelling Li-

ion battery performance. Equations (2.21) and (2.22) outline the summarisation of the P2D model.
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The P2D model develops the ohmic porous-electrode model by introducing diffusion in the electrolyte
and solid phases as seen in Figure 2.22. A concentrated solution theory depicts the internal behaviour
of Li-ion batteries which encompass positive and negative porous electrodes, separators, and current
collectors (Ramadesigan et al., 2012). They serve as a versatile foundation that accommodates the
evolution into battery systems which lead to the development of other models. Although the model has
an intriguing and useful physics-based approach for the accurate prediction of variables, it still
represents overly complex coupled nonlinear partial differential equations (PDEs) across multiple
dimensions. The computational depth results in simulation times ranging from seconds to minutes, but

the model offers enhanced predictive capabilities due to its incorporation of internal factors.

Electrochemical models have emerged in the exploration of Li-ion batteries, building upon the
groundbreaking work by Newman. These models have been thoroughly examined and evaluated for
their applicability in advancing battery design, as discussed but the authors and in their work (Abada et
al., 2016). Among these models, the P2D model has become the cornerstone, incorporating the idea of
solid material represented by uniform spherical particles within each electrode. It excels in capturing
the battery’s intricate physical processes and predictive capabilities. However, as mentioned in this
review, the computational demands have prompted researchers to seek simpler models which offer
faster simulations with the absence of the full range of cell processes. The models vary depending on
the dimensionality including 1D, 2D, 3D and even lumped models (Zichen et al., 2021). The
electrochemical model discussed here is a representation of a cell unit, with a primary emphasis on heat
generation within porous electrodes and the separator. This model is depicted in Figure 2.22 (A)
where the anode, separator, and cathode correspond to the thickness, respectively. The model simulates
the movement of Li-ions, beginning with their release from the porous negative electrode into the
electrolyte. As seen in their study, (Ren et al., 2022), they travel through the electrolyte, reaching the
porous positive electrode, where they undergo reactions with the active particles, completing the

discharge process.
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A study on energy capacity and resistance amongst cells for a 1D electrochemical-thermal
model for a 53 Ah pouch cell to evaluate parallel-connected cells used an integrated COMSOL
Multiphysics and coupled electrical circuit model in MATLAB (Hosseinzadeh et al., 2018). Results
indicated that variations in cell depth of discharge and temperature gradients across parallel connections

increase with higher load currents and interconnect resistances.
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Fig. 2.22 Pseudo two-dimensional (P2D) model, single particle model (SP) and schematic of 3D computational
domain and 1D cell during discharge (Santhanagopalan et al., 2006), (Xu et al., 2015).

The variations accelerate cell ageing and may pose safety concerns if left unmanaged. It was stated that
a reduction in the number of parallel cells can improve the performance by up to 12 % where otherwise,

high electrical loads can exacerbate temperature issues, particularly near the terminals.
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Research seen in their study (Weilong et al., 2020) analysed the mechanical effects within Li-
ion batteries employing a P2D model that couples mechanical stress with diffusion physics to predict
voltage, temperature, thickness change, and stress distribution in a Li-ion cobalt oxide-graphite pouch
cell. Results indicate that the standard 2D P2D model without the enhanced stress diffusion tends to
overestimate stress levels up to 50 % and an increase in discharge cell capacity by 5.4 %. The stress
levels correlate with Li-ion concentration gradients, with high C-rates, such as in fast charging and

significant at the electrode-separator interface.

Both electrochemical and thermal behaviours were studied (Xu et al., 2015) during discharge,
with the assessment of SOC distribution amount 1D cell units on a prismatic LiFePO4 battery using a
pseudo-three-dimensional model. In this case, the battery with current collecting tabs was treated as 3D
and the local cell units as 1D. This model considered mass, charge, and energy conservations along
with electrochemical kinetics. It was noted that the placement of the positive and negative current
collecting tabs significantly impacts potential, local reaction rates, heat generation, and temperature
distribution within the battery. Tabs on the opposite sides yielded more uniform electrical and thermal
distributions than those on the same side. The model was solely developed for the discharging states
with future research on the expansion to charging processes which would require parameter

modifications.

A 1D electrochemical-thermal model used to analyse a 53 Ah large format battery utilising
NMC chemistry across diverse operational scenarios was studied (Hosseinzadeh et al., 2018). The
continuous charging and discharging from 0.5 C to 5C were analysed for the EV operation using urban
drive-cycle conditions (WLTP Class 3) and high-performance EV operation resembling track racing.
The model combined a 1D representation of one electrode pair with a 3D thermal model, capturing cell-
scale temperature distribution. The model was based on the coupling to reduce computational costs and
sufficiently predict the temperature distribution at the cell scale. The key findings from the study
revealed the significant influence of ambient temperature on battery performance including an increase

in heat generation from increased internal resistance.

A study on battery capacity fade in Li-ion cells for natural convection, forced and PCM cooling
in hybrid analysis investigated a 6 series 2 parallel battery pack (Zadeh et al.,, 2022). A 3-D
electrochemical and thermal model, incorporating Newman’s P2D model using ANSYS, was used to
predict the heat generation and temperature distribution within the battery especially the impact of
temperature on capacity fading. It was noted in the results that air cooling falls short of temperature

limits and PCM cooling improves temperature uniformity with accumulation of heat.
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A pseudo-two-dimensional electrochemical using COMSOL, coupled with a lumped thermal
model to analyse the electrochemical and thermal behaviour of a commercial 18650 LFP cell was used
to understand the impact of various factors including electrical contact resistance and current on the
battery performance and temperature distribution (Saw et al., 2013). The model effectively integrated
the detailed geometry and layered structure of the battery components for natural convection and heat
dissipation correlated from experimental validation. The results showed that reaction heat was identified
as the primary heating source about 80-85 % during charging and discharging. The significance of
electrical contact resistance was identified, which led to temperature gradients across the cell and

highlights the importance of proper cooling for EVs, especially for fast-charging applications.

A CFD model using ANSY'S for predicting the transient temperature distribution in a prismatic
LiPo battery cooled by natural convection during various discharge cycles was analysed (Magri et al.,
2023). The model combined Newman’s P2D electrochemical approach with CFD analysis using
experimental validation of the accuracy of the CFD simulations. The parameters are crucial for battery
modelling, often challenging, assumed, and validated, and useful for similar battery simulations. The
study highlighted how computational modelling can replace expensive and time-consuming physical

testing, benefiting battery manufacturers and researchers.

Research conducted (Hashemzadeh et al., 2022) on improving Li-ion battery modelling with
the consideration of concentration-dependent electrolyte properties often neglected in simplified models
proposed a nonlinear modified SP model to function as a simplified electrochemical-based model. It
was studied to address the shortcomings of constant-property models using a simplified full-order
electrochemical model with a reduction in the number of equations. An approximation was used for
improved accuracy which was validated against experimental data. Results indicate that the new model
had a reduction in computation time compared to the full-order P2D model and the importance of
electrolyte properties in high C-rate applications. A 3D battery model on the study of the internal
physiochemical characteristics of a 10 Ah LiPo battery was analysed in their work (Li et al., 2015) using
COMSOL. Results revealed that the most significant gradients in the properties occurred at the
transition region between the electrode plates with the cell. Consequently, the design of tabs within a
battery should be carefully considered as well as the role of the anode in terms of the overpotential of
the battery during the discharging phases. The critical challenge of managing heat in 10 AhLiFePO4
battery modules was analysed for high-temperature regions in their work (Ping et al., 2018). Combining
PCM with a fin structure to mitigate extreme temperature and enhance temperature uniformity using
paraffin waxes with a 1D-electrochemical and 3D thermal coupling using a P2D model in COMSOL.
Results indicated that the choice of PCM for lower melting temperature improved the thermal
performance but had limitations due to low conductivity, which was enhanced with a fin structure,
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reducing the maximum temperature to 51 °C for high C-rates. It was also noted that there was a

reduction in the risk of failure using the combination.

2.4 Passive-based cooling effects on battery thermal management systems (BTMS) for real

cycling modes in electric vehicles
2.4.1 Integration of PCMs in Battery systems

Traditionally, phase changes have been categorised based on the state of matter involved.
However, it has been observed that an additional type of phase change occurs within the solid state as
indicated in their review (Xia et al., 2017) and as depicted in Figure 2.23. There are alterations in the
crystal structures for the solid-state phase change which contributes to fractional LH to the overall phase
change phenomenon. This is particularly noticeable in the differential scanning calorimeter curves in
paraffin waxes. A classification was formed by associating the fundamental types of structural and state
changes with PCMs. Paraffin waxes are versatile PCMs with attributes suitable for various thermal
applications. However, their unique features, including thermal, mechanical, responsive, and chemical

properties, demand tailored approaches for each application.

For the thermal management systems, paraffin waxes require compositional adjustments to
overcome their low thermal conductivity while preserving Latent heat (LH). Mechanical enclosures are
usually preferred due to their minimal leakage, which is advantageous to polymers. A balance between
thermal and operational performance is pivotal toward high storage density while reducing heat times
including LH which can often lead to bulkier designs. As seen in their review (Xia et al., 2017) thermo-
mechanical, thermo-responsive and thermo-chemical systems were analysed which use varying
properties, shapes, and inertness to meet certain constraints including smart surfaces and biomaterial
design approaches which hold immense potential across various thermal applications. Although, the

implementation hinges on design, material, and methodologies.

A BTMS (Qian et al., 2019) is essential for regulating the temperature of battery packs,
especially Li-ion batteries commonly used in commercial applications. Temperature significantly
impacts the battery performance, as chemical reactions within the battery are temperature dependent as
seen in this review. Research has shown that temperature variations can lead to uneven temperature
distribution within battery cells causing reduced lifespan and performance. Battery temperature changes
occur due to heat generated during the charging and discharging processes. This heat is a result of
various factors, including ohmic heat, heat mixing, enthalpy heating and entropy changes during the

electrochemical reactions. Managing this heat generation is critical, particularly for Li-ion batteries in
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EVs and HEVs. BTMS plays a crucial role in maintaining battery pack performance and longevity by
regulating temperature. Researchers have made significant contributions to the field of battery thermal
management, aiming to address the challenges posed by temperature variations in EVs and HEVs. There
have been studies on heat generation (Madani et al., 2023), (Kandukuru et al., 2023), (Broatch et al.,
2022), (He et al., 2023), (Velumani et al., 2022), (Siddique et al., 2018), (Tete et al., 2021) and the most
likely areas of heat accumulation which may lead to non-uniform temperature distribution leading up
to low performance and reduced useful life. A chart showing the classifications of the battery cooling
system is illustrated in Figure 2.24 (Tete et al., 2021), which outlines the various categories of power
consumption including active and passive cooling as well as other key parameters including the heat
transfer medium, whether there is direct or indirect cooling, orientation of battery system example series

and parallel and other techniques.
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The field of BTMS has witnessed an array of rigorous investigations, combining both
experimental and numerical approaches. These studies span across multiple tiers, encompassing
research conducted at the cell, module, and pack levels. The primary objective has been to unravel the
intricate thermal behaviours of batteries operating under various conditions. A notable facet of this
research has been the extensive use of mathematical modelling, often leveraging Computational Fluid
Dynamics (CFD) techniques, which have been instrumental in understanding and enhancing BTMS.
Experimental research as seen in their review (Tete et al., 2021) occupies a pivotal role in this domain,
serving as the cornerstone upon which our understanding of BTMS is built. It offers the means to discern
the nuanced relationship between variables, shedding light on the influence of one parameter upon
another. Researchers have diligently contributed to the development of both numerical and
experimental platforms which are tailored to the unique challenges posed by the thermal management
of Li-ion batteries. Both the impact of the structural, and operational variables on the performance and
longevity of Li-ion batteries include objectives to discuss in this review. Present battery and BTMS
technologies in EVs face challenges: their performance relies on temperature, state, and health factors.
High discharge rates often lead to uneven temperature distributions within the battery, potentially
decreasing its lifespan. Cold weather necessitates additional power for heating, causing energy losses.

Thermal runaway, especially during high-speed charging and repeated cycles, poses a risk, potentially
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damaging cells, or battery packs. Recycling and disposal of batteries have environmental implications.
Moreover, the main obstacle to economical EVs is the cost of Li-ion batteries, with potential cost
reductions offering significant savings. Future battery development focuses on extending lifespan,
boosting power capacities, and enabling rapid charging to enhance EV feasibility as studied (Choudhari

et al., 2020).

BTMS are crucial for maintaining Li-ion batteries within the ideal temperature range. Li-ion
batteries are sensitive to temperature, so BTMS ensure the battery pack’s temperature stays optimal. In
this regard, the BTMS must be practical, energy-efficient, and cost-effective as stated in their review
(Kim et al., 2019), ideally not exceeding 20 % of the system weight or interfering with other
components. Effective cooling is vital, keeping the maximum temperature below 40 °C and the
minimum temperature below 15 °C. This is also respective of the C-rate, single charging/discharging
and whether consecutive cycling or drive cycle modelling is applied. These parameters along with the
ambient temperature assessed were recorded in the summary tables. Harnessing LH during phase
transitions in the use of PCMs can play a pivotal role in BTMS. These PCMs must possess specific
attributes like high LH, appropriate phase transition temperatures, minimal volume changes, good
thermal conductivity, non-toxicity, and chemical stability. Solid-liquid PCMs, especially eutectic
materials are favoured in power BTM for their stability and minimal volume changes during phase
shifts. Organic PCMS, like paraffin, are widely used due to their chemical stability, affordability, and
corrosion resistance, though they have limitations like low thermal conductivity and flammability.
Enhancements like low thermally conductive materials such as metal copper foams, improve thermal
performance. These cooling method enhancements have been identified in this review in the summary
tables. Although different cooling methods such as air cooling, liquid cooling, heat pipes and
thermoelectric coolers (TECs) are researched to have effective thermal management, there are many
challenges associated with using these active methods. In the case of PCM cooling, challenges like
volumetric expansion and low thermal conductivity during phase shifts are experienced so
strengthening using PCM sleeves with materials such as graphite, metal fins, encapsulations or foam
improves the thermal conductivity (Ranjbaran et al., 2023), (Sun et al., 2019), (Zhang et al., 2023),
(Zhang et al., 2022). They can also be enhanced using nanotubes and nanomaterials which will be

discussed in this review.

As a culmination of these research efforts, this section includes a comprehensive summary of
significant findings drawn from a synthesis of numerical simulations, where different CFD approaches
have been used to model single-cell, module and pack systems that employ PCM (Wazeer et al., 2022)
as a cooling method along with enhancements to this method. Tables 2.1, 2.2 and 2.3 within the article
have been thoughtfully organised based on these criteria. This amalgamation of insights represents a
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valuable resource for advancing our understanding of BTMS using PCMs and the numerical approaches

used and informs on the development of more robust and efficient thermal management solutions.

The realm of BTMS has witnessed extensive research, employing both experimental and
numerical methodologies, spanning various levels, including cell, module, and pack. The primary
objective has been to understand the complex thermal behaviours of batteries under diverse conditions.
Mathematical modelling, particularly leveraging CFD techniques, has played a crucial role in
comprehending and enhancing BTMS. Experimental research holds a pivotal role, providing a

foundation for understanding BTMS intricacies and the relationships between various variables.

Current battery and BTMS technologies in EVs face challenges, including temperature
sensitivity, uneven temperature distribution, energy losses in cold weather, thermal runaway risks, and
environmental concerns. Future battery development aids in extending lifespan, increasing power
capacities, and enabling rapid charging to enhance EV feasibility. Effective BTMS is essential for
maintaining Li-ion batteries within an ideal temperature range, considering factors like weight, energy
efficiency, and cost-effectiveness. Cooling is vital, with parameters such as maximum temperature,
minimum temperature, C-rate, and environmental conditions playing a crucial role. PCMs are key
components in BTMS, harnessing Latent heat during phase transitions. PCMs should possess specific
attributes like high Latent heat, approximate phase transition temperatures, minimal volume changes,
thermal conductivity, non-toxicity, and stability. Enhancements, such as using materials like metal

copper foams and nanomaterials, improve PCM cooling performance.

2.4.2 Single-cell PCM integration

A study (Yang et al., 2023) explored passive cooling techniques using PCM to regulate a
Panasonic 18650 PF Li-ion battery cell for use in EVs and HEVs with validation results less than 1 %
deviated between numerical and experimental data, with stringent safety measures imposed to mitigate
risks. The PCM introduced a substantial impact on thermal performance, notably under normal ambient
conditions (25 °C), extending it by 20 % post single discharge. This accumulated into an impressive
340 % overall performance enhancement, ensuring consistent temperature maintenance across different
cycles. The study also investigated the impact of circumferential PCM thicknesses with 3 mm sufficient
for effective performance extension. Notably, in high-temperature environments (40 °C and 55 °C)
there were still stable battery temperatures and even in low temperatures (-20 °C and 0 °C) where the
PCM does not melt due to melting temperature, consistent thermal performance over consecutive

cycling was displayed.
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A water-nano encapsulated PCM with nano-capsules dispersed in water, for the thermal
management of an 18650 Li-ion battery pack was seen in research (Qaderi et al., 2022) which employed
momentum, electrochemical, and energy equations to analyse the system. The results indicated that
PCM utilisation can significantly reduce the average and maximum temperatures of battery cells up to
34 % and 51 %, respectively, compared to traditional water systems. Additionally, there was an
enhancement in the temperature uniformity up to 78 % with a slight increase in Li-ion concentration

difference for both the solid and liquid phases and a reduction in the battery voltage.

A thermal management system using pin fins, PCM and expanded graphite (EG) for high
discharge scenarios exceeding a Panasonic NCR18650BD battery’s 2C limit was studied (Wazeer et
al., 2022) for the battery’s electrical and thermal behaviours simulated for different discharge rates
(0.5C, 1C and 2C) validated with experimental data. The study investigated the heat generation profile
for high discharge rates (2C, 3C, and 4C) and explored the effectiveness of various heat sinks, with fins
and without using Eicosane PCM. Results showed a reduction in temperature by up to 22.7 °C compared
to a plain heat sink. The introduction of the EG and the addition of fins added weight to the system but

maintained low battery temperatures and temperature uniformity.

The critical issue of battery overheating in EVs by introducing an effective thermal
management system for battery modules focused on preventing heat propagation and thermal runaway
for up to three 18650 cells damaged due to nail penetration was examined in their work (Kshetrimayum
et al., 2019). The Newman P2D model, short circuit model and thermal abuse model were used to
accurately estimate intense heat generations under various conditions. The results demonstrated that the
proposed system with combined PCM and micro-channel cooling plate maintained the maximum
temperature of neighbouring cells below 89.85 °C to prevent the thermal runaway across the entire

module.

The growth of EVs and HEVs faces a significant obstacle due to the need for larger Li-ion
batteries that can manage heat safely. In their study (Al-Hallaj et al., 2002), a 1D thermal mathematical
model to simulate the thermal behaviour of commercial Li-ion cells incorporated experimental and heat
generation data for simulations revealed that cells maintain uniform temperature under low cooling
rates but are significantly affected by variations at higher cooling rates. The Li-ion batteries exhibit
unique cooling characteristics that make them highly suitable for a passive thermal management system
reliant on phase change heat effects. They stated that there is high potential for the use of PCM-based
thermal management systems, especially in extremely cold ambient conditions and space applications.
Moreover, it emphasises the cost advantages it can offer compared to active cooling systems. A thermal

management system for Li-ion pouch battery modules investigated the use of phase change slurry (PCS)
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comprised of water and n-octadecane microcapsules within a mini-channel cooling plate to manage the
battery temperature was studied in their work (Bai et al., 2019). The study analysed a 3D thermal model
and employed an orthogonal matrix to balance the cooling performance and energy consumption. The
findings indicate that the PCM slurry outperformed the pure cooling method but diminishes once
beyond a critical mass flow rate. It was deemed that at an appropriate concentration rate and above
35.85 °C, the energy efficiency of the slurry is improved. Two BTMS systems for Li-ion batteries in
HEVs and EVs as seen in their work (Chen et al., 2020) explored active air cooling and passive PCM
cooling. A comprehensive model integrating electrochemical and thermal aspects was used and
validated. The key findings revealed that active air cooling effectively maintains battery temperature
up to 50 °C, while passive PCM cooling struggles at high temperatures but provides a more uniform
temperature distribution. Air cooling extends Li-ion cycle life, especially at lower velocities, and is
cost-effective according to their work. Research work (Verma et al., 2019) examines the efficacy of
PCM/compressed expanded graphite (CENG) cooling for battery cells, providing a competitive
alternative to forced convection methods. The study employed a simplified 1D model, demonstrating
practicality and accuracy and the influence of built density on system performance. Results indicate that
as density increased the gains in efficiency diminished. To enhance the performance further, reducing
the convection resistance emerged as a crucial factor. However, a notable concern of the temperature

gradient which exceeds 10 °C within the battery needed further investigation.

As ongoing areas of research, a more streamlined approach to the design and optimisation of
PCM/CENG cooling systems for battery packs was promising as the choice of various inputs to create
the test case allowed for versatility. Composite PCM (cPCM) consisting of paraffin and expanded
graphite (EG) for BTMS was explored (Gu et al., 2022). Optimal dimensions for a ¢cPCM were
identified and led to the proposal of an innovative BTMS design with air and cooling fins with validated
data for an ambient 20 °C with a 2C discharging rate using a lumped model in COMSOL. The function
of the cPCM was to cool the core of the Li-ion batteries, while the air with the addition of fins, cooled
the upper and lower sections. The simulations using COMSOL Multiphysics demonstrated that the
model consistently reduced temperatures by 2 —4 °C compared to the base design under a high discharge
rate condition at 30 °C. This approach was also seen to significantly reduce the weight of the Li-ion
battery packs. Different configurations of the fins also improved the heat transfer. A study which
introduces ECM battery modelling for BTMS utilising PCM and liquid cooling used an enhanced
extended Kalman Filter (EKF) for real-time battery temperature estimation without extra sensors.
Compared to free cooling, the approach lowered the battery temperature by 7.35 °C at a 3C discharge

rate with a 1.7 °C difference (Hou et al., 2022), assessed at various discharge rates, inlet flow rates, and
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PCM thicknesses. The model exhibited an accuracy within 5 % of experimental results. The model

proposes a real-time electrical and thermal signal prediction in large battery packs and BTMS analysis.

A numerical heat transfer analysis using ANSYS fluent in their work (Javani et al., 2014)
explored the passive thermal management in EVs and HEVs using PCMs integrated with Li-ion cells.
PCMs absorb and release heat during phase changes, mitigating temperature spikes in cells. The study
employed a numerical approach with varying PCM thicknesses and assessed the impact on cell
temperature distribution. A 12 mm PCM reduced the maximum temperature, while a 3 mm thickness
provides a 10 % more uniform temperature distribution. Transient conditions revealed that PCMs rapid
cooling effect within 7 minutes at heat generation rates and emphasises thicker PCMs for improved
thermal management. Mesh generation using COMSOL was seen in their work (Karimi et al., 2022) in
a study which explored high-power dual-cell Li-ion capacitor modules using PCMs combined with

aluminium mesh grid foil.

The main goal of the research was to maintain system temperature within a safe range while
improving uniformity and costs. Three different cooling methods were analysed which included pure
PCM, dual PCM and the PCM combined with aluminium through experimentation and validated with
a 1D-electrothermal and 3D-thermal model. Results showed that the PCM combination reduced the
maximum temperature of the module by 20 % compared to forced convection with optimal thickness
examined to balance the cost and temperature. The dual-PCM combination system also further
enhanced temperature reduction and demonstrated promise for efficient and cost-effective thermal
management. In their study (Karimi et al., 2021), research investigated the thermal management for Li-
ion capacitors in high-power applications. Various cooling systems, including air-cooled and liquid-
cooled active systems as well as passive systems with PCMs, aluminium mesh, heat sinks and heat
pipes were all examined. The experimental results were validated using COMSOL Multiphysics
software. The PCM and liquid-cooled hybrid with PCM reduced the maximum temperature of the

system.

Figure 2.25 displays battery single-cell geometry for cylindrical (A-D), prismatic (E), and
pouch (F) respectively, showing the orientation and location of the PCM for different cell types seen in

research.
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Fig. 2.25 Schematics of PCM-based cooling for single-cell batteries proposed by A) (Yang et al., 2023), B) (Gu
et al., 2022), C) (Gu et al., 2022), D) (Khaboshan et al., 2023), E) (Karimi et al., 2022), F) (Javani et al., 2014).
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In another study (Karimi et al., 2021), the combination of features which include double-layer
capacitors and Li-ion batteries was investigated. During high-power operations, the storage devices
generate heat which impacts their performance and longevity. An integrated system which included
PCM, and heat pipes aimed to maintain the temperatures below 40 °C under continuous 150 A for 1400
s. The experimental and numerical analysis compared the hybrid system with PCM and natural
convection with the heat pipe. Results showed that the hybrid passive system significantly reduced the
temperatures by 35 % compared to a standalone system and improved the temperature uniformity. In
their study (Ma et al., 2022), the improvement of BTMS for electric tools requiring high currents (10 -
15 C) and high temperatures (40 °C) was investigated. The batteries used in the system were Samsung
18650 20R NCM batteries and explored the temperature distribution from the battery core to the surface
under these extreme conditions. PCMs were applied for thermal control. Results showed that while the
PCMs effectively reduced the surface temperatures, core temperature reduction was limited, which
caused a significant temperature difference and noted the impact of PCMs on battery lifetime, with
increased capacity but accelerated ageing (90 — 250 %) under extreme conditions. A study which
focused on the development of effective BTMS for Li-ion batteries used in EVs (Najafi et al., 2023)
used four configurations with a combination of PCM, metal foam, and various fin shapes designed to
maintain optimal surface temperatures during high-current discharging (3C-rate) in diverse
environmental conditions. The results showed that the most effective BTMS, incorporating PCM, metal
foam and fins, reduced the battery surface temperatures and delayed PCM melting compared to just
PCM alone. It was noted that different fin shapes had minimal impact on performance and practical

applications should consider environmental factors in cylindrical Li-ion batteries.

Efforts to develop effective BTMS for Li-ion batteries in EVs used different configurations
with a combination of PCM, metal foam, and various fin shapes. The most effective BTMS,
incorporating PCM, metal foam and fins, reduced battery surface temperature and delayed PCM melting
compared to PCM alone (Najafi et al., 2023). A summary of the single-cell PCM-based thermal
management systems for pure and enhanced PCM designs including numerical modelling, cell types,
battery chemistry and cooling method is illustrated in Table 2.1 (A). An additional supplementary Table
2.1 (B) outlines the discharging/charging rates and ambient and maximum temperature seen in the
research. The studies also analysed whether continuous discharging/recharging processes were

completed including drive cycle modelling.
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Table 2.1A. Summary of work conducted for the single cell model BTMS (materials).

Serial  Authors Modelling  Cell type Battery Capacity #ofcells Cooling IF PCM -
Chemistry Ah /module  method Type/Melting
Temp/Pure
1 Yang et al, ECM Cylindrical ~ Lithium-ion 29 1 PCM N-
2023 octadecane/298.1
5 K-302.15
K/pure
2 Qaderi et al, P2D Cylindrical ~LiFePO4 /15 24 water nano- N-
2022 Graphite encapsulated octadecane/298.1
PCM (NEPCM) 5 K-302.15
K/pure
3 Akula et al, P2D Cylindrical NCR18650B 2.98 1 Pure PCM/fins FEicosane/
2022 D (expanded
graphite)
4 Kshetrimayu P2D Cylindrical ~ Lithium-ion 1.5 10 microchannel
m et al. 2019 cooling  plate
and PCM
5 Al-Hallaj et Cylindrical ~ Lithium-ion 10, 30, 1 liquid
al., 2002 50, 100 cooling/PCM
6 Bai et al, ANSYS Pouch LiFePO4 /20 PCM slurry 20 % n-
2019b Graphite octadecane, 80 %
water
7 Chen et al, COMSOL Cylindrical LiFePO4 /23 16 PCM
2020 Graphite
8 Greco et al, SYRTHE Cylindrical ~ Lithium-ion 1 PCM composite
2015 S
9 Guetal, 2022 COMSOL Cylindrical Lithium-ion 33 1 PCM composite  paraffin wax
(paraffin ~ and
expanded
graphite)
10 Hou et al, COMSOL Pouch LiFePO4 /22 1 liquid
2022 Graphite cooling/PCM
11 Javani et al., ECM Pouch Lithium-ion 1 PCM
2014
12 Prismatic Lithium-ion 23 1 PCM/Al
13 Karimi et al., Prismatic Lithium-ion 2.3 1 air/liquid/PCM pure paraffin
2022 cooling/PCM/A
1
14 Karimi et al., Prismatic Lithium-ion 1 1 PCM and flat pure paraffin (25 -
2021 pipe 32°C)
15 Maetal., 2022 Cylindrical NCM 30 1 PCM and paraffin wax (45-
graphite 58°C)
16 Najafi et al., ANSYS Cylindrical ~ Lithium-ion 1 PCM, metal n-eicosane

2023

foams and fins
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Table 2.1B. Summary of work conducted for the single cell model BTMS (conditions).

Serial Authors C rate Consecutive Drive Single Ambient Max
cycling (100% - Cycle charge/discharge Temp C Temp C
0%)
1 Yang et al., 2023 1C Yes No Yes 25 60
2 Qaderi etal., 2022 0.2C-2C No No Discharging 26 40
3 Akula et al., 2022 2C, 3C, 4C No No Discharging 24 60
4 Kshetrimayum et 1C No No Discharging 26.85 89.85
al. 2019
5 Al-Hallaj et al, 1C-3C, 5C, No No Discharging 26.85 63.85
2002 7C,9C
6 Bai et al., 2019b 1C, 1.5C, No No Discharging 26.85 53.47
2C,3C
7 Chen et al., 2020 No No Discharging 25 46.96
8 Greco et al., 2015 0.1,0.5C, 1C  Yes No Yes
9 Gu et al., 2022 0.5C, 1C, Yes No Discharging 25 39.85
1.5C, 2C
10 Hou et al., 2022 1C Yes Yes Yes 0, 10, 20, 30, 56
40, 50
11 Javani et al., 2014 No No Discharging 20 75
12 Karimi et al., 2020  2C, 3C, 4C Yes No Yes 20 60
13 Karimi et al., 2022  1C, 2C, 3C Yes No Yes 30 45
14 Karimi etal., 2021  1C,2C Yes No Discharging 21 43.85
15 Ma et al., 2022 1C No No Discharging 25 45
16 Najafi et al., 2023 1C No No Discharging 23 60
1 Yang et al., 2023 1C No No Discharging 23 55
2 Qaderi etal., 2022 15C No No Discharging 40 75
3 Akula et al., 2022 3C No 31.85

2.4.3 PCM-based cooling in modules

The critical issue of Li-ion battery thermal management in EVs to prevent catastrophic thermal
runaway has been studied (Hussain et al., 2023). They introduced an efficient and cost-effective BTMS
using PCM. The research employed a 3D simulation, analysing single batteries and battery packs under
extreme conditions. The NTGK model in ANSYS is used for battery performance and thermal analysis,
further enhanced by PCM solidification, and melting models. The study evaluated ambient temperature,
discharge rate, and heat transfer effects on BTMS performance and identified effective ambient PCM
combinations. Under high discharge rates, the PCM-based BTMS significantly reduced the maximum
battery temperature, enhancing safety and providing insights into large-scale applications based on

tailored PCM selection and environmental conditions.
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Performance enhancement of Li-ion batteries in EV which looked to address the issue of
reduced mileage due to high temperature was studied in their work (Talele et al., 2021). Their study
introduced a passive thermal management system using PCMs for 60-cell 18650 Li-ion batteries
commonly used in automobiles. The PCM was applied around the battery cells to delay the temperature
rise using numerical simulations in ANSYS fluent and a neural network approach for optimisation.
Paraffin wax and RT-18 PCM configurations were compared with the paraffin wax showing better
performance due to its lower melting point. The study correlated the time delay with the liquid fraction
rate and indicated that higher liquid fraction rates increased the time delay and allowed for more

efficient energy utilisation.

A hybrid cooling plate for thermal management of Li-ion batteries in EV, with a combination
of both active liquid cooling and passive PCMs cooling as seen in their research (Akbarzadeh et al.,
2021). The hybrid design was shown to be 36 % lighter than traditional aluminium plates, offering
weight savings. ANSYS CFD and experimental testing were used to validate the performance. Results
showed that the hybrid cooling plate reduced the energy consumption for circulating coolant by up to
30 % compared to the aluminium plates and provided better temperature uniformity. In colder
conditions, there was a delayed temperature drop which reduced the need for active heating and little
downtime. Moreover, the hybrid liquid cooling plate embedded with PCM was seen in their study
(Akbarzadeh et al., 2022). The hybrid system combined both the active and passive cooling methods to
investigate the performance using ANSYS for a 48 V battery module under low currents with passive
cooling, medium currents with triggered liquid cooling and high currents with constant liquid cooling.
The study also investigated the PCM’s ability to prevent rapid temperature drops in cold environments
when the battery is switched off. Results showed that the passive cooling kept the module within the
desired temperature range at low current with the hybrid model showing reduced energy consumption.
The maintenance of battery temperature also impacts the requirement for warming the battery after

short stops.

Research on the impact of battery configuration, for spacing between batteries in a liquid-to-
vapour battery cooling system (Al-Zareer et al., 2019a) where the batteries were partially or completely
submerged in a coolant pool near the battery optimal temperature. The heat generated from the battery
exceeds the saturation temperature leading to evaporation and cooling. Four configurations were
assessed under varying discharging rates (4C, 5C, and 6C) using COMSOL with results showing that
decreasing the battery spacing increases the maximum battery temperature but improves the thermal
uniformity. In another study (Al-Zareer et al., 2018a), a refrigerant R134a was used as the cooling
method which integrates a comprehensive model combining a 1D electrochemical model with a 3D
heat and mass transfer model to effectively simulate and assess the battery performance for partially
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submerged batteries. As R134a absorbed the heat, it transformed into vapour and cooled the battery
surfaces not in contact with the liquid which is then expelled and subsequently condensed back to liquid
in the conditioning system. The system was assessed under various conditions, including 600s charging
and discharging at 5C and a 10-minute motorway drive cycle. The results demonstrated that the PCM-
based BTMS surpasses conventional air and liquid cooling systems, ensuring lower maximum battery
temperature and achieving more uniform temperature distribution across the module. Moreover, (Al-
Zareer et al., 2018b) assessed a boiling-based heat transfer method to effectively control battery
temperature during high-power charging and discharging with propane as a cooling and energy source.
The resulting vapour from heating was used to produce electrical energy for charging or driving the
vehicle. The tests were performed under charging and discharging cycles with results indicating that
the battery temperature was maintained below 35 °C as well as reducing the temperature difference
between cells. Further research on the PCM R134a to enhance battery lifespan and reduce charging
duration was seen in their work (Al-Zareer et al., 2020) for spacing configurations. The results indicated
that the compact refrigerant-based thermal management system maintained the battery maximum
temperature under 35 °C with temperature variations within 4 °C when 80 % of the battery is
submerged. The study demonstrated that the liquid-to-vapour battery cooling system offered
competitive performance compared to liquid and air-cooling systems. A comparative analysis of BTMS
with a focus on the liquid-to-vapour PCM systems was studied (Al-Zareer et al., 2019b) and compared
convectional thermal management methods. Results included that tube-based systems excel for
prismatic batteries, pool-based reduce maximum temperatures for cylindrical batteries by 30 %, and 80
% coverage is needed to achieve similar temperature reductions for prismatic batteries with both
methods found superior to other proposed systems with enhanced heat transfer characteristics, but

further exploration needed.

Thermal management challenges in fast-charging Li-ion batteries with a focus on cooling
methods like liquid cooling and hybrid cooling with PCMs were seen in their study (Amalesh et al.,
2022). Three design configurations of a prismatic module charged at 8C rates were assessed through
numerical simulations in ANSYS. The findings highlighted the superiority of liquid cooling over hybrid
methods for fast charging. Factors like coolant flow direction and PCM thermal conductivity
significantly impact the cooling efficiency, while PCM melting temperature and Latent heat play a
minor role. It was noted that a minimum cooling flow rate is required to maintain battery temperatures
below 40 °C during fast charging, and PCM-based hybrid cooling required enhancements in thermal
conductivity. A hybrid BTMS combining active air cooling and passive PCM within a Li-ion battery
module analysed eighteen cases with various cell arrangements, module compactness levels, and PCM

thicknesses were simulated in ANSYSS in their work (Bamdezh et al., 2020). Results indicated that only
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one case, which featured aligned cell arrangement, maximum compactness, and minimal thickness
experienced unsafe cell temperature increases. Across all the cases, the maximum temperature
difference within the battery module remained under 1.5 °C, which demonstrated the hybrid’s ability

to maintain uniform temperature distribution among cells.

The increase in the PCM thickness reduced the average cell temperatures, particularly when the
active cooling was less powerful. A passive thermal management system for Li-ion batteries to prevent
thermal runaway using inorganic composite PCM (cPCM) consisting of sodium acetate trihydrate
(SAT) and EG was analysed in their study (Cao et al., 2022). The results revealed that SAT/EG
effectively inhibits thermal runaway propagation with a battery compared to unprotected conditions or
insulation materials without a rise in the temperature. The material combination displayed substantial
heat storage capacity and can be deemed a promising candidate for thermal runaway protection. A
hybrid BTMS combining liquid cooling and PCM with varying EG contents to enhance battery module
temperature uniformity and cooling performance (Chen et al., 2022) analysed a matrix which adapts the
heat transfer efficiency along the liquid flow direction due to the difference in EG contents.
Investigation into layout options, segment lengths, and structural parameters through CFD at 4 C-rate
and 308.15K ambient temperature was shown to significantly reduce maximum temperature and
temperature difference. Additionally, an increase in the cell spacing was also found to reduce the

maximum temperature and temperature difference.

A study which focused on the enhancement of the thermal performance of a 5x5 Li-ion battery
arrangement using PCMs was analysed (Choudhari et al., 2021) and highlighted the heat during
discharge and charge. PCM cooling, known for its high Latent heat capacity and lightweight nature,
was evaluated. Results indicated that while PCM was effective at lower discharge rates (1C, 2C, and
3C), there was an accumulation of heat in the interior of the module. Different fin structures were
introduced and studied including convection and structure of fins on charging and discharging cycles.
There was an indication that the potential to reduce maximum temperature and improve PCM melting
fraction was observed. Effective thermal management is vital as seen in the studies highlighted in this
review with energy storage systems reliant on Li-ion batteries. In their study (Coleman et al., 2016),
minimum cell-to-cell spacing in direct, liquid-cooled battery modules using a metal/wax composite
during single-cell failures was analysed. This included different heat sink materials and interface
qualities. The simulations covered transient load scenarios which revealed that composite materials

perform well under normal conditions but struggle in compact designs.

A study on the performance, lifespan, safety, and reliability of Li-ion battery modules,

particularly with high discharge rates (Hekmat et al., 2022) was analysed for temperature distribution
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among cells and their surfaces using a combined model with PCM and liquid cooling channels for
prismatic cells. The results revealed that the maximum temperature difference among cells was reduced
and ensured better temperature uniformity. It was noted that flow rate can improve the temperature
control for cells with non-uniform heat generation. A numerical investigation of cooling for a cubic
module of nine cylindrical Li-ion batteries which employed nanofluids in separate ducts surrounding
the battery assembly was immersed in PCM (Jiang et al., 2022). The simulations explored the impact
of nanoparticle volume fraction and duct height over time. Results indicated that over 60 % of the PCM
melted during that time and higher nanoparticle volume fractions enhanced the heat transfer coefficients
for both the nanofluids and PCM while reducing the pressure drop inside the ducts. PCMs were used in
a study (Kadam et al., 2023) which were enhanced using graphene nanoparticles for thermal
management of 12 cylindrical Li-ion cells using SOLIDWORKS for the 3D model and validated using
ANSYS thermal simulations at different C-rates and PCM thicknesses. The results revealed that an
increase in the PCM thickness reduced the battery pack temperature but increased the weight,
necessitating a trade-off between temperature control and pack weight. Paraffin PCM was noted as a
cost-effective solution when combined with graphene for a hybrid cooling system for high-temperature
scenarios. A thermal management system using PCM for Li-ion batteries in an electric scooter was
investigated in their work (Khateeb et al., 2004). This passive system controls battery temperature
without active cooling components, offering a compact, lightweight, and energy-efficient solution.
Simulations assessed a battery sub-module with nine Li-ion cells surrounded by a PCM with a melting
point between 41 °C and 44 °C. Aluminium foams and fins were considered as an enhancement to the
PCM performance with results demonstrating the PCM’s effectiveness, especially with the addition of
aluminium fins and maintaining battery temperatures within safe operating conditions. The active air-
cooling alone proved inadequate and the PCM’s potential as a cost-effective thermal management

solution.

The combination of Convolutional Neural Networks (CNNs) and Finite Element Method
(FEM) was developed (Kolodziejczyk et al., 2021) to assess the thermal properties of cPCM composed
of copper and foam. The predicted thermal properties were then used in a multiscale model to simulate
the thermal management of a Li-ion module during charging/discharging cycles. Results indicated that
the CNN-based model accurately evaluated thermal management with high precision and may provide
an alternative to time-consuming FEM solutions. In their work (Lazrak et al., 2018), the challenges with
EV market penetration by improving battery energy performance and thermal management were
studied. The focus was on the integration of PCM to enhance the heat transfer. It investigated the
influence of the PCM’s melting temperature on the system using two numerical models including 1D

and 3D which were developed for system design and PCM selection. The study also introduced a
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method to enhance the thermal heat transfer within the PCM using copper grids. The results
demonstrated a reduction of at least 5 °C compared to the reference system with optimisation in future

research directions.

A study (Wang et al., 2021a) which focused on enhancing the thermal safety of Li-ion batteries
using PCMs has been studied with the introduction of silicone coupled with PCM to analyse different
thicknesses and thermal conductivities of PCM. Results demonstrated that based on the battery system,
the PCM and silicone configuration exhibited optimal performance when compared without the silicone
and reduced the battery temperature up to 24 °C during the 4C discharge rate. The challenge of
excessive heat generation in Li-ion batteries during operation (Wang et al., 2021b) with the mitigation
to performance and safety while maintaining energy efficiency and cost-effectiveness. A passive PCM
system around the pouch cell was numerically investigated based on heat production and PCM heat
transfer principles. The findings revealed that the PCM units effectively reduced the maximum cell
temperatures and temperature differences, exhibiting good heat storage and temperature equalisation
capabilities. Insulation of the PCM units was seen to prolong the cooling times and temperature
retention. The study explored the impact of PCM design parameters, including thermal conductivity,

viscosity, Latent heat, PCM unit thickness and unit shell thermal conductivity using PCMs.

In a study which underscores the growing need for efficient battery cooling systems, driven by
the expanding applications of Li-ion batteries in electric vehicles (Mousavi et al., 2021), PCM and mini-
channel cold plates were designed for prismatic cells in ANSYS. The orientation of battery modules
was explored for its impact on BTMS performance, which revealed a substantial temperature difference
between orientations. The coupled system proved superior in maintaining a lower maximum battery
temperature under constant heat generation compared to active cooling. A hybrid system for PCM and
liquid cooling for prismatic battery modules were studied (Mousavi et al., 2023). Each module was
comprised of four battery cells enclosed between vertical mini-channel plates, complemented by
horizontal PCM plates. The hybrid approach resulted in several advantages including lower maximum
battery temperatures, improved temperature uniformity, enhanced power efficiency and superior

driving cycle performance compared to active cooling.

Figure 2.26 illustrates PCM-based cooling in modules showing the orientation and location of
the PCM for different cell types as seen in research. A summary of the module PCM-based thermal
management systems for pure and enhanced PCM designs including numerical modelling, cell types,
battery chemistry and cooling method is illustrated in Table 2.2 (A). An additional supplementary Table
2.2 (B) outlines the discharging/charging rates and ambient and maximum temperature seen in the

research.
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Fig. 2.26 Schematics of PCM-based cooling for modules proposed by A) (Chen et al., 2022), B) (Wang et al.,
2021a), C) (Kolodziejczyk et al., 2021), D) (Amalesh et al., 2022), E) (Hussain et al., 2023), F) (Wang et al.,
202021b).

The studies also analysed whether continuous discharging/recharging processes were completed

including drive cycle modelling.
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Table 2.2A. Summary of work conducted for the module model BTMS (materials).

Serial Authors Modelling Cell type Battery Capacity # of Cooling IF PCM -
Chemistry Ah cells/m  method Type/Melting
odule Temp/Pure
1 Hussain et NTGK Pouch LMO 14.6 land6  Pure PCM N-
al., 2023 octadecane/composi
te paraffin/RT-58
2 Talele etal. ECM Cylindrical ~ Lithium-ion 20.8 60 active and paraffin wax and
2021 (LiCoO2/Gra passive RT-18 PCM
phite) cooling
(paraftfin wax
and RT-18
PCM)
3 Akbarzade = ANSYS Prismatic NMC 43 12 liquid paraffin graphite
h et al, cooling composite
2021 plate/PCM
4 Akbarzade =~ ANSYS Prismatic NMC 43 12 liquid paraffin graphite
h et al, cooling composite
2022 plate/PCM
5 Al-Zareer COMSOL Prismatic Lithium-ion 12 cold
etal., 2019 plate/propan
e, ammonia,
R134a
refrigerants
(liquid to
vapour)
6 Al-Zareer COMSOL Prismatic Lithium-ion 12 cold
etal.,2018a plate/propan
e, ammonia,
R134a
refrigerants
(liquid to
vapour)
7 Al-Zareer COMSOL Cylindrical ~ Lithium-ion 1 12 PCM (liquid R134a
et al., to vapour)
2018b
8 Al-Zareer COMSOL Cylindrical ~ Lithium-ion 1 12 PCM (liquid R134a
etal., 2020 to vapour)
9 Al-Zareer COMSOL Cylindrical ~ Lithium-ion 1 12 PCM (liquid R134a
etal, 2019 to vapour)
10 Amalesh et ANSYS Prismatic Lithium-ion 10 4 PCM RT35
al., 2022
11 Bamdezh, ANSYS Cylindrical ~ Lithium-ion 6 PCM RT27
etal., 2020 (LiCoO2/Gra
phite)
12 Cao et al., ANSYS Cylindrical ~ Lithium-ion 10 PCM cPCM
2022
13 Chen et al., ANSYS Cylindrical ~ Lithium-ion 3 24 hybrid cPCM  ¢PCM (paraffin
2022 and cooling RT44HC and
channel graphite)
14 Choudhari ANSYS Cylindrical ~ Lithium ion 22 25 PCM and paraffin RT44HC
etal., 2021 fins
15 Coleman et ANSYS Cylindrical ~ generic 30 4 PCM and  liquid wax
al., 2016 liquid
cooling/cell-
cell spacing
16 Hekmat et ANSYS Prismatic Lithium-ion 55 5 cooling
al., 2022 channels and
PCM
17 Jiang et al., COMSOL Cylindrical ~ Lithium-ion 9 alumina/wate ~ N-octadecane
2022 r nanofluids
and PCM
18 Kadam et ANSYS Cylindrical ~ Lithium-ion 12 graphene RT58 (331K)
al., 2023 nanoparticles
and PCM
19 Khateeb et Cylindrical ~ Lithium-ion 2 9 Al foam/fins paraffin wax (40-
al., 2004 and PCM 44°C)
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20 Kolodziejc ~ COMSOL Cylindrical ~ Lithium-ion 6 PCM paraffin  wax (41-

zyk et al., composite 49°C)

2021
21 Lazrak et ANSYS Cylindrical ~ Lithium-ion 15 PCM and

al., 2018 metal foam
22 Wangetal, COMSOL Pouch Lithium-ion 16 5 PCM

2021a
23 Wangetal., ANSYS Pouch Lithium-ion 10 4 PCM

2021b
24 Mousavi et  ANSYS Prismatic Lithium-ion 5 PCM and n-eicosane

al., 2021 mini channel

cool plates

25 Mousavi et  ANSYS Prismatic Lithium-ion 4 PCM and

al., 2023 mini channel

cool plates
Table 2.2B. Summary of work conducted for the module model BTMS (conditions).
Serial Authors C rate Consecutive Drive Single Ambient Max
cycling (100% - Cycle charge/discharge Temp C Temp C
0%)

1 Hussain et al., 2023  1C-5C No No Discharging 26.85 60
2 Talele et al. 2021 1C,1.5C,2C  No Yes Discharging X 56-59
3 Akbarzadeh et al.,

2021 No Yes Discharging 25 60
4 Akbarzadeh et al.,

2022 No Yes Discharging 25 60
5 Al-Zareer et al.,

2019 6C No Yes Yes 25 45
6 Al-Zareer et al.,

2018a 1C-6C,7.5C  Yes No Yes 25 49
7 Al-Zareer et al.,

2018b 5C Yes Yes Yes 25 35.5
8 Al-Zareer et al.,

2020 6C, 7C, 8C Yes Yes Yes 25 35.5
9 Al-Zareer et al.,

2019 4C,5C,6C Yes No Yes 25 40
10 Amalesh et al.,

2022 8C No No Charging 30 60
11 Bamdezh, et al.,

2020 3C No No Discharging 20 40.85
12 Cao et al., 2022 1C No No Discharging 25 58
13 Chen et al., 2022 1C, 4C Yes No Yes 35 60
14 Choudhari et al.,

2021 1C, 2C, 3C Yes No Yes 13 71.85
15 Coleman et al.,

2016 No No Discharging 40 118
16 Hekmat et al., 2022 1C, 2C Yes No Discharging 21.85 38.85
17 Jiang et al., 2022 1C No No Discharging 23.85 48.85
18 Kadam et al., 2023 1C, 2C, 3C Yes No Discharging 34.85 60
19 Khateeb et al., 2004  2.4C No No Discharging 20 70
20 Kolodziejezyk et 0.1C, 1C,3C,

al., 2021 4C No No Yes 25 36.85
21 Lazrak et al., 2018 1C No No Discharging 22 48
22 Wang et al., 2021a 1C, 2C, 3C Yes No Discharging 20 64.3
23 Wang et al., 2021b  5C Yes No Discharging 26.85 51.85
24 Mousavi et al.,

2021 Yes No Discharging 26.85 96.85
25 Mousavi et al.,

2023 1C, 2C, 3C Yes Yes Discharging 26.85 76.85
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2.4.4. Battery pack-level PCM integration

Research on BTMS which explored heatsinks with fluid channels and multiple PCMs
(Mohammad et al., 2023) revealed that increasing the PCM thickness significantly reduced the battery
temperatures while liquid cooling outperformed air cooling, especially at high temperatures. Moreover,
a denser stack enhances the cooling efficiency. The enhancement of thermal management of Li-ion
batteries used in solar vehicles was studied (Moraga et al., 2016) to enhance the efficiency using seven
different configurations of PCMs for their effectiveness in reducing the battery temperatures during
discharge rates. The results indicated that heat conduction primarily influences battery cooling when
PCMs are employed, with PCM melting occurring within minutes. Two configurations, one with
multiple PCMs and another with a single layer of PCM, significantly reduced the maximum battery
temperatures by approximately 20.9 °C and 23.2 °C compared to the non-PCM battery. Other factors
mentioned of importance of the PCM selection and positioning for efficient thermal management in

solar racing cars, where space, weight, and aerodynamics are critical factors.

Research as seen in their work (Patel et al., 2022) focused on selecting the most suitable PCM
for BTMS with a consideration of various charging rates and ambient temperatures. The study evaluated
critical parameters like maximum battery temperature and maximum temperature difference using PCM
for ambient temperature over charging rate with RT42 and RT50 and found the most effective for
keeping the battery below 60 °C in various conditions. It was also noted that high melting temperatures,
significantly above or below ambient temperature were less effective for battery performance. A
comprehensive electrochemical-thermal model, using FEA analysis to evaluate the performance of
BTMS using nano-encapsulated PCM slurry cooling for Li-ion battery packs was studied as seen in
their work (Qaderi et al., 2023). Experimental validation and the NN model were used for analysis with
key factors including Reynold’s number for low ambient convective heat transfer and ambient
temperature close to solidus temperature. Results showed close agreement with the optimisation
outcomes. The application of 1-Tetradecanol as a PCM in a BTMS for EV using LiFePO4 batteries
using ANSYS CFED (Rajan et al., 2022) to investigate the PCM’s behaviour during its melting process
within a cylindrical enclosure and determine the effectiveness in maintaining battery temperatures
within acceptable ranges was studied. Copper foam was used to enhance the thermal conductivity of
the PCM with the results showing an indication that there was a significant reduction in battery
temperature rise, especially with the addition of the copper foam. The study suggests that this PCM-
based system was well suited for EVs, particularly during high heat generation scenarios and the

importance of spatial arrangement and PCM placement.
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Research into three hybrid BTMS configurations using PCM, and air coolant was studied
(Safdari et al., 2020) for circular, rectangular, and hexagonal PCM vessels containing 12 Sony battery
cells to assess the thermal performance across various charging and discharging rates. The results
highlight the circular PCM configuration’s overall effectiveness due to efficient Latent heat use.
However, the rectangular design with uniform air channels proved superior in high-rate charging or
discharging conditions. The research emphasises the impact of PCM vessel shape on BTMS efficiency
with factors such as battery temperature and PCM liquid fraction. An approach to extending the lifespan
of outdoor base station standby batteries using semiconductor thermoelectric devices and PCMs
coupled BTMS was researched (Song et al., 2018) using a 3D model battery pack. The results indicate
that arranging the semiconductor thermoelectric devices on two flanks in the smallest size direction
enhances temperature uniformity and heat preservation. The method kept the battery within the optimal

temperature range even during discharging and charging processes.

As seen in their work (Verma et al., 2022), a passive cooling solution which combines PCM
with longitudinal rectangular fins was investigated with different PCM thicknesses and fin lengths to
enhance performance. Key findings revealed that the cooling system equipped with fins significantly
reduced the battery pack temperature depending on the PCM thickness. The use of fins improved the
temperature uniformity and extended the active time window of the PCM melting-solidification cycle.
The combination of PCM and fins to control temperature, especially in hot climates was investigated
(Verma et al., 2022). Various configurations were analysed and revealed that the operation of PCM and

fins, with specific mass and length ratios achieved a cooling effect.

A hybrid liquid cooling plate system combined with Z-type parallel cooling channels with
PCM, and aluminium foam composites was studied (Yang et al., 2023) for nine plate designs including
one without PCM. The results demonstrated that the optimum hybrid design significantly reduced the
power consumption while maintaining proper cooling performance, particularly at lower discharging
rates. In a study on the issue of thermal runaway propagation in power battery packs for EVs, traditional
methods to inhibit heat propagation often involve heat insulation materials or increased battery spacing.
In response to this, a study (Zhang et al., 2022) introduced using non-uniform thermal conductivity
PCMs alongside liquid cooling. By strategically combining high and low thermal conductivity PCM,
the system showed balance in heat transfer and insulation. The numerical analysis demonstrated that
this approach effectively managed the heat dissipation during normal operation and restricted thermal
runaway within a safe range and along a defined path. Increased thermal conductivity aids heat
dissipation but accelerates thermal runaway spread, while decreased conductivity mitigates propagation

but may reduce overall heat dissipation.
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Figure 2.27 illustrates battery pack-level PCM integration for the orientation and location of

the PCM for different cell types seen in research.
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Fig. 2.27 Schematics of PCM-based cooling for packs proposed by A) (Safdari et al., 2020), B) (Rajan et al.,
2022), C) (Mohammed et al., 2023), D) (Verma et al., 2022a), E) (Verma et al., 2022b), F) (Song et al., 2018).
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A summary of the pack PCM-based thermal management systems for pure and enhanced PCM designs,
including numerical modelling, cell types, battery chemistry and cooling method, is presented in Table
2.3 (A). An additional supplementary Table 2.3 (B) outlines the discharging/charging rates and ambient
and maximum temperature seen in the research. The studies also analysed whether continuous
discharging/charging processes were completed, including drive cycle modelling. Additionally, the
study highlighted the importance of choosing PCMs with melting temperatures that align closely with
ambient conditions for optimal battery performance. These insights collectively contribute to the
ongoing advancement of BTMS strategies for diverse applications, especially in the realm of solar

racing cars, where space, weight and aerodynamics are paramount considerations.

Table 2.3A. Summary of work conducted for the single pack model BTMS (materials).

Serial  Authors Modelling  Cell type Battery Capacity # of Cooling IF PCM -
Chemistry  Ah cells/modules  method Type/Melting
Temp/Pure
1 Mohammed air, silicon
etal., 2023 oil, ethylene-
glycol, water,
ANSYS Prismatic Lithium-ion 15 8 PCM
2 Moraga et capric acid,
al., 2016 eicosane,
decahydrate
sodium
ANSYS Lithium-ion 6 PCM carbonate
3 Patel et al., RT21, RT24,
2022 RT31, RT42,
ANSYS Cylindrical Lithium-ion 2.4 25 PCM RTS50
4 Qaderi et al., Water Nano-
2023 encapsulated
COMSOL Cylindrical ~ Lithium-ion 1.5 PCM slurry
5 Rajan et al,
2022 ANSYS Cylindrical LiFePO4 18 45 PCM 1-Tetradecanol
6 Safdari et al.,
2020 ANSYS Cylindrical ~ Lithiumion 1.8 12 PCM and air
7 Song et al.,
2018 ANSYS Prismatic Lithium-ion 80 60 PCM
8 Verma et al., Fins and
2022a ANSYS Pouch LiFePO4 20 4 PCM
9 Verma et al., Fins and
2022b ANSYS Pouch LiFePO4 20 4 PCM
10 Yang et al., PCM
2023 aluminium
foam
composite
and liquid Paraffin wax,
ANSYS Prismatic Lithium-ion 45 21 routing RT35
11 Zhang et al., PCM and
2022 COMSOL Cylindrical  Lithium-ion 3.3 15 liquid cooling
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Table 2.3B. Summary of work conducted for the single pack model BTMS (conditions).

Serial Authors C rate Consecutive cycling  Drive Single Ambient Max
(100% - 0%) Cycle charge/discharge Temp C Temp C
1 Mohammed et al., 5C No No Discharging 26.85 41.85
2023
2 Moraga et al., 2016 Yes No Discharging 21 84.65
3 Patel et al., 2022 IC, 2C, Yes No Discharging 30 60
3C
0.2C 26.2
4 Qaderi et al., 2023 1C, 2C Yes No Discharging 30.85 46.85
5 Rajan et al., 2022 2C Yes No Discharging 25 70
6 Safdari et al., 2020
7 Song et al., 2018 Yes No Discharging 19.85 49.85
8 Verma et al., 2022a Yes No Discharging 40 79.85
9 Verma et al., 2022b  3C Yes No Discharging 40 79.85
10 Yang et al., 2023 1C, 2C, Yes No Discharging 25 70
3C
11 Zhang et al., 2022 3C Yes No Discharging 25 300

2.5 Concise overview and forward-looking view
2.5.1 Concise overview

The comprehensive review assessed, passive-based cooling systems have emerged as a promising
solution for efficient battery thermal management in various applications, including EVs and renewable
energy storage. This approach leverages materials like PCMs and innovative design strategies to
maintain optimal battery temperatures without active cooling mechanisms like fans or pumps. Through
extensive numerical simulations, researchers have explored and refined these passive cooling systems,

offering insights into their benefits and drawbacks.

Benefits of Passive-based cooling:

e Enhanced safety: Passive cooling systems significantly reduce the risk of thermal runaway in
Li-ion batteries. By using PCMS with phase change properties, they can absorb and dissipate
excess heat, preventing temperature spikes that can lead to catastrophic failures.

o Energy Efficiency: Unlike active cooling systems that consume additional energy, passive
cooling is energy-efficient. It relies on the natural thermal properties of materials, minimising
the overall power consumption of the system.

e Reduced weight and complexity: Passive cooling designs are typically lightweight and
straightforward in construction. They do not require bulky cooling equipment like radiators or
pumps, making them ideal for applications where weight and space are at a premium, such as

EVs.
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Maintenance-Free: Passive cooling systems have fewer moving parts, which translates to lower
maintenance requirements and longer service life. This can result in cost savings over the
lifetime of the battery system.

Environmental friendliness: The absence of active cooling components reduces the
environmental footprint of battery systems. This aligns with the growing emphasis on suitable

energy solutions.

Drawbacks of Passive-based cooling:

Limited cooling capacity: Passive systems may struggle to manage high heat loads or rapid
temperature changes, limiting their applicability in demanding scenarios.

Design complexity: Developing effective passive cooling solutions often requires intricate
design considerations and material selection, which can be complex and time-consuming.
Lack of control: Passive systems have limited control over thermal conditions, especially in
dynamic environments where temperature fluctuations are frequent.

Size constraints: The space required for efficient passive cooling can be substantial, potentially
limiting its use in compact devices.

Heat dissipation challenges: In different applications, passive cooling alone may not provide

sufficient heat dissipation, necessitating the integration of active cooling elements.

Benefits of Numerical simulations:

Cost-efficiency: Numerical simulations are often more cost-effective than conducting physical
experiments, especially when testing diverse design iterations.

Rapid prototyping: Simulations enable rapid prototyping and evaluation of different cooling
configurations, accelerating the design process.

Parametric studies: Researchers can perform parametric studies to explore a wide range of
scenarios, helping to identify optimal designs and configurations.

Data insights: Simulations provide valuable insights into heat transfer, temperature distribution,
and system performance under various conditions.

Risk mitigation: Simulations allow for the assessment of system behaviour and performance

without the need for physical prototypes, reducing development risks.
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Drawbacks of numerical simulations:

Limited accuracy: Simulations may not always perfectly represent real-world conditions due to
assumptions, approximations, and variations in material properties.

Complexity and computational demands: Modelling complex heat transfer processes can be
computationally intensive and time-consuming, requiring substantial computational resources.
Data requirements: Accurate simulations depend on precise material property data, which may
not always be readily available.

Validation challenges: Ensuring simulation results align with physical reality often requires
extensive experimental validations, adding complexity to the research process.

Overlooking real-world complexity: Simulations may oversimplify real-world complexities,
such as transient effects or environmental variability, potentially leading to discrepancies

between simulations and actual performance.

2.5.2 Forward-looking view

The integration of passive-based cooling systems into various battery applications holds great promise.

As the demand for efficient and safe energy storage solutions continues to grow, these systems can play

a pivotal role. However, there are key areas that require attention and further research:

Experimental validation: While numerical simulations provide valuable insights, it is essential
to validate these findings through extensive experimentation. Real-world testing can confirm
the accuracy of simulation models and their ability to predict performance accurately.
Material development: The development of advanced PCMs with tailored properties is a critical
area of research. PCMs with improved thermal conductivities, Latent heat capacities, and phase
change temperatures can enhance the effectiveness of passive cooling systems.

Optimised designs: Researchers should continue to explore innovative design configurations
that maximise the benefits of passive cooling. This includes optimising the arrangement of
PCMs, the use of heat exchangers, and novel materials.

Scalability: Passive cooling systems must be scalable to suit various applications, from small
electronic devices to large-scale energy storage systems, Researchers should focus on designing

solutions that are adaptable across different sizes and power requirements.
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e Integration with active systems: In scenarios, combining passive and active cooling
mechanisms may offer the best results. Research should explore hybrid systems that leverage

both approaches to provide optimal thermal management.

In conclusion, passive-based cooling systems, supported by numerical simulations, offer a compelling
solution to the thermal management challenges of modern energy storage systems. While simulations
are valuable tools for initial design and assessment, they must be validated through experimentation.
Continued research and innovation in materials, design, and scalability will further enhance the efficacy
of passive cooling systems, contributing to the growth of sustainable energy technologies and safer,

more efficient battery systems for a wide range of applications.

2.6 Chapter summary

This literature review Chapter has assessed a substantial body of research about TES,
emphasising the various types of energy storage mechanisms, with a particular focus on LHS. A
comprehensive analysis of PCMs was conducted, encompassing diverse types, designs, and
applications. Furthermore, the integration of EES devices with TES was scrutinised, evaluating the
feasibility of different integration methods. The chapter strategically directed its attention to the
objectives delineated in this thesis, aligning with the reviewed literature in pursuit of milestones 1, 2,
and 3. The discourse within this Chapter not only reviews literature relevant to these milestones but
also lays the groundwork for the subsequent stages of research, with study Chapters published or
submitted for review. Moving forward, Chapter 3 delves into a more detailed examination of TES,
focusing specifically on the impact of fin type and orientation of PCM within a double-pipe heat
exchanger. It should be noted that the Chapter has been published as seen in the list of publications

based on heat transfer improvement to a specific PCM during melting and solidification.
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CHAPTER 3: IMPACT OF FIN TYPE AND ORIENTATION ON
PERFORMANCE OF PHASE CHANGE MATERIAL-BASED DOUBLE
PIPE THERMAL ENERGY STORAGE"?

3.1 Chapter Brief

This Chapter builds upon the critical review of TES and EES integration presented in the
preceding Chapter 2. While the previous Chapter 2 extensively explored the broad landscapes of TES,
including LHS, PCMs, and their varied applications, this Chapter 3 focuses on addressing a specific
challenge within PCM materials, their inherently low thermal conductivity. The aim revolves around
enhancing the thermal performance of PCMs through the strategic incorporation of highly thermally
conductive materials and the introduction of structurally formed fins. These fins, classified as either flat
or corrugated and arranged longitudinally or transversally, aim to improve natural convection heat
transfer during PCM melting. The Chapter employs a comprehensive numerical study, encompassing
verification and validation processes based on existing literature. The findings, which highlight the
considerable impact of fin type and orientation on PCM thermal performance, have been disseminated
through a journal article and conference presentations, as documented in the Publications section of this

Thesis.

3.1.1 Introduction

A combination of high energy density in a constant temperature process (Sardari and Bahai et
al., 2020 and Sharma et al., 2009) describes the Latent heat storage (LHS) technology as opposed to
Sensible heat storage (SHS) where the temperature of the material changes with time. One major
disadvantage of (LHS), is the property of low thermal conductivity in phase change materials (PCMs)
as outlined in Sharma et al., 2009). This property affects the thermal equilibrium of the system creating

an imbalance in thermal energy storage (TES) (Mohamed et al., 2017). To alleviate this process, various

' Nicholls, R.A, Moghimi, M.A., and Griffiths, A.L., Impact of fin type and orientation on performance
of phase change material-based double pipe thermal energy storage, Journal of Energy Storage, 50,
2022, pp 104671. https://doi.org/10.1016/j.est.2022.104671

2 Nicholls, R.A, Moghimi, M.A., and Griffiths, A.L., A comparative study of corrugated fins during
melting of phase change material in a double pipe heat exchanger, Proceedings of the 17" UK
International Heat Transfer Conference, Manchester, United Kingdom, Paper number 116, April 2022.
http://cfd.mace.manchester.ac.uk/ukhtc21-proc/papers/O-12-5.pdf
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techniques could be implemented such as extended surfaces, metal matrices and materials added with
high thermal conductivity, encapsulation of the PCM as demonstrated in (Liu et al., 2012, Jouhara et
al., 2020, Nazir et al., 2019, Rathore et al., 2019 and Deng et al., 2019) as well as different
configurations of PCMs and multiple PCM arrangements as described in Liu et al., 2012) and heat
pipes. There has been a significant amount of research involving all these methods, this study
concentrates on the utilisation of extended surfaces (fins) due to affordability in economic cost and

manufacture as well as the added benefits of increased heat transfer surface area, (Deng et al. 2019).

Latent heat storage technology is used to improve the system energy storage capabilities by
storing the thermal energy in the form of a charging or melting process and releasing that stored energy
in the form of a discharging or solidification process, (Jouhara et al., 2020), also dependant on geometric
container designs (Zayed et al., 2020). A fast or shorter melting time that would absorb the thermal
energy followed by a delayed or longer solidification time would be ideal for any TES applications
considering PCM melting temperature and applied heating, (Mekrisuh et al. 2020). Previous studies
have analysed the effects of natural convection (Nemati et al., 2020) in the upper region of LHS devices,
showing that conduction is the main heat transfer mechanism in the lower region. An effective use of

coupling the two modes of heat transfer can improve the performance of the LHS device.

A study performed by (Cao et al., 2018) investigated the impacts of natural convection on the
PCM melting efficiency of an eccentric horizontal DPHX. Their study revealed that natural convection
for the experiments of melting and solidification significantly impacted the melting method. A further
analysis investigating the effect of natural convection by (Joybari et al., 2017-2019), evaluated a front-
tracking method for the pure conduction and combined conduction-convection cases. As for the pure
conduction case, natural convection is inherently ignored which produces melting fronts in a circular
pattern radiating outwards from the inner tube. This method, however, contradicts the buoyancy effects
because of density variations. Further studies on the effects of natural convection on melting and
solidification were conducted (Yadav et al., 2020), (Soliman et al., 2021), and (Mahdi et al., 2019).
Their results showed a reduction in the melting time when natural convection was considered for the
initial majority conduction heat transfer followed by convection. Vortices generated because of natural
convection once interacted with the majority of PCM can improve the melting performance. When
designs were inserted that impeded natural convection, the melting performance decreased. Studies
involving eccentricity and thermal improvement for PCM charging and discharging were conducted by
(Darzi et al., 2012), (Dhaidan et al., 2013) and (Kadivar et al., 2019) which investigated natural

convection in the upper region of containers.
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Finned PCM materials have been used in a variety of different containments, positions and
orientations as seen in (Kalapala et al., 2021), (Rathod et al., 2015), (Mahdi et al., 2019), (Gurturk et
al., 2020), (Yagci et al., 2019), (Siyabi et al., 2019), (Kousha et al., 2017), (Seddegh et al., 2016) and
(Seddegh et al., 2015). Results showed that the orientation influenced the liquidus temperature,
specifically when the LHS system was oriented in the horizontal position and approximately 40 %
improvement in charging and solidification of the PCM with fins. It was seen that the horizontal
orientation for the non-finned tube showed better performance than the vertical orientation. However,
when the fins were added in both scenarios, the orientation of the tubes did not severely impact the
outcome of the results. A numerical study by (Tian et al., 2020) investigated the effects of fin materials
including copper, aluminium, carbon steel and steel-302 for a container compared with no fins. It was
shown that there was a reduction in melting time of up to 41 % for the copper and aluminium materials

and the highest energy storage in the steel302 material.

In research conducted by (Sharifi et al., 2011), the impact of horizontal fins on three different
physical properties including the fin number, thickness and length was investigated. The effect of
natural convection was considered in the melting process compared with no fins added to the PCM.
Results indicated that fast melting preceded slow melting affected by the addition of fins. An
experimental analysis performed by (Kamkari et al., 2014) also investigated the effects of PCM melting
for rectangular fins horizontally and partially constructed. Their results showed improved melting
performance for the systems with fins, however, the rate of heat transfer was reduced as the number of
fins increased, and this brought about a reduction in the convection currents. (Arici et al., 2020)
investigated the effects of rectangular fin lengths and positions investigated for PCM melting
performance, they showed that there was a reduction in melting time with the addition of fins of up to
50 %. For the location of the fin, the Liquid Fraction varied up to a 40 % increase for the side heating
and up to 68 % increase for the bottom heating compared to the unfinned Case. Further studies on fin
length, number and thickness have been studied for PCM melting and solidification as seen in (Joshi et
al., 2019), (Qin et al., 2017), (Biwole et al., 2018), (Shahsavar et al., 2020), (Darzi et al., 2016) and (Pu
et al., 2020) with natural convection heat transfer considered for finned and unfinned Cases. Results
showed negligible effects on the melting performance for reduced fin lengths at the top of the container
as there was a reduction in temperature uniformity and a rise in heat transfer with increasing fin number.
There was also a reduction in melting for larger diameter fins until a threshold where any increase in
the diameter, negatively affected the results. The fins placed closer together near the bottom of the HE
had the best charging results. The studies which compared uniform and non-uniform arrangements, (Yu
et al., 2020), identified in agreement with previous studies, that fin location can improve the efficiency

of the LHS device by improving the net heat transfer. Increases in fin size such as the diameter should
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be investigated accordingly as this may reduce the performance by inhibiting natural convection

currents.

Considerations towards axial and co-axial fin arrangements have also been reviewed for their
effects on natural convection as seen in their studies (Jmal et al., 2015), (Al-Abidi et al., 2013), (Mahdi
et al., 2018), (Yuan et al., 2016), (Tang et al., 2021), (Nie et al., 2020) and (Marri et al., 2020). These
are particularly useful in PCM solidification, regardless of orientation as they improve the heat transfer
mechanism, especially in the case of uneven distributions. The number of fins was varied and analysed
for the solidification rate of the PCM which showed as the fin number increased, the solidification time
was negatively impacted due to restrictions of convective flow. The results of solidification showed that
the full-length longitudinal fin design had the best solidification time. A reduction in the fin thickness
and increase in length showed better results as compared with other cases. (Sarani et al., 2020)
investigated the solidification process and energy storage for a triplex tube heat exchanger (TTHE)
where partial fins were compared with full fin arrangement and with varying fin numbers. Their
conclusions showed that the partial fins improved the solidification time as compared to the full fin
arrangement. In their research, (Abdulateef et al., 2017) examined a horizontal TTHE with PCM
including longitudinal fins and triangular fins attached to the inner tube. The triangular fin arrangements
outperformed the longitudinal fin arrangements, with the external triangular fins performing the best
for the charging process. Further to this, (Nemati et al., 2020) investigated the effect of elliptical
horizontal annular fins and the effect of natural convection for vertical and horizontal arrangement
showing that the fin spacing is an important consideration for performance. (Hosseini et al., 2015)
investigated the PCM melting performance in a horizontal DPHX with longitudinal fins at varied
lengths and Stefan numbers. Their results showed that the higher the Stefan number, the better the
melting performance by increased vortex production, until it does not affect the melting rate. It was also
concluded that the length of the fins proved more effective than increasing the Stefan number, with the
drawback of higher economic costs. Research concerned with the variation of fin numbers in a
horizontal DPHX with varying wall fluxes and Nusselt numbers was performed in their study (Cao et
al., 2018). The higher number of fins reduced the melting time, however, as the fin number increases,
the efficiency reduces, and the melting time starts to increase. A study on wall boundary conditions and
fin number for constant wall temperature and constant heat flux by (Ye et al., 2018) showed that

constant wall temperature was more considerable for melting but limited in the solidification stage.

(Kazemi et al., 2018) analysed the effects of longitudinal fin angle in a horizontal triplex tube
heat (HTTE) exchanger. Their analysis showed that a 60 °C angle between the triple fin arrangement,
proved the best results for melting efficiency, with the lowest melting time than the other arrangements,
while for the double fin, a 45 °C angle had the best results. (Deng et al., 2019) also investigated the
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effects of varying double fin angles in a concentric shell and tube heat exchanger (STHE) showing
improvement in fin angle and length for an improvement in melting performance. Research conducted
by (Khan et al., 2020) investigated the impact on buoyancy, energy storage, and the charging process
of partial longitudinal fins at varying angles for a horizontal DPHX. Their results showed that the Y-
fin orientation with a single fin in the lower region proved the best results for melting time as compared
with a single fin in the upper region. Even though fin angle is an important aspect in the improvement
of the heat transfer process, this was not inherently studied in this paper, as symmetrical vertical double
fins in a horizontal container were sufficient to perform the analysis for the effect on performance.
Further research can be conducted on varying the angles and number of the corrugated fins in future

studies.

In research highlighted, the shape of the fins as well as positioning can play a vital role in the
heat transfer process to either aid or reduce the efficiency. Many studies have analysed the variation of
fin shape and location with a consistency of comparing novel shapes with basic shape structures, such
as flat fin designs, to identify whether there is any significant improvement to the melting/solidification
rate or energy storage. Additionally, there have been studies performed investigating the shape of the
fin from a unique perspective. These studies analysed the effects of specially designed fins and include
a combination fin (triangular and rectangular) (Gurturk et al., 2020), snowflake fin (Sheikholeslami et
al., 2016), longitudinal-triangular fin (Liu et al., 2019), Y-shaped fin (Keshteli et al., 2020), and spider
web fins (Qaiser et al., 2021). Their results showed that the partial rectangular fin performed the best
concerning the others with reduced solidification time in the order of the snowflake fins, longitudinal
fins, and no fin systems. It is noteworthy that the addition of fins improved the thermal conductivity of
the LHS devices by around 40 % as identified by other studies previously for the charging process and
more than 40 % improvement in the solidification compared to flat fins. (Duan et al., 2020) investigated
the effects of varying fin numbers and spiral fins with varying degrees of pitch compared with the flat
fins design. Results showed that smaller spiral fin numbers improved the heat transfer process. (Aly et
al., 2019) studied the impact on the solidification rate for differently shaped fins (varying corrugation)
compared with flat fins for a concentric DPHX. Results showed plots of solidification rates and contours
of Liquid Fraction with a reduction of about 30 % in solidification rate. The time for solidification
reduced as the fin height increased. It was also seen that an increase in the number of wavelengths

negatively impacted the efficiency.

Charging and discharging processes of TES equipped with corrugated fins either longitudinally
or transversally as well as transversal flat fins have not previously been studied to the author’s best
knowledge. This study builds upon previous knowledge to further investigate the improvement of the
LHS systems by using differently shaped fins and orientations added to a horizontal DPHX. The PCM
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in the annular space is subjected to both the charging and discharging processes, inclusive of five
different Cases (A - E) as displayed in Figure 3.1, which are analysed. This study evaluates a
comprehensive understanding of fin orientations and types of charging and discharging processes for a
DPHX. These fin models and orientations were simulated to understand the best improvement in the
thermal conductivity of the PCM and to improve the heat transfer of TES. The structure of this
investigation is as follows: initially the model description is presented, including mathematical
modelling, assumptions, and boundary and initial conditions. This section is followed by validation and
verifications including grid, temporal, and mushy zone independency analysis. The charging and
discharging processes of TES results and a discussion comparing all five tests’ Cases (unfinned,
longitudinal flat fins, longitudinal corrugated fins, transversal flat fins, and transversal corrugated fins)

are presented. Finally, the study concludes by summarising the most important findings of the research.

3.2 Numerical method
3.2.1 Model

Case A builds upon the validation process as per (Darzi et al., 2012) and (Kadivar et al., 2019)
in which the PCM was placed in the annular space, subjected to a constant temperature from the inner
cylinder, and the outer cylinder was adiabatic, with the physical and computational domain seen in
Figure 3.1. A symmetrical design was considered to reduce the computational effort as well as disregard
the thickness of the inner and outer cylinder walls. Unlike Case A, also referred to as the base Case in
this study, all the other Cases shown in Figure 3.1 have the addition of fins to improve the thermal
conductivity of the PCM and to enhance the heat transfer process, as this method can be found in the

literature with Cases similarly defined.

To investigate the performance of the corrugated fin design, flat fins were compared in this
analysis. For the horizontal DPHX, the fins were placed longitudinally and transversally in separate
Cases which involved 2D and 3D computational domains. For Case B, 2 longitudinal flat fins were each
placed on the top and bottom of the heat exchanger which was also symmetrically constrained as seen
in Figure 3.1. For Case C, 2 longitudinal corrugated fins were placed in the same positions as in Case
B to make a valid comparison between them. In Case D, transversal flat fins were added to the design
to analyse the variation in fin position to determine their performance seen in Figure 3.1. A 3D
computational domain was considered to observe both the charging and discharging process for the
transversal finned Cases more easily. Symmetry was also applied to reduce the computational time for

the more complex Cases. For the final Case, Case E, transversal corrugated fins were added to the
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domain as in Case D with the exact cross-section design parameters as in the longitudinal Case. All 5
Cases were then numerically evaluated using commercial CFD software concerning their performance

of Liquid Fraction melting time, temperature and streamlines to investigate their performances.

The cross-sectional view of the concentric horizontal DPHX (Case A) shown in Figure 3.1 had
an outer diameter of 40 mm, and the inner diameter was set to 21.5 mm. The thickness of the inner and
outer walls of the domain was overlooked due to the high thermal conductivity of the metallic shell. In
addition to this study, only one-half was used due to the geometry symmetry condition to reduce the
computational effort. A constant temperature was imposed on the inner tube wall while the outer wall
was insulated. The annular space was filled with PCM N-eicosane. It's noteworthy that the PCM was
subcooled by 1K before initialisation. An enthalpy-porosity model was used to evaluate the charging

and discharging process of the PCM.

To evaluate the impact of corrugated and flat fin designs, these fins in longitudinal and
transversal orientations were added to the base design (see Figure 3.1) in each of the separate Cases.
For the transversal cases, the flat fins and corrugated fins are placed on similar sides of the design.
Moreover, to reduce the computational burden, longitudinal Cases and the unfinned Cases were
numerically modelled in 2D while transversal Cases were modelled in 3D. To ensure consistency for
the charging and discharging processes, the volume of the PCM was kept constant for all Cases, the
outer diameter was re-sized, while the inner diameter was unchanged as seen in Table 3.1 showing the

dimensions used specifically for the longitudinal Cases.

Table 3.1. Dimensions of the Cases in this study for outer diameter, inner diameter, and fin area.

Longitudinal Longitudinal Transversal Transversal
. . Unfinned
Dimensions (Case A) Flat fins Corrugated Flat fins Corrugated
(Case B) fins (Case C) (Case D) fins (Case E)
Outer
Diameter, 40 40.76 40.756 40 40
(mm) D,
Inner
Diameter, 21.5 21.5 21.5 21.5 21.5
(mm) D,
Fin = = area, 12.052 11.984 1037.5 1433.2
(mm~)
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Fig. 3.1 Schematic of symmetrical Cases displaying physical (isometric, front, and side views) and

computational domains. Cases A-C were modelled in 2D while Cases D-E were modelled in 3D with figure

showing lines of symmetry.
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3.2.2 Mathematical and numerical approach

The simulation of the charging and the discharging processes for the design models were
performed using ANSYS Fluent 2020 R2, where an enthalpy-porosity technique is used (Voller et al.,
1987 and Swaminathan et al., 1992)

For this setup, the cells in the computational domain are explicitly correlated to a quantity
known as the Liquid Fraction (Voller et al., 1987). This area represents the liquidus form of the control
volume, established from the balance of enthalpy, and evaluated for each iteration. The liquid-solid
interface known as the mushy zone is assessed with an equivalency of porosity to Liquid Fraction and
considered as the porous zone. ANSY'S Fluent applies sink terms to both the momentum and turbulence
models to effectively evaluate these changes to the solid areas. The mushy zone is determined as a
“pseudo” medium bounded between the values of 0 and 1 with the prior being the solidification and the
latter considered when the material has liquified. In this case, the porosity and the velocity are

considered null (Brent et al., 1988).

The thermophysical properties of the PCM, walls and fin materials considered for the analysis
are listed in Table 3.2.

The energy equation that corresponds is as follows with symbol definition in Nomenclature:
% (pH) + V.(pPH) = V.(kVT) + S 3.1)
Where H is derived as follows:

H=h+ AH (3.2)

T
h= hyer + fy CpdT (3.3)

and AH is derived as follows:

AH = fL (3.4)
0 T < Tsolidus
f = T— Tslolidus ; T > Tliquidous (3.5)

Tsolidus <T < Tliquidous
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S 1s the source term derived from the momentum sink as follows:

1- )2
S = Gois Amusn (3.6)

€ is a number equal to 0.001, to prevent an invalid result when divided by zero

Apush is the mushy zone constant generally between 10* — 107, (Talebizadehsardari et al., 2021); 10°
was studied for the solidification process while 108 was studied for melting process in this analysis

(see 3.3.3).

Substituting the Eqs. {3.2}- {3.5} into Eq. {3.1} yields the energy equation as

dph

2L+ V.(ph) = V.(kVT) — 22LL— V. (pifL) + S (3.7)

ac
Substituting Eq. (3.6) into (3.7) gives the momentum equation in the following:

2
+ V.(pP%) = —VP + V.(uV%) + pg + =L 54, (3.8)

dapv 1
f3+e¢

at

With the inclusion of the forces due to gravity, buoyancy-driven flows known as natural convection
flows are caused by the deviation in density due to temperature. The natural convection, in this case,
occurs within an enclosed domain and so the Boussinesq Approximation is valid to initialise faster

convergence for a reference density (constant) and temperature shown in the following equations:

(p—po)g = —poB(T —To)g (3.9

Which is a valid approximation when

B(T — Ty) K1 (3.10)
Eq. (3.8) can be written over as

dpo?
ot

(1-1)?
f3+e

+ V.(pov?¥) = =VP + V.(uVv) + (p — po)g + VAmush (3.11)
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The governing equation for continuity is as follows:

2+ V.(p%) =0 (3.12)

The non-dimensionless numbers V=DV, ¥ = I%D, H = % and T = 7;; I (3.13)
Cp

D =2 (Royut — Rin), the energy equation for the non-dimensionless terms is as follows:

% + V.(BH) = V.(VT) (3.14)

at

where Fourier Number, F, = o7

Table 3.2 Thermophysical properties of PCM, walls and fin materials. (Darzi et al., 2012, Kadivar et al., 2019
and Al-Abidi et al., 2013).

PCM Aluminium Aluminium Plexiglass
(N- (fin) (Inner (insulation)
eicosane) cylinder)

Density (kg/m?3) 770 2719 2719 1190

Cp (Specific Heat) (J/kg — K) 2460 871 871 1470

Thermal Conductivity 0.1505 202.4 400 0.19

(W/m - K)

Viscosity (kg/m — s) 0.00385

Thermal Expansion 0.0009

Coefficient (1/K)

Pure Solving Melting Heat 247600

(J/kg)

Solidus Temperature (K) 308.15

Liquidus Temperature (K) 310.15
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3.2.3 Assumptions
The following assumptions were considered for the numerical models analysed in this study:

* A transient analysis was considered for the charging and discharging processes for the domains
under laminar, incompressible, and viscous model flows,

* The thermophysical properties of the materials except density are constant,

* Density variation is estimated under the Boussinesq approximation,

* A pressure-based solver for incompressible flows using the VOF multiphase model was used
with the gravity of 9.81 m/s? acting in the negative y-direction/axis,

*  Viscous dissipation because of larger velocity gradients is ignored,

*  The thickness of the inner and outer cylinders is ignored to reduce computational effort.

3.2.4 Initial and boundary conditions

The following represented the conditions to repeat the simulation validation as well as used in
the set-up for all Cases. The outer cylinder of the DPHX was adiabatic so no heat losses to the
environment were considered. The PCM was initially subcooled by 1K, and a constant temperature of
329.15K was applied to the inner cylinder while the outer cylinder was insulated. The thermal
conductivity for the inner cylinder was set to 400 (W /mK). The initial temperature of the PCM was
set to 308.15K for the charging process and 329.15K for the discharging process. The PCM used in the

analysis was N-eicosane listed in Table 3.2.

3.3 Verification study
3.3.1 Special grid independence study (mesh)

A structured mesh consisting of quadrilateral cells was generated using the ANSYS Fluent
2020R2. A grid independence analysis for all Cases for various grid sizes was evaluated to ensure the
solutions were independent of the mesh size. A full analysis listed in Table 3.3 shows percentage
deviations of Liquid Fraction of different grids (coarse, selected, fine) from the selected grids at specific
Fourier numbers (F, = 0.01). The largest deviation was approximately 5 % or less for the coarse grids

and less than 3 % for any increase in refinement for the fine grids.
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Table 3.3 Impact of grids (coarse, selected, fine) on Liquid Fraction values (with percentage deviation from the

selected grid number) at a time step size of 0.005s for Fo=0.01.

Cases Grid Type
Coarse Selected Fine
Case A Cell No 2600 4000 6000
liquid fraction (% deviation) 0.1067 (1.04%) 0.1066 0.1066 (2.92%)
Case B Cell No 2700 4200 6200
liquid fraction (% deviation) 0.1526 (2.72%) 0.1522 0.1517 (0.00%)
Case C Cell No 21248 27248 35248
liquid fraction (% deviation) 0.1649 (5.04%) 0.1672 0.1644 (0.48%)
Case D Cell No 140000 160000 180000
liquid fraction (% deviation) 0.4410 (0.00%) 0.4410 0.4409 (0.00%)
Case E Cell No 283920 354880 378800
liquid fraction (% deviation) 0.5568 (1.03%) 0.5626 0.5506 (2.12%)

Table 3.4 lists the quality of elements for the selected mesh type listed. The selected number of
elements was not only sufficient to conduct the simulations (based on the mesh independence study
discussed earlier) but also had high-quality grids. In that regard, the recorded Orthogonal Quality and
Skewness for all the selected mesh Cases are greater than 0.96 and less than 0.15, respectively. Figure

3.2 shows images of the selected meshed Cases.

Table 3.4 Mesh quality study of selected grid.

Cases Number of elements Number of nodes Orthogonal Quality (average) Skewness
(average)
Case A 4000 4131 0.99982 0.0125
Case B 4200 4335 0.99703 0.0485
Case C 27248 27529 0.98401 0.1059
CaseD 160000 169371 0.99982 0.0125
Case E 354880 368874 0.96684 0.1332
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3.3.2 Temporal independence study (time-step)

Table 3.5 shows the time-step independence study and aims to investigate the impact of time-
step on Liquid Fraction and their percentage deviation from the selected time-step size (0.005 s). A
temporal independence study for the Liquid Fraction is performed for Cases A - D for time-step size at
0.001 s, 0.003 s, 0.005 s (selected), and 0.007 s with maximum iterations per time-step set at 70 for a
fixed-type time advancement. For Cases A - D, a fixed time-step size of 0.005 s was sufficient as also
seen in the validation for work done. For Case E, the time-step size was significantly reduced to 17° to
maintain uniform and steady convergence, which led to smooth charging, and increased steadily from
17%t0 0.1 in increments of 0.01, until it was sufficient for proper convergence in an adaptive-type time
advancement method (this study has not been reported for the sake of brevity). The smaller time-step
size showed a reduction in Liquid Fraction percentage deviation as opposed to the higher time-step size

for Liquid Fraction percentage deviation of less than 7 %.

Table 3.5 Impact of various time-step size(s) on Liquid Fraction and percentage deviation from selected time-
step size shown in bracket for F,=0.01. It should be noted that an adaptive method was used for Case E with a

time-step size modified from 1e to.

Cases Time-step size(s)

0.001 0.003 0.005 (selected) 0.007
Case A 0.1067 (0.38%) 0.1066 (0.02%) 0.1066 0.1028 (3.58%)
Case B 0.1522 (0.00%) 0.1522 (0.00%) 0.1522 0.1468 (3.52%)
Case C 0.1672 (0.00%) 0.1672 (0.00%) 0.1672 0.1616 (3.32%)
CaseD 0.2362 (5.28%) 0.2362 (5.28%) 0.2494 0.2329 (6.62%)

3.3.3 Mushy zone constant independence study

An evaluation of the impact of mushy zone constant values, A,,,,sx, On the trend of melting for Case B
is displayed in Figure 3.3. As shown at 4,,,,s, = 10%, the melting rate is seen to be faster than A4,,,,,s;, =
10° due to the increase in volume of the mushy zone negatively affecting the natural convection. It can
also be seen that during conduction heat transfer in the initial stages of the charging process (<F, =
0.03), the melting rate was almost independent of the mushy zone constant. As a result of natural
convection, buoyancy effects force the molten PCM to rise with increased Bernard cells and vortex

generation which leads to increasing the melting rate.
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During the convection heat transfer, the value of the mushy zone constant affects the melting
rate. This is conversely true for the solidification process, as conduction is the main mode of heat
transfer, and as such, the value of A,,, s, is insignificant to the solidification rate. This bolstered the
neglection of the mushy zone independence study for the solidification process and as such A, =

10° was realised to be sufficient.

1
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Fig. 3.3 Charging phase Liquid Fraction versus Fourier Number (F,) for longitudinal flat fin (Case B) for 4,,,5n

values from 10* to 10°.

The addition of highly conductive fin materials created larger temperature and Liquid Fraction
percentage deviations as seen in Table 3.6. This table shows the impact of Mushy Zone constant values,
Ausn on Liquid Fraction and their percentage deviation for all Cases in the early (F, = 0.01 when
conduction is dominant), mid (F, = 0.05 when having mixed conduction and convection), and late
stages (Fp = 0.1 when convection is dominant) of the charging process. A comparison between 4,5k
values of 10° and 108 shows a small Liquid Fraction percentage deviation for the unfinned Case at the
carly stage compared to the late stages. The addition of fins in Case B-C shows a larger Liquid Fraction
percentage deviation at the final stage due to the increase in conduction heat transfer and less so for the
transversal fin Cases. The variation in A,,,, values can significantly affect the charging process with
values below 10> and higher than 108 contributing to inaccurate predictions of the melting front. The
accuracy of the melting front seems to tend to value closer to 108 (see Figure 3.3) and is in line with
experimental work in literature and as such was chosen for the charging process in this study. It must
be noted that the Liquid Fraction percentage deviation was higher in the late stages (F, = 0.1) for Case
A-C while smaller for Case D and E.
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Table 3.6 Impact of Mushy Zone constants, A,s,.» 10° and 108for all Cases (A-E) showing Liquid Fraction -

percentage deviation at time-step size of 0.005s at early (F, = 0.01), mid (F, = 0.05)) and late stage (Fp =

0.1) charging process.

Cases Mushy Zone Liquid Fraction (percentage deviation from 4,,,;, = 10%)
constant, A,,,,c»
Early-stage Mid-stage Late-stage
Fo =0.01 F, =0.05 Fp =0.1
Case A 10° 0.1066 (1.41%) 0.2724 (7.78%) 0.6113 (21.27%)
108 0.1051 0.2512 0.4813
Case B 10° 0.1521 (1.12%) 0.3606 (8.93%) 0.5833 (10.99%)
108 0.1504 0.3284 0.5192
Case C 105 0.1672 (2.27%) 0.3808 (12.24%) 0.6039 (14.04%)
108 0.1634 0.3342 0.5191
Case D 10° 0.4410 (3.15%) 0.9132 (6.14%) 0.9997 (0.78%)
108 0.4271 0.8571 0.9920
Case E 105 0.5626 (7.27%) 0.9198 (3.82%) 1.000 (0.18%)
108 0.5217 0.8847 0.9982

3.3.4 Computational model setup

To perform the simulations, ANSYS Fluent 2020R2 is used to evaluate the solutions for
charging and discharging alongside the energy equations for a laminar flow viscous model. The PISO
scheme is used for the pressure-velocity coupling with second-order upwind applied to the Momentum
and Energy equations and PRESTO for pressure including spatial discretization along with a first-order

implicit transient formulation.

The under-relaxation factors for the solution control for pressure, density, momentum, Liquid
Fraction, and energy is 0.3, 1, 0.7, 0.9 and 1, respectively. Convergence conditions for continuity,

momentum and energy are set to absolute criteria of 107> for every timestep.

3.4 Results/analysis and discussion
3.4.1 Validation

The computational setup for the enthalpy-porosity technique using the Boussinesq
approximation for the charging process was validated against the Liquid Fraction presented in (Darzi
et al., 2012). Their study analysed the melting of PCM (n-eicosane) in the proposed base Case displayed
in Figure 3.1.
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Figure 3.4 displays the comparison of the Liquid Fraction contours against the literature which
shows close similarities with the phase change developments. Additionally, the Liquid Fraction versus
Fourier Number (F,) was captured numerically during the charging process and validated against
literature which shows good agreement with the results. The coloured contours of the Liquid Fraction
as per the legend show the solid-liquid and mushy zones which were affected by a gravitational force
acting in the negative (y) direction. The result from this study accurately predicts the PCM melting front
movement per Fourier Number (F,) for this design. Please note that only for the sake of validation
study, for this section the A,,s, Was selected as 10° because the chosen literature results were

numerical studies based on A,,,,,s, = 10°.
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Fig. 3.4 Charging phase Liquid Fraction contours (see legend) with the numerically validated data from the

literature (Darzi et al., 2012) shown on the left semi-circle and the present study shown on the right semi-circle,

at specific Fourier Number (Fj) intervals with time-step size at 0.005s.

As an additional verification step, the trend of the charging process for unfinned Case (Case A) was
compared with the literature in Figure 3.5. As shown, the captured results of A,,,,s, = 10° closely in
line with the numerical data from the literature (Darzi et al., 2012). This is attributed to the fact that
those literature were numerical studies which got their results at A,,,,,s;, = 10° while as discussed earlier
in this study, for the charging process A, sp = 108 is the most appropriate value. The A5, Value
does not seem to greatly affect the solidification process and the A, = 10° was deemed sufficient

to complete this part of the study.

146



; .-m--u-"'ﬁm
8 z _ oS /ﬁl"ﬁ.“#
i Ny o Darzi et al., [2012]
g 0.7 ou
506 £ Kadivar et al., [2019]
Eo0s5 | f
G . a
204 F m» = This study at 4,,., = 10°
03 | &
— 02 | 53; This study at Apusn = 10°
0.1 =
0 i ) L ) L ) )

0 0.1 0.2 03 04 0.5 0.6 0.7
Fourier number

Fig. 3.5 Numerical results validation of the charging process for Liquid Fraction versus Fourier Number (Fj)
with the present study at 10> and 108 mushy zone constants compared with literature (Darzi et al., 2012

Kadivar et al., 2019).

3.4.2 Charging process

The Liquid Fraction contours showing Cases A - E for progression in the melting process per
Fourier Number (Fy) is shown in Figure 3.6 with a colour legend showing the variation between the
solid and liquid phases of the PCM, as well as the area of the solid-liquid interface, known as the melting
front. When the Liquid Fraction is zero (0), the PCM is completely solid and represented by the blue
coloured region while when the Liquid Fraction is one (1), the PCM is completely liquid and shown by

the red region.

As seen in Figure 3.6 Case A, during the initial stages of the charging process at
Fo = 0.01, a liquid circular layer wraps evenly around the inner cylinder during the initial mode of
heat transfer such as conduction, this transfers heat from the heated inner surface to the contact region
of the PCM. Similarly, as seen for Cases B and C, the phenomena occur where the liquid region
encircles the circumference of the inner cylinder. Additionally, due to the insertion of the flat fins in
Case B and the corrugated fins in Case C, a thin layer of liquid forms on the surface of the fins. For the
finned Cases, due to conduction, the heat was transferred from the heated surface to the aluminium fins
as they were in contact with the heated surface. The thermal conductivity of the inner surface was set
at a high value of 400 W /mK, so when the temperature of the surface was increased to 329.15K, the

temperature rise would be transferred instantly since the surface had no thickness.
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Cases A-E for isotherms are shown in Figure 3.7 with the Cases showing streamlines on the
left in black lines, and the isotherms on the right, the legend shows the temperature values of the
contours. This figure shows the temperature rise from 308.15K near the inner cylinder region verifying
that the rise in temperature of the PCM beyond its liquid temperature state, changed the phase of the
PCM from solid to liquid. The thermal conductivity of the aluminium fins is much higher than the PCM
and would conduct heat at a much faster rate, raising the temperature of the heated surface very quickly
as compared to the low conductivity PCM. At F, = 0.01, the temperature of the fins is comparable to

the heated surface, so a similar layer of liquid occurred over its surface.

As the temperature of the PCM increases further, a temperature gradient is formed, generating
differences in the density of the PCM in the form of buoyancy forces, thus increasing the liquid region
of the PCM after F, = 0.01, and the higher temperature fluid rises. This is shown for Case A, B and
C in Figure 3.6 where a larger region of the PCM is melted in the top half of the exchanger, caused by

natural convection while the bottom half of the PCM is affected by conduction only.

This was verified in Figure 3.7 for Case B and C where the temperature contours and
streamlines show the regions of the highest temperature and excitation velocity of the molecules around
the inner cylinder and at the surface of the fins. In its initial stages, this showed that the insertion of
metallic fins to improve the thermal conductivity of the system had a positive effect on its melting
performance. The isotherms and streamlines shown for Case A, B and C, illustrate that the higher
temperature plume of liquid rises to the top half of the exchanger with vortex cells, known as Bernard
cells showing the recirculation in the streamlines. A greater region of recirculation cells can be seen in
Cases B and C as the fin addition improved heat transfer. Based on Figure 3.8 illustrates results obtained
for Liquid Fraction versus Fourier Number (F, ), for the finned Cases (B and C), at least 15 % of the

PCM was liquified compared to just 10 % for Case A.

At Fy = 0.06, Case A melted approximately 28 %, Case B melted approximately 38 % and
Case C melted approximately 39 %. This was illustrated in the Liquid Fraction contours as a larger
region of the PCM was fully melted in Case B and C with only the finned design liquid phase touching
the outer cylinder (see Figure 3.6). Beyond F, = 0.12, the liquid reaches near the outer surface of the
cylinder for Case A showing increased vortex cells (see Figure 3.7), however, Case B and C had a
smaller region of solid PCM with even larger vortex cells, and a larger recirculation zone. At this stage,
the solid PCM was melted approximately 48 % for Case A and 60 % for, B and C, respectively. The
process of melting continues further at F, = 0.18 with more of the PCM melted, and a region of solid

PCM at the bottom of the cylinder with the PCM Liquid Fraction at 66 % for Case A and 78 % for, B
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and C, respectively. At F, = 0.24 , Case B and Case C have 8 % of solid PCM at the bottom of the
cylinder and Case A with 23 % of solid PCM in the lower region (see Figure 3.6).

A further analysis was performed comparing the charging processes for the transversal flat
(Case D) and corrugated (Case E) fins (see Figure 3.1). The same design for the corrugation was also
applied to the transversal Case to effectively analyse which arrangement showed better performance.
Analogous to the longitudinal Cases in Figure 3.6 for Liquid Fraction contours and Figure 3.7 for the
isotherms and streamlines, the transversal Cases are presented under the same boundary conditions.
However, as seen by Fourier Number (F,) for the complete Liquid Fraction for the transversal Cases
compared to the longitudinal Cases in Figure 3.8, the transversal finned Cases had a greater reduction

in melting time compared to the base Case and longitudinal Cases.

As seen in Figure 3.6, the PCM is fully solid for both transversal Cases, until at F, = 0.01.
The temperature of the fins was equal to the heated surface temperature (as seen in the side view), and
a greater region of the top half of the PCM was melted, as compared to the bottom region at F, = 0.06.
This can be attributed to natural convection due to buoyancy effects at the top region, which fully
liquified while the bottom region was still largely affected by conduction heat transfer with solid PCM
remaining. The side view displays the PCM melting from the high-temperature zones near the fins and
the melting front moving towards the centre with the sectioned plane view (see Figure 3.6) showing a
greater region of solid PCM in the midplane. The Liquid Fraction contours for Case D and E fully
melted at Fy = 0.12 and F, = 0.1 respectively, with complete red contours at F; = 0.12. The
isotherms for Case D and E shown in Figure 3.7 illustrate the temperature distribution with Fourier
Number (F,), which is significant as the overall temperature of Case E is slightly less than Case D with

stronger convection currents on the left and a greater amount of the PCM at the highest temperature.
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Fig. 3.6 Numerical Liquid Fraction charging for all Cases (A - E) showing percentage of Liquid as per legend.

Case D and E are shown at sectioned mid-planes and accompanied with their side views.
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(A - E). Case D and E are shown at sectioned mid-planes and accompanied with their side views.

Figure 3.8 shows the plot of Liquid Fraction versus Fourier Number (F,) for the finned Cases
as well as the unfinned Case. The plots show the numerical data of the contours described in Figure 3.6
showing the transversal finned Cases with reduced melting time, as opposed to the longitudinal finned
Cases (B-D) as well as the unfinned Case (Case A). It was seen that there was a 60 % and 58 % reduction
in melting time for Case B and Case C respectively compared to Case A. There was approximately 86.5

% and 88 % reduction in melting time for Case D and E respectively, as compared to the base Case
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(Case A), with Case E, outperforming all other Cases in terms of melting efficiency. The plot of Liquid
Fraction versus Fourier Number (F,), was largely linear until about F, = 0.05 for the transversal
Cases, then it began to curve, and approximately after F;, = 0.25 for the longitudinal Cases, compared
to after F; = 0.2 for Case A. The deviation in the curve represents the time at which the melted PCM
reached the surface of the outer cylinder showing that the convection currents had a major impact on

the reduction of the melting time in the upper region.
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Fig. 3.8 Liquid Fraction versus Fourier Number (F,) comparison of the charging process for all Cases.

3.4.3 Discharging process

Conversely from the charging process, the solidification or discharging process releases the
energy stored by the PCM in the designated system. This is the last phase of the entire process and also
contributes to the efficiency of the system and determines the feasibility of the application for the

requirements of the TES application.

Contours of Liquid Fraction versus Fourier Number (F,), for all Cases during the solidification
process are shown in Figure 3.9, with the colour legend similar to the melting process. The red indicates
a Liquid Fraction of one (1) and PCM temperature of 329.15K while the blue indicates a Liquid Fraction
of zero (0) and PCM temperature of 308.15K. At the end of the charging process, the temperature of
the PCM was heated up to approximately 329.15K, which was the same as the temperature of the heated

surface. To accurately monitor the system in this study, the initial temperature of the PCM was set to
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329.15K, and the temperature of the heated surface of the inner cylinder was set to 308.15K with the

outer cylinder adiabatic, to prevent heat losses.

As seen in Figure 3.9, at F, = 0.72 for Case A and the longitudinal Cases (B and C), a layer
of solid PCM envelops the inner cylinder while the liquid PCM at Liquid Fraction one (1) rises to the
top half of the system, and the lower temperature or more dense PCM sinks to the bottom of the system.
In this case, conduction was the main mode of heat transfer during discharging. For Cases A, B and C,
the solid PCM also forms around the surface of the flat fins and corrugated fins with denser PCM
collecting at the bottom. For Case A, 28 % of the PCM was solid while 35 % and 36 % were solid for
Case B and C respectively. At F, = 2.86, the solidification of the PCM continues and the solid PCM
volume around the inner cylinder and fins increases, as well as in the lower region near the bottom of
the annulus. Based on the Liquid Fraction contour colours, Case A still had some molten PCM near the
top of the annulus with 57 % solidification while Case B and C were at 67 % and 68 % respectively.
This process continues for F, = 5.72, F, = 8.58 and F, = 11.44 showing solidification at 74 %, 83
% and 89 % for Case A, 81 %, 88 % and 93 % for Case B and 82 %, 89 % and 93 % for Case C,
respectively (see Figure 3.9). It was noted that full solidification was completed at Fy, = 26.02, Fy, =
23.4 and F, = 23.6 for Case A, Case B and Case C, respectively.

Consequently, due to the solidification of the PCM from the inner cylinder and the fins for the
finned Cases, the heat transfer process is significantly reduced, as the layer of solid PCM forms a
thermal barrier due to its low thermal conductivity, compared to the aluminium inner cylinder. This can
be seen in Figure 3.10 showing a plot of Liquid Fraction versus Fourier Number (F,) for all the Cases

(A - E) with the unfinned Case showing the slowest discharging rate.

153



<

F, =858 F, = 11.44

%

:
o
(

Unfinned
(Case A)

Longitudinal
flat fins
(Case B)

) 93 %

Longitudinal
corrugated fins
(Case C)

= liquid fraction
= _ [ 1.0
= A 0.9
529 o5
> E 7
Al p 0.8
g Nl
; 0.7
0.6
0.5
p 0.4
3~ A b B 0.3
£ m ‘
28 0 84% 100% 0.3
EE< 0.1
=g —— 0.0
3 :

Fig. 3.9 Numerical Liquid Fraction for all Cases showing percentage of solid as per legend during the
discharging process with contour colours as seen in the legend. Case D and E are shown at sectioned mid-planes

and accompanied with their side views.

Similarly, for the longitudinal Cases, the same boundary conditions applied to the PCM was set
to 329.15K, and the heated surface was set to 308.15K. It is worth noting that at the initial state, the fins
start at the same temperature as the PCM. Also, the solidification rate and the total time taken for the
PCM to fully solidify in the transversal Case (D and E), are much less than the other Cases (A-C) as

shown in Figure 3.10.

AtF, = 0.72, like the longitudinal Cases, the solid PCM layer envelops the inner cylinder with
much more of the PCM solidified at this stage compared to the longitudinal Cases as the solid PCM
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moves from the fins to the centre of the domain. The domain centre solidifies much slower as its furthest
away from the fins. Case D solidified approximately 76 % at this stage while Case E solidified at
approximately 84 %. As the solidification continues, for the transversal Cases, the PCM at the bottom
half of the annulus continues to solidify at a faster rate than the PCM in the top half, which was
significantly progressed showing that the PCM was 98 % solid at F, = 2.86 for Case D and 100 %
solid for Case E. As seen in Figure 3.10, the solidification rate for the transversal corrugated fin (Case
E), is faster than the transversal flat fin (Case D) as well as the other Cases (A-C). The total process
time was observed to be faster for the finned Cases than the unfinned Case with (1.13x times) F, =
23.730 Case B, (1.12x times) F, = 23.945 Case C, (8.7x times) F, = 3.53 Case D and (11.5x times)
Fo = 0.67 Case E.
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Fig. 3.10 Liquid Fraction versus Fourier Number (F,) comparison of the discharging process for all Cases.

This is significant, as depending on the application, for shorter charging and discharging times,
the transversal finned Cases may be applicable for faster charging and discharging processes. Moreover,
even though the transversal corrugated fin Case (Case E) had a shorter overall processing time than the
transversal flat finned Case (Case D), the cost of design and manufacturing considerations as well as
complexity and precision of corrugated fins in a small container may be less feasible. It should be noted
although, that there was a 1 % deviation smaller corrugated fin area for the longitudinal Cases (B and
C) and a 28 % increase in fin area for the transversal corrugation (Case E) over flat fin (Case D). The
same cross-sectional area of material had a 27 % increase in surface area for the transversal corrugated

Case (Case E) compared with the flat fin Case (Case D) to improve heat transfer.
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Further to this, an optimisation technique may be considered to determine the best shape of
corrugation for frequency in wavelength to improve upon the processing time dependent on the
application requirements. The longitudinal finned Cases (B and C) significantly reduced the charging
time as compared to the unfinned Case (Case A) as described in this investigation. However, there was
only an 11 % reduction in the solidification time. This can be viewed as advantageous to TES systems

for a faster rate of charging as well as lengthy discharge times.

3.5 Conclusions

In this study, corrugated fins were analysed for their effects on the performance of a horizontal
DPHX arranged longitudinally and transversally. A numerical investigation involving five varying
Cases (unfinned, longitudinal flat fins, longitudinal corrugated fins, transversal flat fins, transversal
corrugated fins) in charging and discharging processes was conducted. N-eicosane PCM filled the
annular space subjected to constant temperature on the inner pipe walls and outer pipe walls adiabatic
in the concentric LHS system with the fins attached to the inner cylinder. The subsequent conclusions

are outlined below:

* The results obtained for comparable analysis were similar to predicted numerical data
from the literature, showing 0.1 % deviation and 0.009 % deviation for total melting
time. In all Cases for melting, primarily the main mode of heat transfer was conduction,
and in the presence of molten PCM after a specific time, convection was the main mode
of heat transfer. For all Cases during charging, heat transfer occurred more readily in
the top half of the PCM as it melted faster while at the bottom, it melted much slower.
The contours of PCM temperature and velocity streamlines were also similar, with the
Liquid Fraction contours showing the greatest regions of recirculation at the highest
PCM temperatures. It was noted that at 10 % of complete melting, the longitudinal
corrugated fin (Case C) had a higher percentage Liquid Fraction (26 %) as opposed to
the longitudinal flat fin (Case B) (25 %) during the initial conduction heat transfer.

*  When the Cases were compared for melting rate, the transversal corrugated fin (Case
E) had the fastest rate of melting and overall melting time with a reduction of 88 %
compared to the unfinned Case showing a significant improvement in heat transfer.
The longitudinal corrugated fin Case had a 58 % reduction in melting time which was
2 % slower than the longitudinal flat fin Case, overall, the transversal corrugated fin
(Case E), was 11.5 times faster than unfinned Case. The cross-sectional area was

approximately 1 % varied for the corrugated fin compared to the flat fin. Although
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there was no significant improvement in heat transfer when the longitudinal fin Cases
were compared, the same cross-sectional area for the corrugated fin had a significant
improvement in heat transfer in the transversal orientation (27 % improvement).
Further work on increasing the number of transversal corrugated fins, fin angles,
corrugation optimisation, PCM material and fin material can be considered for
additional investigations.

*  During the discharging process, conduction was the main mode of heat transfer for all
Cases as the lower region of the PCM solidified faster than the upper region.

* Both the longitudinal flat fin and corrugated fin Cases performed similarly for
discharging energy for a longer period than the transversal finned Cases. The
transversal corrugated fin (Case E) had 91 % reduction in solidification time while the
transversal flat fin (Case D) had 88 % reduction. Both the longitudinal flat (Case B)
and corrugated (Case C) had 16 % reduction in solidification time. This showed above
70 % reduction in solidification time when the transversal Cases were compared to the
longitudinal Cases.

» The overall results highlighted gave a new understanding into transversal fins as
compared to longitudinal fins and their effect on natural convection in a horizontal
DPHX for melting and solidification. This is particularly useful in future optimisations
to conduction and convective heat transfer in PCMs especially in renewable energy
storage devices that require fast charging and lengthy discharging, such as electrical

devices.

3.6 Chapter Summary

This research Chapter evaluated the enhancement conducted for Thermal Energy Storage (TES)
and analysed an improvement in the passive energy storage materials such as Phase Change Materials
(PCMs). An improvement in the thermal conductivity of N-eicosane using fins made of aluminium was
specifically studied to identify the best improvement in thermal performance for fin orientation
(longitudinal and transversal) and fin-type (flat and corrugated). The Chapter analysed specifically how
the PCM can be thermal enhanced with a research study on the subject that aligned with the research
conducted in the literature review Chapter 2 as well as for the milestones and objectives of this research
work. The results of the study were subsequently published in a Journal article and presented at a
Conference as outlined in the Publications section and form part of the completed work for the thesis.

Moving forward, the subsequent Chapter 4 continues the narrative, exploring the integration of TES
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and EES. The Chapter discusses the integration method and goes into detailed literature for this
conjugation specifically passive cooling as discussed in the previous Chapter 3 as well as the Literature
review in Chapter 2. The numerical approach including verification and validation techniques as well

as results was subsequently discussed.
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CHAPTER 4: INVESTIGATIVE ANALYSIS INTO EV BATTERY CELL
PERFORMANCE UNDER VARYING CLIMATE CONDITIONS
COUPLED LATENT HEAT STORAGE BASED PASSIVE COOLING *

4.1 Chapter Brief

In the previous Chapter, an investigation into the thermal performance enhancement of passive
cooling LHS PCMs analysed the effects of fin-type (flat and corrugated) and orientation (longitudinal
and transversal). The literature review Chapter 2 gave a general overview of TES, and the materials
used (PCMs) with the previous Chapter 3 specifically examined the thermal improvement for melting
and solidification of PCMs. This Chapter is devoted to the conjugation of TES materials that facilitate
LHS such as PCMs with EES devices such as Li-ion batteries. A battery thermal performance analysis
was conducted on a specific 18650 cylindrical battery cell outlining three key performance parameters
such as the Temperature, State of Charge (SOC) and Power and used as the basis for comparison when
the battery was jacketed with PCM around the circumferential area. The heat generated from the battery
during charging and discharging was captured and directly transferred to the PCM to melt the PCM
until all the material was fully liquified. The data was numerically captured using ANSY'S Fluent with
results validated and verified using numerical and experimental data from literature. The coupled
thermo-chemical and electrical results are presented based on various climate conditions as well as the
type and volume of PCM surrounding the battery. This study Chapter is in line with the objectives set
about in Chapter 1 and seeks to partially fulfil the targets set in milestones 1 and 2. This study is classed
as a cellular study, as a single cell was analysed with future work on battery modules to be reviewed to
further fulfil milestone 2 targets. The results of this study Chapter were presented at a Conference and

published in a journal article as seen in the list of publications.

3Yang, M., Nicholls, R.A, Moghimi, M.A., and Griffiths, A.L., Performance management of EV battery
coupled with latent heat jacket at cell level, Journal of Power Sources, 558, 2023, pp 232618.
https://doi.org/10.1016/].jpowsour.2022.232618

4 Nicholls, R.A, Moghimi, M.A., and Griffiths, A.L., Can passive cooling be a practical solution for the
thermal management of battery in electric vehicles, Proceedings of the 16" International Conference
on Heat Transfer, Fluid Mechanics and Thermodynamics and Editorial Board of Applied Thermal
Engineering, Amsterdam, Netherlands.
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4.1.1 Introduction

Renewable energy storage is becoming widely acceptable as an alternative source of energy
storage and is a viable candidate in the application of zero-emission vehicles such as HEVs and EVs.
Increased energy demands and consumable resources have dictated the main source of energy in the
form of fossil fuels. Unfortunately, industrial processes that employ these sources, have negatively
impacted our natural environment in the form of rising worldwide temperatures thus causing a surge in
energy demand and rising heat generation. As a result of these global changes there is an ever-increasing
requirement for renewable energy sources to meet this demand and thus reduce/slow down the impact

on our climate (Nicholls et al., 2022).

This study seeks to highlight these renewable energy resources in the form of EES (Chen et al.,
2009), (Cho et al., 2015), (Ferreira et al., 2013) and (Hameer et al., 2015) and Thermal Energy Storage
(TES) (Alva et al., 2018), (Fang et al., 2007) and (Kuravi et al., 2013), they have gained attention in
their role of reducing the carbon emissions. Increased attention towards these types of “green” transport
as outlined by (Kim et al., 2019) has driven the capitalization of EV and HEV production in recent

years.

According to (Meunzel et al., 2015), the rechargeable Li-ion battery with its small volume has
received great interest due to its high energy density, long life cycles, low self-discharge rate, high
voltage and chemical stability when compared with other rechargeable batteries. Studies have shown
that when operated at standard ratings, the optimal battery performance is achieved (Tomaszewska et
al., 2019). Li-ion batteries are extremely sensitive to temperature, and it can have an impact on the
battery life cycle, stability, and performance as well as operational safety (Behi et al., 2020, Panchal et
al., 2018, Kshetrimayum et al., 2019 and Balakrishnan et al., 2006). According to (Ki et al., 2019,
Muenzel et al., 2015, Behi et al., 2020, Panchel et al., 2018 and Kshetrimayum et al., 2019), deviation
from the optimum working temperatures can cause a reduction in the electrical as well as high

temperatures causing thermal runaway and potential of fire and explosion.

Even the distribution of battery temperature has been found to aid in the thermal and electrical
response of the battery (Verma et al., 2019 and Wang et al., 2015). Li-ion battery cells operate safely
between the temperatures of 20 °C to 40 °C (Landini et al., 2019 and Jilte et al., 2019), this can vary
slightly according to the manufacturer and battery type (Muenzel et al., 2015). Fluctuations outside this
optimum operating temperature range can cause two types of harmful effects namely: overheating and
undercooling. Large temperature gradients from the effects of divergent surface temperature negatively
affect the battery performance, therefore maintaining uniform temperature distribution across the
battery would aid in its stability (Landini et al., 2019), (Jilte et al., 2019) and (Hosseini et al 2012),
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commonly known as Battery Thermal Management Systems (BTMS) (Verma et al., 2019), (Wang et
al., 2015), (Selokar et al., 2019) and (Javani et al., 2014). BTMS is usually focused on active cooling
by using a variety of techniques and materials including air (Jilte et al., 2019) and liquid cooling (Sardari
et al., 2020) and (Talebizadehsardari et al., 2021). These techniques are required to maintain the
optimum battery temperature however they increase the complexity of the EVs and HEVs. There is a
significant increase in loading for driving (e.g., fan, pump) and delivering (e.g., channels, pipelines), a
cooling medium to and from the batteries. Therefore, if passive cooling alone can provide the cooling
capability in the batteries, the BTMS system will be much simpler and lighter, as unnecessary devices

and equipment for driving and delivering active cooling medium will be eliminated from the system.

A comprehensive review of PCMs (Sharma et al., 2015) and (Du et al., 2018) of low (-20 °C
to 5 °C), medium-low (5 °C to 40 °C), medium (40 °C to 80 °C) and high (80 °C to 200 °C) temperatures
were analysed on the impact of applications. Medium-low and medium-temperature PCMs are more
directly related to electronic cooling as a heat sink and in some cases a heat source where the low
thermal conductivity of the PCM becomes useful for maintaining stable operating temperatures for
purely passive cooling (Veerakumar et al., 2016). Natural convection melting, volume, and cell spacing
between cell-scale models are all considerations alongside the thermal conductivity that affects the
performance of PCMs as a cooling medium for the thermal management of batteries. These also include
battery voltages and uniform temperature for experimental and numerical approaches involving multi-
scale multi-dimensional physics models, (El Idi et al., 2021), (Huang et al., 2020), (Lu et al., 2013),
(Murali et al., 2021) and (Xia et al., 2017).

Research has shown that coupled electrochemical battery and thermal PCM systems have
stabilised the temperature (Wang et al., 201), (Landini et al., 2019), (Rao et al., 2011), (Shahjalal et al.,
2021), (Sun et al., 2021), (Oh et al., 2019), (Budiman et al., 2021), (Cao et al., 2020a), (Cao et al.,
2020b), (Chen et al., 20190, (Nicholls et al., 2022), (Moradi et al., 2017), (Du et al., 2018) and (Malik
et al., 2016). In this instance, heat energy produced from the battery is readily absorbed by the PCM to
store the energy as LH (Talebizadehsardari et al., 2017) and (Nicholls et al., 2022). PCMs store LH
during phase changing as the temperature increases and reaches its liquidus temperature point. During
this phase change, the temperature of the PCM remains constant, which is useful in thermal applications
including free cooling, air conditioning (AC), passive cooling, heat recovery systems and solar energy

storage systems (Sardari et al., 2020), (Moradi et al., 2017) and (Du et al., 2018).

One of the main parameters that influence the performance of the battery is the State of Charge
(SOC) (Yang et al., 2021). The SOC usually denoted as a percentage of the remaining capacity is
constrained between its fully charged position at 100 % and the fully/deep discharged position at 0 %
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and as an approximation since the State of Health (SoH) and the Remaining Useful Life (RUL) (Xu et
al., 2022) and (Ungurean et al., 2017) should be considered.

The focal point of this study is to evaluate the impact of passive cooling on Panasonic 18650PF
Li-ion battery cell (PCM cooling conjugated with an EES) under various conditions with measured
thermal and electrical indicators of performance (SOC, Temperature, and Power) applied in EVs and
HEVs, which to the best of author’s knowledge has not previously been investigated. This study focuses
on two cases including a single battery cell (with and without PCM) which undergoes cycles of
consecutive discharging and recharging under climatic conditions including extreme winter -20 °C,
winter 0 °C, ambient 25 °C, hot summer 40 °C, and extreme hot/desert 55 °C temperatures. Notably,
this study takes into consideration the safety concerns of these thermally reactive materials and reduces
the possibility of potential hazards such as fire and explosion. As such, temperature safety limits
(charging 0 °C to 45 °C, discharging -20 °C to 60 °C) and voltage (2.5 V to 4.2 V) were imposed on all
test cases as well as other constraints. Furthermore, an evaluation study on the effect of the PCM jacket
thickness around the cell (1 mm, 3 mm, 5 mm, and 7 mm) is investigated to identify the significance of
the volume of the storage system and to effectively reduce the added weight. The study also investigates

a variation in PCM applicable to the change in ambient weather conditions.

The structure of the study follows a numerical method detailing the models, mathematical and
numerical approaches, assumptions and boundary conditions and verification including numerical
(special grid, temporal, and mushy zone) and experimental results validation, results and discussion

followed by conclusions.

4.2 Numerical Method

4.2.1 Models

The schematic domains of the battery cell are displayed in Figure 4.1 for a cylindrical 18650PF
Panasonic Li-ion battery cell as well as the geometrical dimensions. Isometric, front, and side views
show battery cells with and without a jacketed PCM. The outer walls of both cases, with and without
PCM, are set to be adiabatic and hence thermally unaffected by the environment. The dimensions show
that the outer diameter and length of the active zone for this battery cell are 18 mm and 65 mm

respectively, while the outer diameter and height of the tabs are 6.6 mm and 0.2 mm, respectively.
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Fig. 4.1 Schematic of cylindrical 18650 battery cell displaying isometric, front, and side views for battery cell
without PCM as well as the jacketed battery cell with PCM.

4.2.2 Mathematical and numerical model approach

For PCM modelling, an enthalpy-porosity formulation was used to solve the fluid flow
equations for melting and solidification instead of tracking the melting/liquid-solid front (Voller et al.,
1987) and (Swaminathan et al., 1992). In the cases where the volume of the cell is liquid, a quantity
known as liquid fraction was used to correlate these cells based on the enthalpy balance evaluated at
every iteration. A “pseudo” porous zone known as the mushy zone, was quantified by the liquid fraction
with minimum and maximum values of zero at solidification and 1 at melting, respectively. The values
of the mushy zone region were associated with the porosity from solidification to fully melted, 0 to 1
and in the case where the full solidification of the material takes place, the porosity, as well as velocity,
are null. Sink terms applied to momentum and turbulence were used to assess the phase change variation
of the solid zones (Brent et al., 1988). The thermophysical properties of the PCM and walls are listed
in Table 4.1.
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The numerical approach for modelling the PCM zone for melting and solidification (Nicholls et al.,

2022) relates to the following:

The energy equation relates to the following and is stated as:

2 (pH) + V.(pPH) = V.(KVT) + S 4.1)
Where H is derived as the sum of sensible enthalpy, h, and the latent heat, AH:

H=h+ AH (4.2)
h= hpes+ fTTT , CodT (4.3)
and latent heat, AH, is defined as:

AH = fL (4.4)

The liquid fraction, f, is derived as

0 T < Tsolidus
f = T— Tslolidus ; T > Tliquidous (4.5)

Tsolidus <T < Tliquidous

Tliquidous_ Tsolidus

S is the source term derived from the momentum sink as follows:

1— )2
S= Ef3f)€) Amush (4‘6)

€ is a number equal to 0.001, to prevent an invalid result when divided by zero

Apnysn is the mushy zone constant between 10* — 107, (Talebizadehsardari et al., 2021) and (Nicholls
et al., 2022); 10° was studied for the melting process in this analysis (see 4.3.3)
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Substituting the Eqns. (4.2) - (4.5) into Eq. (4.1) yields the energy equation as
2L+ V.(ph) = V.(kVT) — 2L — V. (pifL) + S (4.7)

Substituting Eq. (4.6) into (4.7) gives the momentum equation in the following:

a-n* -
! VAmush (4.8)

apv+ V.(pv?) = —VP + V.(uV?) + pg + it e

With the inclusion of the forces due to gravity, buoyancy-driven flows known as natural convection
flows are caused by the deviation in density due to temperature. The natural convection in this case
occurs within an enclosed domain and so the Boussinesq Approximation is valid to initialise faster

convergence for a reference density (constant) and temperature as shown:

(p—po)g = —poB(T —To)g 4.9

Which is a valid approximation when:

B(T — Ty) < 1 (4.10)

Eq. (4.8) can be re-written as:

d (1-1)?
S84 V.(poB9) = —VP + V.(uV9) + (0 — p)g + G Dhmusn (4.11)
The governing equation for continuity:
2+ V.(pD) =0 (4.12)
The non-dimensionless numbers V=DV, ¥ = %D, H= — and T= L 7 —Ts (4.13)
‘p

D=2 (R,yut — Rin), the energy equation for the non-dimensionless terms are:
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9(H)

“2+ V.(3H) = V.(VT) (4.14)

at

where Fourier Number, F, = 2

The numerical approach for modelling the battery cell zone:

A coupled thermal-electrical simulation is used to evaluate the heat generation rate for normal operation,
the Multi-Scale Multi-Domain method (MSMD) is used. This method uses a multi-domain, multi-
physics approach based on the problem definition where the distributed temperature is analysed along

the battery length scale.

The thermal and electrical fields are solved using the following differential equations:

dpCyT
at

— V.(kVT) = 0, |V@|* + 0_IVO_I* + Grcn + Gshore + Gabuse (4.15)

Where o, and o_ are the effective conductivities for the positive and negative electrodes, @, and @_
are phase potentials for the positive and negative electrodes, gy, is the electrochemical reaction heat
due to electrochemical reactions, gqp,,y+ is the heat generation rate due to battery internal short-circuit
and Ggpyse 1S the heat generation due to the thermal runaway reactions under the thermal abuse
condition. For normal operation and no internal short circuit, §,pyse and ggpore are set to zero. The
Equivalent Circuit Model (ECM) in Figure 4.2 replicates the battery electrical behaviour in an
equivalent circuit and engages six parameters based on the work from (Chen et al., 2006) that monitors

the electrical performance of the battery during cycles.

PO NP0 N
| | !
| | |
| R | R !
| | : | R 1
||_|:LJT | |—I:I—| L N
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| [ A
C, c, I
L 0 I
(_)Vof,.(.mc) I
1(1) J;
€ _

Fig. 4.2 Schematic of electric circuit corresponding to the ECM.
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The electric circuit equations corresponding to the voltage-current correlation are computed by the

following:

V = Voo (SOC) =V, — V, — Ry(SOC)I(E) (4.16)
% - Rl(soc)lcl(soc) 1 cl(sloc) 1®) (4.17)
% - Rz(soc)lcz(soc) 2 cz(sloc) I1®) (4.18)
2599 = 1()/3600Qyf (4.19)

Where V is the battery cell voltage that can obtained either from the circuit solution in Figure 4.2 the
Circuit Network solution method or calculated as @, — @_ from the MSMD solution method. For a
given battery, the open circuit voltage, resistors’ resistances, and capacitors’ capacitances are functions
of the battery's state of charge (SOC) and temperature. The functions are defined as fifth-order
polynomial forms (Equations 4.20 — 4.25) used for the derivation of the coefficients of the discharging

and recharging.

R, = ay + a;(soc) + a,(soc)? + az(soc)® + a,(soc)* + as(soc)® (4.20)
Ry = by + by(soc) + by(soc)? + bs(soc)® + by(soc)* + bg(soc)® (4.21)
C; = co + ¢;(s0c) + c,(s0c)? + c3(soc)® + c4(soc)* + +cs(soc)® (4.22)
R, = d, + dy(soc) + d,(soc)? + ds(soc)® + d,(soc)* + ds(soc)® (4.23)
C, = ey + e;(s0c) + e, (s0c)? + ez(soc)® + ey(soc)* + es(soc)® (4.24)
Voev = fo + fi(soc) + fo(soc)? + f3(s0c)® + fo(soc)* + fs(soc)® (4.25)

The source terms corresponding to Equation 4.15 are derived as:

- QNomina

Jren =10 250 (4.26)
. . du

9ech = JECh [VOCV -V-T E] (4.27)

Where [ is the current, and V. is the open circuit voltage.
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Table 4.1 Thermophysical properties of battery cell (active zone), PCMs and insulation walls (Kousha et al.,
2017 and Mohaghegh et al., 2021).

18650 Pos Neg PCM PCM PCM Plexiglass
Battery Tab Tab (N- (RT44HC) (Stearic (insulation)
cell octadecane) acid)

Density (kg/m?3) 2092 2719 8978 770 700 1150 1190

Cp (Specific Heat) 678 871 381 2196 2000 2830 1470

(J/kg - K)

Thermal 18.2 202.4 387.6 0.148 0.2 0.29 0.19

Conductivity

(W/m — K)

Viscosity 0.003 0.0033 0.0078

(kg/m — s)

Thermal Expansion 0.00091 0.00076 0.0008

Coefficient (1/K)

Pure Solving 243500 250000 186500

Melting Heat (J/Kkg)

Solidus 298.15 314.15 327.5

Temperature (K)

Liquidus 302.15 317.15 337.1

Temperature (K)

4.2.3 Assumptions
To analyse the numerical models presented in Figure 4.1, the following assumptions are made:

e The battery cell is initially fully charged,

e All physical properties of the battery cell are constant,

e A transient laminar fluid flow analysis applied for the discharging and recharging of the battery
including viscous and incompressible flows,

e Heat transfer in the battery cell is due to conduction,

e ECM model parameters affecting the electrochemical and thermal properties of the battery are
due to the discharging and charging coefficients for the fifth-order polynomial form data type,

e Gravitational acceleration of 9.81 m/s? acts downward in the negative y-direction including
Boussinesq approximation due to natural convection heat transfer and modelling of the PCM
melting and solidification,

e Excluding density, all PCM properties are constant,

e Molten PCM fluid flow is laminar, incompressible, and viscous.
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4.2.4 Safety Constraints

Safety limits were imposed in this study that influenced the battery voltage and temperature during
charging and discharging to prevent degradation of the battery, overcharging, thermal runaway, fire,
and explosion. In that regard, the following restrictions are imposed for battery charging and

discharging in the simulations experimental work:

e Simulation cut-off voltage (Maximum/Minimum voltage limits) is set to 4.2 V and 2.5 V,

respectively.

e Simulation cut-off temperature (maximum temperature limits) is set at 45 °C and 60 °C,
respectively. LLE., in the simulation cut-off is imposed where any further increase in temperature

will compromise the integrity of the battery leading to hazardous situations.

4.2.5 Initial and boundary conditions

To analyse the numerical models presented in Figure 4.1, the following initial and boundary conditions

are considered:

e Adiabatic (zero heat flux) outer circumferential walls applied for all models (outer battery walls
and PCM walls for the cases with and without PCM) to prevent heat loss to the environment.

In other words, the proposed systems are isolated,
e Adiabatic (zero heat flux) walls applied to battery tabs,
e Battery cell and PCM thermophysical properties and insulation material are listed in Table 4.1,

o Initial PCM temperature is set to solidus temperature for the models with PCM, and battery cell
temperature set to ambient temperature specified (extreme winter weather -20 °C, winter
weather 0 °C, ambient weather 25 °C, hot summer weather 40 °C, and extreme hot/desert

weather 55 °C).
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4.3 Verification study
4.3.1 Special grid independence study (mesh)

The special grid independence analysis ensures that the cases studied were independent of the
grid sizes. An analysis of grid independence was performed using the meshing feature that created a
structured meshing including quadrilateral cell results. The analysis compared the different grid sizes
ranging between coarse, selected and fine defining larger to smaller cells, respectively. The comparison
with and without PCM showed little deviation (less than 1 %) between the different grids. An adequate
number of elements was chosen for the battery cell with (86877 elements) and (84801 elements) without

PCM had high average Orthogonal Quality (greater than 0.95) and low Skewness (less than 0.25).

4.3.2 Temporal independence study (time-step)

A temporal independence study (time-step) with the influence of the time-step size on the
Temperature for the first discharge of the battery cell at an ambient temperature of 25 °C was performed
at fixed time-step size at 10 s, 50 s, 100 s (selected), and 150 s for the battery cell without PCM. For
this case, the percentage deviation was less than 0.1 % for the selected time-step size of 100 s and was
seen as sufficient to conduct the study. For the other case where the battery cell is jacketed with a PCM,
a manual adaptive type of time-step size was used to achieve converged results. This ensured that the
movement of the melting front and the mushy zone region was accurately captured to effectively

evaluate the heat transfer effects due to conduction, convection, and natural convection.

4.3.3 Mushy zone constant independence study

The mesh independency study was performed to understand the impact of the mushy zone
constant values, A,,,sp, from le*to 1e® on the melting of the PCM N-octadecane due to the thermal
influence generated from the battery cell. In this case, the ambient battery temperature was 25 °C and
was deep discharged at 1C rate. Results had little to no impact on the temperature as well as the PCM
liquid fraction (approximately 1 %). This can be attributed to the small volume (5973 mm?®) of PCM (3
mm circumferential diameter) used in this analysis, as larger volumes of PCM can significantly impact
the natural convection (Nicholls et al., 2022). It is during this phase of convection heat transfer which
is associated with the rate at which the PCM melts. This study has only incorporated the melting
phenomenon of the PCM and does not consider the solidification. In solidification, the mushy zone

constant would be overlooked since conduction heat transfer would be the dominant heat transfer
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mechanism. It is noted that ~ 65 % of the PCM was melted at the end of the first discharge, which
indicates that the majority of the PCM was liquid with a percentage deviation of ~1 % for all cases

compared to the selected case (1€°).

4.3.4 Computational model setup

ANSYS Fluent 2021 R1 is used to numerically simulate all cases including discharging and
recharging of the battery cell, as well as melting of the PCM using a pressure-based solver adequate for
laminar viscous model flows. A transient time analysis was used with the implemented Pressure Implicit
Splitting Operator (PISO) scheme for the pressure-velocity coupling. Momentum and Energy equations
were analysed using second-order upwind, while for pressure, PRESTO! was used in the spatial
discretization. The under-relaxation factors for pressure, density, momentum, energy, and liquid
fraction were set to 0.3, 1, 0.7, 1 and 1, respectively. The convergence criteria were set to 1 micro for

each timestep.

4.4 Results/analysis and discussion
4.4.1 Validation

Figures 4.3 (A) and (B) display the results of the validation of PCM melting and battery cell
discharge respectively, captured from literature (Nicholls et al., 2022), (Kirad et al., 2021), (Kollmeyer
et al., 2017), (Darzi et al., 2012), and (Kadivar et al., 2019) with less than 0.1 % deviation compared
with the present study. Using the captured data for the Panasonic battery cell seen in (Kirad et al., 2021),
the coefficients of the fifth-order polynomial form were calculated as seen in equations (4.20 - 4.25)
and used as the inputs for the MSMD ECM model. Following the insertion of the assumptions and
boundary conditions, the cell was discharged from an ambient temperature at 25 °C at a rate of 1C and
heat transfer coefficient at 7 (W/m?K) with adiabatic outer walls. The PCM assessed in the validation
case was N-eicosane (Nicholls et al., 2022) which showed close agreement with the melting of the PCM
and the phase change over time. This PCM validation study is shown to predict the melting front
movement with close accuracy and a similar analysis is conveyed in this present study with the most

suitable PCM.
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Fig. 4.3 Validation study results: A) Validation of the PCM melting for liquid fraction versus Fourier Number
(F,) for the present study compared with numerical data from the literature (Darzi et al., 2012), and (Kadivar et
al., 2019); B) Validation of the battery cell thermal analysis for Temperature (°C) versus Time (s) for the present
study compared with numerical and experimental data from the literature (Kirad et al., 2021 and Kollmeyer et

al., 2017) at reference ambient temperature of

25 °C.

4.4.2 Coupled Thermo-chemical and electrical results

The results of the combined thermo-chemical and electrical study of the battery cell in the
presence and absence of PCM for the following investigations are presented in this section and sub-

sections:
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e Investigation on the impact of PCM on the battery cell performance under charging and
discharging cycles to ascertain its suitability to be considered as a thermal management system

for battery cells.

o Investigation on the impact of PCM circumferential thickness (1 mm, 3 mm, 5 mm, and 7 mm)
on battery performance to determine the most appropriate size for thermal management of

batteries.

e Investigation on the impact of ambient weather conditions on PCM effectiveness for the
thermal performance of batteries to design batteries with a lengthened stability in the process

of discharging and recharging cycles even in extreme weather conditions.

4.4.2.1 Impact of PCM on battery performance under charging and discharging cycles

The objective of this study was to ascertain whether adding PCM as passive cooling is a suitable
solution to enhance the battery performance under charging and discharging cycles. Results of the
coupled thermo-electrochemical impact on the battery cell with jacketed PCM are displayed in Figure
44,

The results show the three indicators of battery performance used in this study namely, State of
Charge (SOC), Temperature and Power at the initial temperature of 25 °C at the fully charged state.
Figure 4.4 (A) displays a zoomed image with the complete discharge at a rate of 1C of the battery from
initial SOC at 1 for both cases of the battery cell with (shaded symbols) and without (unshaded symbols)
PCM. From the initial fully charged position, the battery temperature increased linearly during the first
discharge until it reached a temperature of approximately 48 °C (in the absence of PCM). It must be
noted that the safe operating temperature range for this type of battery cell is between -20 °C to 60 °C
during discharge. This meant that in the absence of the PCM, the battery cell temperature was safely
within this range. As shown in this Figure, during this first discharge, the SOC for both cases (with and
without PCM) linearly decreased from the initial fully charged position at 1 and was fully/deep
discharged at 0. Power drops from maximum power (~12W to ~8W) since there was a drop in the
voltage of the battery as it discharged. The addition of the PCM jacket around the battery cell (3 mm
circumferential diameter), kept the temperature constant and well within the optimum working
temperature range (20 °C to 40 °C), showing that the thermal performance of the battery had improved
due to the LH available from the PCM. This in turn extended the battery life cycle by a further 20 %
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(~600 s) in comparison to the standalone battery cell as shown by the electrical performance captured

(SOC and Power).

During the process of discharging, the PCM absorbed the heat generated from the battery cell
by conduction heat transfer and the PCM began to melt as the liquidus temperature had been reached.
At this stage, the liquid fraction of the PCM (molten PCM) was ~64 %, which indicated that there was
still solid PCM with available LH capacity. To better understand the impact of PCM on the temperature
distribution of a battery, in Figure 4.4 (A) a localised temperature contour layover is plotted at the initial
and final conditions for the battery cell without PCM. Please note, as in the presence of PCM the battery
temperature did not change significantly, the contour has been excluded in this figure. Also note, to
display maximum temperature, the lower and upper limit of the colour bar varies between 321.05K to
321.18K, respectively, therefore a reader can better indicate the location of the maximum temperature
of the battery in the overlayed contour. As shown in the overlayed contour, the highest temperature is
accumulated at the core of the battery and decreases as it moves towards the battery tabs. This showed
that the heat generated is at the centre of the battery where the focus of the LH material should be
applied. The indication of the highest temperature zone was particularly useful for the designation of
surrounding PCM. This initial discharging gave insight into the practicality of combining PCM with a

constant volume for a single discharge with the applied assumptions and boundary conditions.

Moreover, a supplementary study (extended version of Figure 4.4 (A)) seen in Figure 4.4 (B),
analysed the effects of PCM on the electrical and thermal performance of the battery involving
continuous cycles of discharge and recharge, to ascertain a timespan, that the proposed model operated
safely within its limits as discussed in section 4.2.4. In this case, the PCM enveloped the core of the
battery only excluding the tabs (see Figure 4.1). Like Figure 4.4 (A), the boundary conditions and
assumptions remained the same with the initial SOC at 1, temperature at 25 °C and a discharge rate of
1C. It is noteworthy that, as discussed in section 4.2.4, the discharging (60 °C) and charging (45 °C)
cut-off temperature limits and voltage limits between 2.5 V and 4.2 V, a continuous cycle of discharge
and recharge was performed (see Figure 4.4 (B)). In the absence of the PCM, as previously pointed out,
the temperature of the battery cell reached ~48 °C after the first deep discharge, and well within the
discharge temperature safety cut-off limit (60 °C). However, a further continuous recharge could not be
completed since the battery temperature was above the charging safety limit (45 °C) for the upcoming
process of charging, therefore in practice, the battery had to be cooled before the charging started.
However, as seen in Figure 4.4 (B), further continuous charge and discharge cycles were applicable for
the case with PCM. After the first discharge, the battery temperature was not significantly increased
from its initial temperature of 25 °C since LH was still available from the PCM (36 %) to perform
further cycles. Immediately after the first discharge (at 3600 s), the first charge was initialised. During
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this cycle, the battery cell temperature was still relatively constant with a minimal increase in
temperature until the PCM had fully melted at 30 °C indicated by a liquid fraction of 1 (at 5300 s).
Since the volume of the PCM was completely molten, all the LH capacity available was used up and
there was a transition to Sensible Heat (SH) where no further change in phase can occur, but the
temperature of the material continued to rise. In this case, the battery cell temperature started to rise
sharply (see Figure 4.4 (B)) almost mid-way through the charging until the end of the first charging (at
7300 s). At this stage, the temperature had reached ~40 °C and was still reasonably within the safe
operating temperature range as the PCM contributed significantly to this. The SOC at the end of this
cycle did not fully reach the initial starting charge at 100 % since there was a restriction in the maximum
voltage (4.2 V), as discussed in section 4.2.4. Nonetheless, since at this stage in the cycling, the battery
cell temperature was ~40 °C and well below the discharging cut-off limit (60 °C), it means that the
process could continue safely into another discharge. At the end of this second discharge (at 10305 s),
the temperature was at 54 °C and notably beyond the charging cut-off limit (45 °C) and therefore was
unable to proceed to the second charge. By considering a complete cycle to include complete
discharging followed by recharging, the introduction of the PCM extended the battery life cycle up to
one 'z cycles or 3.4 times in comparison to that without a PCM, based on the conditions previously

specified.
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Fig. 4.4 Comparison of battery cell performance including SOC, Temperature (°C), and Power (W) versus Time
(s), in absence and presence of 3mm jacketed PCM at 25 °C ambient temperature; A) during a single battery
discharge with overlayed localized temperature contours; B) Consecutive cycles of battery discharge and

recharge.
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4.4.2.2 Impact of PCM circumferential thickness on battery performance

As the introduction of PCM proved itself as a promising passive cooling technique, a
complementary study was implemented to ascertain the most suitable PCM size for battery
performance. The study analysed the PCM jackets with 1 mm, 3 mm, 5 mm, and 7 mm thicknesses
whilst considering N-octadecane as PCM material. Figure 4.5 presents the results of the proposed
complementary study. In Figure 4.5 (A), a single battery cell underwent deep discharge at the initial
temperature of 25 °C at a rate of 1C is displayed with a comparison of the battery cell without (unshaded
symbols) and with (shaded symbols) PCM of varying thicknesses. PCM thicknesses of 3 mm, 5 mm
and 7 mm performed similarly showing constant temperature. However, the 1 mm thickness was
completely molten at ~2400 s after which a sharp increase in the temperature was observed until the
battery was completely discharged (3900 s). This represented a change in the jacket from LH to SH
where no further change in phase occurred, but rather, the temperature continued to rise. This can be

thought of intuitively, as the greater the volume of PCM, the greater the amount of LH available.

This study was further extended into Figure 4.5 (B), where continuous cycles of discharge
followed by recharge were performed for all the cases for varying thicknesses of PCM. As seen for the
1 mm PCM thickness, the SH was dominant up to ~2400 s after initialisation. As with the battery cell
without PCM, the temperature was beyond the charging cut-off (45 °C) and was unable to proceed to
the next cycle (at 3000 s). As seen for the 3 mm, 5 mm, and 7 mm PCM thickness, further cycles were
performed. For all cases, the temperature remained constant for a longer time if there was LH present
in the PCM (not fully liquid). As previously stated, when the PCM was fully molten, the LH was used
up and so SH was dominant, and the temperature started to rise sharply. It shows that as the PCM
thickness surrounding the battery cell increased, the battery was able to endure more discharge/recharge
cycles. In this case, the 3 mm PCM lasted for 1 7 cycles, 5 mm for 2 7 cycles and the 7 mm lasted for
3 cycles whilst taking into consideration the discharging and charging cut-off temperature limits and
voltage limits that affect the electrical performance of the battery. The figure also displays the overlayed
battery temperature contours in the absence and presence of PCM with varying thicknesses. These

contours illustrate the variation of temperature in the cell in different instances.
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Fig. 4.5 Impact of jacket PCM thickness: A) Comparison of battery cell Temperature in presence and absence of

various circumferential PCM Jacket thicknesses at ambient temperature of 25 °C during single battery

discharge; B) Temperature (°C) versus Time (s) in consecutive cycles of battery discharge and recharge with

temperature contours at specific instances; C) Liquid fraction versus Time for the melting of the PCM N-

octadecane for the battery cell consecutive cycles with liquid fraction contours at specified instances.
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In terms of selecting the optimum volume of PCM to provide the best improvement in thermal
performance, the 3 mm jacket PCM thickness around the 18650 cylindrical battery cell was sufficient
to illustrate that thermal performance can be prolonged if the electrical performance is also stable within
the limits. When considering jacketing the battery cell with PCM, the available space and volume
surrounding the cell must be taken into consideration, as ideally the weight of the BTMS should be kept

to a minimum.

Figure 4.5 (C) shows the liquid fraction versus time for the various sizes of PCM N-octadecane,
melting during the consecutive discharging and recharging cycles. The circumferential thickness of
PCM was significantly affected by the heat generated, showing that the larger volume liquifies much
slower. Liquid fraction contours at front views display the percentage of PCM fully melted at specific
times. The battery cell with 1 mm and 3 mm PCM was fully melted after 6000 s and the natural
convection is not clearly shown due to small volume sizes. However, for the battery cell with 5 mm and
7 mm PCM, the natural convection during melting is illustrated with a greater volume of solid PCM
near the bottom as opposed to the top as shown by the coloured legend. In this case, the volume of PCM
could be further increased to prolong the thermal efficiency of the battery. However, considerations
towards the weight of the BTMS must be acknowledged as this can have a negative impact on the
performance of the vehicle. Based on this study, 3 mm PCM was considered sufficient to extend the

thermal performance without having a significant impact on the volume and weight of the system.

4.4.2.3 Impact of ambient weather conditions on the effectiveness of PCM jacket for thermal

management of battery cells even under extreme weather conditions

Furthermore, a study performed on the impact of ambient weather conditions from normal to
extreme conditions investigated the effectiveness of PCM for thermal management. For this study,
varying the ambient temperature conditions for a test case for a single cell battery include -20 °C
(extreme winter weather), 0 °C (winter weather), 25 °C (regular ambient weather), 40 °C (hot summer
weather) and 55 °C (extreme hot/desert weather). It should be noted that at extremely low temperatures,
such as -20 °C, there is an increase in internal resistance and consequently cold start of the battery which
was not taken into consideration in this study but could be useful for further investigations. With
decreased temperatures, the internal resistance of the battery cell increases, and capacity drops due to
slower chemical reactions. Figure 4.6 displays the comparison of all the cases with and without PCM
N-octadecane under the various ambient weather conditions after a deep discharge as used previously

in this study along with RT44HC and Stearic acid.
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At 25 °C, an insignificant rise in temperature is seen as time passes, since the PCM is already
molten and acts as a LH system during a single discharge. Below 25 °C, the ambient temperature
weather conditions did not reach the liquidus temperature of the PCM N-octadecane and so the PCM
temperature would increase linearly (as the SH is active) until it reaches that melting point (the system
acts as LH). For these low temperatures, the N-octadecane (PCM) takes longer to liquefy and can
undergo further cycles of discharging and recharging until it is fully molten, and the LH returns to SH.
For the hot temperatures outlined (40 °C and 55 °C), the PCM N-octadecane was fully molten (at 100
s) and so the LH already turned to SH, since there was no further change in phase. The battery
temperature reached the discharging cut-off limit of 60 °C at 2,800 s and 700 s for 40 °C and 55 °C,
respectively. In this case, only %2 cycle could be performed whilst safety limits were taken into
consideration. It can be concluded from Figure 4.6, that the PCM N-octadecane (see properties in Table
4.1) were sufficient up to 25 °C (from extreme cold to ambient weather conditions), due to its solidus
and liquidus temperatures. However, the thermophysical properties of PCM N-octadecane are not
sufficient for t temperatures higher than 25 °C. This study shows that based on the geographical weather
market manufacturers can design enhanced batteries with PCM based. As the thermal properties of the
PCM N-octadecane were inadequate to keep battery temperature stable for extremely hot weather
conditions, another complimentary study was conducted to investigate the impact of different PCM
types on the thermal management of the battery. To alleviate the drawback of PCM N-octadecane in
the hot weather conditions, two different PCMs were considered for the hot summer weather at 40 °C

(RT44HC) and the extreme hot/desert weather at 55 °C (Stearic acid) (see Table 4.1).
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Fig. 4.6 Comparison of all cases for battery cell discharge with and without PCM N-octadecane at varying initial

ambient temperatures of -20 °C, 0 °C, 25 °C, 40 °C and 55 °C.
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Figure 4.7 shows the impact of the variation of PCM for consecutive discharge and recharge
cycles. For the cases below 25 °C, SH was still dominant during the first discharge as the liquidus
temperature of the PCM N-octadecane had not been reached as previously seen in Figure 4.6.
Unfortunately, due to the extremely high temperature of 55 °C, only a single discharge was performed
(see Figure 4.6) since the temperature was beyond the discharging cut-off limit (60 °C). However, there
was still a 440 % improvement in the thermal performance of the battery to maintain a constant
temperature at the end of deep discharge (~4.4x longer). It must be noted that these high temperatures
are uncommon, but it is complementary to the results of the possibility of practically using PCM as a

passive cooling approach for BTMS designs.

Consecutive discharge and recharge cycles were performed, and the results are shown in Figure
4.7. For the hot summer weather at 40 °C, the battery cell without PCM could only undergo the 1%
discharge before reaching the cut-off temperature (at 2800 s), however, when the PCM was introduced,
the battery underwent consecutive charging and was still below the charging cut-off temperature (at
6000 s) and so finally a 2" discharge was completed (at 7700 s). LH was active for the first complete
cycle of discharge and recharge, however, after this stage, the PCM was fully molten, and SH was active
resulting in the sharp increase in temperature during the 2™ discharge. Both cases for 0 °C and -20 °C
without PCMs completed consecutive discharge and recharging cycles (1 2 and 3 cycles respectively)
with a steady increase in the temperature until the safety cut-off limit was reached. Similarly, the cases
of 0 °C and -20 °C with PCM completed multiple cycles with steady increases in temperature until the
PCM started to melt and LH was active. At this region, the battery cell temperature remained constant
even up to and after three consecutive cycles for the 0 °C case and up to the fifth discharge for -20 °C.
This was significant as the battery operated at the optimum temperature up to 2 %2 full cycles and 4 %2
full cycles for the 0 °C case and -20 °C, respectively. After these cycles (at 13800 s for 0 °C and 24300
s for -20 °C), SH was active and no further cycling was performed. The results show that once the most
appropriate PCM was chosen based on thermal properties and ambient conditions, the combined PCM

and battery model can maintain its optimum operating conditions for longer.
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temperatures of -20 °C, 0 °C, 40 °C and 55 °C for consecutive cycles of battery discharge and recharge.

4.5 Conclusions

In this study, an 18650 Li-ion cylindrical battery cell was conjugated with PCM to analyse the
effects of passive cooling on the thermal performance under consecutive cycles of charging and
discharging in varying ambient weather conditions including extreme winter weather -20 °C, winter
weather 0 °C, ambient weather 25 °C, hot summer weather 40 °C, and extreme hot/desert weather 55
°C. Variations of circumferential PCM thicknesses including 1 mm, 3 mm, 5 mm, and 7 mm were
analysed for the most appropriate PCM thickness and included variations of PCM for the changing
weather conditions. Two cases were analysed one with PCM and one without so that all the heat

generated by the battery was directly transferred to the PCM. The conclusions from the study are:

o The results of the validation study showed less than 0.1 % deviation from the literature with the
study results and verification study for the special grid (mesh), temporal (time-step) and mushy

zone variations showing that the selected values were sufficiently independent.

e The impact of PCM for regular ambient weather conditions at 25 °C, prolonged the thermal

performance of the battery cell by 20 % after a single discharge and was effective at maintaining
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a constant temperature for multiple cycles with a total extension of 3.4x (340 % performance
improvement). In this first case study, results were positive in the direction of PCM-based
thermal-balanced cooling (passive cooling) that provided steady battery temperature control

and can function as a standalone BTMS based on the conditions set in this work.

e The impact of circumferential thickness compared PCM jacket sizes of 1 mm, 3 mm, 5 mm,
and 7 mm thickness whilst considering N-octadecane as PCM, showed that 3 mm was sufficient

for extending the thermal performance.

e Appropriate PCMs chosen for higher temperatures at 40 °C and 55 °C with initial results of
discharging, showed constant battery temperature. However, at 55 °C temperature only
achieved a single discharge since it reached the cut-off limit, but there was still a 440 %
improvement (4.4x) in the thermal performance. This temperature is not common but
complimentary to the study. Similarly, the 40 °C weather condition without the PCM only
underwent a single discharge before reaching the safety cut-off limit, but the addition of the

PCM further extended the thermal performance up to 1 % cycles.

e For lower temperatures (-20 °C and 0 °C) only SH was observed since the PCM was not at the
melting temperature. Consecutive cycles for the 0 °C and -20 °C with PCM remained constant
even up to and after 2 Y2 and 4 2 consecutive cycles, respectively displaying 160 % and 162

% thermal performance improvement.

The results show the choice of PCM-based passive cooling on thermal properties and the ambient

conditions, can maintain the optimum battery operating conditions for longer.

4.6 Chapter Summary

This research Chapter evaluated the research conducted for the conjugation of TES with EES.
The study focused on the cellular level of a Li-ion 18650 cylindrical battery cell jacketed with PCM
around the circumferential area. The study analysed the effects of the introduced PCM on the battery
and focused on three main elements of battery performance, namely, Temperature, State of Charge
(SOC) and Power. Using these three indicators of battery thermal performance, the added PCM was
shown to be an improvement in the thermal stability of the battery, even performing multiple
consecutive cycles of charging and discharging as the thermal performance had been enhanced with the

introduction of the passive cooling material. The study highlighted various weather conditions as well
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as the volume of PCM surrounding the battery cell. This Chapter evaluated the integration of the TES
with EES as identified as part of the main objectives of this research and acts as a starting point for
further research at the modular level. It is noted that this Chapter was a continuation of studies for a
Conference presentation as highlighted in the Publications section and has been published in a Journal.
Moreover, in the following Chapter 5, a shift from ideal theoretical continuous loading to haphazard
variations as a result of real-world driving cycles is investigated. Notably, the impact on the
performance of the single cell with and without passive cooling is investigated for different driving
cycles from harsh to casual to evaluate the thermal reaction of the chosen PCM within a specific ambient
condition. Additionally, the Chapter goes into detail about the variation of discharging C-rates on the

performance of the single cell when passive cooling was introduced as compared to without.
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CHAPTER 5: LATENT HEAT BASED PASSIVE COOLING ON THE
PERFORMANCE OF EV BATTERY UNDER AUTOMOTIVE DRIVE
CYCLES®

5.1 Chapter Brief

In the previous Chapter, an investigation into the conjugation of TES and EES analysed the
impact of an 18650 Li-ion cylindrical battery cell jacketed with PCM. The cell was assessed under
continuous cycles of charging and discharging with various PCMs, the impact of PCM circumferential
thickness on battery performance and the impact of ambient weather conditions on the effectiveness of
PCM jackets for thermal management even under extreme weather conditions. An overall introduction
to PCMs and battery thermal management based on passive cooling and the effectiveness of different
battery models were reviewed in the literature review in Chapter 2. The previous chapter expanded on
this research area for performance under various climate conditions. Chapter 5 is focused on the
utilisation of passive cooling for BTMS for cylindrical cells employing the Latent heat (LH) jacket
under various real-world automotive drive cycles as opposed to continuous charging/discharging cycles.
In this case, the challenge addressed involved the understanding of the haphazard behaviour which
impacts the battery’s performance and its thermal stability. The drive cycles were collected from
literature and online sources which comprised both aggressive and casual driving styles. This issue was
addressed using the passive LH cooling jacket from a numerical thermo-chemical and electrical model
based on varying real-world driving scenarios that can account for varying routes, driving styles, and
distances. This study Chapter is in line with the objectives set about in Chapter 1 and seeks to partially
fulfil the targets set in milestones 1 and 2. This study is classed as a cellular study, as a single cell was
analysed with future work on battery modules to be reviewed to further fulfil milestone 3 targets. The
results of this study Chapter have been published in a journal article as seen in the documented

Publication section.

5 Nicholls, R.A, Moghimi, M.A., and Griffiths, A.L., Influence of latent heat based passive cooling on
the performance of EV battery under automotive drive cycles, Journal of Energy Storage, 77, 2024, pp.
109924. https://doi.org/10.1016/j.est.2023.109924
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5.1.1 Introduction

Amid the global drive to reduce carbon dioxide (CO,) emissions, green technologies, especially
Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs) are at the forefront of the transition away
from fossil fuels. This shift has led to a considerable focus on Electrical Energy Storage (EES)
technologies, particularly lithium-ion (Li-ion) batteries (LIBs), to enhance energy storage capacities.
Several studies stress the urgency of moving from high CO2-emitting Internal Combustion Engine
(ICE) vehicles to renewable energy sources (Ghaeminezhad et al., 2022), (Subramanian et al., 2021),
(Kumar et al., 2020). Despite the zero-emission nature of EVs and HEVs, some performance limitations
persist, such as extended charging periods, driving range, and power output (Tete et al., 2021). Li-ion
batteries, with their superior energy density, stability, and extended lifespan, are a preferred choice for
major car manufacturers due to their high-quality performance attributes (Yang et al.,, 2023),
(Jaguemont et al., 2016). While battery selection has been researched (Arora et al., 2018), (Kim et al.,
2019), improvement in thermal performance and safety for batteries meeting consumer demands and

ensuring top-tier product use is crucial for overall performance.

Li-ion batteries are widely favoured for EVs and HE Vs, yet they possess certain vulnerabilities,
notably their susceptibility to temperature fluctuations. These batteries typically operate within an
optimal temperature range of 20 °C to 40 °C (Muenzel et al., 2015), (Landini et al., 2019), (Jilte et al.,
2019). Deviating from this range has critical consequences: overheating may result in thermal runaway,
leading to battery decomposition, fire, or explosions (Yang et al., 2023), while under-cooling increases
internal resistances, causes capacity fading and reduces chemical reactions (Wang et al., 2012),
(Ibrahim et al., 2021), (Ostanek et al., 2020), (Raijmakers et al., 2019). A temperature uniformity
(Choudhari et al., 2020) greater than 5 °C outside the optimal range significantly affects overall
performance. Voltage range also plays a key role, with the power output safety range for single-cell use
typically between ~2.5V to 4.2V (Yang et al., 2023). To achieve a positive potential rating or drive
relevant devices and vehicles, various batteries need to be connected in series or parallel (Kumar et al.,
2020). These safety constraints often affect Li-ion batteries’ performance during discharging and

recharging.

An effective BTMS, as described in (Raijmakers et al., 2019), plays a crucial role in maintaining
the stability of individual battery cells, modules, or packs within their optimal temperature thresholds.
When the proposed battery cell or pack generates heat, it can create substantial temperature differences
and potentially lead to thermal runaway, an aspect also highlighted in (Raijmakers et al., 2019),
(Choudbhari et al., 2020), (Wu et al., 2019). Employing active or passive cooling, an efficient BTMS

enhances battery efficiency by focusing on crucial factors such as State of Charge (SOC), temperature,
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and Power (Yang et al., 2023), which significantly influence battery effectiveness and longevity. SOC
represents the battery’s capacity balance between 0 and 1. Studies like (Kirad et al., 2021) propose
Neural Network (NN) models influenced by time delays, while deep learning, as explored by (Xi et al.,
2022), (Guo et al., 2023) offers insights into the advantages and disadvantages of leveraging artificial
intelligence (Al), and machine learning (ML) for precise SOC estimations. This research uses numerical
computational fluid dynamics (CFD) (Yang et al., 2023) to accurately predict, SOC, Power, and

temperature levels.

Research studies often extensively examine the application of BTMS focusing on various
designs that utilise active cooling methods like liquid/air cooling (Gulfam et al., 2023), (Worwood et
al., 2017) and (Al-Zareer et al., 2018) while passive cooling techniques involve the utilisation of PCMs
in applications related to LHS systems (Peng et al., 2022), (Sardari et al., 202020), (Talebizadehsardari
et al., 2021). LHS operates on the principle of phase change, where materials transition from solid to
liquid and then to gas or vapour, depending on temperature changes and thermal properties. PCMs have
increasingly gained popularity in various thermal applications to maintain consistent system
temperatures based on specific needs (Rao et al., 2011), (Cao et al., 2020), (Nicholls et al., 2022) and
(Du et al., 2018). These material-based energy storage solutions exploit phase change phenomena by
absorbing heat energy (Nicholls et al., 2022), (Chen et al., 2019), (Damiano et al., 2015) and (Kollmeyer
et al., 2017). Past studies have demonstrated that energy absorbed during battery cycling contributes to
sustaining the ideal battery temperature over prolonged periods. To address challenges linked to
renewable energy supply and demand, passive cooling methods like PCMs (Nazir et al., 2019), (Alami
etal., 2022) and (Huang et al., 2019) have been explored to enhance thermal performance and selection
criteria. Additionally, sustainability aspects, particularly in terms of environmental impact, are crucial.
An analysis of (Abdulmunem et al., 2023) of bio-based PCM’s impact on thermal stability and control
for 18650 LIBs, assessed under varying loading conditions, showed promising results with less

environmental harm.

Several studies have highlighted the amalgamation of PCMs in designs of BTMS to influence
overall thermal performance (Siddique et al., 2018) and (Patel et al., 2020). Investigations into various
PCM types (Chacko et al., 2012) and (Patel et al., 2020), have been conducted to evaluate their impact
on thermal behaviour. PCM selection criteria rely on factors such as maximum temperature,
temperature variation, ambient temperature, and C-rate to determine the most suitable PCM for a given
application (Kumar et al., 2020), (Tete et al., 2021) and (Yang et al., 2023). Paraffin-based PCMs have
shown effectiveness in managing thermal aspects, and the review (Worwood et al., 2017) outlines the
composite nature, functions, and manufacturing details of these materials, providing valuable insights
into their potential use in EES systems.
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Moreover, previous studies have emphasised examining consecutive charging and discharging,
pulsing, and combined heat transfer (CHT) in battery thermal modelling to assess their impact on battery
performance. For instance, a study on continuous cycling in EVs (Najafi et al., 2023) explored various
setups, including the placement of PCM in the pack around the cells, while also considering the impact
of rest time between charging and discharging cycles (ranging from 10 to 20 minutes). Findings
revealed that PCM placement around the cells exhibited better results during the initial cycle, whereas
PCM in the pack demonstrated limitations in maintaining optimal temperature conditions. Notably, the

study suggested that longer rest times led to more consistent temperatures across consecutive cycles.

Similarly, in another investigation (Patel et al., 2020) a 3-dimensional (3D) transient electro-
thermal model was employed under drive cycles characterised by high initial ambient temperature and
high power demands associated with aggressive driving styles. This study recorded temperature and C-
rates, adhering to safety limits during continuous charging and discharging cycles. The findings
significantly shed light on the necessity for an effective BTMS to sustain the ideal operating temperature

of battery cells when affected by demanding driving cycles.

The precision of battery thermal modelling is critical for effective BTMS, considering heat
transfer from the core temperature of batteries. Literature offers diverse, simpler electrochemical
models (Jiang et al., 2014) and (Xiaopeng et al., 2014) with drawbacks such as lacking internal state
information and side reactions during charging and discharging. However, these models can integrate
seamlessly into various BTMS technologies, showing advantages in higher-order modelling (Khamar
et al., 2014) over lower-order models (Parvini et al., 2015) and (Zheng et al., 2015). Equivalent circuit
models (ECM) (Nicholls et al., 2022) and (Freudiger et al., 2019) have been evaluated under Worldwide
Harmonised Light Vehicles Test Procedure (WLTP) conditions (Ghoulam et al., 2022) and (Micari et
al., 2022) across different batteries in varied numerical and experimental settings. Various notable drive
cycles, like Unified Dynamometer Driving Schedule (LA92) (Khalfi et al., 2021a), Emission test cycle
(US06) (Bhavsar et al., 2023), New European Drive Cycle (NEDC) (Shah et al., 2021), Indian drive
cycle and Federal Test procedure (FTP-75) (Vikram et al., 2022), have been examined to study battery
thermal performance aligned with the behaviour of the drive cycle. These studies have demonstrated
the effectiveness of modelling battery systems through experimental and numerical validations, along
with the use of PCMs for managing thermal performance during both single and continuous cycling
(Yang et al., 2023). Incorporating the modelling of dynamic vehicle driving behaviour in real-life

scenarios is crucial for more efficient BTMS designs.

This research work seeks to address the field of battery modelling in which previous studies

have shown success in predicting battery behaviour under different driving styles for experimental and
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numerical approaches. They have faced challenges in the integration of various loading conditions with
BTMS using passive cooling. To bridge the discussed gap in knowledge, this work presents an
approach, aiming to model dynamic battery behaviour in the presence of real-world automotive driving
for a Panasonic LIB equipped (as a passive cooling approach) with a LH jacket, which, to the author’s
best knowledge, not explored before. It is noteworthy that, while most existing research primarily
analyses battery charging or discharging in single or continuous cycles, this study deals with the impact
of unpredictable driving patterns and their associated thermal management. Thus, the novelty of this
work lays one investigating the impact of passive cooling under real-world automotive driving cycles
at cell level. Consequently, this study shed some light on the haphazard cycling processes and their
associated thermal demand in single-cell scenarios. The insights gained from this approach extend
beyond individual cells, offering valuable data applicable to module and pack levels while ensuring
computational efficiency and early development standardisation. Furthermore, this research assesses
BTMS performance, considering SOC, power, and temperature, both with and without LH jackets.
Throughout, safety considerations are paramount, with temperature and voltage limits established to
prevent thermal runaway and explosions. This research highlights the importance of considering
environmental conditions when selecting BTMS configurations for practical EV applications and
underscores the need for further exploration of battery modules and packs to fully comprehend and

implement innovative thermal management solutions in the field.

The structure of the study follows drive cycle definitions, which describe the nature of drive
cycles, numerical methods detailing the models, mathematical approaches, assumptions including
thermo-chemical and electrical modelling, safety controls, initial and boundary conditions, and
computational model setup. This follows the results and discussion, including verification (special grid,
temporal, and mushy zone independency analysis) and validation study, the impact of the LH jacket on
the battery performance under automotive drive cycles, and the impact of variation of discharging C-

rates and finally suitable conclusions provided.

5.1.2 Drive Cycle Definitions

Drive cycles are known to deal with the variation of the speed of the vehicle versus time. They
are normally used to determine fuel consumption and emissions based on a standardised assessment to
make a comparison between different vehicles. These tests are focused on the chassis dynamometer to
accumulate and assess variation in emissions. Each test is based on real-world driving scenarios
depending on travel routes, idle times, driving behaviours (for example speed fluctuations) and distance

travelled at a specific time. Figure 5.1 displays the power profile of all the drive cycles used in this
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study on the specific battery outlined in Figure 5.2. All drive cycle testing data were collected from the
literature (Kollmeyer et al., 2017), (DieselNet, 2022). In the following, a brief explanation of the drive
cycles and the physical conditions they are mimicking are provided. It is worth noting that numerical
simulations concluded when the data reached the maximum cycle data available, but there was ample
data for conducting a thorough numerical analysis and drawing meaningful conclusions. A continuous
discharge power result for a single cell is also displayed for comparison purposes of the dynamic

behaviour of an aggressive drive cycle compared to continuous discharge regularly seen in the literature.

The figure in this study, Figure 5.1 (A) illustrates the emission test cycle (US06) drive cycle,
emphasizing power patterns. This drive cycle represents aggressive and high-speed driving behaviour,
featuring rapid speed changes and intense acceleration, typical of real-world conditions. Over 8.01 miles
(12.8km), the vehicle maintains an average speed of 48.4 miles per hour (mph) (77.9 kilometres per
hour (kph)) and reaches a maximum speed of 80.3 mph (129.2 kph) within 596 seconds. A closer look
at the power variations during this phase reveals fluctuations, with the highest power reaching around
25 W and the lowest dropping to approximately -53 W, spanning a total time of 4500 seconds. This

cycle is replicated multiple times based on available literature data for the recorded cycles in this study.

The Urban Dynamometer Driving Schedule (UDDS) drive cycle, as depicted in Figure 5.1 (B),
illustrates the power profile throughout a specific timeframe. This cycle simulates urban driving
conditions, covering a route of 7.5 miles (12.07 km) characterised by frequent stops, with a maximum
speed of 56.7 mph (91.25 kph) and an average speed of 19.6 mph (31.5 kph). The UDDS consists of
two phases: the first phase lasts 505 seconds (equivalent to 5.78 km at an average speed of 41.2 kph),
followed by the second phase, which lasts 867 seconds and begins with a cold start. Weighting factors
of 0.43 and 0.53 are applied to the first and second phases, and emissions are expressed in grams per
mile (g/mile) or grams per kilometre (g/km). Zooming in on the power fluctuations during a 1500-
second interval within this cycle reveals a peak power of around 13 W and a minimum power of
approximately -19 W, covering a total period of 22450 seconds. Multiple cycles of this UDDS are

considered, and the data is collectively analysed to conclude.

The Highway Fuel Economy Test (HWFT) drive cycle is presented in Figure 5.1 (C) and (D),
illustrating the power profile. This test is conducted twice, with a downtime period in between cycles,
initially for pre-conditioning and then for the actual conditioning phase. The HWFT simulates vehicle
operation to determine the fuel economy of light-duty vehicles' highway fuel economy rating. This
cycle involves driving a vehicle over a total distance of 10.26 miles (16.45 km) at an average speed of
48.3 mph (77.7 kph) within 765 seconds. Zooming in on power fluctuations during an 800-second

interval within this cycle reveals a peak power of around 18 W and a minimum power of approximately
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-16 W, covering a total period of 7500 seconds. Multiple cycles of the HWFT are conducted and
analysed to assess performance and draw conclusions regarding fuel economy for light-duty vehicles

on highways.

The Unified Dynamometer Driving Schedule (LA92) drive cycle is depicted in Figure 5.1 (E),
illustrating the power profile. This cycle is designed for testing Tier 3 vehicles with weights ranging
from 10,000 to 14,000 Ibs. It involves aggressive driving conditions with high speeds, rapid acceleration

and reduced downtime and idling. The LA92 cycle comprises distinct phases:

1. The vehicle covers 11.04 miles (17.7 km) at an average speed of 22.92 mph (36.74 kph) in
1735 seconds.

2. The vehicle travels for 9.8 miles (15.8 km) at an average speed of 24.8 mph (39.6 kph) in
1435 seconds.

Phase 1 includes a 1.2-mile (1.9 km) drive completed in 300 seconds, while phase 2 covers 8.6 miles
(13.8 km) in 1135 seconds. Zooming in on power fluctuations over a 1500-second interval within this
cycle reveals a peak power of around 35 W and a minimum power of approximately -26 W, spanning
a total time of 14,000 seconds. Multiple cycles of the LA92 are conducted and analysed to evaluate the

performance of Tier 3 vehicles under these demanding driving conditions.

The Neural Network (NN) drive cycle, depicted in Figure 5.1 (F), presents the power profile
over a specific duration. This cycle combines elements from the US06 and LA92 drive cycles,
introducing additional dynamics necessary for training neural networks. In a closer examination, a
zoomed image reveals power fluctuations over a 600-second interval within this cycle. Within the total
captured cycle data, the peak power reaches approximately 28 W, while the minimum power drops to
around -38 W. The entire cycle spans about 11,700 seconds. The NN drive cycle is designed to provide
diverse driving scenarios used for training neural networks, making it a valuable tool for assessing the

performance of various vehicle systems and technologies.
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Fig. 5.1 Automotive drive cycles illustrating Power versus time evaluated for a single battery cell under 25 °C at

1 C-rate (A-F) and continuous discharge and recharge comparison.
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Furthermore, in Figure 5.1, a plot of power versus time for continuous discharging followed by
recharging of a similar cell under the same ambient conditions and C-rate is to distinguish between the
haphazard fluctuations seen in the various driving cycles and the more uniform continuous cycles.
These continuous cycles are performed as step functions of uniform increments between SOC 0 % to
100 % or specific to the testing applications. This analysis may provide detailed insights into the
application of these drive cycles on this specific Panasonic 18650 battery cell. In this case, dynamic
behaviour based on driving scenarios including idle time and speed fluctuations have been shown to
have different effects on the power required to drive those vehicles which are normally used to decide
on fuel consumption as well as emissions in a standardised format. Due to numerical simulation
performance, this eliminated potential hazards as well as added costs for experimental setups as well as
procurement, labour, and costs to repeat experiments when needed. Moreover, the impact on the LH
storage material or LH jacket (PCM) and its capability to reduce the maximum temperature and
maintain a more uniform temperature during these rapid fluctuations, as opposed to continuous, uniform
cycling, is analysed. The response of the PCM is pivotal and uses its property of low thermal

conductivity and slow heat transfer.

5.2 Numerical Method

5.2.1 Models

Figure 5.2 displays the schematic of a Panasonic LIB with an introduced 3 mm LH jacket. In a
previous study, (Yang et al., 2023), the impact of PCM circumferential thickness (1 mm, 3 mm, 5 mm,
and 7 mm) on the electrical and thermal performance of the battery was investigated. The previous
results indicated that a 3mm LH jacket was sufficient to enhance the electrical and thermal performance
of the proposed Li-ion battery. It was also concluded that increased thickness could extend the useful
life with the penalty of increased weight and less compactness of eventually constructed modules and
packs; thus, design engineers should have rational and applied justifications to go beyond 3 mm
thickness. In this study, the thermal and electrical performance of the proposed case (battery cell
equipped with 3 mm PCM jacket) is compared against the same cell with no LH jacket. It should be
noted that in previous studies (Yang et al., 2023) the 3 mm PCM jacket thickness was considered
sufficient thickness, which improved the thermal performance during consecutive charging and
discharging cycles and was subsequently used in this study based on the results achieved previously.
Increasing the volume of PCM can inherently increase the thermal performance of the battery cell for

longer but has the disadvantage of imposing additional weight and cost on the system.
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Both cells are oriented horizontally and have thermally insulated outer walls to ensure no
thermal effect from the ambient will impact the results of these cases. This means that all the heat
generated from the battery during the cycling processes would be directly captured by the LH jacket
PCM to depict the heat transfer between materials. Horizontal cases were assessed as due to the PCM
charging and discharging, these systems are more effective in heat transfer during PCM melting,
whereas vertical systems maintain consistent heat transfer (Nicholls et al., 2022), (Giirel et al., 2020),
(Adine et al., 2009). Inclination angle reduces the average PCM temperature but affects the PCM
melting, since convective heat transfer is dominant (Seddegh et al., 2016), (Kousha et al., 2017). Figure
5.2 shows the active cell zone, the cell tab, and the location of the LH jacket (PCM) around the
circumferential area of the battery with horizontal front and side views. Here, the battery cell is an

18650 cylindrical cell type with 18 mm and 65 mm in diameter and length, respectively.

Active cell
zone
z - ab
— a
g >
PCM
z
=
>
=
=
[4,]
(A) (B)

Fig. 5.2 Battery cell with PCM jacket showing front and side views: A) schematic sketch and B) meshed
geometry.

5.2.2 Mathematical and numerical model approach

PCM melting engages an enthalpy-porosity formulation. The liquid-solid mushy zone defined

as a porous zone is synonymous with the liquid fraction, including sink and momentum zones
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appropriately referenced for the drop-in pressure in the solid zones. It is noted that the liquid fraction
associates the states of the cell volume defined as either liquid or solid and is included in each domain
cell. During every iterative solution, this value is calculated based on the enthalpy balance. To account
for the change in the PCM physical state, a boundary region is set between 0 and 1 and signifies where
the medium as in fully solid and liquid state, respectively. In this regard, a fully solid medium would

have zero velocity and porosity.

The following section accounts for the PCM melting, with the subsequent section detailing the battery

model, please check (Yang et al., 2023):

The energy equation follows:

dph

2L+ V.(ph) = V.(kVT) — 2L — V. (pifL) + S (5.1)

The liquid fraction, f, is derived as

0 T < Tsolidus
f = T— Tslolidus 5 T > Tliquidous (5,2)

Tsolidus <T < Tliquidous

Tliquidous_ Tsolidus

Natural convection flows because of buoyancy flows resulting from the density variation due
to temperature. This phenomenon takes place in the molten section of PCM in this study. The flows are
encased within a closed boundary so valid Boussinesq Approximation initialises faster convergence at
constant density and temperature. The thermal expansion coefficient affects the natural convection
flows induced by gravity, which would impact the density variations caused by temperature in the
molten PCM region. As long as these are not sizeable differences in the density of the material and
temperature differences within the domain are small, then the Boussinesq approximation is accurate.
As the temperature of the PCM material increases, the volume is increased per temperature change by
the value (0.00091) specified in Table 5.1. This means that there are small changes in volume as the

material temperature increases and in melting:

The momentum follows:

(1-1)?

f3+e

dpo?
ot

+ V.(pov?¥) = —=VP + V.(uVv) + (p — po)g +

ﬁAmush (5 -3)

Where ¢ is a number equal set to 0001,
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Anush is the mushy zone constant between 10* - 107. 105 was proved to be sufficient for the melting

process in this analysis, as discussed in earlier studies (Yang et al., 2023), (Nicholls et al., 2022).

The governing equation for continuity is as follows:

‘2(22 + V.(8H) = V.(VT) (5.4)

D2

Where H is derived as the sum of Sensible enthalpy and the Latent heat:

H = hy + fTTref C,dT + fL (5.5)

ANSYS Fluent 2022 R2 is used to analyse the coupled thermal-electrical result for heat
generation rate with the applied Multi-Scale Multi-Domain method (MSMD). This method is primarily
based on a multi-domain, multi-physics approach involving atomic Li-ion transport for distributed
temperature measured along the battery length. The thermophysical properties of the battery cell,
including the active zones, tabs, PCM and insulation, can be found in a previous research study (Yang
et al.,, 2023) in Table 5.1. Various engineering domains use computational fluid dynamics (CFD)
software to enhance thermal solutions. This numerical method offers cost and time savings as an
alternative to physical experiments, particularly when exploring diverse design variations, along with
optimisation tools for enhanced efficiency. Other benefits include parametric exploration for optimal
designs and configurations, insights on heat transfer, temperature distribution, and system performance
under varying conditions and risk reduction, which mitigates development risks without the necessity
of physical prototypes. Although there are drawbacks which can include data dependency for material
property for accurate simulations that may not be readily available, aligning simulation results with
physical reality often necessitates extensive experimental validations, adding complexity to research
and oversimplifications for real-world complexities with disparities between simulated and actual
performance. Employing electrochemical and thermal models in computational tools aids in modelling
diverse behaviours of batteries for longevity, analysing heat generation, dissipation, and temperature
control. Despite existing models’ limitations, more detailed models are computationally demanding.
SOC and state of health (SOH) estimation methods rely on data processing, and combining different
battery models enhances the accuracy, particularly through an electrochemical model based on the
electric circuit. In this study, the Equivalent Circuit Model (ECM) model is used to replicate the

electrical behaviour of the battery, as seen in a previous study (Yang et al., 2023).
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Table 5.1: Thermophysical properties of battery cell (active zone), PCMs and insulation walls (Yang et al., 2023).

18650 Battery cell Pos Neg PCM Plexiglass
(active zone) Tab Tab (insulation)
Density (kg/m?) 2092 2719 8978 770 1190
Cp (Specific Heat) (J/kg — K) 678 871 381 2196 1470
Thermal Conductivity 18.2 202.4 387.6 0.148 0.19
W/m - K)
Viscosity (kg/m — s) 0.003
Thermal Expansion Coefficient 0.00091
1/K)
Pure Solving Melting Heat 243500
J/kg)
Solidus Temperature (K) 298.15
Liquidus Temperature (K) 302.15

In the previous study (Yang et al., 2023), the PCM chosen (N-octadecane) was deemed sufficient to
maintain uniform battery temperature at ambient 25 °C due to its solidus and liquidus temperature
applicable to the testing scenarios. Different ambient weather conditions were analysed, including
extreme winter weather -20 °C, winter weather 0 °C, ambient weather 25 °C, hot summer weather 40
°C, and extreme hot/desert weather 55 °C. It was noted that although at higher temperatures (40 °C and
55 °C) the LH jacket was able to stabilise the battery temperature for longer; the improvement was not
significant unless an appropriate PCM (different from N-octadecane) based on extreme weather
conditions was introduced in the system. Nevertheless, the study indicated that the chosen PCM (N-
octadecane considered in this study as well) at ambient temperature was sufficient to maintain
constant/stable temperatures within the optimum temperature (20 °C to 40 °C). The selected PCM also
improved the delay effect, increased the useful life of the battery cell and thermal performance
enhancement extension for multiple cycles at 20 % and 340 %, respectively. This study does not go into
detail on the effectiveness of different PCMs as the main concern of this study was checking the
feasibility of utilising PCM as passive cooling under actual drive cycles, but a further study on different
PCMs based on the methodology of this work can be considered in the future works of researchers.
PCM properties are chosen for their unique attributes, which can include thermal, mechanical, and
responsive but must be selected based on the appropriate application and thermal requirements. These
might include high latent heat, small phase transition temperatures, and chemically stable and safe for

use, as mentioned in the literature in this study.
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5.2.3 Assumptions
5.2.3.1 Thermo-chemical and electrical modelling
The following assumptions are applied to the modelled cases:

e The initial SOC of the battery is set to 100 % at the ambient temperature of 25 °C,

e A transient time analysis is used,

e Viscous fluid flow is laminar and incompressible,

e Constant physical properties are applied to the battery cell with conduction heat transfer as the
main heat transfer mechanism,

e PCM thermophysical properties remain a constant discounting density due to Boussinesq

approximation.

5.2.3.2 Safety controls

To avoid thermal runaway with uncontrolled exothermic chemical reactions from fire and
potential explosion due to battery degradation, constraints on the battery temperature and voltage during
charging and discharging are maintained in the analysis. These constraints also help to maintain effects
from high temperatures, and decomposition of electrolytes, including lithium loss and capacity fade

effect and overcharging. The imposed constraints are as follows:

e  Minimum and maximum cut-off voltage: 4.2 V and 2.5 V respectively,

e Maximum temperature during charging set to 45 °C and for discharging set to 60 °C.

5.2.3.3 Initial and boundary conditions
The following initial and boundary conditions are applied to the modelled cases:

o Thermophysical properties of the battery cell, PCM and insulation walls in Table 5.1,
e  Quter walls insulated,
e Battery tabs set to adiabatic conditions,

e PCM initially at a solid state with liquid fraction as zero.
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5.2.4 Computational model setup

The flow model chosen involves laminar viscous flows with an applied pressure-based solver
due to the slow movement of the PCM during the melting process This solidification/melting process
model is only applicable for a pressure-based solver, as density-based solvers are not available.
Transient analysis is preferred to capture changes in the solution with time and to pinpoint changes in
phases of the PCM. The pressure Implicit Splitting Operator (PISO) scheme is used for the pressure-
velocity coupling for the transient time-based analysis. The solution method for spatial discretisation
for pressure is indicated PRESTO! with second-order upwind for momentum and energy equations.
Under-relation factors for pressure and momentum are initially set at 0.3 and 0.7 respectively, with
density, body forces momentum and energy set to 1. There was no need to vary the liquid fraction
update field for under-relaxation factors since suitable convergence was achieved and an appropriate
mushy zone constant. The LH model solution convergence is set to 1 microsecond to achieve sufficient
convergence. For the electrochemical modelling of the battery, as mentioned in section 5.2.2, the
MSMD solution method with ECM E-chemistry model is applied for the battery cell at 2.9 Ah nominal
cell capacity. Since a coupled thermal-electrochemical simulation is used, the electro-chemical aspect
of the battery would be solved instead of just the heat generation rate, as in other solvers. The model
allows for the use of different physics applied to different solution domains in which Li-ion transport
occurs at the atomic length scale. The battery is deemed a homogeneous body with the electro-chemical
reactions occurring within the active zone. In particular, the ECM model aims to replicate the electric
circuit with resistors and capacitors as a function of SOC. The model is deemed suitable for single cell
or multi-cell analysis. The solution options specified C-rate at 1, and minimum and maximum cut-off
voltages at 2.5 V and 4.2 V, respectively, to match the manufacturer specifications for safe operation.
The automotive drive cycle data is implemented as a time-scheduled profile type from Figure 5.1 into
the battery model as a profile in the solutions options. This profile provides a time-dependent input
based on parameters such as C-rate, current, voltage and power, which can be effectively varied to
change the electric load type and the values. It means that the numerical and experimental data captured

can then be directly analysed via linear interpolation.

5.3 Results/analysis and discussion
5.3.1 Verification study

Independency analyses were performed involving Mesh, Timestep and Mushy zone (A;,ysn) tO

ensure the results were of sufficient accuracy. Figure 5.3 (A) displays the analysis of the variation of
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grids for both cases with and without the LH jacket, with results of temperature versus time. Three
different grid sizes were compared including coarse (24911), selected (84801) and fine (130130)
elements and coarse (40128), selected (86877) and fine (116664) elements for the case without and with
LH jacket (PCM) respectively. The constructed meshes in the domains were mostly structured grids,
where for the sake of brevity only the views of the selected mesh for the battery with LH jacket are
displayed in Figure 5.2. As shown in Figure 5.3 (A), the proposed selected meshes (for both cases in
the presence and absence of LH jacket) were fine enough to capture the results of this study independent
of mesh sizes (less than 1 % divergence recorded for the results of selected mesh versus fine and coarse
cases). It is noteworthy that the Orthogonal qualities and skewness for proposed meshes were more than

95 % and less than 25 % respectively, which proves what promising qualities the generated meshes had.

A time-step independency study is shown in Figure 5.3 (B) for a single cell battery discharge
at ambient temperature (25 °C) analysing four different time-step sizes (10 s, 50 s, 100 s and 150 s)
without LH jacket. Results show that the chosen time-step size at 100 s was sufficient (< 0.1 %
deviation) to conduct the study. For the case with LH jacket, a manual adaptive time-step size beginning
at 1 microsecond was used until sufficient convergence was seen. The effect on the mushy zone was
highlighted in Figure 5.3 (C) with a study between applicable ranges of le*to e, to realise in the
simulation of LH jacket what A,,,,s, value (as discussed in Eq. 5.3) was required for accurate results.
The study was performed for PCM N-octadecane with an initial solidus temperature at a discharge rate
of 1C. Results indicate a minimal effect on the temperature, showing less than 1 % deviation from
selected A,sn value at 1€°. This was elaborated in previous results seen in (Yang et al., 2023) and
(Nicholls et al., 2022) where the volume of the circumferential diameter does not show significant
change in natural convection heat transfer. This occurs when the PCM starts to melt at the top of the
container. For this study, solidification of the PCM was not conducted and only the melting of the PCM

during the cycles were recorded.
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Fig. 5.3 Verification study showing: A) grid independence study, B) temporal independence study and C)
mushy zone (A,,sn) Independence study.

5.3.2 Validation study

A numerical validation study shown in Figure 5.4 (A), and (B) presents the battery thermal
management validation along with the PCM validation. A battery cell assessed at ambient weather
conditions (25 °) for a single discharge at a 1C rate with a heat transfer coefficient set to 7 W/m?K,
compared the data from literature with the current study. A deviation of 1 % was seen and deemed
sufficient to conduct the variation in drive cycles outlined. In this work, a numerical approach using
CFD compounded the use and the advantages, including cost-saving and time-bound, as well as
harnessing efficiency, safety, and risk mitigation. The gap between real-world complexity and accuracy
in the simulation was closed by combining the experimental data and numerical solutions captured from
(Kollmeyer et al., 2017) and (Kirad et al., 2021) to perform parametric studies and provide insights into
performance in the presence of a LH jacket. Similar methods were used to show the relationship
between the liquid fraction during PCM melting in an enclosed container of constant heat flux. A PCM
melting validation shown in Figure 5.4 (B) compares the data for liquid fraction versus Fourier number
of captured data from literature (Yang et al., 2023), (Kadivar et al., 2019) and (Darzi et al., 2012) based
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on N-eicosane PCM. The study showed less than 1 % deviation and was sufficient to conduct the study
based on N-octadecane PCM. In that study, different PCMs were analysed based on the impact of
ambient weather conditions on the effectiveness of thermal management, including extreme weather

conditions as mentioned in section 5.2.2.
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Fig. 5.4 Validation study: A) Single cell battery validation under ambient temperature (25 °C) for a thermal
analysis of Temperature vs time (°C) versus Time (s) and B) PCM validation for liquid fraction versus Fourier

number compared with literature results.

5.3.3 Impact of LH jacket on battery performance under Automotive drive cycles

In the preceding discussions, an examination of the range of drive cycles studied each with its
characterisation behaviours and unique power profiles and applications. The US06 cycle, as seen in
Figure 5.1 (A), represents an aggressive driving scenario with rapid speed fluctuations and behaviours
following start-up. Meanwhile, the UDDS cycle illustrated in Figure 5.1 (B), mimics an urban route
with frequent stops. The HWFT cycle, as displayed in Figure 5.1 (C) and (D), assesses the fuel economy
of light-duty vehicles for highway ratings. The LA92 in Figure 5.1 (E) simulates aggressive driving
with high speeds and acceleration. Lastly, the NN drive cycle in Figure 5.1 (F) combines features from
USO06 and LA92 cycles for training neural networks. The drive cycle data captured from (Siddique et
al., 2018) and (DieselNet, 2022) serve as valuable tools in various automotive applications. They enable
the evaluation of vehicle performance and the effect on battery technologies with emissions and energy
efficiency under diverse driving conditions, from aggressive and high-speed scenarios to urban routes.
The variation in drive cycles and the effect on thermal performance of battery cells as well as the LH
cooling jacket can play a crucial role in advancing automotive technologies and improving vehicle

efficiency and sustainability.
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The primary objectives of this study were to ascertain the impact of LH jacket (passive cooling)
on the thermal and electrical performance of a chosen battery cell under different drive cycles. The
results of this investigation are shown in Figure 5.5. The variation of the automotive drive cycles
involving US06, UDDS, HWFT, LA92 and NN drive cycles illustrated for Power profiles on an 18650
Panasonic LIB seen in Figure 5.2 and assessed under ambient weather conditions (25 °C) at 1C-rate.
The Power profiles shown in Figure 5.5 display the Power output versus time for the combined thermo-
chemical and electrical results for a similar battery cell with and without a LH jacket. The full results
of the automotive drive cycles seen in Figure 5.1 are implemented numerically as a time-scheduled
profile. As seen in the Power profile results, there was an extension in the performance of the battery
cell for the cases with the LH jacket. This behaviour is attributed to the fact that the presence of the LH
heat jacket can maintain the battery's thermal stability at the optimum range (20 °C to 40 °C) for a
longer period, therefore the battery can have better performances as will be discussed in this section.
These extensions were significantly seen in the aggressive cycles such as US06, LA92 and NN drive

cycles as described in section 5.2.

It is noteworthy that in Figure 5.5 zoomed-in images of the curves are provided to visualise the
initial variation in performance as seen in Figure 5.1 between the battery cell Power with and without
the LH jacket. For the automotive drive cycles, the initial referenced time was repeated until all the data
was completed, and the results of the combined thermo-chemical and electrical results were presented.
The provided zoomed images were captured at different time spans depending on the drive cycle nature,
as follows: A) US06 — 600 s, B) UDDS — 1500 s, C) HWFTa — 800, D) HWFTb — 800 s, E) LA92 —
1500 s and F) NN — 600 s. In these initial phases, the Power profiles are similar for both cases in the
presence and absence of the LH jacket up to and including the full cycles. Each of the different drive
cycles has a differing effect on the performance of the battery cell because of their characteristically

varied behaviours and therefore has varying effects on the thermal and electrical performance.
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To investigate the coupled effects of thermo-chemical and electrical performance in this study,
temperature, SOC, and liquid fraction for both cases in the presence and absence of LH jacket were
recorded. The results for battery temperature distribution and SOC are shown in Figure 5.6 and Figure
5.7, respectively, which were captured when the initial battery state was at 100 % SOC (fully charged
battery) at an ambient temperature (25 °C) and C-rate of 1. In both figures, the harsh drive cycle

comparison is illustrated in (A), and the casual drive cycle comparison is illustrated in (B).

The varied drive cycles outlined in section 5.1.2 were applied to both cases (with and without
LH jacket) with safety measures applied for discharge and charge temperature (60 °C and 45 °C
respectively) including cut-off voltage between 2.5 V and 4.2 V. It is noteworthy that under those drive
cycles with discussed safety and cut-off considerations, the battery cell is discharged up to ~0 % to 20
% SOC and depends on the drive cycles as will be discussed in this study. It should be noted that when
all the LH available from the chosen PCM (N-octadecane) was used, there was a transition to SH, which
is shown by a linear rise in battery temperature. This linearised temperature increase during the SH
shows a similar gradient pattern during this stage for all cases and is dependent on the battery SOC
available at this stage of the drive cycle process. In this case, if the battery SOC was equal to zero or
close thereof, then the cycling process would also end. Please note that in this study, as the driving
cycles had been recorded over a specific period, the authors could not run the cases to their ultimate

limits.

To effectively analyse the thermal performance of the battery cell in the presence and absence

of LH jacket (PCM), the results in Figure 5.6 were analysed based on the following criteria:

1* criteria: Comparing the battery temperatures for both cases (with and without LH

jacket), at the final instant which the battery without LH jacket case can reach.

2% criteria: Comparing the time for both cases (with and without LH jacket), at the

final temperature that a battery with LH Jacket can reach.

Please note that in those criteria definitions, the batteries undergo the drive cycle until the process is

stopped either due to technical or safety considerations or termination of defined drive cycle data.

Indeed, in the definition of 1% criteria as will be discussed later, under different dive cycle loads
the battery in the absence of LH jacket cannot undergo the entire defined cycle period (as shown in
Figure 5.1) while the case LH jacket can go through a longer period of drive cycle. This is attributed to
the fact that, in the absence of LH jacket, the battery either reached the imposed safety threshold or

defined cut-off voltage or reached to almost zero SOC (see Figure 5.7). Therefore, in the 1% criteria, the
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temperature variation of these two cases at the instant which the battery without LH jacket reaches, are
compared.

Notably, there were drive cycles which did not reach the temperature safety limit for either case
(with and without LH jacket) (see Figure 5.6) due to either the end of the drive cycles data or the battery
SOC ~ 0 (see Figure 5.7). Thus, the 2™ criteria were defined to compare how long takes for both cases

to reach the temperature that the battery with LH jacket had at the end of the simulation.
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Fig. 5.6 Impact on battery temperature for harsh (A) and casual (B) driving cycles with and without LH jacket.

For the applied drive cycle US06, the case with no LH jacket reached the safety limit
temperature at 60 °C as seen in Figure 5.6 (A) within 1,600 s, and subsequently, the further cycling load
could not proceed. At this same instance in time, the battery cell in the presence of LH jacket had a

temperature of ~ 29 °C (~ 52 % reduction in temperature based on the 1% defined comparison criteria)
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and was still well within the optimum temperature range of the battery (20 °C to 40 °C) with the
indication that the thermal performance of the cell had been enhanced due to the impact of the LH jacket
and the available LH. At around 1,940 s, the liquid fraction of the PCM had reached the upper limit of
1 and all the PCM had been melted and thus SH was the dominant mechanism. During this period (after
1,940 s), the battery cell temperature sharply rose in a linear fashion noted by the cycling effect. This
resulted in a rise in temperature to 60 °C in 3,940 seconds at the end of the driving cycle as the safety
limit temperature was reached. Thus, the battery ran for a further 1,340 s in the presence of the proposed
jacket. I.LE. Based on the 2™ defined comparison criteria, the battery with LH jacket lasted ~x2.5 longer
period. As seen in Figure 5.7 (A), from the initial state of the battery with the applied drive cycle US06,
the SOC of the battery is shown to decrease from 1 to 0.07 at the end of the cycling. This shows that
the battery was cycling the Power from 100 % and coinciding with Figure 5.5 (A) as the Power profile

was seen to be decreasing over time.

For the applied drive cycle US06, the case with no LH jacket reached the safety limit
temperature at 60 °C as seen in Figure 5.6 (A) within 1,600 s, and subsequently, the further cycling load
could not proceed. At this same instance in time, the battery cell in the presence of LH jacket had a
temperature of ~ 29 °C (~ 52 % reduction in temperature based on the 1% defined comparison criteria)
and was still well within the optimum temperature range of the battery (20 °C to 40 °C) with the
indication that the thermal performance of the cell had been enhanced due to the impact of the LH jacket
and the available LH. At around 1,940 s, the liquid fraction of the PCM had reached the upper limit of
1 and all the PCM had been melted and thus SH was the dominant mechanism. During this period (after
1,940 s), the battery cell temperature sharply rose in a linear fashion noted by the cycling effect. This
resulted in a rise in temperature to 60 °C in 3,940 seconds at the end of the driving cycle as the safety
limit temperature was reached. Thus, the battery ran for a further 1,340 s in the presence of the proposed
jacket. I.LE. Based on the 2™ defined comparison criteria, the battery with LH jacket lasted ~x2.5 longer
period. As seen in Figure 5.7 (A) from the initial state of the battery with the applied drive cycle US06,
the SOC of the battery is shown to decrease from 1 to 0.07 at the end of the cycling. This shows that
the battery was cycling the Power from 100 % and coinciding with Figure 5.5 (A) as the Power profile

was seen to be decreasing over time.
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Fig. 5.7 Impact on battery SOC for harsh (A) and casual (B) driving cycles with and without LH jacket.

The impact of LA92 drive cycle on the thermal and electrical performance of both cases (with
and without LH jacket) are shown for temperature and SOC in Figure 5.6 (A) and Figure 5.7 (A),
respectively. The cycle has an aggressive style behaviour for heavy classes (>10000 1bs) vehicles and
so would have a significant impact on the battery thermal performance, as seen in the previous case.
For the case without LH jacket, the SOC reduced from 1 to 0.46 (see Figure 5.7 (A)) with the battery
temperature reaching the safety limit at 60 °C in 6190 s (see Figure 5.6 (A)) displaying a linear
relationship while the battery temperature with LH jacket was at 29 °C (still within the optimum
temperature range) at the same instant. This means that the LH jacket led to a ~52 % reduction in
temperature based on the first defined comparison criteria. As the case with the LH jacket has not
reached its safety limit, it can still undergo the drive cycle. Here, the SOC reduced from 1 to 0.07 in

13710 s at the end of the drive cycle. At this stage, the numerical simulation was concluded as the
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battery SOC was ~ 0 Figure 5.7 (A), and no further results were captured. Please note in that case (in
the presence of LH jacket), at 6770 s, the PCM liquid fraction reached the maximum at 1 and all the
LH was subsequently utilised. Beyond this stage, SH was dominant, and the battery temperature sharply
rose to ~53 °C in 13710 s (end of cycle) (see Figure 5.6 (A)). As seen with results from the previous
cycles, the battery temperature remained uniform until all the LH was used and SH became active. The
change to SH saw a similar linear rise in temperature until the end of the drive cycle. According to 2"
defined comparison criteria, there was a ~2.2x extension in the available usefulness of the battery with

LH compared with the battery cell without LH.

Moreover, Figure 5.6 (A) and Figure 5.7 (A) display the results for the NN drive cycle for
temperature distribution and SOC, respectively, which represent a combination of the US06 and LA92
drive cycle with supplementary dynamics in the need for training neural networks. With this introduced
cycle, for the case without LH jacket, the battery cell temperature rose sharply and linearly to 60 °C in
3050 s Figure 5.6 (A) while the SOC reduced from 1 to 0.73 Figure 5.7 (A) and since the safety limit
was reached, no further cycling was performed. When the LH jacket was added, the optimum
temperature was maintained for a longer period until all the LH available was used and the liquid
fraction reached 1 in 3900 s. As no LH is available, SH becomes the predominant mechanism, and the
battery cell temperature rose linearly in a similar fashion as without the LH jacket. The temperature
subsequently reached the safety limit at 60 °C in 7340 s with a reduced SOC of ~ 0.18. Therefore, based
on the 2" defined comparison criteria, the introduced LH jacket had prolonged the battery usefulness
up to x2.4. also based on the 1* defined comparison criteria, the LH jacket reduces battery temperature

by ~52 %.

In the cases for the casual drive cycles, the impact of the UDDS driving cycle cases for
temperature and SOC is shown in Figure 5.6 (B) and Figure 5.7 (B), respectively. This cycle had an
initial SOC of 1 and ended at 0.07 at the end of the drive cycle. For the case with no Jacket, the battery
cell temperature rose steadily until it reached ~ 46 °C at around 11560 s then the temperature gradually
declined down to ~ 43 °C at around 19370 s (see Figure 5.6 (B)). The temperature then steadily rose
again until the end of the drive cycle, around 22200 s as the battery reached a temperature of ~ 50 °C
due to the drive cycle characteristics. However, for the case of which battery cell encapsulated with LH
jacket, the temperature variation is more uniform until around 20210 s when all the PCM had been fully
melted (LF is equal to 1) and so the temperature rose sharply due to activation of SH. At this stage, the
temperature started to rise to ~ 36 °C before the end of the drive cycle (22200 s). In this case, the drive
cycle had been completed with both cases lasting the same time (22200 s). Thus, LH jacket reduces the
battery temperature by ~28 % based on the 1* defined comparison criteria. In addition, the presence of
LH jacket makes the battery temperature rise much more uniformly for a much longer time until the
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end of the drive cycle and maintains stability until SH becomes dominant. In other words, based on 2"

defined comparison criteria, the battery with LH jacket lasts ~x5 longer.

Figure 5.6 (B) and Figure 5.7 (B) display similar patterns with the drive cycle HWFT applied
with similar thermal performance improvement over both phases. In the absence of LH jacket, the SOC
decreased from 1 to 0 within ~7270 s (see Figure 5.7 (B)) as the battery cell temperature rose to ~ 53
°C (see Figure 5.6 (B)). Please note that in this case, the thermal behaviour of the battery is not linear.
Indeed, the temperature rose steadily until ~ 48 °C (around 4300 s) before decreasing gradually to ~ 45
°C (around 6800 s) with a sharp rise in temperature to ~ 53 °C at the end of the cycle. In this case, the
battery SOC had reached null, and the numerical solution was concluded. In contrast, the case equipped
with LH storage maintained uniform battery temperature throughout the entire cycle until the battery
SOC was at 0. So, based on the 1% defined comparison criteria, the LH jacket reduces the temperature
of the battery by about 45 % and 46 % for HWFTa and HWFTb, respectively. Please note that at the
end of the introduced cycle, the liquid fraction of LH storage was around 75 %. This meant that the
battery temperature with the LH jacket not only experienced steady temperature throughout the
introduced drive cycle with an end temperature of ~ 29 °C but also it still has a 25 % LH jacket which
can be used for a longer period of drive cycles. With the LH jacket, the battery temperature was uniform
for a significant amount of time until the end of the drive cycle. According to 2™ defined comparison
criteria, the battery with the LH jacket lasts more than 10 times (x10) for HWFTa and 16 times (x16)
for HWFTb. These cycles were less harsh than the previously noted US06 drive cycle and so the thermal

impact on the battery was less severe.

The results of battery performance improvement based on the above-discussed criteria are

summarised as follows:

A) Based on the 1% comparison criteria definition, the temperature of the battery in the presence
of an LH jacket was reduced by 52 %, 28 %, 45 %, 46 %, 52 %, and 52 % as the battery
undergoes the following drive cycles US06, UDDS, HWFTa, HWFTb, LA92, and NN,
respectively,

B) Based on the 2™ comparison criteria definition, the battery can last longer in the presence of
LH jacket by x2.5 x5, x10, x16, x2.2 and x2.4 as it undergoes the following drive cycles US06,
UDDS, HWFTa, HWFTb, LA92, and NN, respectively.

From the highlighted summary, and results shown in Figure 5.6 and Figure 5.7, the most
aggressive behaviour drive cycles (US06, LA92, and NN) had significant thermal improvement (over
52 % reduction in battery temperature) with a notable extension in the battery useful life more than 2.2x

times and up to 2.4x times. The least reduction in battery temperature was seen for the UDDS drive
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cycle due to its characteristic behaviour as discussed in section 5.1.2. In particular, the UDDS drive
cycle, even with the lengthiest time out of all the drive cycles in this study, showed the least increase in
thermal performance due to the drive cycle behaviour and the least increase in temperature during the
cycling process. The most apparent result was the thermal stability that the LH jacket afforded the
battery during the cycle. This must be taken into consideration, as indeed with this type of battery cell
and for other larger battery cell types, divergent temperature uniformity throughout the battery would
be kept to a minimum. Similarly, for the HWFT (a and b) drive cycle, the temperature stability and
prolonged battery usefulness were the most apparent improvements, as those cases did manage to stay
within the optimum battery temperature during cycling and can significantly increase the range an EV

can go through with a single charge.

To further highlight the thermal impact of LH jacket on the battery, isometric temperature
contours displayed in Figure 5.8 illustrate the battery cell temperature with and without the LH jacket
for all the drive cycles studied. The contours were based on a specified range between 25 °C to the
safety limit of 60 °C, as seen by the colour legend. As a quick overview, as seen by the colour legend,
the temperature safety limit is from blue up to the green colour band (25 °C to 40 °C). Above the green-
coloured band, towards the yellow and red, the battery temperature is beyond the optimum temperature
and moving up to the maximum at the safety limit. Each of the drive cycles outlined in this study is
shown with the effect on temperature with and without the LH jacket at specific instances in time (0 s,
1000 s, 2000 s, 3000 s, 4000 s and 5000 s) that would effectively capture the changes in temperature
during the cycling processes and show the gradual change in temperature as per the colour legend. If

the battery temperature reaches the safety limit, no significant change in the coloured contour is seen.

In Figure 5.8, a sample localised temperature contour displays the NN drive cycle at time 5000
s with and without the LH jacket to highlight the difference between the pre-defined global range (25
°C to 60 °C) with the majority of contours in Figure 5.8 captured based on the localised temperature.
Since the temperature variation in the local range is small compared with the pre-defined global range,
the variation of temperature in a pre-defined global range is not visible (the batteries are displayed in
mono-colour format in Figure 5.8). Indeed, the localised battery temperature without the PCM
corresponds to the colour bar between 76.7 °C to 77 °C and reveals where the maximum temperature
amassed near the centre of the battery with decreasing temperature towards the tabs. Since the highest
temperature is near this region, the PCM enveloped in that region captures the heat energy generated
and so does not cover the tab region as seen in Figure 5.2. For the same drive cycle (NN) at 5000 s with
the specified temperature range, there was no variation in the colour contour beyond the temperature
safety limit (60 °C), however, the change seen in the localised temperature range was almost non-
detectable (minimal) for a majority period. For this reason, a specified temperature range was useful to
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show the variation in battery temperature at different time intervals during the cycling process. With
the LH jacket, the battery cell with PCM at the same period shows 41 °C and the highest temperature
of the jacketed PCM near the hot zone region and decreasing in temperature towards the tabs, which

corresponds to the localised temperature contour.

In Figure 5.8, for all the drive cycles, the initial ambient temperature of 25 °C was seen for the
initial time at 0 s corresponding to the colour contour with the lowest temperature. At 1000 s, the
temperature rose based on the actions of the drive cycle, with the highest temperature seen for US06,
followed by NN and LA92 drive cycles, respectively. The other drive cycles (UDDS, HWFTa and
HWETb) were still within 29 °C to 31 °C, when the temperature rose steadily. At this stage (1000 s),
the battery cell with LH jacket maintained low temperatures closer to the ambient, visualised by the

temperature contours for all cases.

As noted in Figure 5.6 (A), in the case of the US06 drive cycle, the battery cell temperature
reached the temperature safety limit before 2000 s and as shown in Figure 5.8, according to the colour
legend, the red contour indicates the highest temperature reached and so the contour was majority red
from 2000 s. There was no colour change seen beyond this range as the temperature safety limit was
reached. However, with the LH jacket, the temperature contour was still in the blue range since the

temperature was only ~ 33 °C as compared to without at 60 °C.

As shown in Figure 5.8, at 2000 s, there was an increase in temperature for all cases without
LH jacket showing US06 (60 °C) followed by NN (53 °C) and LA92 (38 °C) respectively. The lowest
temperature was shown to be the UDDS drive cycle (32 °C) since it was the longest drive cycle out of
all and had the lowest impact on the thermal performance at this stage. HWFT (a and b) had similar
temperatures, showing 33 °C and 35 °C, respectively. As before, similar temperature contours were
seen for the LH jacket case with a noticeable temperature rise seen for the US06 drive cycle as it reached
the temperature safety limit at 60 °C. Beyond this temperature range, at 3000 s and 4000 s, the
temperature contour did not change as it reached the limit. However, the temperature was at 53 °C and
60 °C at 3000 s and 4000 s, respectively. Albeit it was the harshest drive cycle on the battery, the PCM
jacket kept the temperature stable for longer, with the safety limit reached at 4000 s. The cases with the
addition of the LH jacket had temperatures below 26 °C (UDDS, HWFTa and b and LA92) with the
highest seen for the NN drive cycle (28 °C).
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Also, at 3,000 s based on Figure 5.8, the most noticeable temperature change was seen for the
NN drive cycle, as it too entails harsh driving characteristics with a temperature rise to 59 °C and
consequently reaching the temperature safety limit at 4,000 s. The same-coloured contour was shown
at 5,000 s since there was no change in the colour at the safety limit. The temperature rose significantly
at this point, as seen from the localised temperature contour at 77 °C at 5,000 s. The contour is shown
here to make a comparison between the case with the introduced LH jacket. For the case with the LH
jacket, the battery temperature was kept at 28 °C, 30 °C, and 41 °C at 3,000 s, 4,000 s and 5,000 s,
respectively under the NN drive cycle. For this driving cycle, the battery temperature remained within

the optimum temperature shown by the coloured contour.

The UDDS drive cycle at 3,000 s and 4,000 s was the same at 34 °C with the highest temperature
shown at 37 °C at 5,000 s and was still within the optimum battery temperature at this time due to the
nature of the drive cycle. As seen in this figure (Figure 5.8), the addition of the LH jacket showed a
constant temperature at 26 °C at the indicated times which corresponded to Figure 5.6 for being the
least harsh cycle in this study. HWFTa and b had similar temperature contours with 1 °C higher seen
for the HWFTb cycle. When compared with the case with LH jacket, the temperature remained much

more uniform between 26 °C and 27 °C, showing the thermal stability during these drive cycles.

Eventually as shown in Figure 5.8, under the LA92 drive cycle, the battery reached 43 °C at
3,000 s, 50 °C at 4,000 s and 54 °C at 5,000 s showing a steady rise in temperature during these periods
shown by the colour contour. With the LH added, the maximum temperature at 5,000 s was at 28 °C
showing a more uniform and stable variation in temperature. In all discussed cases, the addition of the
LH jacket kept the divergent temperature variation lower than 5 °C except for the US06 and NN drive

cycles, which were significantly more severe on the battery thermal condition.

Another important piece of information that can be reported is the liquid fraction. Indeed, as
proven in an earlier investigation (Kadivar et al., 2019), the PCM liquid fraction can be almost equal or
equal to the thermal energy storage rate ( = Q,/Q,,). This thermal energy storage rate is a ratio of the
heat energy stored in the PCM jacket, Qs ,(which is also equivalent to the amount of heat generated in
the battery cell to that instance), to the maximum value of the heat energy which can be stored in the
PCM jacket, Qm. It is noteworthy that Qn can be calculated based on the multiplication of PCM, the
density of PCM (given in Table 5.1) and Latent heat of melting for PCM (given in Table 5.1). Thus,
liquid fraction is a good representative of both the thermal energy storage rate, and the total amount of
thermal energy stored in the process (Qs; = NQ,, ). With this in mind, Figure 5.9 displays a plot of the
liquid fraction versus time for a comparison of all the drive cycles assessed. The impact of the drive

cycle behaviour on the battery thermal performance is indicated by PCM melting in the least time from
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the harshest (US06, NN, and LA92) to casual (HWFTa, HWFTb, and UDDS) drive cycle. The figure
also shows that the HWFTa and b drive cycles did not reach the full melting fraction of 1 because it

marked the end of the available drive cycle data.
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Fig. 5.9 PCM liquid fraction versus time with the applied drive cycles: US06, UDDS, HWFTa, HWFTb, LA92
and NN.

The results show the disparities between the PCM melting performance when compared to the different
drive cycles assessed (US06, UDDS, HWFTa, HWFTb, LA92 and NN). It is noted that increased heat
generation from the drive cycle behaviour had a significant effect on the battery cell temperature. This
was shown in Figure 5.6 (A) for the aggressive driving cycles and Figure 5.7 (A) for the casual driving
cycles. Due to the behaviour of the drive cycle and the haphazard nature, particularly for the aggressive
driving cycles like US06, the PCM fully melted in the shortest time (1950 s or 3.4x, 1.95x and 10.3x
times faster than LA92, NN and UDDS, respectively) as compared to the other aggressive cycles (LA92
— 6710 s and NN — 3810 s) as well as the casual drive cycle which fully melted (UDDS — 20240 s) (see

Figure 5.9).
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at selected time instances.

The circumferential PCM contours with results for liquid fraction are shown in Figure 5.10 for
all drive cycles highlighted with isometric views. The contours show the change in liquid fraction

between the lower and upper limits of 0 and 1 respectively, as shown by the colour legend. The liquid
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fraction contours correspond to the temperature contours as shown in Figure 5.8 with a similar outlook
on the results. It should be noted that only a specific range of times were captured as contours for
illustration purposes to view the changes in the liquid fraction. The main action of the PCM jacket is to
absorb the heat energy generated from the battery during cycling by conduction heat transfer, which
increases the internal energy and heat energy of the PCM, raising the temperature above its solidus state
(25 °C). Due to the orientation (horizontal) of the battery, the PCM starts to melt from the top section,
changing the state from solid to liquid as the liquidus temperature (29 °C) is reached in this region. As
the PCM melts, natural convection heat transfer becomes the dominant heat transfer mechanism as the
convection currents or vortices are increased. This is attributed to the PCM temperature rise, creating a
temperature gradient and subsequent buoyancy forces from the changes in density. This causes the
highest temperature fluid regions to rise, creating a circulation effect of Bernard cells. Due to the small
circumferential LH jacket thickness and the specified liquid fraction contour range, variation in the

mushy region is not highly detailed but the changes can be seen in Figure 5.10.

For all the cycles, an initial condition at 0 s and liquid fraction was at 0 and show the lowest
colour contour as per legend. The PCM solidus temperature is the same as the ambient temperature (25
°C) so the liquid fraction would be at 0. As recalled, this value designates that the material is in the solid
state at the minimum and 1 for a liquid state at the maximum. As seen in this figure, for the US06 drive
cycle and all the other drive cycles assessed, the initial time was shown at 1000 s up to 6000 s with
1000 s increments to illustrate the most dramatic changes in PCM melting. At higher times, with the
cycles more evolved and the battery temperature increased, the liquid fraction was closer to maximum

or fully melted.

At 1000 s, the liquid fraction was at 56 % for the US06 drive cycle followed by 8 %, 9 %, 12
%, 17 %, and 36 %, for UDDS, HWFTa, HWFTb, LA92 and NN drive cycles, respectively. Since the
battery cell was well insulated, it meant that the heat generated from the battery as a direct result of the
drive cycle influenced the temperature of the battery, which translated into the LH jacket due to heat
conduction. The rate at which the PCM melted was based on the geometry, heat transfer and temperature
of the battery cell. These factors were affected by the behaviour of the drive cycles, including the
distance travelled and time. In the initial cases, the most severe cycles would cause the highest thermal

impact on the battery cell, which was translated into the PCM.

Displayed results in Figure 5.10 showed at 2000 s, the liquid fraction for the US06 drive cycle
was at 100 % and thus all the LH was used, displaying a remarkably high-temperature contour. NN
drive cycle had the next highest liquid fraction value at 60 % with higher temperature contours shown

on the inside of the LH jacket from the heat conduction in the battery cell, but still had LH available to
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continue capturing the heat given off by the battery. The other drive cycles UDDS, HWFTa, HWFTb,
and LA92 drive cycles had 16 %, 17 %, 20 % and 28 % respectively, which meant they all had a

significant amount of accessible LHS to continue to manage the thermal response of the battery.

For the time at 3000 s shown in Figure 5.10, the liquid fraction was at 80 % for NN, 20 %, 28
%, 32 %, and 42 % for UDDS, HWFTa, HWFTb, and LA92 drive cycles, respectively. Even at this
time, apart from the US06 drive cycle, there was still accessible LHS and so the temperature remained
stable even up to this point. The effect of buoyancy-driven flows is highlighted for the LH jacket liquid
fraction for the NN drive cycle and the indication of heat accumulation more to the centre of the cell
shows a curved melted feature. A closer look near the tabs shows less PCM melting compared to the

inside of the jacket and the at its centre.

At 4000 s, the liquid fraction for the NN drive cycle was at 100 %, so LH turned to SH and the
battery temperature started to rise sharply after this stage. The other drive cycles, UDDS, HWFTa,
HWFTb, and LA92 drive cycles had 25 %, 49 %, 53 % and 58 % liquid fraction and even at 5000 s
they had 32 %, 54 %, 58 % and 70 %, respectively. Results showed that at the times shown for liquid
fraction, these drive cycles had remaining LH and kept the battery temperature more uniform and stable
to remain within optimum operating temperature for longer comparable to the results shown (see Figure

5.6 and Figure 5.7).

At 6000 s, the liquid fraction of the PCM under the remaining drive cycles which had not been
fully melted was at 37 %, 57 %, 60 % and 87 % for UDDS, HWFTa, HWFTb, and LA92, respectively.
More of the PCM had become melted within the inner side of the LH jacket as opposed to the outside
due to the direct contact from the battery and essential conduction heat transfer. A transition to natural
convection heat transfer is either imminent or on track to increase the heat transfer rate as opposed to
slower conduction. Results indicate a positive outlook for the PCM under dramatic battery temperature
changes, as a direct effect from real-driving cycles displayed the stable nature of PCM melting and low

thermal conductivity to transition smoothly from one physical state to another.

5.3.4 Impact of variation of discharging C-rate

Figure 5.11 displays the comparison of the temperature distributions for the battery cell with
and without the LH jacket at 0.5C, 1C, 2C, 3C, and 4C discharge rates. For all the discharge rates, the
initial battery temperature was at 25 °C. Each test was performed for a single discharge from an initial

SOC at 100 % until 0 % with the time taken for the battery cell to fully discharge reduced as the C-rates

218



were increased. It is seen that the temperature increased to the safety limit at 60 °C faster with increasing

C-rates.
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Fig. 5.11 Battery cell temperature distribution with and without LH jacket for discharging rates at 0.5C, 1C, 2C,
3C and 4C.

This increase in temperature can be attributed to the internal heat generation. In comparison, for all the
cases where the LH jacket was introduced, the temperature remained within the optimum temperature
(20 °C to 40 °C) excluding 0.5C where the limit had not been exceeded in either case. It is also shown
that compared to the sharp rise in temperature for the cases without a LH jacket, the ones with LH jacket

rose more steadily and uniformly until all the LH was inaccessible. After this stage, a sharp rise can be
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seen for all the cases with LH jackets, as SH transfer became dominant. In other words, when the PCM
was fully melted, as seen for 2C, 3C, and 4C discharge rates, the system temperature rose in proportion

to the cases where no LH was present.

The temperature increased to 11.5 °C and 23.1 °C higher than the ambient temperature for 0.5C
and 1C, respectively. For the other cases at 2C, 3C, and 4C there was an increase to 35 °C without a
LH jacket, however, there was an increase to 27 °C, 23.8 °C and 35 °C above the ambient temperature,
respectively, for the cases with a LH jacket. It is noteworthy that although there was a temperature rise
above the optimum working temperatures, there was a delay effect and extension in useful life with the
introduced passive cooling. In comparison to the final temperatures at these stages at 2C, 3C, and 4C,

there was an extension in useful life by 294 %, 300 % and 250 %, respectively.

5.4 Conclusions

This study explores the impact of varying drive cycles, such as US06, UDDS, HWFTa,
HWEFTb, LA92 and NN, on the thermal and electrical performance of a single 18650 battery cell, both
independently and when equipped with a LH storage PCM jacket. The research harnesses an accurate
MSMD ECM model to represent the battery cell’s electrical parameters, using real-world automotive
drive cycles validated under ambient conditions of 25 °C. The validated model precisely predicts the
thermal and electrical performance, complying with the manufacturer’s recommended safety limits.
Through a combined thermo-chemical and electrical model, it explores power, temperature, SOC, and
liquid fraction across different drive cycles, showcasing the need for effective thermal management
techniques for aggressive driving scenarios, yielding performance enhancements across all cycles
examined. The introduction of the LH jacket significantly extends the battery’s optimum operating
temperature (20 °C — 40 °C) duration, with notable reductions in temperature (up to 52%) and
remarkable increases in battery life (2.2x to 2.4x) during demanding driving cycles (US06, LA92, and
NN). It ensures stable and uniform battery temperatures throughout all cycles when LH is accessible,
notably beneficial for UDDS and HWFTa and b, where the battery temperature remains within the
optimal range, effectively minimising temperature variations, except for the US06 and NN drive cycles,

where divergence remains below 5 °C.
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5.5 Chapter Summary

This research Chapter investigated an 18650 Lithium-ion cylindrical battery cell jacketed with
PCM and assessed under real-world automotive drive cycles. The effectiveness of the LH jacket was
analysed under a validated numerical model from electrical parameters of automotive drive cycles
ranging from aggressive to casual. The thermal and electrical performance analysed from a combined
thermo-chemical and electrical model was analysed for Power, temperature, SOC, and liquid fraction.
The results indicated an improvement in the thermal management of the cell across all the drive cycles
assessed including an extension in the useful life of the battery when the LH jacket was introduced. In
this study, the effect of discharging C-rates was also investigated for the impact of the cell with and
without the presence of the LH jacket. Increased C-rates have been attributed to the increased internal
heat generation and therefore a required need for an effective thermal management strategy. For the C-
rates assessed, the results displayed steady and uniform temperature in the presence of the LH jacket
with the addition of a delayed effect that essentially meant that the battery was able to operate longer
within the optimum temperature range if LH was available and the discharging time increased until the
temperature cut-off was reached. This Chapter evaluated on the integration of the TES with EES as
identified as part of the main objectives of this research and acts as a starting point for further research
at the modular level. It should be noted that this Chapter was published as seen in the list of publications.
The following Chapter 6 discusses the study of TES in greater detail with specifics to the impact of
real-world automotive drive cycle data as well as continuous charging/discharging cycles when

implemented with passive cooling jackets at the module level for different configurations assessed.
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CHAPTER 6: THERMAL PERFORMANCE ANALYSIS OF BATTERY
MODULES USING LATENT HEAT COOLING-BASED MANAGEMENT
SYSTEM FOR REAL CYCLING MODES IN ELECTRIC VEHICLES ¢

6.1 Chapter Brief

In the previous Chapter, further investigation into the conjugation of TES and EES analysed
the impact of an 18650 Li-ion cylindrical battery cell jacketed with PCM. The cell was assessed under
various real-world automotive drive cycles as opposed to continuous charging/discharging cycles. The
numerical results considered the impact of the LH jacket use under various drive cycle behaviours which
included aggressive cycles to casual cycles. The previous Chapter focused on dynamic cycling for
automotive drive cycles at the single-cell level. This Chapter analyses the impact of passive cooling for
Battery Thermal Management (BTMS) for various battery module configurations under continuous
cycles as well as automotive drive cycles. Numerical CFD simulations were used to analyse the effect
of LH jackets circumferentially arranged around each cell in a module. Performance indicators such as
module temperature, liquid fraction, SOC, and passive potentials for different arrangements of cells
were considered. The 3-dimensional (3D) models were analysed based on a specific number of cells on
average found in the literature but can be adapted based on the power requirements for any module/pack
configuration. In this regard, the focus of the results was based on the effect of busbar connections the
heat transfer between cells and the thermal impact from the passive cooling jackets. This Chapter
remains in line with the objectives in Chapter 1 and seeks to fulfil the targets set in milestones 2 and 3.
The study is classed as a module-level analysis and the results of this Chapter is currently under review

for submission to a Journal for publication.

6.1.1 Introduction

The growing concerns over the energy crisis and environmental pollution have navigated the

transportation sector into a transition towards the reduction of carbon dioxide (CO) emissions by the

¢ Nicholls, R.A, Moghimi, M.A., and S. Sehhat, Thermal performance analysis of battery modules with
passive cooling under different cycling loads in electric vehicles, Journal of Energy Storage, 94, 2024,
pp. 112349 https://doi.org/10.1016/j.est.2024.112349.
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development of electric vehicles and hybrid electric vehicles (EVs and HEVs). In this regard, applicable
renewable energy resources such as electrical energy storage (EES) lithium-ion (Li-ion) (Wen et al.,
2020) batteries, have garnered significant attention as a promising source of power for these vehicles.
The benefits of using these Li-ion batteries include high specific energy, power, and long cycling life
(Malik et al., 2017). However, there have been challenges around overheating in the battery cycling of
charging and discharging which can significantly impact on the performance of the battery (Javani et
al., 2014). These can include critical failures such as capacity fading and thermal runaway including
high-risk safety hazards such as exothermic reactions leading to fire and explosion (Nazir et al., 2019),
(Fan et al., 2021). Considering the benefits of using such renewable energy resources (Zhang et al.,
2022), mitigation of the risk of overheating such as the use of an effective and reliable battery thermal
management system (BTMS) (Kim et al., 2019) is essential for safety and effective operation of Li-ion

batteries in EV and HEVs (Liu et al., 2017).

Battery cells usually operate optimally between -20 °C and 60 °C but, are recommended
between 25 °C to 40 °C for the best performance and cycle life (Ling et al., 2017), (Yang et al., 2021).
Maintenance of the battery temperature within this range as well as reducing the variable temperature
difference between individual cells (not more than 5°C) (Perez et al., 2021) in a module or pack, reduces
thermal runaway risks whilst preserving operational safety. A variety of cooling methods have been
studied and categorised as being either active (Sabbah et al., 2008) or passive (Liu et al., 2017), (Yang
etal., 2021) and employed as BTMS to remove or expel unwanted heat generated by the cells and pack.
Unfortunately, when operated under abusive conditions, cooling systems that mostly comprise air and
liquid cooling (Sabbah et al., 2020), (Safdari et al., 2020) may be insufficient to dissipate the excess
heat. Active cooling may provide an enhancement to the thermal management of the battery
module/pack; however, it also introduces additional complexities and can reduce the overall efficiency

of the supplementary pumps and connections.

Coincidently, the increasing applications of Li-ion batteries in electronic devices (Akula et al.,
2022) as well as EVs, can significantly reduce greenhouse gas emissions and pollution. Nevertheless,
challenges associated with overheating need to be addressed for the holistic adoption of EVs and the
promotion of sustainable transportation solutions. The innovation of BTMS solutions (Menale et al.,
2019) has become necessary to manage temperature, improve cycle life as well as safety and the
continued growth of clean energy vehicles. This continued research and development in thermal
management technologies will play a pivotal role in the seamless integration of Li-ion batteries in
electric transportation towards a cleaner and greener future (Qaderi et al., 2022). This study seeks to
analyse the combination of passive thermal cooling (Alva et al., 2018), (Gulfam et al., 2019) with EES
and provide solutions to battery module/pack overheating.
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Adoption of EVs offers significant advantages including reduced fossil fuel consumption and
lower emissions. HEVs make use of a combination of battery technology with internal combustion
engines (ICE) which only partially reduces the reliance on fossil fuels and can be classed as either full
hybrid or recharge from an electric grid source. On the other hand, EVs or battery electric vehicles
(BEVs), solely recharge from the grid and benefit from reduced noise pollution, fewer moving parts,
and lower maintenance costs, however, battery lifespan and weight require ongoing research to enhance
the performance (Alami et al., 2022). An effective BTMS (Ma et al., 2018) plays a pivotal role in
ensuring that the Li-ion batteries are operated safely and efficiently, as such, the temperature conditions
to which they are exposed have a profound impact on their electrochemical reactions and their materials
(Ibrahim et al., 2021). Understanding and controlling the heat generation inside the batteries (Kim et
al., 2019) are critical factors in mitigating the effects of temperature. Even at low temperatures, chemical
reactions and the rate of electrochemical reactions are affected leading to lower ionic conductivities of
the electrodes and electrolytes compounding to lower battery performance. On the other hand, higher
temperatures have a more complex effect than lower temperatures. The heat that is generated within the
cells is associated with charge transfer and chemical reactions during battery cycling of charging and
discharging (Xia et al., 2017). This heat can be reversible (entropic heat) or irreversible from entropy
change during electrochemical reactions or polarisation, ohmic heating and leading to unrecoverable

heat, respectively.

One of the focal points in managing the thermal effects is to control the temperature within the
operating range and actively maintain the temperature within pre-determined safety limits depending
on the type of cell. Traditional BTMS require complex and bulky additions (Xia et al., 2017),
(Ianniciello et al., 2018) to the vehicle load so passive thermal management solutions can provide the
capabilities of absorbing and storing the thermal energy during the rise in temperature and releasing
cooling. This makes passive cooling suitable for temperature management in Li-ion batteries. In
particular, the use of phase change materials (PCMs) provides a promising approach to improve thermal
management (Kizilel et al., 2008). By introducing the batteries with PCMs, a thermal management
system with little maintenance requirements is forged. The heat generated from the battery is readily
absorbed by the PCM (Nasajpour-Esfahani et al., 2008), (Arora et al., 2018) and stored during the
transition from solid to liquid. This aids in maintaining uniform temperature within the pack and reduces
abnormalities in temperature which can negatively affect the battery performance (Mohammed et al.,
2022). In this regard, PCMs have emerged as a promising solution to store a considerable amount of
energy (Tete et al., 2021) as Latent heat, notwithstanding organic, inorganic, or eutectic-based
depending on the application. They can reduce the overall maximum temperature and temperature

difference (Chen et al., 2019), (Siddique et al., 2018) when combined with batteries to store the heat
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depending on the capacity or volume of the PCM. Nevertheless, it is essential to address the challenge
of unnecessary temperature increases including local temperature increases, particularly during high-

rate charging and discharging (Luo et al., 2022).

In recent studies, the combination of battery cells with PCM has been analysed to evaluate the
efficiency and performance of the cells. A study by (Verma et al., 2019) analysed the effects of two
ambient conditions as well as PCM thickness on the outer sides of the battery pack with results
indicating that 3 mm thickness is sufficient to support the absorption of heat generated from the battery.
A study performed by (Yang et al., 2023) analysed the effects of different PCM thicknesses (1 mm, 3
mm, 5 mm, and 7 mm) on the outer circumferential area of an 18650 Panasonic battery. Results
indicated that 3 mm PCM circumferential thickness was sufficient for the type of battery cell during
consecutive discharge and recharge. (Lamrani et al., 2021) proposed a simplified physical battery model
that produces the thermal output of the battery cells with PCM to a reasonable solution. In this case, the
temperature and heat generated remained uniform, including convective heat transfer like a lumped
thermal model, which was able to predict within reasonable accuracy, the operation of the batteries.
This study makes use of the lumped thermal model where individual layers were grouped as a single
body to a reasonably accurate solution. In their research, (Talele et al., 2021), they analysed the effect
on time-delay for which two different PCMs (paraffin wax and RT-18) were compared for thermal
management effectiveness. Their results indicated that the PCM with a lower melting point closer to
the ambient temperature of the battery, was more effective as it melted faster and formed a thermally
resistive layer in contact with the cell and extended the time to reach the limits set. For this reason, the
PCM was chosen based on the ambient temperature assessed. In another study by (Yang et al., 2023),
the effect on the performance of a single cell was assessed at different ambient weather conditions
(extreme winter, -20 °C; winter weather, 0 °C; regular ambient weather, 25 °C; hot summer weather,
40 °C and desert weather, 55 °C). Results showed that at higher temperatures, the PCM must be chosen
closer to the ambient temperature to allow for a delayed effect, allowing the battery to dissipate the heat
for longer to the PCM. Other studies have considered a variation in C-rate (Panchal et al., 2018),
(Kermani et al., 2023) (Khaboshan et al., 2023), PCM thickness and thermal physical properties for an
analytical model to typical cell temperature and heating including natural convection heat transfer (Gan
et al., 2020) in the PCM. Results showed that the thickness of PCM is dependent on the melting
temperature, as well as the thermal conductivity. Less thickness is required for lower melting
temperatures and higher thermal conductivity. The density of the PCM is also important when

considering the overall weight of the system.

Cell spacing between cells in a battery pack has been seen in research by (Padalkar et al., 2023)

and (Ji et al., 2019) in which the cells in a module were compared for constant spacing with transverse
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and longitudinal spacing, contained in an enclosure and enhancement of uniformity with variation in
cell to cell spacing, respectively. In this regard, the thermal performance of one cell is directly affected
by other cells in the vicinity. For this study, each cells in the module were thermally isolated from one
another and so would not be impacted by adjacent cells. With regards to battery modelling, different
approaches including the multi-scale multi-domain approach have been studied to perform sufficiently
and accurately in measuring the BTMS combined with PCM as seen in their work (Hussain et al., 2023),
(Vyroubal et al., 2018), (Li et al., 2023). In this case, the numerical approach for modelling assigns the
distributed temperature along the length scale for an equivalent circuit model (ECM) (Kirad et al.,
2021), (Chacko et al., 2012) which assigns the model as a circuit that represents the electrical behaviour
of the cells. This type of modelling is suitable for battery discharge and recharge as well as sudden
fluctuations in electricity that may arise from drive cycling and therefore applicable to this study.
Moreover, cycling of continuous discharging or charging or a combination of both analyses the ideal
conditions for which the thermal performance is compared through constant modes over time. To fully
understand whether passive cooling can control the thermal behaviour of the battery module within
acceptable states, dynamic modelling via real-world drive cycles must also be studied on the impact of
performance. Studies have analysed the performance of the battery cell as seen in their work (Bhavsar
et al., 2023), (Panchal et al., 2018), (Vikram et al., 2022), (Nicholls et al., 2022), indicated significant
temperature rise for very harsh conditions and an effective BTMS was mandatory in these cases to

prevent the actions of fire and explosions.

To the best author’s knowledge, the impact of passive cooling on battery performance under
theoretical (continuous charging and discharging) and five actual (real-world drive cycles; from a harsh
driving cycle to a casual one) loads at the module level have not been addressed, which shed light on
the effectiveness of this approach for BTMS in EV world. Thus, the novelty of this research study lies
in evaluating the impact of passive cooling/LH jackets on the thermal management of various
configurations of battery modules under different loads (discharging and charging cycling modes as
well as drive cycling scenarios, including harsh and casual). In this regard, three configurations were
analysed for a total of 24-18650 Panasonic Li-ion cells with 278.4 W of power connected in series and
parallel. The arrangement and capacity of the three configurations were as follows: Case 1 (2.9Ah case):
24 series cells (24S), Case 2 (5.9 Ah case): 2 parallel cells with 12 series (2P12S) and Case 3 (8.7
Ah case): 3 parallel cells with 8 series (3P8S). The LH jackets around the individual cells in the
module were thermally isolated from neighbouring cells and the heat generated during the operational
conditions of either discharging and charging or driving cycles was directly captured by LH jackets. A
numerical heat transfer analysis for combined thermo-chemical and electrical modelling was performed

using a chosen thickness of PCM. The transient thermal and electrical performance analysis was
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conducted to prove concept of using the LH jackets as an effective thermal management system for

ambient weather condition.

Understandably, the study outlines the numerical method including models, initial and
boundary conditions, assumptions, mathematical and numerical model, and computational model setup.
Subsequently, the results and discussion comprise the independency and validation study as well as the

outcomes of the study culminating with the conclusions.

6.2 Numerical Method

6.2.1 Models

The battery module characteristics and configurations for the three distinct types of module
arrangements are displayed in Figure 6.1. The modules assessed in this study include three different
arrangements (24S, 2P12S and 3P8S) consisting of 24 18650 PF Panasonic lithium-ion batteries, with
individual 3 mm circumferential LH jackets (for better understanding of module configuration,
components were colour-coded in Figure 6.1). The primary aim of this feasibility study was
performance assessments of the considered module configuration in the presence and absence of LH
jacket for cells, under different cycling loads (continuous cycling as well as dynamic drive cycling), to
evaluate the impact of passive cooling (proposed latent heat jacket, as shown in Figure 6.1) at the
module level. Please note that in Figure 6.1, only 3 configurations with LH jackets are displayed for the
sake of brevity. Therefore, in this study performance of 6 different modules under 2 various cycling
loads (continuous and real-world drive cycles) were assessed and compared against each other. The
specifications of the considered module in this study against single cell specification were listed in

Table 6.1.

Table: 6.1 Single cell and module specifications for 18650PF Panasonic battery.

Specifications Battery cell/Module
Single Cell Case 1 (245) Case 2 (2P12S) Case 3 (3P8S)
Specified C-rate 1 1 1 1

Nominal Cell-capacity (ah) 2.9 2.9 5.8 8.7
Specified system voltage (V) 4 96 48 24
Specified system power (W) 11.6 278.4 278.4 278.4
Maximum cut-off voltage (V) 4.2
Minimum cut-off voltage (V) 2.5
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The individual cells of the module were regarded as homogenous bodies, in other words, the
cathode, anode and current collectors were not solved explicitly. The cells, tabs, and busbars were
designed as separate zones for the sake of this study. The outer surface of cells (regardless of being
jacketed or not) was insulated to eliminate the effect of the environment. Thus, only the generated heat
by the battery was conducted directly to the PCM LH jacket, which better showed the effectiveness of
the LH jacket for battery thermal management purposes. The cell-to-cell spacing remained constant at
30 mm between cells (both horizontally in series orientation and vertically in parallel orientation, see
Figure 6.1 for further clarification) as they were thermally isolated from one another. All the cells were
the same type and format of 18650 Li-ion batteries. As shown in Figure 6.1, busbar connections were
assigned accordingly allowing tab-tab connections from the positive tab of one cell to the negative tab
of the next battery cell in series arrangement and positive to positive tabs and negative to negative tabs
for parallel arrangement to create the different modules. Figure 6.1 also displayed zoomed-in images
for a better understanding of the arrangement. The external connectors indicate the areas of the electrical
contacts (positive and negative tabs not connected to a busbar). In this regard, the positive phase
potential of the first battery was similar to the negative phase potential of the second battery.
Subsequently, the same domain was used to resolve both the positive and negative phase potentials of
the first and second batteries. The electrochemical reactions occurred within the active zone (battery
cell) and both potential equations were computationally solved whereas in the passive zones
(tabs/busbar), only a single potential equation was available. The batteries in the modules were
connected via real connections (busbars) and were physically resolved including meshed as opposed to
virtual connections (absence of busbars) in this study. Such detailed modelling highlighted a visual
representation of the heat transfer between tab-busbar connections as well as between different cells in
the module, which determined the areas of hot spots (hot temperature zones) concerning additional
computational time for the passive zone volumes to be resolved. Each of the cells that made up the
battery module consisted of different domains, notable active or e-material zones with positive and
negative tabs connected to a busbar. It must be noted that in all cases studied, a horizontal orientation
of the cells within the module was adopted for more effective heat transfer as seen in previous studies

(Yang et al., 2023), (Nicholls et al., 2024).
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Table: 6.2 Value parameters of the thermophysical properties of the PCM and Li-ion cells. (Voller et al., 1987),
(Chen et al., 2009).

Parameters Materials
PCM Battery cell Positive Negative Insulation
(N-octadecane) (active zone) Tab Tab
Specific heat, Cp (J/kg.K) 2196 678 871 381 1470
Density (kg/m?) 770 2092 2719 8978 1190
Thermal Conductivity 0.148 18.2 202.4 387.6
(W/m.K)
Solidus Temperature (K) 298.15
Liquidus Temperature (K) 302.15
Thermal expansion 0.00091
coefficient (1/K)
Latent heat (J/Kg) 243500
Dynamic Viscosity (kg/m.s) 0.003

This study was performed at an ambient temperature of 25 °C for all Cases (24S, 2P12S and
3P8S) to analyse the effect on thermal performance on this single ambient temperature. The selected
PCM (N-octadecane) was based upon the optimum operating conditions of the Li-ion 18650 battery
cell (20 °C — 40 °C) and as determined in a previous study (Yang et al., 2023), would be sufficient to
analyse all tests Cases. The thermal properties of the PCM, module and insulation material can be found
in Table 6.2. N-octadecane has a high latent heat, cost-effective and suitable for the temperature range
to conduct sufficient analysis on the impact of LHS on the thermal performance of the test Cases. The
chosen PCM demonstrated its capability to uphold consistent battery temperatures under the ambient
temperature of 25 °C. An extended analysis, shown in the previous study (Yang et al., 2023), analysed
the impact of PCMs under various ambient weather conditions from extreme cold (-20 °C) to hot desert

conditions (55 °C) for battery performance at cell level.
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Fig. 6.1 Isometric and zoomed-in view of the considered battery module configurations (Case 1, 2, and 3) in

presence of individual PCM jackets.

230



6.2.2 Initial and boundary conditions

The numerical models depicted in Figure 6.1 were analysed for the following initial and boundary

conditions:

For all Cases (1, 2 and 3),

Insulated outer walls around the LH jackets provided an adiabatic environment independent of

adjacent cells and loss of heat to the environment,

Adiabatic (zero heat flux) walls for battery tabs and coupled walls for busbar connections,
The solidus temperature represented the PCM’s initial state,

The module temperature was set to ambient 25 °C,

Conductive battery walls to the PCM and busbar were set to ambient module temperature with

heat transfer coefficient set to 7 W/mK.

6.2.3 Assumptions

In the modelling of all Cases (1-3), the following assumptions were considered,

Battery modules were 100 % charged and ready to be discharged based on a reference capacity

equivalent to the nominal module capacity (ah),

Due to ECM model characteristics at the cell level, homogenous physical battery properties
were sustained throughout the analysis with all cells the same in the module and under the same

initial conditions,
Molten PCM was considered compressible and viscous flows laminarly,

Conduction heat transfer applied and continuous from battery cells to PCM and from tabs to

busbars,

Cells in the module were arranged horizontally (see Figure 6.1) with gravity at 9.81 m/s* for

LH-based cooling Cases,
The positive and negative tabs were continuous surfaces,

Real tabs/busbar conductive volumes formed connections to positive and negative tabs,
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e Natural convection heat transfer calculated based on Boussinesq approximation for density

approximation in molten PCM.

Essential safety limits were considered for all Cases during charging, discharging and drive cycling as
a preventative measure to ensure the system remains within optimum working conditions and free from
overheating effects and thermal runaway effects. Beyond these limits were not in the scope of this study

and testing was only considered between the recommended manufacturer recommendations.

e For discharging: 60°C,

e For charging: 45 °C,

e For drive cycle modelling: 60°C,

e Between single cells, the minimum and maximum cut-off voltage was at 2.5 Vand 4.2 V,

respectively.

6.2.4 Mathematical and numerical model

In this study, the combined thermo-chemical and electrical models were used in ANSY'S Fluent
2022 R2. An enthalpy-porosity method was used to track the movement of the liquid-solid front or in
other words, the “mushy zone” region during phase change. This method eliminates the need to track
the movement explicitly. An equal porous zone to the liquid fraction was dedicated to the liquid-solid
mushy zone. The liquid fraction in this case was known as the specific cell volumes which were in
liquid form corresponding to every cell in the PCM domain. To identify the phase change during
melting, the liquid fraction was valued between 0 and 1 which represented lower and upper bounds for
solid to liquid. The values were calculated for every iteration corresponding to the enthalpy balance. In
the solid state, the null porosity had an equal effect on the velocity. Sink term equations were applied
to the momentum equations to represent the pressure drop due to solid regions. These sink terms were
also employed in the turbulence equations where there could be reduced porosity indicated by solid
regions. For conducting the thermal analysis of the battery model, the heat generated by the system
must be accurately performed to fully understand the thermal behaviour during regular operation. There
were different methods to perform the coupling, but this study focused on the Multi-Scale Multi Domain
(MSMD) solution method which directly solves the electrochemical aspect of the battery. The model
addressed the issue with different length scales with distinct physical phenomena and so the distribution
of temperature was along the scale of the battery. Based on the assumptions and boundary conditions,

the following governing equations were used.
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The energy equation for the battery (Kim et al., 2011) is

P

5T — V.(VT) + 0,198, 12 + 0_[VO_I? + drcn ©6.1)
' . au

Where ggcn = Jjecn[Vocv =V —T——

=] Qnominal

And jech Qrerol

1 is the current and V. is the open circuit voltage
In this case, the heat generation for the battery is noted as Gtotar = Gjoute + Gentropy
Where §oye 1s the irreversible heat and Geptropy 1S the reversible heat

The energy equation for the busbar is

dpCyT

o~ = V.(kVT) (6.2)

The energy equation for the melting is

%(pH) = V.(pBH) + V.(kVT) + S (6.3)

H=h+ AH (6.4)
T

h= hyes + fTM C,dT (6.5)

AH = fL (6.6)
0 T < Tsolidus

f = T— Tslolidus ; T > Tliquidous (6.7)

Tsolidus <T < Tliquidous

Tliquidous_ Tsolidus

Momentum sink term for reduced porosity in the mushy zone,

a-p?
S = (F3+¢) Amush (6.8)

The value of the A sn, constant is generally between 10* - 107. For this analysis, 10° was proven to be
adequate for PCM melting based on the individual PCM volumes around each cell (see Figure 6.1).

The continuity equation for the PCM is
2+ V.(pP) =0 (6.9)

The momentum equation for the PCM is
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t

F, = % (6.11)

The Reynold’s number is based on laminar fluid flow

R, = % (6.12)

Furthermore, in the context of the MSMD model, the ECM was used to resolve the electrical
behaviour of the module using an electric circuit initially modelled in their study (Kollmeyer et al.,
2017), (Kadivar et al., 2019) which involves a six parameter approach comprising three resistors and

two capacitors. This model involves the charging and discharging of individuals cells and pack.

Natural convection, driven by buoyancy resulting from density changes due to temperature
fluctuations, was observed within the molten phase of the studied PCM. Enclosed within a boundary,
the flows adhere to the Boussinesq approximation, facilitating faster convergence under constant
density and temperature conditions. As seen in the previous studies (Yang et al., 2023), (Nicholls et al.,
2022), the gravity induced natural convection is influenced by the thermal expansion coefficient and
directly impacts the density shifts in the molten PCM region, in response to temperature changes. If the
temperature fluctuations remained minimal, and the density differences were negligible, then the
Boussinesq approximation would be valid. The subtle changes in volume during temperature increases

and the melting process was because of the thermal expansion coefficient as mentioned in Table 6.1.

The relationship between the voltage and current is determined by solving the electric circuit

equations which are highly dependent on the battery SOC and temperature.

V = Vpe(SOC) = V; — V, — Ry(SOC)I(E) (6.13)
% - Rl(soc)lcl(soc) 1 cl(sloc) 1®) (6.14)
% - Rz(soc)lcz(soc) 2 cz(;oc) 1®) (6.15)
% =1(t)/3600Q;f (6.16)

The fifth order polynomial form for different coefficients of charging and discharging are explicitly

resolved as functions based on the following equations:

R, = ag + a,(soc) + a,(soc)? + az(soc)® + as(soc)* + as(soc)® (6.20)
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Ry = by + by(soc) + b,(soc)? + bs(soc)® + by(soc)* + bs(soc)® (6.21)

C1 = ¢y + c1(soc) + c;(s0c)? + c3(soc)® + c4(soc)* + +cs(soc)® (6.22)
R, = dy + d;(soc) + d,(soc)? + ds(soc)® + d,(soc)* + ds(soc)® (6.23)
C, = ey + e;(s0c) + e, (s0c)? + ez(soc)® + ey(soc)* + es(soc)® (6.24)
Vocr = fo + fi(soc) + fo(soc)? + f3(soc)® + f(soc)* + fs(soc)® (6.25)

6.2.5 Computational model setup

A pressure-based solver used for incompressible laminar fluid flow was evaluated in the action
of fully discharging and re-charging all Cases for transient time analysis which involves 3D modelling.
Fluid flow is viscous with solidification and melting activated for mushy zone values between 10* —
107; (Yang et al., 2023), (Nicholls et al., 2022) in which 10° was sufficient for the volume of LH jacket
around each cell in the module. PRESTO! was used for spatial discretisation under pressure whilst
momentum and energy were set to Second Order Upwind. The under-relaxation factors for Pressure,
Momentum, Energy, Density, and liquid fraction were as follows: 0.3, 0.7, 1, 1 and 0.9. Convergence
criteria is set at 10~ for continuity and momentum and 10 for energy. This was not checked for the

Cases without PCM.

For solution convergence, the transient analysis was set to 100s for time step size during
discharging and charging cycling. The LH jacket models’ solution convergence was adjusted to 1
microsecond for satisfactory results. The value was adjusted in an adaptive time advancement through
to fixed once convergence was achieved and to increase simulation speed. For an MSMD solution
method, the ECM E-chemistry model was used to perform the coupled thermal-electrochemical
simulation to address the electrochemical aspect of the battery. Minimum and maximum voltage cut-
off limits were set to 2.5 V and 4.2 V, respectively. The reduced order method (ROM) under MSMD
approach was initialised to reduce computational time after 3 timesteps were first completed. A time-
scheduled using profile solution option was selected to input selected drive cycle profiles based on the
electric load type. This approach allows for a controlled time-dependent variation of load type and value

reliant on requirements including sudden changes in profiles accurately.
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6.3 Results/analysis and discussion
6.3.1 Grid and Temporal independence study

A grid independency analysis was performed to analyse the effects on the grid sizes for the
solution accuracy. For a single cell approach, the meshing was performed using specific sizing based
on edges and bias towards the areas which require higher number of elements to be effectively resolved.
In these Cases, three different grid sizes were compared including fine, selected, and coarse with fewer
than 1 % deviation for number of elements at 86877 and 84801 without and with the LH jacket,
respectively. Orthogonal quality and skewness showed more than 0.95 and less than 0.25 for increased
accuracy of results. In the case of the modules, conventional meshing (considered and displayed in
earlier studies, (Yang et al., 2023)) was compared with the accuracy of watertight meshing (shown in
Figure 6.2) which provides a more robust and high quality meshing. Results compared for single cell
18650 battery with 84801 conventional elements versus 5110 watertight meshing, showed less than 1
% deviation in accuracy of results with and without the LH jacket, resulting in reduced time for meshing.
This watertight meshing method was then selected for modelling the modules, which reduced the time
taken to mesh each cell, but with similar accuracy of results. In this case a grid independence analysis
was performed for the watertight meshing for fine (238557), coarse (144530) and selected (181188)
number of elements for the 24S Case. Results showed fewer than 1 % deviation of results, which
indicated that the selected number of grids was sufficient to conduct the study. The same meshing
controls were used to generate the grids for the other two Cases (Case 2: 185110 and 243874 without
and with LH jacket respectively, Case 3: 181397 and 243512 without and with LH jacket respectively).
The watertight grid images without LH jackets are therefore illustrated in Figure 6.3 with zoomed-in

areas of interest at a different orientation to show the applied watertight meshing.

Additionally, a temporal independency study showed that a fixed 100s time-step size was
sufficient for the case without LH jackets as opposed to 10, 50, and 150, with fewer than 0.1 %
deviation. In the other Cases with LH jackets, an adaptive type of time-step size was used to achieve
accurate results with an indication of convergence. This was also significant due to the slow melting of
the PCM and to accurately capture the transition from solid to liquid during the initial stages of
conduction heat transfer and the onset of buoyancy driven convection flows in tracking of the melting
front. Moreover, a mushy zone constant study as seen in their work (Yang et al., 2023), (Nicholls et al.,
2022) showed that Amysh values between 10* and 10° was less significant during the conduction phase
in the initial PCM melting and increased in the natural convection phase where buoyancy driven flows
and Bernard cells formation were more prevalent. It was also noted that the volume of PCM had a direct

impact on the convection phase, as greater sized vortices can be fully developed. Due to the small
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circumferential diameter (3 mm) surrounding each of the cells in the module, the variation of the Amush

values did not have a substantial impact on the solution results and so Amush = 10° was chosen.
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Fig. 6.2 Comparison of Temperature (°C) vs Time (s) for conventional meshing approach vs watertight automated meshing

for a single 18650 Li-ion cell: A) without LH jacket and B) with LH jacket.
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Fig. 6.3 Watertight grid images of all three Cases without LH jackets with zoomed-in partial images at selected

areas.
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6.3.2 Validation study

In a previous study (Yang et al., 2023), a battery cell thermal performance analysis was
compared with literature (Kirad et al., 2021), (Kollmeyer et al., 2017) for numerical and experimental
data for an 18650 Li-ion Panasonic battery cell at ambient 25 °C for 1C-rate. The heat transfer
coefficient at the walls was at 7 W/mK, with fewer than 1 % difference in results for a single discharge
as seen in Figure 6.4 (A). Additionally, a validation study (Darzi et al., 2012), (Kadivar et al., 2019) on
sub-cooled PCM (N-eicosane) melting for a double pipe heat exchanger within the cylindrical annulus,
at Amush = 10° with inner cylinder set to 329.15 K and thermal conductivity at 400 W/mK, was analysed
for the effects of charging and discharging. Results shown in Figure 6.4 (B) indicate less than 1 %

difference from the study to numerical data.
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Fig. 6.4 Validation study: A) Cell thermal study for Temperature (°C) versus Time (s) data from literature

(Kirad et al., 2021), (Kollmeyer et al., 2017) compared with present study at 25 °C B) study of liquid fraction

versus Fourier Number (FO) data from literature compared with the present study (Darzi et al., 2012), (Kadivar

et al., 2019).

6.3.3 Technical Discussion

Before analysing the effects of the proposed passive cooling system under different cycling

loads, there are few technical points need to be discussed for further clarification of the technical stuff

for readers.

1. The choice of PCM is important with high LH capacity and selected based on the
ambient and operating conditions of the system/battery module. The solid-to-liquid
phase change reduces the volume change and highly manageable as opposed to liquid-
to-gas type PCMs and deemed more appropriate to this study. In this study the selected
solid PCM N-octadecane (Table 6.1) was jacketed around each individual cell and in
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direct contact with the circumferential diameter along the battery length (Shown in
Figure 6.1) and eventually a module was constructed with the proposed battery

configuration.

As the battery temperature rose due to discharging, the solidified PCM (LH source)
absorbs the heat as the conduction heat transfer mechanism was dominant until the
PCM was melted and natural convection heat transfer became dominant in molten
PCM. This process continued until the entire the PCM volume was liquified, then the
available LH would be expired and there was a transition to Sensible Heat (SH), where

the temperature of the system did not remain constant and start to rise sharply.

The heat generated from the battery module was absorbed by the PCM making use of
the LH capacity of phase change at liquidous temperature acting as a cooling agent with
the capacity to store a large volume of LH, whilst maintaining a constant temperature.
It was therefore essential that the volume of PCM used should be of sufficient amount
to be able to absorb the amount of heat generated. Generally, seen in literature (Alami
et al., 2022), (Kizilel et al., 2008), (Mohammed et al., 2022), (Talele et al., 2021), the
PCM surrounds the cells in a container by which neighbouring cell temperatures
influences each other and so cell spacing was integral to improve the design. The
module Cases seen in Figure 6.1, can be treated as individual systems with no thermal
impact since each cell is thermally isolated. This forgoes the need of design with cell-
to-cell spacing and a reduction of SH. Moreover, all the volume of available PCM
would be accessible, which would not be the case if the cells were far apart and
dependant on the container design, if not cylindrical. In those Cases, a percentage of
PCM would not be integral to the cooling process and would then be less efficient for
additional weight not used. Although adding PCM volume around each cell can be
advantageous to absorb additional heat and increase the delay time for PCM melting,
the energy consumed will not out-weigh the benefits since increased weight will reduce
the overall EV thermal performance. In this instance, the 3 mm jackets proved

sufficient to evaluate the effect on the performance.

In this study, various drive cycle characteristics and parametrisation were assessed for
the same proposed module Cases (24S, 2P12S and 3P8S). They were implemented
based on voltage profiles. These dynamic profiles were specifically used in section

6.3.4.2 where the real-world drive cycles were assessed. All the test cycles were based
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on validation study (Vikram et al., 2022) for a single cell and then scaled up based on
the number of cells in the module. In the literature study, the battery pack was initially
scaled down from 3680 cells to a single cell to reduce computational time. Each of the
drive cycles would present a unique dynamic change and therefore erratic changes in
temperature was expected but still follows a distinguishable pattern which was

identified.

As seen in literature (Ling et al., 2014), (Yang et al., 2021), (Yang et al., 2023), the
battery optimal working temperature range is between 20 °C to 40 °C and manufacture
specifications states that the safety limits for use are bounded between -20 °C to 60 °C
during discharging mode and not greater than 45 °C during charging mode. Beyond
these ranges, the battery safety critical conditions were met, whereby thermal runaway
and potentially severe degradation of the battery can occur. Thus, in these simulations
to prevent undercooling and overcharging, the following restrictions were imposed;
voltage cut-off limits at cell level (2.5 V to 4.2 V), SOC limits (between 0 to 1), and
module temperature restricted to below the safety limits. This will present the desired
outcome where the safety and risk assessments were managed accordingly. Disastrous
effects can occur from the operation of the cells outside of these limits and so these
stop conditions were initialised. This approach was seen in the cycling phases, where
an accurate estimation of the predicted time it would take to reach just before the
maximum and/or minimum SOC value and voltages, was achieved. Homogeneous
temperature between cells was also analysed to ensure the disparity of temperature
between cells in the module was kept to a minimum. In this regard, individual LH
jackets were modelled around the cells which were placed at an equal distance from

one another for an effective comparison.

6.3.4 Discussion on the effectiveness of the proposed passive cooling system

To analysis the effectiveness of the proposed passive cooling system, three different

arrangements of modules (24S, 2P12S and 3P8S) are made up of 24 series and/or parallel 18650 Li-ion

Panasonic cells discharged at constant 1 C-rate, until the SOC was approximately 0 or the

temperature/voltage safety limits were reached. The proposed arrangements, have different

voltage/passive zone potential and current which can better assess the effectiveness of the proposed

passive cooling design. Indeed, the specified system power for all the Cases (24S, 2P12S and 3P8S)
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remained the same at 278.4 W, and the capacities (between 2900 Ah to 8700 Ah) of each of the modules
varied based on the cell arrangements comprising of series and parallel cells. The test of arrangements
also provides an insight into the thermal uniformity between cells in the module, whereas the C-rate
gives an indication of the current value, which would be dissipated within 1 hour if the cells were to be

discharged from the fully charged position.

In addition to better check the effectiveness of the proposed cooling system, the discussed
modules were assessed in presence and absence of the LH jackets which gave an insight of effectiveness
of the proposed system. Thus, for this study in combined 6 modules were considered which three of
those Cases (24S, 2P12S and 3P8S) equipped with LH jackets and 3 of them (24S, 2P12S and 3P8S)
without jackets. Finally, in this study all those 6 cases were imposed to two different loads: 1- A
theoretical scenario (a continuous cycling), and 2- haphazard variations of electrical boundary
conditions (five actual driving loads). These scenarios were imposed on the proposed battery modules
to capture following results: the module temperature, SOC, passive zone potential/voltage and the liquid
fraction of the PCM. The following subsection of the articles, report the results of those loads on the 6

discussed modules.

6.3.4.1 Study on the impact of theoretical load scenario (a continuous cycling)

In this section the impact of the proposed passive cooling system on thermal management for
three discussed modules (24S, 2P12S and 3P8S) in presence and absence of LH jackets under
continuous 1C cycling is discussed. This work builds upon a previous study (Nicholls et al., 2024), in
which an investigation was conducted using a passive cooling LH jacket with PCM to manage the
thermal performance of a single Panasonic Li-on 18650 battery cell under real-world drive cycles. The
study addressed the impact of driving behaviours on a single cell model validated from literature (Kirad
et al., 2021), (Kollmeyer et al., 2017) when compared to continuous battery cycling. In continuous
cycling, the cell was discharged and then recharged without resting phases between the different cycling
modes. Thus, the impact from heat dissipation on maximum temperature, SOC, power, and liquid
fraction was effectively analysed. The conjugated models based on distinct driving scenarios,
demonstrated that LH jackets significantly enhance battery performance by 50 %, especially in
aggressive driving cycles. This becomes necessary for validation including detailed electrochemical
modelling that must be verified to simulate and understand these complex processes under varying
stress/loading levels. This allows for crucial benchmarking and calibrating models to ensure alignment

with real-world cell behaviour and at the same time, save on computational time for more complex
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models with higher grid element sizes in those cases of modules/pack level. The validation of the
material used permits understanding of combining individual cells arranged together to investigate how
they interact with one another. The thermal management including electrical connectors, busbars and
overall system integration provides insights on scaling effects where factors like heat dissipation and
electrical connection become more pronounced. In this scaling, management of the cells become crucial
with additional challenges arising including uniform performance across cells in a module and to
manage the energy distribution.

In that regard, contours of battery temperature in presence and absence of the LH jackets for
Case 1 (24S) are shown in Figure 6.5. Figure 6.5 (A) displays a 2D top view comparison of these two
cases at 6 instances within 1 hour and Figure 6.5 (B) displays 3D Isometric views of those cases at only
one instance (3500s) which were picked for the sake of brevity. The global temperature of the cells as
well as temperature differences can be seen in Figure 6.5 (B) at the same time as 3500s, to clearly show
the temperature differences within a closer colour bar range. Zoomed-in areas of the cells provide more
apparent contours as well as PCM temperature. For clarity, in this figure, the zoomed-in areas show the
cells (4 different snapshots) at the ends of the module case (24S) including the locations of the positive
(Tab_p) and negative (Tab_n) tab connection cells (far ends). These snapshots will provide a better
picture of understanding the temperature variation in the ending cells and corresponding busbar
connections as opposed to the cells within the middle of the module

As shown in Figure 6.5 (A), in the presence of LH, the temperature of the module was low at
all the selected different time instances (depicted by the dark blue contours) and only varied within 3.5K
(the temperature range of 298.15K to 301.65K). However, in the absence of LH jacket, for Case 1 (24S),
the temperature rise was more obvious with increased temperature illustrated by the colour bar legend,
especially when Figure 6.5 (B) is considered as well, where global temperature contours are displayed.
These global temperature contours show a closer range of temperature (the minimum, 303.2K to the
maximum, 322.5K) to include both cases with and without LH jackets. They definitively indicate the
temperature differences within various connections of the domain (module) including busbar, cells, and
tabs. In the absence of LH jackets for 24S case, the temperature rose from initial ambient (25 °C) to the
safety limit temperature (60 °C) (coloured contours from blue, 298.15K, to red, 333.15K) for Figure
6.5 (A) and between coloured contours from blue, 303.2K, to red, 322.5K in Figure 6.5 (B). It is
noteworthy that in this case (24S - without LH jacket), the higher temperature cells captured at the far
ends of the module displays where the negative and positive tab external connections are located. These
cells (far end cells) were within the temperature range of 322.65K to 326.15K as shown in Figure 6.5
(A) in the colour bar, whereas the central cells in the module ranged between 319.15K to 322.65K at
3500s. The colour band in Figure 6.5 (B) has a maximum temperature range up to 322.5K as this shows

the global temperature range to indicate more vividly the high temperatures as opposed to the user
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specified case for minimum and maximum temperature limits in kelvin (298.15K to 333.15K). A much
clearer depiction of the comparison between the case with and without LH jackets is therefore shown.
Compared to the case with LH jackets at 3500s, the temperature of the module remained within 298.15K

to 301.65K, which represents a decrease in maximum temperature by 24.5K with the proposed passive

cooling approach.
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Fig. 6.5 Case 1 (24S) Temperature contours at indicated times for module discharging: A) 2D midplane top
view at indicated timeframes and B) 3D Isometric view with zoomed-in images of the external connected cells

showing higher temperatures at 3500s.

Therefore, in this case one can conclude that higher temperatures are seen for the ending cells
and corresponding busbar connections as opposed to the cells within the middle of the module, which
was better depicted in Figure 6.6. Indeed, in Figure 6.6 the 3D isometric view of the case without LH
jacket was displayed with different localised temperature approach to better illustrate the busbar
temperature variations and temperature at the ending cells. As shown in this picture, during the module
discharge at 3500s in absence of LH jacket, the module localised temperature range was between
316.41K to 322.52K and represents a significant temperature difference (~6.11K) for continuous
discharging, resulting in a clear need of heat dissipation from the module to reduce the effects of
overheating. This could be achieved by using passive cooling LH jackets as its impact was clearly

shown in Figure 6.5 (B) even with the busbar connections.
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Fig. 6.6 Isometric view with zoomed-in images of the external connected cells (far ends), for Case 1 (24S)

without LH jackets at 3500s with Localised Temperature contours.

Figure 6.7 (A) displayed the temperature contours at selected instances during discharge for
Case 2 (2P12S) in presence and absence of passive cooling. Similarly, in Figure 6.7 (A), a 2D top view
comparison of the two cases for the module (with and without LH jackets) showed 12 cells in series at
6 instances in time within 1 hour. Figure 6.7 (B) displayed a 3D Isometric view at one instance (3500s)
to maintain conciseness. As seen in Figure 6.7 (A), with the introduced LH jackets, the module
temperature remained low at selected time instances as seen similarly with the first case (see Figure 6.5
(A)). The coloured contours remained dark blue and within the temperature range displayed by the
colour band (298.15K to 301.65K) and still within 3.5K. Contrastingly, without the introduced LH
jackets, for Case 2 (2P12S), the module temperature, and indeed individual cell temperature increase
shown by the colour bar legend, was more distinct, particularly when considering the contours shown
in Figure 6.7 (B). The contours shown in Figure 6.7 (B) illustrate a global temperature legend with
colour band between 303.2K (minimum) and 322.5K (maximum) for both with and without LH jackets.
Similarly, the temperature rise shown in Figure 6.7 (A) was between 298.15K to 333.15K and represents
the initial temperature (25 °C) and safety temperature limit (60 °C), respectively. The temperature of
the cells without LH jackets at 3500s lie within the range of 319.15K to 322.65K as displayed by the
colour band. The contours indicated uniform temperature between them and did not clearly show the
variation in hot temperature at the external connector cells due to the top view displayed, as well as all
the cells were not shown in that view. However, Figure 6.7 (B) clearly shows the higher temperature
cells near the external connectors, in particular, the positive tab connector (Tab_p). These cells were
within the range of 318.64K to 320.57K without LH jackets indicated by the colour band (see Figure
6.7 (B)). All the other cells in the module were between 316.71K to 318.64K at 3500s. When analysed
for the case with LH jackets at 3500s, Figure 6.7 (A) shows the module temperature within the range
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of 298.15K to 301.65K and a reduction in maximum temperature by 21K. Figure 6.7 (B) clearly
indicates that the introduction of the LH jackets can maintain thermal stability between all the cells in

the module whilst reducing the maximum temperature limit achieved within the time.

Time (s)

(A) CASE 2: 2P12S
Without LH jackets With LH jackets
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2500

3000
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Fig. 6.7 Case 2 (2P12S) Temperature contours at indicated times for module discharging: A) 2D midplane top
view at indicated times B) 3D Isometric view with zoomed-in images of the external connected cells showing

higher temperatures at 3500s.

Figure 6.8 displays the Isometric view of localised temperature contours for Case 2 (2P12S)
without LH jackets at 3500s to further illustrate the differences in temperature between the external
connector cells as well as all the cells in the module arrangement including busbar temperature. The
temperature range had been further reduced to indicate the locations of lowest temperature (blue) to the
highest temperature (red). It was quite clear that the highest temperature cells were in the vicinity of the
positive tab external connector cell and then propagated throughout the rest of the module. It was
interesting that the negative tab external connector cell in this case, had one of the lowest temperature
regions as seen by the colour bar legend, with the lowest temperature cell being the furthest away from
the positive external connector (Tab p). In this case, during the discharging cycle, the module
temperature ranged between a minimum and maximum temperature at 314.10K to 319.22K,

respectively, with a temperature difference of 5.12K at 3500s. This meant that an appropriate BTMS
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strategy was required to prevent overheating which can be achieved with the proposed passive cooling

as shown in Figure 6.7.

temp K]
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Fig. 6.8 3D Isometric view with zoomed-in images of the external connected cells (far ends), for Case 2 (2P12S)

without LH jackets at 3500s with Localised Temperature contour.

Furthermore, Figure 6.9 shows the temperature contours for Case 3 (3P8S) at 6 different time
intervals during discharge in presence and absence of LH jackets. Figure 6.9 (A) displays the top view
in 2D for 8 cells in series within 6 time intervals from 1000s to 3500s with 500s increments. The passive
cooling LH based BTMS displayed low temperatures even up to the 3500s period within 1 hour as
indicated by the colour contours which showed dark blue. This behaviour was similar to previous cases
(Case 1: 24S and Case 2: 2P12S) which demonstrates the effectiveness of passive cooling in reducing
maximum battery temperature during continuous discharging/charging (a continuous cycling load).
This was confirmed in Figure 6.9 (B) for an Isometric 3D view showing global temperature contours
with and without LH jackets at 3500s. In the previous 2 Cases (Case 1: 24S and Case 2: 2P12S), when
passive cooling was available, the temperature of the cells remained within a low temperature range of
298.15K to 301.65K, likewise, Case 3: 3P8S, also remained within that temperature range even for all
the times shown. Due to this low temperature range well below the temperature safety limit, suggested
that the heat was readily absorbed even in this arrangement of cells and certainly as seen for the other
two Cases studied. The temperature difference was still within 3.5K as seen by the colour band (see

Figure 6.9 (A)).
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However, compared to the case without LH jackets, the rise in temperature was more apparent,
as indeed, there was a definitive change in the colour contour even from the initial time at 1000s, with
a maximum temperature range between 305.15K to 308.65K. This certainly indicated that an increase
in current/nominal capacity (Case 1: 2.9Ah to Case 3: 8.7Ah) influenced the thermal performance of
the module, impacting on the heat dissipated within the cells in the module. The higher temperature cell
was at the positive external connector (Tab_p), with distributed heat throughout the module decreasing
as it moves towards the other cells during the cycling process. This was displayed (see Figure 6.9 (A))
as the time was increased from 1000s to 3500s. The highest temperature at 3500s for the case without
LH jackets was shown to be the positive external connector tab cell which ranged between 322.65K to
326.15K. This meant that there was a drop in maximum temperature of 24.5K when the LH jackets
were introduced, and passive cooling was available. The downside of the presented view in Figure 6.9
(A) is only the top level row of 8 cells in the module are visible and does not clearly show the heat
transfer within all the cells. Thus Figure 6.9 (B) presented to show an Isometric view for a global and
more narrow temperature range. The highest temperature (range between 320.57K to 322.50K) cell was
seen to be the positive tab external connector cell (Tab_p) and the heat was dissipated throughout the
rest of the module via the connecting busbars. Even the busbar connections near the Tab_p for the
external connector cell has a higher temperature distribution than the other busbars as seen by the colour
legend. These cells exhibit higher temperature than the rest of the cells because of the higher voltage as
opposed to the anode (negative tab external connector Tab_n). This behaviour was seen for all the time
intervals showing higher temperature cells on the left and decreased as it moved to the right because of

the orientation of the module (see Figure 6.9 (A)).
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Fig. 6.9 Case 3 (3P8S) Temperature contours at indicated times for module discharging: A) 2D midplane top
view at indicated times and B) 3D Isometric view with zoomed-in images of the external connected cells

showing higher temperatures at 3500s.

To further illustrate the variation in temperature differences as described similarly with the two
Cases before (Case 1 and 2), Figure 6.10 illustrates an Isometric view of localised temperatures without
LH jackets at 3500s showing a minimum to maximum temperature range between 313.26K to 325.15K,
respectively. The positive external connecter (Tab_p) showed the highest temperature (range between
322.77K to 323.96K) and followed the cells in the busbar connections nearby. The other cells in the
middle of the module showed similar temperature ranges as the heat was propagated throughout the rest

of the module. During the discharging cycle, the module temperature ranged between 313.26K to
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325.15K as per the localised temperature colour band at 3500s, representing a temperature difference
of 11.89K. Thus, an effective BTMS was required to prevent large temperature differences and

eventually overheating which can be fulfilled with the proposed passive cooling design.

[EON a%, Wy “
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Tab_n connector "o 72 e, 08, 90, %o, Oy Vg S Vg O x p

Fig. 6.10 3D Isometric view with zoomed-in images of the externally connected cells (far ends), for Case 2

(3P8S) without LH jackets at 3500s with Localised Temperature contour.

Eventually, the effectiveness of the proposed passive cooling for all the modules under
continuous cycling load was assessed in Figure 6.11. Figure 6.11 displayed the plots of continuous
cycling of temperature and SOC versus time as well as the passive zone potential and PCM liquid
fraction versus time for all the aforementioned cases. In all cases, the results were reported until
whichever of the following criteria was met earlier: 1) the battery temperature reached to safety limit,
or 2) the module had been completely discharged. It is worth noting that the total time for continuous
discharging varied between the different Cases as indeed this attributed to the configuration and
specification of the considered module arrangements. Due to this variation, the nominal cell capacity
(Ah) and the voltages (V) were different in each Case, however, as discussed earlier, for accurate
modelling and comparison, the number and type of cells in each module remained the same. The Power
(W) was the same across all modules assessed (see Table 6.1). When the nominal cell capacity was
amplified from the change in series to parallel configurations, the time for complete discharge was also
increased. The full results were displayed in Figure 6.11 for all cases as opposed to certain time intervals

for the contours which were chosen for brevity.
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Figure 6.11 (A) presents results for Case 1 (24S). As seen in the graph of temperature versus
time, the introduced LH jackets allowed a more uniform, slow, and steady rise from an initial ambient
at 25 °C as opposed to the sharp increase in temperature in the absence of LH jackets for the same
discharge period. At the end of the discharging cycle, the module temperature was approximately 28
°C with the LH jackets when compared to (~) 48 °C without the LH jackets. This represented a drop in
maximum temperature by 42 % (20 °C in about 48 °C). The results demonstrated that if there was
available LH, the heat dissipated by the module would be readily absorbed by the PCM jacket and
increase the useful life or delay time. The passive zone potential was as expected with a smooth decrease
followed by a sharp decrease in voltage when more than 95 % of the SOC was released, and the PCM
was approximately 80 % liquified. This meant that there was still available LH to follow consecutive
charging for the case with LH jackets since the module temperature was below the charging safety limit

(45 °C).

Figure 6.11 (B) shows the results of Case 2 (2P12S). As shown in this figure, introducing LH
jackets led to a marginal increase in temperature (reaching 29 °C) in the 5500s, right before all the PCM
had been melted as observed from the liquid fraction curve. Due to unavailable LH after this time, the
module temperature rose sharply as SH became active until the module had less than 10 % SOC. At
this time (6600s), the module temperature with LH jackets had reached its maximum at 42 °C. In
contrast, the module case without LH jackets in the same period had reached close to the discharging
safety limit at 60 °C. This meant passive cooling could effectively control the maximum temperature
of the module in this case as well (equates to an 18 °C drop in maximum temperature in 6600s).
Importantly, the presence of the available LH maintained stable and uniform temperature up to around
5500s as iterated previously while the module without LH jackets had reached ~ 54 °C in 5500s. In
addition, the proposed passive cooling could effectively control the maximum temperature of the
module without reaching to safety limit of the module. This result highlighted the impact and

effectiveness of the proposed passive thermal management strategy for this module.

The results of Case 3 (3P8S) are shown in Figure 6.11 (C). As shown for this case, the
temperature curve rose sharply at the beginning during the first 100s, which was attributed to initial SH
storage before equilibrium of heat caused a slow rise until the LH storage was activated and finally
consumed at 31 °C in 5900s. This (consumption of LH) was displayed in the liquid fraction curve which
reached its maximum of 1 or 100 % at 5900s. Beyond this time, for the module in the presence of the
LH jackets, the temperature started to rise similarly to without the LH jackets until the safety limit
temperature was reached (10780s). When compared to the case without LH jackets, the module
temperature reached 60 °C at 5270s. In this case, the numerical analysis was stopped due to the
temperature safety limit reached and so the other results of SOC and passive zone potential (V) were
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also stopped. When both cases (with and without LH jackets) were compared right before all PCM was
melted, there was a drop in temperature of 29 °C by the introduction of the proposed system. Also, due
to the delay effect, there was a significant extension in useful time resulting in ~200 % module useful
life before the temperature safety limit was reached. It was also worth noting that the temperature
difference between cells was kept below 5K for all Cases with LH cooling jackets and indicated
improved thermal equilibrium between cells as compared without LH cooling. As mentioned
previously, an even greater increase in the capacity (8.7 Ah) from Case 1 (2.9Ah) was displayed and
did cause an increase in the delay time for the module to reach the safety limit of 60 °C but less than
Case 2. This was attributed to distinct factors including differences in voltage and current distribution
but was a clear indication that the arrangement of cells in a module has a differing effect on the capacity

and temperature disseminated.

Regardless of the arrangement, these studies showed that the proposed thermal management

system was effective for various modules under theoretical cycling load.
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Fig. 6.11 Continuous cycling (Discharging) results of all Cases (24S, 2P12S and 3P85).
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6.3.4.2 Study on the impact of real-world drive cycling

The previous analysis 6.3.4.1 was conducted as the researchers wanted to investigate
fundamentally how the battery would behave under an ideal environment for profiles such as the
voltage, power, and SOC during discharging/charging cycling. In those scenarios, the modules were
discharged continuously at a constant C-rate with the option of continuous charging afterwards without
resting if the safety limits were not breached. This testing assessed the system's durability and reliability
for continuous cycling, but a more dynamic approach is necessary where idealistic conditions are not
likely. Therefore, in this section, 6.3.4.2, a shift from continuous cycling (discharging/charging) to more
dynamic battery modelling was considered to assess the effect of the proposed passive thermal
management system on battery module temperature, SOC, passive zone potential and liquid fraction

under realistic loads.

Thus, the following five different driving cycles were considered, Supplemental Federal Test
Procedure (SFTP) (US06), Unified Cycle Driving Schedule or Unified LA92 (LA92), Neural Network
(NN) combination cycle, Urban Dynamometer Driving Schedule (UDDS) and Highway Fuel Economy
Test (HWFTa). These dynamic drive cycling replicated conditions on which vehicles are driven on
different roads and environmental terrains which drivers may encounter and can include hills, flat roads,
winding, or straight roads and of differing pitch that may include a variety of appropriate driving styles.
In particular, the US06 (highest power requirement), LA92 and NN drive cycles consist of more harsh
or aggressive driving. These include light vehicles driven at rapid velocity and acceleration with reduced
stopping and idling within a 10-mile distance. On the other hand, the UDDS and HWFTa, for light-duty
vehicles, represent more casual driving in Urban areas which can include very frequent idling and
stopping as well as long distances. A full description of the drive cycle definitions used in the previous
study (Nicholls et al., 2024) was outlined in more detail including power fluctuations within a specified

time extracted from previous literary work published (Kirad et al., 2021), (Kollmeyer et al., 2017).

The results of the effects of the drive cycles on the proposed module configurations are
presented in Figures 6.12 to 6.14 for Case 1 (24S), Case 2 (2P12S) and Case 3 (3P8S), respectively. All
the captured results for the dynamic cycle loads on the proposed modules displayed rapid serrations
from the power variation in contrast with smooth lines and curves from continuous cycling (results of
section 6.3.4.1) captured at constant C-rate (1C), power (278.4 W), and ambient temperature (25 °C).
Please note that for these drive cycle cases, only a specific range of time was available for reference
and so the analysis was concluded when the limits of the available data were reached, or the
temperature/voltage limits were hit. This was also reliant on the SOC available which would have been

fully expired or near the end of the module capacity.
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Results of Case 1 (24S) are shown in Figure 6.12, for all the considered cycles. As presented,
the presence of LH jackets improved the thermal performance of the module for all the drive cycles
with either expansion in useful life or maintenance of stable temperature. For the aggressive cycle US06
module (shown in Figure 6.12 (A)), the thermal performance improved by 223 % with more than a
2000s extension in the useful life of the module until the temperature safety limit was reached. This
behaviour was displayed in the temperature curves of the cases without and with LH jackets reaching
the temperature safety limit (60 °C) at the 1640s and 3710s, respectively. In addition, the SOC, initially
set at 1 or 100 %, was reduced to ~50 % without LH jackets and more than ~90 % of the module
discharged in the presence of the LH jackets before reaching to safety limit. The passive zone potentials
displayed in Figure 6.12 (A) (US06), the sporadic changes from the dynamic drive cycle behaviour and
vary between ~70 V to 100 V, with a clear distinction shown between the cases in the presence and
absence of LH jackets. For the cases with introduced LH jackets, there was an increase in the voltage
profile corresponding to the temperature curves. Even though there was available SOC for the case
without LH jackets, due to the temperature limit hit, all the other results were stopped and captured

accordingly.

Similar improvements in thermal performance can be seen with the other harsh drive cycles.
LA92 drive cycle on the thermal performance of the module (24S) is shown in Figure 6.12 (B) and
represents another aggressive driving cycle with improved thermal performance at 186 % when
compared at the end of the cycle. For the case without LH jackets, the temperature was close to 58.7 °C
(7060s) while the case with LH jackets was around 49 °C (13130s). At these end levels, the SOC had
reached ~30 % and ~14 %, in the absence and presence of the proposed passive cooling approach,
respectively from an initial state of 100 %. At the same time, the passive zone potential varied between
75 V to 100 V with the results showing almost double the life for the case with LH jackets as opposed
to without the LH jackets.

The third aggressive cycle (NN drive cycle) is displayed in Figure 6.12 (C). In this case, there
was also a reduction in temperature for the introduced passive cooling case with 184 % extended time
to reach the temperature safety limit (60 °C) in the 6760s as opposed to 3670s for the case without the
LH jackets. The SOC was reduced to 20 % and 70 % for the 24S module with and without the LH
jackets, respectively. Due to the specific safety limits as identified previously, the study was concluded
at these indicators. It was noted that the range for this drive cycle for Case 1 cycled between maximum
100 V and minimum 80 V, with the liquid fraction for the harsh cycles also following the same gradient

as the modules without the LH jackets, to illustrate that the heat energy was absorbed.
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For the casual Cases UDDS and HWFTa shown in Figure 6.12 (D) and E, more than 90 % of

the module state was discharged but the battery module temperature did not rise above 45 °C.
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Fig. 6.12 Case | (24S) Temperature (°C) versus Time (s) analysis of Cases without LH jackets compared with

LH jackets during different drive cycling modes.
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Furthermore, the battery module temperature with the proposed LH jackets was kept well below
30 °C throughout the cycling and was deemed sufficient to maintain the thermal performance for longer.
Compared to the more aggressive drive cycles, however, the liquid fraction continued to rise towards
the end of the cycling. This meant that the volume of LH was just enough to support the data before the
temperature rise would be seen in the case without LH jackets. As seen for all the cases with LH jackets,
before the liquid fraction was at 1, the module temperature did not rise higher than 35 °C and represents
an optimum working temperature for the modules assessed. Only when the LH was consumed and SH
was prevalent, did the temperature increase follow the same characteristics as in the cases without

passive cooling.

Moreover, Figure 6.13 shows the results of different drive cycles on the performance of Case 2
(2P12S). As can be concluded from this figure, regardless of the change in the arrangement of the cells,
which would have a different capacity and voltage (see Table 6.1), the LH jackets enhanced the battery
module thermal performance and the efficiency of the system. The same results were captured in the

previous section 6.3.4.1 as well.

Concerning the most aggressive driving cycle, US06 (shown in Figure 6.13 (A)), there was
approximately 200 % improvement in the useful life with the remaining 80 % of the SOC in the presence
of the LH jackets as opposed to the lack of those jackets. Indeed, the Cases with and without LH jackets
reached the temperature safety limit within the 1970s and 990s, respectively. When compared with Case
1 (245), the time to reach 60 °C was shortened by 165 % (Case 1: 1640s; Case 2: 990s) which was
attributed to the change in arrangement of the module to include parallel cells with double the nominal
capacity (see Table 6.1). This meant that increased current was discharged from the module during the
same total time to discharge (within 1 hour) and hence, an increase in overall module temperature was
seen. The passive zone potential saw an increase in cycling time as seen in the passive zone potential
curves with the liquid fraction shown at 1 in 1500s. Beyond this point (1500s), the module temperature

rose in the same gradient as with the case with LH jackets like the case without LH jackets.

Comparable results were captured for the harsh drive cycles LA92 (shown in Figure 6.13 (B))
and NN (shown in Figure 6.13 (C)) as well, where under those drive cycles approximately 200 %
extension in useful life of the module with introduced passive cooling (LA92: 12197s at 55 °C and NN:
5513s at 60 °C) compared to the module without LH jackets (LA92: 6170s at 60 °C and NN: 2580s at
60 °C). For Case 2, the maximum and minimum voltages for passive zone potentials were between
maximum 50 V and minimum 30 V, respectively. Likewise, the liquid fraction followed the same

gradient as the modules without the LH jackets.

261



1 52 1
1 09 — 41 0.9
{085 ;50 1 08
] c 8 i
0.7 2 E 48 0.7 §
1 06 g 2 106%
{053 46 {o0s=
S =1 h=]
1 04« o 1 043
© S 44 =)
{032 2 {033
S I
1 02& 242 1 02
1 0.1 A~ 4 0.1
0 40 - . 0
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
(A) US06 Time (s) Time (s)
60 1 1
1 09 1 09
55
_ {1 08C 1 08
o's0 {073 {07¢g
245 1068 10673
= {05=s 1053
540 i S ] 2
2 0.4 045
g S =
535 1032 1 032
= 51
“ 1022 1 02
E 1 0.1 1 0.1
25 0 s . L L 1 . 1 0
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
(B) LA92 Time (s) Time (s)
60 1 53 1
1 09 51 1 09
55 [~
{085 Z 40 {08
~ 3 =
SRl {073 = ] o7 e
< 0.6 2 g 4 0.6 g
245 1Y% & £ 10673
2 1os% 245 1 os<E
£40 1042 243 2
2 -] g 4 04 2.
£35 1032 g4l {033
"30 102a %39 {02
1 0l 37 1 0.1
25 ; . ‘ . . 0 35 ‘ . . . 0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000 7000
(C)NN Time (3) Time (s)
1 52 1
109 ~ 1 09
1 os g Z 50 ] o
075 R 078
1 0.6 Eﬂ 2 10673
{058 =46 {1 05<=
5 2 =
4 04 < S 41 04E
° o 44 =
{032 @ 1033
5 =
1 02& % 4 02
<42
{ o1 ~ 1 o1
] 40 0
0 4000 8000 12000 16000 0 4000 8000 12000 16000
(D) UDDS Time (s) Time (s)
60 1 55 - 1
ss |y 1 09 S / 1 09
e {osg < 50 ! | os
¢ L e o 3 1 =
:)(50 - 4 07 @ § 0.7 g
245 | <, 1 0.6§D 245 E 0.65
E Y 1058 2 1935
540 | \ {043 g40 1045
£ 2 2 {033
235 | 103¢g 2 .
o {028 435 102
30 ¢ Thm—o, {0 = 19!
25 I I L " N N U 30 s L 1 L L 1 L L U
0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
(E) HWFTa Time (s) Time (s)
=—Module temperature without LH jackets —Module voltage without LH jackets
===Module temperature with LII jackets Module voltage with LH jackets
® @ Module SOC without LH jackets ==-PCM liquid fraction

- — Module SOC with LH jackets

Fig. 6.13 Performance behaviour of Case 2 (2P12S module) in the presence and absence of LH jacket under

different drive cycles.
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Results illustrated, that compared to the casual drive cycles, UDDS (shown in Figure 6.13 (D))
and HWFTa (shown in Figure 6.13 (E)), displayed 218 % and 203 % extension in useful life,
respectively, when the LH jackets were introduced (UDDS: 13752s at 34 °C and HWFTa: 7300s at 60
°C) as opposed to without (UDDS: 6270s at 60 °C and HWFTa: 3580s at 60 °C). At the completion of
the cycle or the safety limit reached, shown by the SOC and the passive zone potential, indeed, only the
UDDS drive cycle with LH jackets remained below 35 °C. For both Case 1 and Case 2, while LH was
still available, the battery modules were maintained below 35 °C - 40 °C and only rose sharply when

the LH was depleted.

Finally, the performance results of the third Case (3P8S) under various drive loads are displayed
in Figure 6.14. As shown in this figure, the LH jackets improved the thermal performance of the module
for all drive cycles which were displayed in the temperature profiles. Distinctly, the battery module
temperature without LH jackets were discharged to the safety limit of 60 °C in less time than it took for
Case 2, and then Case 1. This was because of the increased current in the module due to the parallel
arrangement of cells. This was also conferred from the lowered passive zone potentials, which cycled
between the maximum of 34 V to minimum of 27 V. In this test Case as well, there was an intensification
in the haphazard nature of the module temperature rise compared to the other Cases (24S and 2P12S),

but when the LH jackets were employed, greater thermal stability was also attained by the module.

The most aggressive drive cycle, US06 (shown in Figure 6.14 (A)) had a significant effect on
Case 3, with up to 580 % increase in battery useful life in presence of LH jackets compared to their
absences. The corresponding time as shown by the temperature profiles were 310s without LH jackets
and 1820s with LH jackets at 60 °C. Correspondingly, results from the other aggressive cycles, LA92
(shown in Figure 6.14 (B)) and NN (shown in Figure 6.14 (C)) had 146 % and 400 % increase in thermal
performance enhancements with LH jacket cooling (LA92: 3370s at 60 °C and NN: 5230s at 58 °C) in
contrast without (LA92: 2310s at 60 °C and NN: 1280s at 58 °C). The life extension was illustrated
similarly for the passive zone potential profiles. The liquid fraction increased in a comparable way to
the battery module temperature without LH jackets and the absorption of heat was directly captured and
illustrated. Beyond consumption of the LH, the temperature sharply increased by SH.

For the casual drive cycles, UDDS (shown in Figure 6.14 (D)) and HWFTa (shown in Figure
6.14 (E)), improvements in thermal performance of 289 % and 197 %, respectively in the presence of
LH jackets were illustrated in contrast to the cases without LH jackets. The time shown in the results
of the temperature profiles at 60 °C were at 2960s and 8570s without and with LH jackets, respectively
for UDDS drive cycle, whilst for the HWFTa drive cycle, it was presented as 1870s without LH jackets
and 3690s with LH jackets, respectively. The SOC for the modules were all above 50 % but safe
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discharge of battery cells was the main priority, so the cycling was ceased once the temperature safety
limit was reached. It was found that the effect of different intensities of drive cycles has had a significant
effect on the module thermal performance depending on the arrangement of cells. The increased current
and lowered voltage including locomotive behaviour can cause an intensification of module temperature
to reach safety limits much faster as seen in the results. In comparison of the harshest drive cycle US06
applied to Case 1 without LH jackets, Case 3 module temperature reached the safety temperature limit
(60 °C) in 1/5™ of the time even though it had 3x the capacity in Ah (see Table 6.1). This was also seen
for the transition to the casual drive cycles where the temperature safety limit was not reached in Case
1 but hit in Case 2 and Case 3. This meant that low current modules under causal drive cycles were not
severely impacted thermally, however, the opposite was true for high current modules under both

aggressive and even casual drive cycles based on the test Cases in this study.
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6.4 Conclusions

In the present study, battery modules with natural cooling LH jackets function as thermal heat sinks
to form a BTMS. The 3D thermo-chemical and electrical modelling using the MSMD ECM approach
presents energy equations for combined models including PCM and busbars with all the heat energy
absorbed by the PCM. Modelling of phase change takes into consideration the mushy zone parameters
which are dependent on the temperature. The models for liquid fraction melting and battery cycling
were validated from literature results which included numerically and experimentally assessed data with
less than 1 % variation in errors. This validated model underwent verification in grid and temporal
dependency tests with a 1 % relative error. Scaled models were used to assess different parameters and
the effect of thermal performance including ambient temperature, SOC, passive zone potential and
liquid fraction. Three models were analysed which involved different arrangements of 24 cells, Li-ion
battery modules, which included Case 1 (24S), Case 2 (2P12S) and Case 3 (3P8S) at a constant
discharging C-rate of 1 for both continuous battery cycling and under the impact of real-world drive

cycles which varied from aggressive to casual. The main conclusions were as follows:

e Regardless of arrangement the module requires a cooling method to be able to disperse the
generated heat and reduce overheating from multiple cycling,

e The sharp increase in cell temperature mimicked by the liquid fraction indicated that the heat
had been sufficiently absorbed by the LH cooling jackets and successfully functioned as
thermal heat sinks and managed the battery module temperature for different arrangements and
capacities,

e Introduced natural convection cooling to maintain uniform and stable temperature based on
indicated circumferential diameter during continuous and even under drive cycle scenarios,

e During continuous cycling, the BTMS based on LH jackets reduced the maximum module
temperature by 20 °C for all Cases assessed,

e The temperature difference between cells was kept below 5 °C for all Cases with LH cooling
jackets and indicates improved thermal equilibrium between cells as compared without LH
cooling,

e Under all the test drive cycles, the thermal performance was improved with introduced LH

jackets resulting on average over 200 % extension in useful battery life.
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6.5 Chapter Summary

This research Chapter investigated the impact of passive cooling for BTMS for various
configurations of module levels under continuous discharging/charging cycles as well as haphazard
variations of real-world automotive drive cycles. The thermal and electrical performance of the modules
for different configurations were analysed based on results of Power, temperature, SOC, and liquid
fraction. The results of introduced LH jackets around each cell in the modules showed an increase in
thermal efficiency regardless of the configurations. These configurations can be adapted based on the
power requirements for the module/pack so selected scaled models were chosen for a specific number
of cells analysed. It was shown that the configurations with the LH jackets maintained stable and
uniform temperature distribution for longer even minimising the temperature difference between cells
in the module under both continuous charging/discharging and under real-world automotive drive
cycling. This Chapter evaluated the module level analysis for battery thermal management using passive
cooling as part of the objectives of this research. It should be noted that this Chapter is currently under
review as it was submitted for publication. The following Chapter 7 provides the conclusions and
recommendations derived from each of the study chapters including the key points covered as well as

potential research particular to this thesis and beyond.
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CHAPTER 7: CONCLUSION and RECOMMENDATIONS

7.1 Conclusions

In this doctoral research, the impact of corrugated fins on a longitudinally and transversally
arranged horizontal DPHX was thoroughly analysed in Chapter 3. The study involved numerical
exploration across five different cases involving charging and discharging processes with N-eicosane
PCM in the concentric LHS system. The results demonstrated notable similarities between the observed
data and predicted numerical information from literature, indicating minor deviations for total melting
time. Conduction was the primary mode of heat transfer during melting, succeeded by convection after
a specific duration of PCM liquefaction. Notably, heat transfer occurred more readily in the top half of
the PCM during charging while melting occurred at a slower pace at the bottom. The research observed
that the transversal corrugated fins displayed the fastest melting rate, exhibiting an 88 % reduction in
overall melting time compared to the unfinned case, thus presenting a substantial enhancement in heat
transfer. While there was no significant improvement in heat transfer for the longitudinal fin cases, the

transversal corrugated fin illustrated a 27 % improvement due to the same cross-sectional area.

Moreover, Chapter 4 analysed the effects of the Li-ion cylindrical battery cell coupled with
LHS PCM, extensively analysed across diverse ambient weather conditions, including extreme
temperature ranging from -20 °C to 55 °C. Variations in circumferential PCM thickness, mesh, time-
step, and mushy zone analyses were performed. The outcomes indicated excellent agreement, with
minimal deviation from literature and effective battery thermal performance enhancement with the
introduced PCM. Under regular ambient weather (25 °C), the PCM showcased a 20 % extension of
thermal performance after a single discharge, maintaining stable temperature for multiple cycles,
achieving a total extension of 3.4x times. However, variations in ambient temperature above 25 °C
unveiled limitations in the effectiveness of the chosen PCM. Temperatures exceeding the PCM melting
point resulted in a shift from LHS to SHS, with temperature linearly increasing beyond the defined
limits. For higher temperature of 40 °C and 55 °C, appropriate PCMs initially sustained constant battery
temperature within optimal values, but extreme conditions such as 55 °C led to a single discharge cycle
from reaching the cut-off limit. Nonetheless, a substantial 80 % improvement in thermal performance
was observed. Additionally, lower temperature (0 °C and -20 °C) with PCM showcased consistent
thermal stability across multiple discharge cycles. These findings underscored the critical importance
of selecting the most suitable PCM based on the thermal properties and environmental conditions. Once
identified, this combined PCM-battery model could sustain optimum operating conditions for
prolonged periods, holding promise for applications requiring robust and stable battery performance. In
conclusion, this comprehensive investigation provides an in-depth understanding of the Li-ion
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cylindrical battery cell coupled with LHS PCM under varying environmental conditions. While the
chosen PCM demonstrated substantial enhancement in thermal performance under standard ambient
temperatures, limitations were evident in extreme weather scenarios, particularly above the 25 °C
melting point of the PCM. However, judicious selection of appropriate PCM types for varying weather
conditions enabled the model to maintain constant battery temperature within optimal ranges for
numerous cycles. This offers valuable insights into enhancing battery thermal management systems for

diverse weather conditions.

Furthermore, the research Chapter 5 extensively investigated the influence of a PCM-jacketed
18650 Li-ion cylindrical battery cell under real-world automotive drive cycles. Using a validated
numerical model, the study assessed the effectiveness of a Latent Heat (LH) jacket in regulating the
cell’s thermal and electrical performance across various driving conditions. Employing a combined
thermo-chemical and electrical model, the study analysed power, temperature, State of Charge (SOC),
and liquid fraction. Results consistently demonstrated improved thermal management and extended
battery life when the LH jacket was employed across all the drive cycles assessed. Moreover, the
research delved into the impact of different cycle such as US06, UDDS, HWFTa and b, LA92 and NN,
on the performance of a single 18650 battery cell, with and without the LH jacket. Leveraging on
accurate multi-scale, multi-domain (MSMD) electrochemical model (ECM), the study accurately
portrayed the battery cell’s electrical parameters under real-world driving cycles at an ambient
temperature of 25 °C. The model’s validation aligned precisely with safety limits recommended by
manufacturers. The combined thermo-chemical and electrical model highlighted the necessity for
effective thermal management strategies, particularly in demanding driving scenarios. Integration of
the LH jacket notably extended the battery’s optimal operating temperature range, reducing temperature
by up to 52 % and significantly increasing battery life during intense driving cycles. The jacket ensured
stable and uniform battery temperature across most cycles, especially for UDDS and HWFTa and b,
effectively minimising temperature variations. However, in US06, LA92 and NN drive cycles, minor
temperature divergence below 5 °C persisted. This research chapter serves as an essential starting point
for future exploration, especially at modular level, aiming to integrate Thermal Energy Storage (TES)
with Electrical Energy Storage (EES), offering critical insights into thermal management techniques for

varying automotive drive cycles.

Finally, research Chapter 6 explored the influence of passive cooling on BTMS by analysing
various module configurations under continuous charging and discharging cycles, along with diverse
real-world automotive drive cycles as described in Chapter 5. The investigation focussed on assessing
the thermal and electrical performance of these modules, considering power output, temperature
regulation, SOC, and liquid fraction. The addition of LH jackets around the cells consistently displayed
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enhanced thermal efficiency across the different module configurations, catering to diverse power
demands by scaling the models for specific cell quantities. The LH jackets effectively maintained stable
and uniform temperature distribution, reducing temperature variations between cells during continuous
cycling and real-world driving scenarios. This research evaluated the BTMS using passive natural
convection cooling LH jackets as efficient thermal heat sinks. The methodology includes the
comprehensive 3D thermo-chemical and electrical model MSMD ECM validated through literature

comparisons with minimal errors. Several key findings showed the following:

o regardless of the module configurations, effective cooling methods are crucial to disperse the
heat and prevent overheating during repeated cycling,

e rise in cell temperature, illustrated with liquid fraction , indicated successful heat absorption by
LH cooling jackets, effectively managing temperature across varied arrangements and
capacities,

e natural convection cooling maintained stable temperature, ensuring thermal equilibrium during
continuous cycling and various drive cycle simulations,

e the LH jackets reduced the module temperature by 20 °C for all configurations during
continuous cycling,

e the temperature difference between the cells was consistently under 5 °C when LH cooling was
employed, signifying improved thermal balance among cells,

e under all tested drive cycles, the utilisation of the LH jackets led to a substantial increase in the

battery’s useful life by over 200 °C.

In conclusion, this research demonstrates the efficacy of LH cooling jackets in mitigating overheating
and stabilising the temperature within battery modules under continuous cycling and diverse real-world

drive conditions.
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7.2 Recommendations for future work

From Chapter 3:

Exploration of fin configurations: Further studies could experiment with increased number
of transversal corrugated fins within battery modules, this exploration can examine how
variations in fin quantity impact the heat transfer efficiency within the battery system.
Analysing diverse fin quantities and configurations, particularly in transversal orientations, can
unveil optimal structures that improve thermal regulation. This may not be limited to the type
of fin used in this work, but new designs can be explored including materials, shape, and
optimisation for reduced melting time in passive cooling applications.

Optimisation of fin angles: Investigating the impact of fin angles on heat dissipation within
the battery system could offer valuable insights. By varying the angles of the fins in the study,
the research could discern the optimal fin configuration that can maximise the convective heat
transfer and enhance the overall thermal performance of the system.

PCM selection and fin materials: Examining the suitability of different PCMs and fin
materials, with exploration into new PCM material specific to the most suitable characteristics
and thermo-physical properties can be a way forward for effective battery thermal management.
Exploring a range of PCM properties and varied enhanced conductive materials, with a
consideration towards heat storage and dissipation characteristics, can determine the most
effective combinations for improved thermal performance.

Study on PCM conduction and convective heat transfer: Conducting in-depth investigations
into PCM’s conductive and convective heat transfer processes can provide essential
understanding for renewable energy storage devices that necessitate fast charging and extended
discharging. Detailed studies on how PCMs manage heat conduction and convection during
charge and discharge cycles would be instrumental in refining the performance of BTMS,

ensuring optimal energy storage under different operating conditions.

From Chapter 4:

1.

PCM material development: Investigating novel PCM formulations or composite materials
which can exhibit adaptive phase change properties can be an area of exploration. By

developing PCMs capable of transitioning through phase changes at specific temperature
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thresholds while accommodating a broader temperature range, can be a viable option to tailor
passive cooling effectiveness to the application.

2. Temperature-specific PCM formulations: Research into phase transition temperature
thresholds by designing/formulating materials that can facilitate gradual transition through
multiple phases over a wide range of temperatures can be crucial in adapting to various
environmental conditions without losing the efficacy of thermal regulation.

3. Modular and tailored PCM solutions: Research focusing on modular PCM systems can
present adaptable solutions for customised container shapes even specific to temperature
conditions in different environments. Circular jackets were studied but an adaption to this shape
based on application can be explored, especially for different battery geometries.

4. Thermal stability and longevity: Investigating the long-term stability and durability of these
PCMs is fundamental. Ensuring that they can maintain their thermal characteristics and phase
transition over numerous charging and discharging cycles, along with exposure to extreme
conditions can be valuable to real-world applications.

5. Environmental and cost considerations: Analysing the environmental impact and cost-
effectiveness of passive cooling technology compared to other methods including active
cooling and hybrid systems is essential for scalability and practicality. The environmental
footprint, recyclability, and cost-effectiveness ensure their feasibility for widespread

deployment across battery technologies.

From Chapter 5:

1. Refining PCMs/passive cooling methods and battery systems: Exploring various PCM
configurations, compositions, and their interaction with battery systems including different
types of battery types based on applications. Different passive cooling methods including
hybrids, altering the PCM materials for improvement or reduction in thermal conductivity,
structural designs, and placement around the battery cells can be studied to maximise heat
absorption capacity and thermal performance.

2. Thermal variations in drive cycle dynamics: Research can be used to address a more
comprehensive understanding of drive cycle dynamics on battery temperature fluctuations even
at different ambient weather conditions. Optimisation of PCM volume and size can also be an
area of research.

3. Intelligent thermal management systems: The development of intelligent thermal
management systems which can dynamically adjust based on the specific drive cycle conditions
can be studied and implemented. This can include even variations of PCM for a combined PCM
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system with use of smart control systems. This can involve real-time adjustments to enhance
the battery’s thermal conditions during diverse driving scenarios, improving performance and

longevity.

From Chapter 6:

1. Refinement in PCM integration: Fine-tuning the integration with battery module/pack
systems with passive cooling PCMs can include refinement into enhancing distribution,
volume, or type of PCM used to ensure that it effectively maintains temperature under various
conditions. Additionally, studies on the efficiency of different PCM materials or combinations
can enhance the adaptability and heat absorption capabilities of these systems.

2. Exploration of varied environmental conditions: Investigation of wider environmental and
drive cycle conditions would be beneficial. Analysing different extreme weather conditions,
variable drive cycles, and unexpected temperature changes can provide a more comprehensive
understanding of how the battery system equipped with LH cooling jackets behaves in different
scenarios.

3. Development of adaptive thermal management strategies: The creation of intelligent
thermal management systems capable of adapting to changing conditions can significantly
improve battery efficiency. A focus on designing systems which can adjust to PCM
configurations, circulation, or heat absorption levels in response to real-time environmental or
operational changes. Adaptive strategies which can self-optimise in diverse scenarios will be
pivotal for robust battery performance.

4. Real-time monitoring and control: Research which integrates smart monitoring and control
systems into the thermal management of batteries could further enhance performance.
Investigating sensor technologies and feedback mechanisms that enable real-time monitoring
and adjustment of PCM systems would contribute to proactive and precise thermal
management, preventing overheating and maximising the battery life span.

5. Integration with Al and Machine Learning: Exploring the integration of artificial
intelligence (AI) and machine learning (ML) algorithms in thermal management systems can
pave the way for more intelligent, predictive, and self-learning battery management.
Developing algorithms that learn from past behaviours and make proactive adjustments to
enhance thermal performance under varying conditions could be a remarkable direction for

future studies.
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