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Abstract

The battery thermal management system (BTMS) of lithium-ion battery packs remains a
critical challenge in advancing electric vehicle (EV) technologies, particularly during fast
charging. As EV adoption increases, the demand for faster charging times and higher energy
capacities grows, necessitating larger battery packs. Inadequate heat dissipation can lead to severe
performance degradation, reduced battery lifespan, and increased safety risks.

This study explores the implementation of Micro Channel Heat Pipes (MCHPs) as an
innovative cooling solution, aiming to enhance battery safety, performance, and longevity. The
research focuses on evaluating the thermal performance of a six-cell prismatic battery module
under three thermal management configurations: a baseline without active cooling, a traditional
bottom cold plate cooling system, and the proposed MCHP cooling setup.

A standardized series of experimental tests were conducted, including the Hyundai Ioniq
fast charging protocol and a 10-second 400A pulse fast charging protocol at 25°C, to assess the
thermal performance, temperature uniformity, and cooling effectiveness of each setup. The Bottom
Cooling demonstrated the highest localized cooling effectiveness at the cell’s bottom, achieving
up to 21.02% effectiveness. However, its performance diminished significantly at distant
thermocouple locations, with negative effectiveness values of -3.43%, indicating localized heat
accumulation. MCHP cooling, in contrast, provided more uniform cooling, achieving up to 13.58%
effectiveness at the cell’s bottom and notably outperforming Bottom cooling at distant points with
13.42% effectiveness, demonstrating its ability to distribute heat more evenly throughout the cells.

The results demonstrate that MCHP cooling excels in providing consistent and distributed

cooling, effectively mitigating thermal hotspots, and adequate cooling performance compared to
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Bottom cooling. The MCHP system presents a promising BTMS solution for next-generation EVs.
Further optimization of the MCHP design and integration is required for improved cooling
efficiency, supporting the growing demands for faster charging, enhanced safety, and prolonged

battery life in electric vehicles.
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Chapter 1

Introduction

The global transition from conventional internal combustion engine vehicles (ICEVs) to
electric vehicles (EVs) is being driven by the urgent need for sustainable energy solutions in the
transportation sector. Governments worldwide have set ambitious targets to accelerate the adoption
of zero-emission vehicles (ZEVs). In Canada, the government aims to achieve 100% ZEV sales
for new light-duty vehicles by 2035, with interim milestones of 20% by 2026 and 60% by 2030.
Federal initiatives such as purchase incentives, investments in charging infrastructure, and the
Electric Vehicle Availability Standard have been instrumental in this transition, resulting in a
steady increase in ZEV market share from 3.1% in 2019 to 11.7% in 2023 [1]. This commitment
underscores the need to address key technical barriers, particularly in battery charging efficiency
and thermal management, which are critical to scaling EV adoption.

From a consumer standpoint, range anxiety and prolonged charging times remain
significant concerns, often limiting EV competitiveness compared to the quick refuelling process
of ICEVs. Addressing these challenges requires advancements in high-density energy storage
systems and fast-charging technologies.

Lithium-ion batteries (LIBs) have become the dominant energy storage solution for EVs
due to their superior energy density, long cycle life, and low self-discharge rates. These attributes
make LIBs more reliable and efficient than legacy battery technologies, such as lead-acid systems,

which are primarily used for auxiliary power in ICEVs [2].
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Fast-charging systems are designed to minimize EV downtime by significantly reducing
the time required to recharge batteries. However, this approach often results in increased thermal
instability, primarily due to the heat generated by internal resistance and electrochemical reactions.
Excessive heat buildup can lead to thermal runaway, reduced efficiency, and accelerated battery
degradation, while low temperatures exacerbate issues such as lithium plating and reduced power
output, further compromising safety and performance. To mitigate these risks, effective Battery
Thermal Management Systems (BTMS) are essential for maintaining safe operating temperatures
and ensuring the longevity and reliability of battery systems during fast charging [3], [4], [5].

Liquid cooling has emerged as the most common BTMS due to its superior heat transfer
capabilities. However, active liquid cooling systems are not without risks; leakage remains a
critical issue, often caused by poor sealing, material degradation, or design flaws. Leakage can
lead to inadequate cooling, increasing the risk of thermal runaway in lithium-ion batteries [6].

Therefore, there is a need for a safe and effective BTMS solution for lithium-ion battery
systems that can isolate active liquid cooling systems from battery modules, minimizing risks of
leakage or failure while maintaining optimal temperature control during fast charging and normal

operation.

1.1 Problem Statement

This thesis focuses on the thermal management of lithium-ion batteries, specifically
exploring the use of Micro-Channel Heat Pipe (MCHP) technology as an innovative and scalable
cooling solution for EV battery packs. The study addresses key challenges in EV battery systems,
including thermal runaway, degradation due to uneven temperature distribution, and the limitations

of conventional cooling strategies such as bottom cold plate cooling.
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The core objective of this project is to design, test, and validate MCHP technology for
battery cooling and benchmark its performance against traditional bottom cold plate systems. The
research comprises three primary cooling setups: a control module with no active cooling, a
module cooled using a bottom cold plate, and a module integrated with MCHP technology. These
setups are tested under high-stress charging protocols, including the Hyundai loniq fast charging
profile and a 400A pulse charging profile, to evaluate thermal performance, temperature

uniformity, and effectiveness under realistic operational conditions.

1.2 Thesis Outline

The thesis is structured into seven chapters, beginning with foundational concepts for each
discussion topic and ending with a comprehensive analysis of the effectiveness and limitations of
the proposed BTMS.

Chapter One: An introduction of the motivations behind the research and its significance
in current EV development. An overview of the project goals and the thesis outline are listed to
guide the reader through the individual topics.

Chapter Two: A comprehensive review of the background and concepts necessary to
understand the research is provided. Topics include the fundamentals of lithium-ion battery
systems, their thermal behavior, and the impact of temperature on performance and safety. Existing
cooling methods, including bottom cold plates and Heat pipes BTMS are discussed, are reviewed.

Chapter Three: Individual cell characterization, emphasizing capacity and internal
resistance at different SoC levels. These parameters are critical for ensuring accurate SoC
estimation and effective cell balancing in battery module and pack design. The CALB L221N113A

cell's performance is analyzed against manufacturer specifications to provide insights into
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capacity, thermal stability, and degradation behaviour.

Chapter Four: Provides a detailed explanation of the cooling technologies used in this
project. Then, the experimental design and methodology used to evaluate a battery module's
performance under three distinct BTMS configurations: No Cooling, Bottom Cold Plate Cooling,
and Micro-Channel Heat Pipe (MCHP) Cooling.

Chapter Five: Details the equipment, methodologies, and parameters employed to conduct
fast-charging experimental tests on the different battery module configurations. It aims to ensure
consistent and comparable results across the three testing setups, enabling a comprehensive
evaluation and validation of the different cooling methods.

Chapter Six: Presents the results of the experimental tests conducted using the three
setups. Key findings include temperature distributions, voltage and current response curves, and
the cooling performance of each method under fast charging conditions. In addition to
effectiveness comparison of the cooling strategies is analyzed, and the limitations of each setup
are discussed in detail.

Chapter Seven: Concludes with a summary of the research findings and their significance.
The advantages and limitations of MCHP cooling technology are highlighted, along with
actionable recommendations for future work.

The MCHP's is a promising technology that can provide consistent, distributed cooling
through phase-change mechanisms, enhancing heat transfer efficiency with minimal external
input. This makes it a viable solution for improving thermal management and safety during fast

charging.
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Chapter 2

Literature Review

2.1 Batteries operation

A battery cell is an energy storage device that converts chemical energy into electrical
energy through electrochemical reactions. Cells are composed of three main components: Anode
(negative electrode), Cathode (positive electrode) electrolyte, and separator.

During discharge, the anode undergoes oxidation, releasing electrons into the external
circuit. These electrons flow through the load to the cathode, which undergoes reduction by gaining
the electrons. This electron flow powers the load, creating electricity. Simultaneously, the
electrolyte facilitates ion movement within the battery, allowing cations (positive ions) to migrate
from the anode to the cathode, while the separator prevents direct electrical contact between the
electrodes, ensuring safe operation. This ion movement maintains charge balance as the
electrochemical reactions proceed.

During charging, an external electrical current reverses the flow of electrons through the
circuit and ions through the electrolyte. The difference in electrochemical potential between the
anode and cathode determines the battery's voltage and drives the movement of electrons and ions

during both discharge and charge processes, as shown in Figure 1 [7].
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Figure I Electrochemical setup of a battery cell while discharging.

2.1.1 Battery Types

The main two types of batteries are primary which is non-rechargeable and secondary
which is rechargeable.

In primary batteries, the chemical reactions are irreversible, leading to a finite lifespan.
These batteries are designed for single use and are commonly found in household devices such as
remote controls, flashlights, and toys.

In secondary batteries, the chemical reactions are reversible. These batteries can be
recharged and used repeatedly until they cannot hold charge. They are widely used in household
devices such as phones, laptops, as well as EVs, and on a large industrial scale in power generation

and storage, heavy machinery [8].
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Primary batteries usually have higher energy density than secondary batteries. The inability
of recharge prevents primary batteries from being used in EVs. Moving on when batteries are

mentioned, it is assumed that it is a secondary battery unless labeled as a primary battery.

2.1.2 Electrical Energy Storage Devices

There are many options for energy storage and not a correct answer for all cases. Each use
case is analyzed for a balance between power and energy. Specific energy refers to the energy
density of the cell or how much energy the battery cell can store per weight. This determines how
long a battery can run. Specific power refers to how much power a battery cell can provide per its
weight. This determines how quickly the cell energy can be released.

In EVs, balancing energy and power is critical, as it determines the size and performance
of the battery pack. While capacitors can technically power an EV and deliver rapid acceleration,
achieving a reasonable driving range would require an impractically large number of capacitors.

Figure 2 shows the common energy storage devices and their relative specific powers and
energies. The optimum battery cell will be closer to the top right corner as that minimizes the size
and weight of the battery pack while maintaining high efficiency.

Lithium-Ion Batteries (LIB) provide good power and energy in addition to a high life cycle.
This makes them desirable in EV applications. Lead Acid cells on the other hand are used in most
Internal Combustion (IC) vehicles due to their lower price (US $240 per kWh) and relatively good
power and energy supply [9]. However, their life cycle is much lower with around 300-500 cycles
[10].

Supercapacitors have higher energy density than regular capacitors making them better for

EV applications. Their specific power ranges from 0.5 to 10 kW/kg and their specific energy
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densities are from 1 to 10 Wh/kg [11]. They have a longer life cycle of 500-10,000. However, they
come at a very high price (US $10,000 per kWh) making them not suitable for common EV use
[9]. Supercapacitors have self-discharge issues and high fabrication costs [12].

Fue Cells utilize an electrochemical reaction to convert chemical energy to electrical
energy directly. They have high specific energy making them suitable for long-duration
applications. However, their low specific power makes them less effective for rapid power
applications [13]. Their cost to run is about US $180 — US $230 kWh [14].
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Figure 2 Power and Energy comparison for common energy storage devices [15].
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2.1.3 The format of Lithium-Ion cells: Cylindrical, prismatic, pouch.
Lithium-ion cells come in different form factors as follows:

Cylindrical Lithium-Ion Cells: They are the most common commercially, introduced by
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Sony in 1992 with the 18650 meaning a cell size of 18 mm in diameter and 65 mm in length [16].
As shown in Figure 3, the anode, cathode, and separator are arranged in thin sheets that are layered
together and then rolled into a jelly-roll configuration. These are then fit within the cylindrical
metal casing, which provides mechanical support. The manufacturing technology of cylindrical
cells reached a point of maturity where their cost at large scale is significantly lower than other
cells. They are used in most hand-held devices such as power bank batteries, laptops to electric
cigarettes. They are constantly scaled up in size for higher energy density (26650, and 21700 cells).
The 21700 cells introduced by Tesla have a 50% increase in energy content per cell during 0.5C
discharging compared to the 18650 cells using the same materials [17]. However, the cylindrical
shape provides low cell packing density, in addition to harder cooling methods as traditional cold
plates cannot cover the surface area. The low nominal voltage and capacity of cylindrical cells
necessitate combining thousands of them in parallel and series configurations to achieve the
necessary power and energy levels for EVs. This requirement significantly increases the

complexity of the structural design in EVs.
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Figure 3 Cylindrical Cell internal structure [18].
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Prismatic Lithium-Ion Cells: These have become a prominent option for EVs and energy
storage systems. Unlike cylindrical cells, which feature a round shape and jelly-roll design,
prismatic cells are constructed in rectangular or square formats, as seen in Figure 4. This design
allows for more efficient space utilization, maximizing packing density within battery packs [19].
Inside the cell, the electrode materials are arranged in stacked or z-fold configurations, providing
greater electrode surface area, which enhances the battery’s overall energy capacity [20]. The
prismatic casing is typically hard, offering robust mechanical support and protecting against issues
such as swelling, a common concern with lithium-ion cells. One of the key benefits of prismatic
cells is their ability to distribute current more uniformly across the electrodes, reducing the
inefficiencies caused by curvature in cylindrical designs. This improved current distribution
enhances the utilization of active materials and supports the use of thinner electrodes, further
increasing energy density. However, despite achieving a higher packing density, prismatic cells
generally have about 20% lower energy density compared to cylindrical cells, which may limit
their use in applications where space constraints and maximum energy density are critical [19].
Additionally, their larger surface area allows for more straightforward thermal management,
making cooling easier through systems like direct liquid cooling [21], [22]. While traditional views
may favour cylindrical cells for their lower upfront costs, emerging research indicates that
prismatic cells can offer competitive or even lower costs per kWh when considering factors such

as material efficiency, manufacturing processes, and economies of scale [23], [24].
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Figure 4 Prismatic Cell internal structure [25].

Pouch Lithium-Ion Cells: They are one of the newest advancements in energy storage
technology, favoured for their lightweight design and high energy density. As shown in Figure 5,
these cells are constructed using a soft polymeric film that encloses the internal components[26],
[27]. Inside the pouch, the anode, cathode, and separator are layered, flattened, and stacked,
making more efficient use of space. This arrangement maximizes the surface area for
electrochemical reactions, enhances thermal management, and minimizes the risk of internal short
circuits [28] The structure of pouch cells can also be tailored by adjusting the thickness and
composition of each layer to optimize performance characteristics like energy density and cycle
life [29]. Pouch cells can achieve impressive energy densities, with some lithium-sulfur (Li-S)
models exceeding 436 Wh/kg [30]. They are also versatile in supporting various chemistries,
including lithium-ion and lithium-sulfur systems, broadening their applicability in different energy
storage needs [31]. However, pouch cells face challenges in mechanical stability and thermal

management. The flexible packaging can swell during charge and discharge cycles, potentially

11
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compromising structural integrity and long-term performance [32]. Additionally, cooling systems
may be less effective due to the lack of a rigid casing, requiring new approaches to thermal
management [26], [33]. Researchers are working on new materials and designs to improve the
robustness and thermal properties of pouch cells to ensure reliability in demanding applications
[34]. Pouch cells offer a cost advantage due to their simpler construction, and their total cost of
ownership—including factors such as energy density, cycle life, and safety—can be lower than
that of cylindrical and prismatic cells [35]. As the industry continues to push for higher
performance at lower costs, pouch cells are poised to play a vital role in the future of electric

mobility and renewable energy storage [31], [36]

Cathode Tab Anode Tab

Top Insulator
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Al Laminate Film

Figure 5 Pouch Cell internal structure [19].

2.2 Background on Cell Characterization
Cell characterization is the process of evaluating a cell's electrochemical behavior by
linking its chemical properties to measurable parameters. This is achieved by monitoring voltage,

current, and temperature responses under various operating conditions. Through a series of tests,

12
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key performance metrics such as capacity, internal resistance, and thermal behavior are assessed.
Understanding these properties enables optimization of battery design and performance, while
addressing challenges related to efficiency, safety, and lifespan. This section will examine the

methods and metrics used in cell characterization and their role in advancing battery technologies.

2.2.1 Terminologies

State of Charge (SoC): SoC of a cell is defined as the percentage of capacity a cell has
relative to its maximum capacity. It is an indication of how much capacity is left before it fully
discharges. It can be calculated as shown in Equation (2.1).

Current Capacity (Ah) 2.1
socC = . , .100%
Maximum Capacity (Ah)

The challenge in measuring the State of Charge (SoC) lies in the inherently chemical nature
of battery cells, which prevents direct measurement through purely physical means. One of the
simplest techniques for estimating SoC is Coulomb Counting, where the current entering or
leaving the battery is integrated over time to estimate the charge level. However, this method is
prone to errors, as it requires continuous tracking of current, and any inaccuracies can accumulate
over time. Additionally, factors like self-discharge and cell aging impact capacity, further
complicating SoC estimation. A more reliable approach would be to link SoC to a specific chemical
or physical phenomenon that reflects the cell’s state more directly [37].

State of Health (SoH): The SoH of a cell quantifies its current performance relative to its
original condition. At 100% SoH, the cell operates with optimal internal resistance and energy
storage capacity. However, when SoH declines to 80%, it is typically regarded as end-of-life
(EOL), as the battery may no longer deliver sufficient energy and power to support adequate

driving range. Additionally, reduced SoH increases internal resistance, leading to higher cell
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temperatures and potentially necessitating alternative cooling solutions to maintain safe operation
[38], [39].

Depth of Discharge: DoD measures how much capacity in Ampere-hours (Ah) is removed
during a discharge. It is essentially the inverse of SoC as shown in Figure 6. A 0% DoD indicates
a fully charged battery, while a 100% DoD indicates a fully discharged battery. DoD has a direct
impact on a battery's cycle life; frequent deep discharges accelerate the degradation of battery
materials, ultimately reducing the total number of charge-discharge cycles the battery can sustain

before experiencing significant capacity loss [40].

Depth of
Discharge
Battery Total
capacity
g

Figure 6 SoC — DoD relation [41].

C-Rate: C-Rate defines the rate at which a battery charges or discharges relative to its
nominal capacity, expressed in units of “C.” For instance, if a cell has a nominal capacity of 4.6
Ah, charging it at 2C means it will be charged at 9.2 A, reaching 100% SoC from 0% in half an
hour. Conversely, discharging at 0.5C would draw 2.3 A, discharging the cell over two hours [42].

Cycle life: Cycle life indicates the number of full charge-discharge cycles a battery can

sustain before its capacity falls below 80% of its original level [43]. Cycle life is influenced by
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DoD, C-rate, temperature, and the chemistry of cells. High DoD and faster C-rates increase
degradation, while moderate levels enhance longevity. High temperatures accelerate chemical
reactions, and low temperatures hinder ion mobility [44], [45].

Open Circuit Voltage (OCV): OCV is the electrical potential difference between a
device’s two terminals when disconnected from any circuit, representing its maximum potential
output without current flow. OCV is a key indicator of a battery’s SoC; as a battery discharges, its
OCV decreases, reflecting reduced available energy, while a fully charged battery shows a peak
OCYV determined by its electrochemical materials [46].

Operating Voltage: Operating voltage, also called discharge or load voltage, is the
potential difference between battery terminals when current flows through an external circuit. It is
always lower than the open-circuit voltage due to the need to overcome internal polarization and
ohmic resistance as current passes through the battery [47]. The relationship between operating
voltage and OCV can be found using Equation (2.2) [48].

Vopenvoitage = OCV — lactive * Rinternai (2.2)

Standard Charging / Discharging: This refers to the standard charging/ discharging
currents the manufacturer recommends. Usually in terms of C-rates and cut-off voltages. Standard
charging starts with a constant current until reaching an upper voltage limit, then switches to
constant voltage, allowing the current to taper to a low threshold. Standard discharging follows a
constant current until reaching a setpoint lower voltage limit [49].

Internal Resistance: Refers to the opposition to current flow within a battery, leading to
energy losses in the form of heat during charging and discharging. Battery internal resistance can
be divided into two main components: ohmic resistance and polarization resistance. Ohmic

resistance is primarily determined by the physical properties of the battery materials and
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connections, while polarization resistance arises from electrochemical reactions at the electrodes
during charge and discharge [50]. The internal resistance is influenced by factors such as
temperature, SoC, and battery age.

Lower running temperature conditions result in higher cell resistance, this is mainly due
to the reduced ionic conductivity of the electrolyte and restricted lithium-ion mobility resulting in
impeding ion movement and slowing electrochemical reactions during battery operation. At higher
temperatures, the ion kinetic energy increases, facilitating faster charge transfer reactions at the
electrodes [50], [51]. However, higher temperatures can also pose risks of thermal runaway and
accelerated aging of battery components [50], [52]. Figure 7 shows the temperature dependence
of internal resistance for lithium-based batteries (LiFePO4, Li-PO, Li-lon) and lead-acid batteries
at 1-C load [53].

SoC also affects the internal resistance of li-ion cells. The resistance often increases at
higher SoCs closer to 100% and at low SoCs closer to 0% as shown in Figure 8 [54], [55]. At 100%
SoC, lithium-ion concentration in the electrolyte peaks, causing increased internal resistance. This
rise is primarily due to the thickening of the SEI layer on the anode, which increases charge transfer
resistance, and side reactions from overcharging that degrade electrode materials and generate gas
[56]. Additionally, polarization resistance increases at full charge, impeding lithium-ion movement
[50].

At 0% SoC, when fully discharged, internal resistance also peaks due to lithium-ion
depletion in the electrolyte, limiting intercalation at the electrodes [57]. Low SoC further raises
polarization and ohmic resistance as electrolyte conductivity declines, restricting ion mobility [51],

[52].
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Constant Current/ Constant Voltage (CCCV) protocol: The CCCV charging protocol is a
conservative method for charging a cell to its maximum capacity. As illustrated in Figure 9, the
charging profile begins with a constant current (CC) phase, typically at a moderate current level.
Once the cell reaches a predefined cutoff voltage, the protocol transitions to the constant voltage
(CV) phase, where the voltage remains steady as the current gradually decreases. Charging

continues until the current drops to a specified cutoff value, indicating that the maximum

capacity has been reached [58].
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Figure 9 lllustration of the CCCV charging protocol profile [59].

2.2.2 Open Circuit Voltage (OCV) test

The OCYV test is used to obtain the OCV-SoC curve, as mentioned in section Error! R
eference source not found. the OCV increases as the SoC increases. This direct relationship
allows SoC estimation based on OCV measurements when the battery is in a relaxed state.
However, OCV can vary with temperature and cell aging or SoH, so tests are performed under
different operating conditions to create comprehensive OCV-SoC curves covering a range of SoH
values [60].

There are two primary methods for measuring the OCV-SoC relationship: the incremental
pulse test and the low current charge/discharge test. In the incremental pulse test, the battery is

charged or discharged in 10% SoC increments, followed by extended rest periods, allowing the
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voltage to stabilize. This is a measurement of the true OCV at the specific SoC level. In the low
current test, cells are charged or discharged at very low C-rates, typically below C/20. This
minimizes the voltage drop from internal resistance and polarization, allowing the resulting OCV
measurement to closely approximate the true value [61], [62].

The OCV-SoC curves often differ between charging and discharging due to hysteresis and
polarization effects, with charge OCV generally being higher than discharge OCV. To address this,
data from both processes are typically averaged. As shown in Figure 10, the true static OCV curve
closely represents an average of the charge and discharge curves [63]. Although the incremental
pulse test yields more accurate OCV measurements across SoC levels, it requires longer rest times

and strict environmental control for optimal accuracy [64].
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2.2.3 Static Capacity test

The static capacity test assesses a cell’s actual energy storage capacity and validates it
against the manufacturer’s datasheet, also serving as an indicator of the State of Health (SoH)
relative to its original capacity. The test should be conducted under constant, controlled conditions,
this test evaluates cell capacity across different SoC ranges based on the maximum and minimum
operating voltages.

The constant current (CC) discharge test is the most common method, where the battery is
fully charged using a constant current/constant voltage (CCCV) protocol, then discharged at a
fixed current until reaching its cut-off voltage. The total discharge, measured in ampere-hours (Ah)
or milliampere-hours (mAh), provides a direct indication of the battery's capacity [65], [66].

Factors such as temperature, discharge rate, and battery age impact capacity test results.
Higher temperatures can increase ionic conductivity, enhancing capacity, while high discharge
rates may reduce effective capacity due to internal resistance and kinetic constraints [49], [51].
Standardized conditions are essential for consistent and comparable results across cells. Figure 11
shows a static capacity test on Samsung 50E cylindrical cells shows that the maximum cell

capacity can be reached at lower C-rates discharge and higher temperatures.
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Static Capacity Test: Voltage Vs Capacity
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Figure 11 Voltage vs. Capacity curves for Samsung 50E cells during static capacity tests

conducted at varying temperatures, and discharge rates of C/5 and 1C.

2.2.4 Hybrid Pulse Power Characterization (HPPC) Test

According to the U.S. Department of Energy Battery Test Manual for Electric Vehicles, the
Hybrid Pulse Power Characterization (HPPC) test assesses a cell's dynamic power capability
across its voltage limits using a test profile with both discharge and charge (regeneration) pulses.
Initially, it measures the minimum voltage pulse discharge power after a 30-second discharge pulse
and the maximum voltage pulse charge power after a 10-second charge pulse. These measurements
determine key performance metrics, such as Peak Power and Available Energy [67]. Figure 12
illustrates a standard HPPC test sequence in which the cell is fully discharged and rested for 1
hour, then fully charged and rested for another hour. Pulses are then applied at 10% DoD

increments, with a 1-hour rest in between each discharge/ charge pulse sequence.
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Different HPPC profiles are used based on test requirements and desired data, with
adjustments in rest periods, C-rates, and cell temperatures. For high-power applications, a high-
current HPPC profile assesses cell performance under extreme load conditions. This involves
setting discharge and charges C-rates to the maximum limits recommended by the cell’s
manufacturer to evaluate the battery’s capacity and internal resistance to withstand high power
demands.

The HPPC data includes voltage response curves, which allow for calculating the internal
resistance based on capacity removed across SoC ranges. This data is crucial for evaluating
resistance degradation in life testing and developing hybrid battery performance models for vehicle
systems analysis [67]. The ohmic resistance can be estimated by measuring the instantaneous
voltage drop at the start of the discharge and charge pulses. The polarization resistance can be
estimated by measuring the voltage change throughout the discharge and charge pulses [68]. The
Equivalent Circuit Model (ECM) is a mathematical model that represents the cell's electrical
performance as an electrical circuit with resistors and capacitors. These parameters can be derived
through voltage drop calculations (Equation (2.2) or advanced curve-fitting methods, such as
genetic algorithms, particularly for higher-order ECMs. While higher-order ECMs require
additional data and testing, they typically enhance estimation accuracy. The second-order ECM
shown in Figure 13 offers a balanced approach, optimizing both accuracy and computational

efficiency, while minimizing over-parameterization [69].
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2.3 Battery Thermal Management
There is a direct relation between temperature and cell performance. Studies found that the
optimal operating temperatures of Li-Ion cells usually lie between 0°C to 40°C, anything lower or
higher would affect the cell's efficiency and cycle life [70]. The heat generation of Li-Ion cells is
greater at high current loads, this leads to an increase in the cells operating temperatures [71].

Excessive temperatures affect the electrochemical reactions life cycle, and safety of batteries [72].
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The extreme increase in Li-ion cell temperatures triggers exothermic reactions within the cell,
caused by electrolyte decomposition or internal short circuits. Those reactions are self-sustainable
causing uncontrollable rise in temperature, and gas release within the cells [73]. As the temperature
rises, the internal pressure increases, causing cells ruptures, fires or even explosions. In a battery
pack, the risk of thermal propagation between adjacent cells can lead to large-scale fires [74].

The uniformity of cell temperature also affects the performance. Within a cell, the
electrochemical reactions proceed at different rates causing instability, and a non-uniform energy
utilization [75]. As discussed before, the internal resistance of cells varies according to
temperatures [57]. This can be extended to be within the cell itself, making some parts overcharged
or discharged than others. The non-uniformity of temperatures across cells in a battery pack causes
further uneven voltages across the pack. Research shows that cells internally and across the pack
should be kept at under 5°C to prevent capacity loss and to enhance the safety of the cell or pack
[76].

Different Battery Thermal Management Systems (BTMS) are used within the industry to
maintain ideal operating temperatures and temperature uniformity across cells. The main cooling
approaches can be categorized into Active cooling, Passive cooling and a combination of both. In
active cooling. Active cooling relies on an external energy source to operate, while passive cooling
utilizes the natural heat dissipation mechanism of the system [77], [78]. This section will discuss
BTMS technologies and advancements such as air cooling, liquid cooling, two-phase cooling, and

heat pipes.

2.3.1 Air Cooling

Passive air cooling relies on the natural air convection heat dissipation to the surrounding
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air volume. Aluminum fins are usually attached to the heating unit to increase the surface area and
improve the cooling efficiency [79]. While being a simple solution, it is not currently used in any
automotive production battery packs as it is not suitable for high-power applications where high
heat generation is expected due to its low thermal conductivity rate.

Active air cooling relies on forced air convection heat dissipation using a mechanical
component like a fan or a blower to circulate the air surrounding the heating unit. Those BTMS
components have low cost, require less maintenance, and have fewer components than other
BTMS used in EVs. Studies show that reciprocating airflow achieves better cooling uniformity
and efficiency than unidirectional airflow by disturbing the boundary layers on the heating unit
[80], [81]. This can be achieved with a reversible fan where the direction of rotation changes
periodically.

Active air cooling is mainly used in low-capacity EVs and hybrid vehicles that require less
power than larger EVs because air cooling is limited by the low thermal conductivity of air [82].
Figure 14 shows an example of a suction-based BTMS, highlighting the inlet, air circulation path
around the battery unit and hot air outlet [83]. Some hybrid electric vehicles that utilize forced air
cooling with fans in their battery packs include the 2020 Ford Fusion SE Hybrid, which features a
1.4 kWh battery pack [84]. The 2023 Toyota Prius with a 0.91 kWh battery pack, while its plug-in
version is equipped with a larger 13.1 kWh pack [85], [86]. EVs employing air cooling systems
include the 2025 Nissan Leaf with a 40 kWh pack and the 2024 Renault Zoe with a 52 kWh pack

[87], [88].

26



M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

Active Air Cooling of Battery

Hot Air Outlet

A

Cold Air-in®

Figure 14 Air Cooled BTMS in a 2004 Second generation Toyota Prius hybrid with a 1.3Kwh

NiMh battery pack [83], [89].

2.3.2 Liquid Cooling

Liquid cooling is mostly done under an active mechanism. In immersion cooling, the
heating unit is sunken inside a liquid tank; pumps usually recirculate the liquid around the heating
unit. In indirect cooling, a medium mechanism is used to carry the liquid such as cold plates or
circumferential serpentine manifold. Immersion cooling has better heat conductance, as there is no
extra resistance between the heating unit and the liquid. This leads to better thermal performance
and lower cell temperatures at high currents. However, in electrical devices, a dielectric liquid is
used. The issue with dielectric fluids is that they have a higher rate of heat rejection and poor
thermal properties leading to a non-uniform heat dissipation across the cells [90].

Indirect cooling is the standard in industry. Serpentine cooling which is used by Tesla
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provides greater surface area contact with cylindrical cells and therefore better temperature
uniformity across the cells [91]. However, they require more space, and higher pumping power
due to the increased liquid volume and pressure [92]. They also introduce more complexity into
the battery pack design. Cold Plates are widely used in industry, Figure 15 shows the Hyundai
Ioniq 5 BTMS which utilizes a large cold plate that has a serpentine path from the inlet from one
side to the outlet on the other side of the battery pack to cool down all the battery modules [93].
Rivian on the other hand uses a cold plate sandwiched between each two modules [94]. Cold plate
channel shape and size can be optimized based on the system requirements. A higher number of
channels can improve the heating and cooling uniformity but it comes at the cost of a more
complex design and larger pressure drops [95]. As shown in Figure 16 serpentine-shaped dual inlet
and outlet micro-channel cold plate systems have high-temperature uniformity and energy
efficiency. A micro-channel thickness of 1.0 mm and width of 4-5 mm ensures efficient heat
dissipation and minimal pressure drop, reducing pump power requirements [96]. Figure 17 shows
a novel zig-zag serpentine flow pattern within 13 rectangular profile channels that maximizes

coolant coverage over the cold plate's surface area [97].
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Figure 15 Hyundai loniq 5 battery pack extruded view [93].
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Figure 16 Different cold plate serpentine channel designs [96].
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Figure 17 Zig-Zag serpentine 13-channel cold plate design [97].

2.3.3 Two Phase Cooling

Two-phase cooling utilizes the phase change from liquid to vapor with high thermal
conductivity to efficiently absorb heat from the battery surface. Two-phase cooling can achieve
good thermal uniformity within the battery pack. This will allow for constant and longer operation
of the pack as the variance in temperature will affect the cell's chemistry causing imbalances in
performance and degradation rates [98]. Two Phase Cooling technology also reduces coolant usage
due to the high thermal conductivity, making the system lighter. The enhanced temperature control
facilitates ultra-fast charging, even under high C-rates [99]. Hong et al. studied direct two-phase
cooling in a lithium-ion EV battery pack. During aging, the two-phase refrigerant cooling system
demonstrated a 16.1% increase in battery capacity and a 15.0% reduction in internal resistance
when compared to liquid cooling under harsh environmental conditions [100]. Two-phase
immersion cooling consistently achieved remarkable thermal uniformity, maintaining a 1°C
temperature difference during 10C discharges [101]. In contrast, it outperformed single-phase

liquid immersion and natural convective air cooling by 69% and 99%, respectively. Additionally,
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this performance extended to cell charging at rates of up to 4C, a category considered fast charging,
where temperature rise remained around 1°C, with a 0.3°C maximum axial temperature difference

across the cell [101].

2.3.4 Heat Pipes

Heat pipes are passive thermal management solutions designed to transport heat from a hot
spot to a cooler region using a vacuum-sealed pipe filled with a working fluid, typically a
refrigerant [102]. At the evaporator end, heat from the source is absorbed through the pipe wall,
causing the working fluid to vaporize. The vaporized fluid then moves toward the cooler condenser
end, where it releases the absorbed heat, condenses back into liquid form, and is returned to the
evaporator via capillary action within a wick structure or through gravitational forces. This cyclic
process enables continuous heat transfer with no external energy input, offering a reliable means
of temperature regulation [103]. On the condensation side, depending on the application, natural
convection can be used to maintain the system as completely passive, or forced convection, using
a fan or cold plate, can be applied, resulting in a hybrid system [104].

A study on a U-shaped flat microchannel heat pipe array with a side cold plate at the
condensation section, Figure 18, demonstrated a 16% reduction in cell temperatures and a 60%
improvement in temperature uniformity, keeping the cells within a 5°C difference [105]. Another
study evaluating a 3D vapor chamber, Figure 19, with a 120% filling ratio showed superior
performance compared to a 60% filling ratio, reducing thermal resistance from 0.4 K/W at 10W
to 0.18 K/W at 60W while maintaining a temperature difference within 5°C. Orientation tests (0°,
90°, and 180°) revealed negligible performance impact due to the sintered wick structure,

confirming the system's reliability under varying vehicle inclinations [106]. Therefore, Heat Pipes
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demonstrate a promising solution for BTMS due to their ability to maintain good temperature

uniformity.

Inclined U-shaped FMHPA

Thermal insulation material

Figure 18 U shaped Heat Pipe with a side cold plate [105].
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Figure 19 U shaped Heat pipe with bottom cooling [106].
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Chapter 3

Cell Characterization

This section will examine the individual cell characterization, which is important for
assessing performance relative to the manufacturer's specifications. The CALB L221N113A are
chosen by the project partner for their high capacity, fast charging capability, and their geometrical
dimension. Analyzing the CALB cell's behaviour under various conditions provides valuable
insights into its capacity, thermal stability, and degradation rates. However, in this project, the
primary focus is on capacity and internal resistance at different SoC levels. These parameters are
critical for battery module or pack design, as they support the Battery Management System (BMS)

in SoC estimation and cell balancing.

3.1 CALB 3.7V 113Ah cell specifications

The L221N113A cells are manufactured by China Aviation Lithium Battery (CALB),
ranked as the 7th largest EV battery supplier in 2023 [107]. These prismatic cells use NMC 811
chemistry, comprising Nickel (80%), Manganese (10%), and Cobalt (10%). The high nickel
content provides high energy density, while manganese and cobalt contribute to thermal stability
and structural integrity, respectively. The combination of high energy density and reduced cobalt
content makes NMC 811 cells ideal for EV applications, where efficiency and range are crucial
[108]. Table 1 presents the key specifications of the CALB cells, as outlined in the manufacturer’s
datasheet [109]. The product used in testing was purchased from a 3™ party supplier and had m6

studs welded on the cell’s terminals as shown in Figure 20.
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Table 1 Key specifications of CALB prismatic cells from the manufacturer’s datasheet [109].

Manufacturer China Aviation Lithium Battery (CALB)
Model Number L221IN113A
Type Prismatic
Chemistry Lithium Nickel Manganese Cobalt Oxide (NMC811)
Nominal Voltage 3.67V
Operating Voltages 2.8-4.35V  T>0°C
2.2-435V  -30°C<T<0°C
Nominal Capacity 113.5 Ah
Internal Resistance 0.4~0.6 mQ
Recommended SOC Window 5%~97%
Charging Temperature -20~55°C
Discharging Temperature -30~55°C
Dimension 220.84+0.2(W) x 33.36+0.2(T) x 105.88+0.3(H)mm
Weight 1800+25¢g
Shell Material Aluminum alloy

Figure 20 CALB L22IN113A Cell with M6 stud terminals.
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3.2 Cycler / Thermal Chamber Specifications

A controlled testing environment, utilizing high-precision equipment, is essential for

accurate cell performance assessment. This study uses the following devices:

1-

Arbin BT-2000: This unit supports six completely independent channels, allowing multiple
simultaneous tests with no cross-interference. It offers accuracy up to 0.02% for low power,
and 0.05% for high power, with current rise times as fast as 10 us for reliable testing.
Features include Potentiostatic/Galvanostatic functionality, four-point Kelvin probe
connection for main channels, channel paralleling to increase current handling, and
multiple current ranges for enhanced accuracy across various testing conditions. It offers

expansion options through plug-and-play channels and auxiliary modules [110].

ESPEC BTZ-133 Thermal Chamber: This environmental chamber, shown in Figure 21, has
an interior volume of 1.5 cu. ft. (42 litres) and operating temperature range of -70°C to
180°C. It supports average heating and cooling rates of 3.5°C/min and 3°C/min,
respectively, with a temperature fluctuation of +0.5°C at the control sensor, ensuring stable

environmental conditions [111].
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Figure 21 ESPEC BTZ-133 thermal chamber.

3- AVL Compact I/O Cubes: This device manages control and data acquisition across the
cycler, and thermal chambers, integrating data from testing devices. It includes 16 universal
measurement channels, 24 thermocouple channels, and 8 RTD channels for temperature
measurements, along with 8 analog and 16 digital outputs. It has acquisition rates up to 100
Hz with good noise-resistance [112].

These devices are managed by a central PC using AVL Lynx and Puma system integration,

which configures the testing procedures and reads the data collected.

3.3 Testing Setup (thermal placement, cell holder)

Fifteen T-type thermocouples were installed on the cell and one ambient thermocouple was
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in the chamber for the single-cell testing. As shown in Figure 22, three thermocouples are placed
on the cell's sides, where the Micro Channel Heat Pipes (MCHP) cooling technology will be
positioned in the module design phase. Three thermocouples are positioned on the front and back
of the cells, and one at the bottom. This arrangement provides comprehensive coverage of the
cell’s heat distribution and helps in identifying key heating zones, which is important information

that can be used in cooling system design.
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Figure 22 Thermocouple placement on the cell for single-cell testing.

The cell is secured inside the thermal chamber using a fixture, as shown in Figure 23. The
setup evaluates the cell's performance without active cooling, relying solely on adiabatic cooling.
Although the chamber includes a small fan positioned in the corner, its effect is considered

negligible.
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Figure 23 Single-cell fixture inside the BTZ-133 thermal chamber.

3.4 Test Procedure

To extract key insights about the cell's behavior, five testing procedures were implemented.
The Static Capacity test evaluates the cell’s performance against the datasheet specifications. The
Open Circuit Voltage (OCV) test maps the voltage response across the SOC range at different
temperatures, providing essential data for SOC estimation and integration into the module’s BMS.
The Hybrid Pulse Power Characterization (HPPC) test determines the cell's internal resistance,
which is critical for BMS implementation at the module level. Finally, the Hyundai loniq fast
charging and 400A pulse fast charging profiles assess the cell’s performance and thermal response
under high-current charging conditions.
3.4.1 OCYV Test Procedure

The charge and discharge OCV tests are done at 0.05C-rate which equates to 6.75 A. It was
done at ambient temperatures of 0°C, 25°C and 45°C. The OCV test procedure for battery cells is
as follows:

1- Soak at 25°C for 4 hours.
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3.4.2

2-

Charge using CCCV mode at a 0.5 C rate, with a cutoff voltage of 4.35 V and a cutoff
current of 5.6 A.

Rest for an hour.

Soak at the desired temperature for 4 hours.

Discharge at 0.05 C rate with the cut-off voltage of 2.8 V.

Rest for an hour.

Charge at 0.05 C rate with the cut-off voltage of 4.35 V.

Rest for an hour.

Static Capacity Test Procedure

The static capacity test is done at 1 C-rate discharge, and ambient temperature of 0°C, 25°C

and 45°C. 1 C-rate was chosen based on the nominal discharge rate the cell’s datasheet

recommended [109]. The test procedure for battery cells is as follows:

3.43

1- Soak at 25 °C for 4 hours.

2- Charge using CCCV mode at a 1 C rate, with a cutoff voltage of 4.35 V and a cutoff
current of 5.6 A.

3- Rest for an hour.

4- Soak at the desired temperature for 1 hour.

5- Discharge at 1 C rate with the cut-off voltage of 2.8 V.

6- Rest for an hour.

HPPC Test Procedure

A modified version of the standard HPPC test as explained in section 2.2.4 is used for the
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tests. The tests are done at 1 C-rate, and ambient temperatures of 0°C, 25°C and 45°C. The HPPC
test procedure for battery cells is as follows:
1- The battery is soaked at 25°C for 1 hour.
2- Charge using CCCV mode at a 1 C rate, with a cutoff voltage of 4.35 V and a cutoff
current of 5.6 A.
3- Rest for an hour.
4- The battery is soaked at the desired temperature for 1 hour.
5- Discharge the battery at 1/4C for 100 seconds.
6- Rest for 200 seconds.
7- Charge at 1/20 C for 100 seconds.
8- Rest for 200 seconds.
9- Discharge the battery at 1/2C for 100 seconds.
10- Rest for 200 seconds.
11- Charge at 1/10 C for 100 seconds.
12- Rest for 200 seconds.
13- Discharge the battery at 3C/4 for 100 seconds.
14- Rest for 200 seconds.
15- Charge at 1/5 C for 100 seconds.
16- Rest for 200 seconds.
17- Discharge the battery at 1C for 100 seconds.
18- Rest for 200 seconds.
19- Charge at 1/4 C for 100 seconds.

20- Rest for 1 hour.
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21- Discharge the battery at 1C to reach 10% of capacity removal and allow for one hour
rest after each discharge.
22-Repeat steps 5-21 for SOCs from 100-0% with 10 % intervals with cut-off voltage of
2.8 V.
3.4.4 Fast Charging Tests Procedure
Two fast-charging profiles are used based on the project partner's requirements. The first one is the
Hyundai Ioniq fast charging at 25°C and the second is Pulse fast charging at 25°C. Those two
profiles are used as a benchmark to evaluate the cell's thermal performance under high charging
loads. Before running any fast-charging test, the cells are discharged at 1C, rested for an hour, and
then soaked at 25°C. With the Pulse charge, the cell is flipped so the front side of the cell is closer
to the chamber fan. This is to eliminate the effect of the fan on both sides without the need to repeat
the tests twice.
The Hyundai Ioniq at 25°C fast charging profile, illustrated in Figure 24, starts with a
peak current of 303.4 A at 9.2 minutes and sustains a current above 300 A for approximately 6
minutes during the CC phase. After this, the current begins to decrease gradually but remains above
180 A for around 7.5 minutes before transitioning into the CV phase. By the end of the profile, at
around 46 minutes, the current tapers to 11 A. It is worth noting that the anomalies observed near
the end of the profile may stem from measurement errors, as the data was likely recorded during a
live test. However, these discrepancies are not expected to impact the testing outcomes

significantly.
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Figure 24 The current (A) profile of the Hyundai loniq fast charging at 25°C.

Pulse Fast Charging employs short bursts of high current interspersed with brief
relaxation periods, enabling effective heat dissipation compared to traditional constant current
(CC) charging. The intermittent pulses allow the cell to dissipate heat during rest intervals,
mitigating thermal buildup [113]. Additionally, studies indicate that pulsating currents enhance
charge acceptance by optimizing the cell's electrochemical response [114].

Figure 25 illustrates the current pulse charging profiles used in this study. The test begins with
400A pulses for 10 seconds, followed by 10-second rest periods, sustained for approximately 22
minutes. It then transitions to 340A pulses for around 6 minutes, and finally to 227A pulses,
continuing until the current tapers at the end of the profile. The 400A pulses were selected based
on the cell's datasheet, which specifies this value as the maximum acceptable current for pulse

fast charging [109].
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Figure 25 4004 pulse charging current profile.

3.5 Results and Discussion (Capacity, Resistance)
3.5.1 Static Capacity Test Results

The static capacity discharge test at 1C was conducted at 0°C, 25°C, and 45°C, revealing
two key findings: the capacities of the cells and the temperature rise during constant current
discharge. As shown in Figure 26, the voltage drop across the three test temperatures highlights
distinct differences in performance. At 0°C, the cell reached the cutoff voltage in 54.5 minutes,
whereas at 25°C and 45°C, it took 61.21 minutes and 62.5 minutes, respectively. This indicates
that the energy extracted from the cell at 0°C was less than its nominal capacity, while at 25°C and
45°C, the cell delivered more energy than its nominal rating. The total energy capacities were
103.1 Ah, 115.7 Ah, and 118.1 Ah, respectively. The voltage curves for the tests at 25°C and 45°C
are almost identical, whereas at 0°C, the voltage drop was significantly higher. These observations

confirm that cell performance improves at higher temperatures, although the relative improvement
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diminishes beyond a certain point. The results of the Static Capacity tests are summarized in Table
2.

Figure 27 demonstrates the temperature rise during the discharge process. At 0°C, the cell’s
average temperature increased by 11°C, while at 25°C and 45°C, the increases were 8°C and 5°C,
respectively. At 0°C, the cell’s temperature rose to an average of 11°C, compared to 33°C and 50°C
at 25°C and 45°C. The observed temperature deltas indicate that the cells produce more heat at
lower ambient temperatures, likely due to increased internal resistance. This correlation
underscores the impact of temperature on the cell’s thermal behavior and internal losses, with
colder conditions amplifying heat generation and reducing efficiency. The temperature readings at
25°C showed significant noise due to the use of a different DAQ device, introducing a higher
margin of error. Despite this, the average temperature and overall trend remained accurate and

aligned with expected behavior.
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Static Capacity Voltage Drop at 0,25,45°C
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Figure 26 Static Capacity Voltage, Current discharge vs Time at 0,25,45°C ambient testing

conditions.

Table 2 Highlighted results of the Static Capacity tests.

Ambient Temperature Removed Capacity Test Time (s) Max Temperature
Testing Case (°C) (Ah) Increase (°C)

At 0°C 103.1 3270.5 10.5

At 25°C 115.7 3672.6 6.9

At 45°C 118.1 3748.6 4.9

46




M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

12 Mean Temperatures Rise Over Ambient - Static Capacity Discharge
I I I T I

K
10 - { _

L o ] I

lf'lll‘n

4 - /‘.r”l ; A ’” | IJIIII

mean Temperature [°C]

At0°C
At25°C
At45°C

2 I I I \ I I I
0 500 1000 1500 2000 2500 3000 3500 4000

Time [s]

Figure 27 Rise Over Ambient Average Temperatures of the Static Capacity Tests. It is noted that

the measurements at 25°C exhibit more noise compared to the other test conditions.

3.5.2 OCYV Test Results

The OCV-SoC curve at 25°C (Figure 28) exhibits a clear hysteresis between the charge and
discharge profiles. This hysteresis arises from irreversible thermodynamic and electrochemical
processes, which are discussed further in Section 2.2.2. The mean OCV curve mitigates the

hysteresis effect and serves as a practical baseline for SoC estimation. At low SoC, the curve shows
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a steep voltage rise, indicative of significant shifts in lithium-ion concentration within the active
material. In the 20%—-80% SoC range, the voltage response is relatively linear, making this region
particularly suitable for SoC estimation due to its reduced sensitivity to small variations. At higher
SoC values, the slope becomes steeper, suggesting that the cell still has ongoing electrochemical
activity.

The mean OCV-SoC curves at 0°C, 25°C and 45°C (Figure 29) demonstrate the impact of
temperature on equilibrium voltage. At 0°C, the OCV values are consistently lower due to
increased internal resistance and reduced ionic mobility, both of which hinder the electrochemical
processes. At 45°C, the OCV values are slightly elevated compared to those at 25°C, reflecting
enhanced ion transport and reduced polarization at higher temperatures (lower internal resistance).
These temperature effects are most pronounced at lower SoC levels, where the electrochemical
limitations are more significant. However, at mid-range and higher SOC levels, the OCV values
tend to converge, indicating that temperature variations have less influence in this range. This
suggests that for this cell, OCV-SOC estimations are more straightforward and reliable at SOC

levels above 20%.
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OCV-SOC Curve at 25°C
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Figure 28 OCV-SoC curves at 25°C. The mean OCV is used in SoC estimation applications.
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OCV-SOC Curves at 0-25-45°C
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Figure 29 Mean OCV-SoC curves at 0°C, 25°C and 45°C.

3.5.3 HPPC Test Results

The HPPC test results for the CALB cell provides characterization of its internal resistance
components, including ohmic resistance, polarization resistance, and total internal resistance.
According to the datasheet, the internal resistance is 0.4 - 0.6 mQ at 1 kHz and 70% SoC. This
most likely refers to the ohmic resistance, which is commonly measured using electrochemical
impedance spectroscopy (EIS) at high frequencies (e.g., 1 kHz).

Figure 30 presents the HPPC test voltage response at 25 °C, which is comparable across all

tested temperatures. The figure captures the distinct pulses employed in the HPPC tests, as outlined
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in Section 3.4.3, consisting of alternating discharge and charge steps interspersed with rest periods.
The voltage response during these pulses demonstrates the immediate ohmic drop and the slower
polarization recovery, both of which are influenced by SOC and temperature.

The internal resistance values derived in this section are based on the first discharge pulse
in the HPPC test, calculated using the voltage drop Equation (2.2) described in Section 2.2.4. This
simplified approach was chosen because off-the-shelf BMS solutions typically require only an
average internal resistance value for SoC estimation and thermal management. Nevertheless,
additional pulses were incorporated into the test protocol to enable future developments of better
state estimation.

At 0°C, the internal resistance is highest across all SoC ranges, as shown in Figure 31 and
Table 3. The total internal resistance peaks at 3.76mQ in the 90%—-100% SoC range and remains
elevated at 3.14 mQ in the 0%—-10% SOC range. These high values are driven by polarization
resistance, with Rpgiarization r€aching 1.90m€ in the 90%-100% SOC range and 1.47mQ in the
0%—10% SoC range. The 50%—-60% SOC range exhibits a distinct spike, where Ripternal reaches
3.32mQ, primarily due to a polarization resistance of 1.89mQ. In contrast, the SoC ranges from
30% to 50% are comparatively more stable, with Ry ternal around 2.70 mQ.

At 25°C, there is a significant reduction in internal resistance. The total resistance ranges
from 1.68mQ in the 90%—-100% SOC range to 1.53mQ at 0%—-10% SOC, with ohmic resistance
remaining consistent between 0.57mQ and 0.62mQ, closely matching datasheet specifications.
The mid-SOC spike persists, with Ry,ternal r€aching 1.71mQ in the 50%—-60% range, driven by
Rpotarization Of 1.13mQ. The 30%-50% SOC range demonstrates the lowest resistance, with
Rinternal as low as 1.23mQ in the 40%-30% range.

At 45°C, results highlight the lowest internal resistance values across all SOC ranges.

51



M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

Rinternal ranges from 1.37 mQ in the 90%—-100% SoC range and 1.28 mQ at 0%—10% SOC. The
mid-SoC spike is still present but less pronounced, with Ry ernal peaking at 1.43 m€ in the 50%—
60% SoC range, driven by Rpglarization ©f 0.92 mQ. The 30%-50% SOC range continues to
exhibit the lowest resistance, with Ryjterna) around 1.10 mQ.

The results demonstrate that higher temperatures significantly reduce internal resistance,
due to improved ionic conductivity and reduced polarization effects improving cell performance.
However, elevated temperatures accelerate degradation and increase the risk of thermal runaway,
making 25°C the optimal operating temperature for balancing resistance and safety. The mid-SOC
spike observed consistently across all temperatures suggests intrinsic electrochemical phenomena
linked to the CALB cell’s chemistry. Further studies incorporating more advanced resistance

characterization methods are necessary to better understand this behavior and refine battery

models.
HPPC Current and Voltage Response Curve
| | |
120 4.4
100 [ Y,I'
4.2
80~
'.Lf___

60 4
2 s
£ 40 3.8 %
3 20 S

3.6
0 | | J
-20 3.4
—Current (A)
-40 —Voltage (V) 3.2
| | | |
0 1 2 3 4 5 6 7 8 9 10
Time (s) <10

Figure 30 HPPC test Voltage Response Curve at 25°C.
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Figure 31 CALB cell internal resistance based on HPPC tests.

Table 3 Internal Resistance of the CALB cell based on the HPPC tests at 0,25, & 45°C.

At 0°C
SoC R_Ohmic R _Polarization R _Internal
% (mQ) (mQ) (mQ)
100-90 1.87 1.90 3.76
90-80 1.69 1.34 3.03
80-70 1.54 1.59 3.13
70-60 1.49 1.75 3.24
60-50 1.44 1.89 3.32
50-40 1.53 1.36 2.89
40-30 1.56 1.13 2.70
30-20 1.56 1.13 2.70
20-10 1.58 1.23 2.81
10-0 1.67 1.47 3.14
At 25°C
SoC R_Ohmic R Polarization R Internal
% (mQ) (mQ) (mQ)
100-90 0.62 1.06 1.68
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90-80 0.61 0.72 1.34
80-70 0.57 0.92 1.48
70-60 0.59 1.00 1.59
60-50 0.58 1.13 1.71
50-40 0.59 0.70 1.29
40-30 0.57 0.66 1.23
30-20 0.59 0.66 1.25
20-10 0.60 0.74 1.35
10-0 0.62 0.91 1.53
At 45°C
SoC R_Ohmic R_Polarization R_Internal
% (mQ) (mQ) (mQ)
100-90 0.55 0.82 1.37
90-80 0.51 0.61 1.12
80-70 0.52 0.72 1.24
70-60 0.53 0.82 1.35
60-50 0.51 0.92 1.43
50-40 0.54 0.57 1.10
40-30 0.52 0.57 1.09
30-20 0.54 0.57 1.12
20-10 0.53 0.64 1.17
10-0 0.55 0.73 1.28

3.5.4 Fast Charging Tests Results

The Hyundai Ioniq fast charging profile charges the cell from 0% SoC to 94% SoC with a
total charge capacity of 106.4 Ah. The voltage response curve, shown in Figure 32 illustrates a
rapid voltage rise from 3.24V to 4.24V. At the initial stage, a sharp voltage spike occurs as the cell
is excited with high C-rates, during the transition from no current to +150A. The spike diminishes
in magnitude at higher current stages, such as +200A and +300A, as the cell stabilizes under load.
A slight voltage drop follows the +300A phase due to a reduction in current, but the voltage
continues to rise steadily as the cell approaches higher SoC. Finally, during the CV phase, the

voltage increase becomes more gradual, although some minor irregularities are observed between
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1500 and 2000 seconds, due to current profile fluctuations. The profile achieves an 80% SoC
charge in approximately 23 minutes, with the remaining 20% SoC taking an additional 23 minutes,

resulting in a total charge time of 46 minutes.
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Figure 32 Hyundai fast charging test Voltage response.

Temperature data, shown in Figure 33, indicates a steep thermal rise during the fast-
charging process, particularly as the current increases to +300A, with the maximum temperature
reaching 47°C at the Front Center of the cell. This peak is approximately 21°C above the ambient
temperature and occurs around the 1700-second mark, after which the temperature begins to
gradually decrease as the current drops. Thermocouples positioned near the positive terminals (TC
2 and TC 12) consistently recorded higher temperatures than those near the negative terminals (TC
1 and TC 10). This temperature disparity is attributed to the material properties of the electrodes,

as the cathode (NMCS811) exhibits higher thermal resistance and lower thermal conductivity
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compared to the graphite anode. The localized heating at the positive terminal is significant and

primarily results from ohmic heating due to the cathode's higher resistivity, polarization losses

during charging, and the inherent thermal characteristics of the NMC811 material [115]. Figure

34, which shows averaged temperatures based on cell faces, reflects similar trends, with the front,

bottom, and right sides exhibiting the highest temperatures due to their positioning within the

thermal chamber. The back side, which is positioned closer to the chamber fan, experiences

enhanced cooling and remains significantly cooler than the front, even though they should be

thermally similar under ideal conditions.
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Figure 33 Hyundai fast charging test cell temperature response at 15 locations.
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Mean Temps based on thermocouple grouping for the Hyundai loniq Fast charging Test at 25°C
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Figure 34 Hyundai fast charging test, cell temperature response grouped by cell facing.

The 400A 10-second pulse fast charging profile charges the cell from 0% SoC to 94% SoC
with a total charge capacity of 106.5 Ah. The voltage response curve, illustrated in Figure 35,
displays a pulsating voltage increase throughout the test. The voltage spikes during each pulse are
primarily due to ohmic resistance, with a smaller contribution from polarization resistance, due to
the pulse short time. The 400A pulses result in significantly higher voltage spikes compared to the
340A and 227A pulses, highlighting the amplified effects of internal resistance at higher currents.
At the end of the test, beyond the 2000-second mark, the cycler begins to tapper the current slightly
to prevent the cell from exceeding the specified cutoff voltage. The profile achieves a 65% SoC
charge within 22 minutes during the 400A phase, transitions to 80% SoC in an additional 6 minutes

during the 340A phase, and completes the charge to 94% SoC in a further 9 minutes during the
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227A phase, with a total charge time of 37 minutes.
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Figure 35 4004 Pulse fast charging test Voltage response.
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Thermal data, presented in Figure 36, shows a steady temperature increase throughout the

charging process, with sharp rises during the initial 400A phase. The temperature slope becomes

less steep as the current transitions to 340A pulses, eventually plateauing before reaching a peak

temperature of 48°C at the Back Center of the cell. During the 227A phase, the temperature begins

to decline as the current reduces. Similar to the Hyundai test, thermocouples near the positive

terminals (TC 11 and TC 2) record higher temperatures than those near the negative terminals (TC

10 and TC 1). Figure 37 shows the mean temperatures grouped by cell faces. The back sides exhibit

the highest average temperatures due to the repositioning of the cell within the chamber. The front

and right sides, now closer to the chamber fan, experience more effective cooling.
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Figure 37 4004 Pulse fast charging test, cell temperature response grouped by cell facing.

A comparison between the Hyundai fast charging profile and the pulse fast charging profile
highlights their respective strengths. The Hyundai profile reaches 80% SoC approximately 5
minutes faster, while the pulse profile achieves 94% SoC 9 minutes earlier. While the pulse profile
exhibits slightly higher maximum temperatures due to the 400A pulses, its thermal behavior shows
a more controlled and gradual heat generation compared to the Hyundai profile. In both tests,
thermocouples near the anode (negative terminal) consistently recorded lower temperatures than
those near the cathode (positive terminal), reflecting the higher thermal resistance of NMC
compared to graphite. The reorientation of the cell with respect to the fan location confirms that
heat distribution is strongly influenced by chamber airflow, with minimal impact from cell design,

as both tests show similar thermal patterns for the front and back sides. These results emphasize
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the importance of effective thermal management. A hybrid charging strategy that combines the
Hyundai profile for rapid early-stage charging with the pulse profile after 80% SoC could balance
faster charging with reduced thermal stress. Such an approach, combined with robust cooling

solutions, can improve charging efficiency, cell safety, and long-term performance.
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Chapter 4

Battery Module Design Methodology

The goal of this project is to validate and compare the performance of Micro-Channel Heat
Pipe (MCHP) cooling against conventional bottom cold plate cooling. The objective is to isolate
active cooling from the module and develop a scalable reliable thermal management solution. This
is achieved through the design and testing of three distinct setups:

1. No Cooling: A simple enclosure without cooling is used to establish control thermal
performance, identify hotspots, and evaluate cell-to-cell heating. This configuration also
informs the placement of thermocouples for subsequent setups.

2. Bottom Cooling: A cold plate is attached to the bottom of the cells, representing a
conventional active cooling strategy.

3. MCHP Cooling: MCHPs are integrated into the module, with the cold plate attached to the
condensing side of the MCHPs to facilitate heat dissipation.

To ensure systematic evaluation and efficient resource utilization, development begins with
a 6-cell prototype module. This serves as a testing platform for optimizing thermal and electrical
performance before scaling to a 44 V full module. Ultimately, the final battery pack will consist of
20 modules, each rated at 44 V, resulting in a 100kWh system. Table 4summarizes the

specifications at each stage of scaling, from individual cells to the final battery pack.
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Table 4 Summary of the specifications at each stage, from individual cells to the battery pack.

Specification Cell Testing Module  Full Module Battery Pack
Nominal Voltage 3.67V 22V 44V 880V
Nominal Capacity 113.5 Ah 113.5 Ah 113.5 Ah 113.5 Ah
Energy 417 Wh 2.5 kWh 5 kWh 100 kWh
Ohmic Resistance 0.4~0.6mQ 2.4~3.6mQ 4.8~7.2mQ 96~144mQ
Cells in Series - 6 12 240
Cells in Parallel - 1 1 1

Each prototype module is designed with consistent cell labelling and positioning, as shown
in Figure 38, to allow for accurate comparisons across configurations. Specific details of the
mechanical design, thermocouple placements, and other module-specific features will be

addressed in the subsequent sections.

Figure 38 Layout of the 6-cell prototypes with cell labeling and positioning.
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4.1 Micro Channel Heat Pipe Technology (MCHP)

Micro-Channel Heat Pipes (MCHPs) offer a passive thermal management solution
specifically designed for high-energy-density systems like battery packs. These systems utilize
phase change and capillary action, and gravity to transfer heat efficiently, eliminating the need for
external power or mechanical components. When heat is applied to the evaporator section, the
working fluid absorbs thermal energy and vaporizes. The vapor then moves through the adiabatic
region, a thermally insulated section that prevents heat loss and facilitates energy-efficient
transport while allowing two-phase mixing. At the condenser section, the vapor releases its heat,
condenses back into liquid form, and is returned to the evaporator, enabling a continuous heat
transfer cycle [102].

The Calyos MCHP, as illustrated in Figure 39, operates similarly but relies primarily on
gravity-assisted flow to circulate the working fluid between the heat source and cold source. For
this system to function effectively, the heat source must always be positioned below the cooling
source, ensuring gravity-driven flow. Table 5 Shows the specifications of Calyos MCHPs. The
system uses dielectric refrigerants as the working fluid, minimizing risks such as electrical short
circuits and ensuring safe operation. With a typical thermal resistance of 0.035 K/W, the capacity
to handle up to 150 W per component, and an operational range of 0°C to +120°C for heat sources,
the MCHP demonstrates high thermal efficiency. Calyos reports a lifespan exceeding 200,000
hours, making the system reliable and maintenance-free for applications like electric vehicles
battery pack cooling [116], [117].

Calyos innovation lies in the high customizability of their MCHP, enabling seamless
integration into diverse battery pack designs as shown in Figure 40. The flexibility includes

adjustable bends, where the angle and location can be tailored to fit specific battery geometries,

64



M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

and the ability to modify length, width, and thickness to fit cell dimensions and spatial constraints.
Calyos also offer customizable cross-sectional profiles, including unique shapes such as triangular
designs, to meet specific application requirements. This level of flexibility ensures that Calyos’
MCHPs address both thermal management and structural integration challenges in advanced

battery systems [117].

Table 5 Calyos MCHP’s specification sheet [116].
Calyos MCHP System Information

Typical Thermal Resistance 0.035 K/'W
Working Fluids R1233zd(E)
Typical Cold Source Air — Liquid Cold Plate — Conductive Plate
Power per Component <150 W

Max. Average Heat Flux <7.5 W/em?
Max. Hotspot Heat Flux <15 W/cm?
Max. Temperature <120°C

HP Material Aluminum
Bonding Method Welded or Brazed
Operating Heat Source Temperature 0°Cto+120°C
Operating Cold Source Temperature -40 °C to +60 °C
Storage Temperature -60 °C to +90 °C
MTBF > 200,000 h
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Figure 39 Calyos MCHP operation diagram [117].
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Figure 40 Calyos MCHP different cells use cases example [117].

4.2 Dana Cold Plate

The cold plate used across the designs was provided by Dana Inc. and is a production-grade
unit that is implemented in EVs. This cold plate, shown in Figure 41, features a powder-coated
surface and offers a thermal resistance of 0.013°C/W at the beginning of life. It operates within a
nominal pressure range of 180 kPa, with a maximum operating pressure of 250 kPa, and has a
burst pressure of 500 kPa. The plate supports a nominal flow rate of 2.2 LPM, with a maximum
flow rate of 3.33 LPM, aligning with its cooling specifications. Designed for 1000 W heat
dissipation applications, it provides cooling from both sides; however, only one side is utilized in

this study. The effective cooling/heating dimensions of the cold plate are 341 mm x 538 mm.
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Figure 41 Dana Cold Plate, used in the bottom cooling and MCHP cooling.

4.3 Busbar Design

Busbar sizing is a critical step in module design to ensure safe and efficient operation under
high-current conditions. For this study, the busbars are designed to handle the 400A pulse charging
profile, which represents the maximum expected current. Copper was selected for its high

conductivity and low resistivity, minimizing power loss and ensuring efficient heat dissipation.

Y12 -t; . Duty Cycle (4.1)
Ieff = Z t
; [118]

¢ : Effective (RMS) current (A),
I; : Current during each phase (A),
t; : Duration of each phase (s).

Duty Cycle: The charge-to-rest ratio is 50% or 0.5.

The effective RMS current during the pulse profile is calculated using Equation (4.1),

which averages the current over the three phases of the charging profile:
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e Phase 1: 400 A pulses for 22 minutes.
e Phase 2: 340 A pulses for 6 minutes.
e Phase 3: 227 A pulses for 9 minutes.

This results in an RMS current (Io¢) of 252 A. The cross-sectional area (A) of the busbar
is determined based on the current density (J) using Equation (4.2). A safe J value for copper at air
cooling can be between 1.2 to 1.6 A/mm?[119]. A conservative current density (J) of 1.2 A/mm?
based on air cooling is selected. Therefore, a minimum required cross-sectional area is calculated

to be 210 mm?, sufficient to handle the current without excessive heat generation.

I (4.2)
[120]
Figure 42 illustrates the three types of copper busbars designed for various testing setups.
Busbars A and B share the same cross-sectional area of 242 mm?, differing only in length to suit
specific configurations. Busbar C, custom-designed for the MCHP testing setup, features a larger

cross-sectional area of 403 mm? to accommodate the MCHP placement.

7

©

(A)
W=%in W =15.88 mm
T=15in T=254mm
L =40 mm L=68.7 mm
A =242 mm? A =242 mm? A =403 mm?

Figure 42 Three types of copper busbars are used during testing.
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The busbars are integrated into the module designs as follows:

e Busbar A connects all cells within the testing modules across all configurations.

e Busbar B connects cells E and F for the No Cooling and Bottom Cooling setups.

e Busbar C, a custom design, replaces Busbar B in the MCHP Cooling setup to accommodate
the MCHP geometry.

At the module terminals:

e The No Cooling and Bottom Cooling setups use busbars for terminal connections.

e The MCHP Cooling system connects directly to the terminals via cables to align with the
MCHP design.
The resistance of each busbar is calculated using Equation (4.3), and the corresponding

power loss (P) is determined using Equation (4.4).

L (4.3)
R=p-—
P
[120]
p : The resistivity of the material.
P=1I?-R (4.4)
[120]

The resistivity of copper at 20°C is 1.7241.x 1078 Qm [120]. The resistance and the power
loss over the pulse fast charging profile for each busbar are approximated as follows:

e BubarA:R,=2.85 % 107°Q, P,=0.18W.

e BusbarB: Ry =4.06 x 1076Q, Pz =026W.

e BusbarC: R, =294 % 107°Q, P.=0.19W.

Thermal behavior was assessed using Equation (4.5), which estimates the transient
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temperature rise during the fast charging at 400A.

Q = mC,AT (4.5)
m = pPeopper -A L
Q = P.Time
C,: Specific heat capacity of copper is 385 J/kg°C.

Pcopper - Density of copper is 8960 kg/m3.

Based on steady-state thermal conductivity, uniform current distribution, adiabatic
conditions, and transient heat accumulation, and the pulse testing lasting 2220 seconds. The
estimated busbar temperature rise without any cooling during the pulse test should be around:

e Busbar A: AT, = 12°C

e Busbar B: ATz = 12.1°C

e Busbar C: AT, =4.4°C

Therefore, those busbars should be sufficient to test the 6 cells prototypes without excessive

heating caused by their resistance at fast charging with extreme currents.

4.4 No Cooling Testing Module

The No Cooling system, illustrated in Figure 43, is a simple enclosure with a detachable
top and openings for the positive and negative terminals, as well as sensor routing. This design
serves as a benchmark to evaluate cell heating with minimal heat dissipation to the surroundings.
It is used to assess the impact of cell-to-cell heating and provides a baseline for determining

thermocouple placements in subsequent setups.
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The enclosure is 3D-printed with PETG material. A 0.5 mm insulation fiberboard epoxy
sheet is placed between each pair of cells to prevent short-circuiting in case of scratches on the
cell’s protective surface. Additionally, this layer acts as a buffer to accommodate cell expansion

during cycling, reducing stress on adjacent cells and maintaining structural integrity.

Figure 43 No Cooling Test Module CAD design, showing the cover and busbar installation.

The cells
4.4.1 No Cooling Setup Thermocouple placement

The No Cooling thermocouple placement was focused on cells C and D, Figure 43, as
limited thermocouples were available. These two cells were selected because their central position,
surrounded by other cells, is expected to experience the worst heating conditions. The
thermocouple placement and labeling for cells C and D are illustrated in Figure 44 and Figure 45.
All Type T thermocouples were secured and affixed to the cells using Kapton tape to ensure reliable

thermal contact.
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Figure 44 Cell C of the No Cooling testing module thermocouple placement and labelling.
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Figure 45 Cell D of the No Cooling testing module thermocouple placement and labelling.

4.5 Bottom Cold Plate Cooling Testing Module
Most EV’s prismatic cell battery packs are cooled with bottom cooling via cold plates, such
as the BMW ix and the Hyundai Ioniq series [121], [122]. Bottom cold plate testing was chosen to

represent existing cooling technologies, using the Dana cold plate described in Section 4.2 as the
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foundation. In industrial applications, thermally conductive gap fillers are commonly used to
ensure full contact between cells and cold plates. These fillers are applied with robotic arms for
consistent layering, and the modules are placed under pressure for curing, which typically takes
more than seven days. However, once cured, the filler acts as a strong adhesive, making it nearly
impossible to remove cells without damaging them. Due to the destructive nature of this process,
gap fillers were deemed unsuitable for rapid lab testing requiring frequent module changes.

An alternative was considered in the form of paste-type TIMs, which would better mimic
the performance of gap fillers. However, the challenge of achieving consistent layer thickness
persisted. Consequently, a thermal pad with a 2 mm thickness and a thermal conductivity of 3.5
W/m-K was selected. The thermal pad offers a non-destructive, repeatable, and efficient solution,
providing sufficient thermal conductivity while ensuring ease of application. The breakdown of
the three TIMs considered is shown in Table 6.

Table 6 TIM material comparison for the Bottom cooling application.

Bergquist Gap Filler = Thermal Paste S- Thermal Pad TG-
TGF 2025APS Putty-100 A3500-2mm
Thermal 2.0 3.5 3.5
Conductivity
(W/m.K)
Operating -40 to 80 -60 to 180 -50 to 180
Temperature (°C)
Volume Resistivity 106 1013 8 x 1012
(Q2.m)
Voltage Resistance >5 >12 >13
(KV/mm)
Cure Time 7 days at 25°C NA NA

The final design, shown in Figure 46, consists of three 3D-printed PETG components: a
top cover, a sleeve, and a hollow base. The base is adhered directly to the cold plate using an epoxy

adhesive with a maximum strength of 3900 psi. The base design accounts for controlled
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compression of the TIM through structural deflection, allowing for reprinting and adjustments if
necessary. The sleeve incorporates rigid cross members to evenly distribute the load across the
cells, ensuring uniform pressure. Six toggle latches are mounted on the sleeve and baseplate to
achieve a compression ratio of 63% for the TIM material. The latches are secured using threaded
inserts to maintain structural integrity during testing. On the cells side, 2 mm sheets of 3D-printed
TPU were inserted between cells to provide electrical insulation in case of scratches, and

mechanical isolation in case of cell expansion.

PETG Battery Magnetic Housing Top
PETG Battery Housing Bottom [Sleeve]

CellSeparators [2mm]

CopperBus Bars

Toggle Latches

Battery Base Plate

Dana Cooling Plate

> TIM

Figure 46 Bottom Cooling test setup CAD design with a breakdown of the components.

Thermal pads are adhered to the bottom of each cell and thermocouples, as shown in Figure
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47. Wiring holes are integrated into the design to route thermocouples and voltage sensors, while
the top cover includes cutouts for the positive and negative terminals. The top cover is magnetically

attached, providing easy access to the cells and sensors while protecting the module during testing.

Figure 47 Bottom Cooling setup TIM installation.

The final assembly is shown in Figure 48 and Figure 49. Testing investigation showed that
the compression achieved on the cells, Figure 50, was measured at an average of 1.67 mm of the
2 mm TIM thickness, resulting in an 83% compression ratio. This value was interpolated with the

TIM material datasheet, yielding an estimated thermal impedance of approximately 1.3 K-m*'W.

Figure 48 Bottom Cooling Setup final assembly.
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Figure 49 Bottom Cooling Setup final assembly with the top removed.

Post Test TIM Measurements

1.65 1.67 1.70 1,69 1.64 1.69 1.68 1.70
F E

1.68 1.64 1.68 1.64  1.68 1.64 1.64 1.67
D C

1.68 1.67 1.68 1.68  1.67 1.68 1.67 1.66
B A

1.70 1.69 1.65 1.64 166 1.68 1.68 1.65

Notes: All measurements are in mm
Average measurement is 1.67 mm

Figure 50 Bottom Cooling setup TIM material deflection measurements after applying cell

compression pressure.

4.5.1 Bottom Cold Plate Setup Thermocouple Placement

The thermocouple placement for the Bottom Cold Plate cooling module was designed to

ensure repeatability with the MCHP setup, facilitated by additional data acquisition devices.
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Critical measurement points for the bottom cooling configuration are at the cell bottoms, where
three thermocouples are positioned, and sandwiched between the TIM and the cells. The 0.5 mm
diameter of the thermocouples and the 2 mm thickness of the TIM ensure minimal contact loss
while maintaining reliable thermal measurements. Each cell side is equipped with one or two
thermocouples, depending on its position within the module. Thermocouples were not placed on
the front or back faces of the cells due to the limited number of thermocouple channels and because
these locations were deemed less critical for meeting the project objectives.

The thermocouple placement and labelling for each cell are detailed in Figure 51 to Figure

56. All thermocouples were secured with Kapton tape and attached to the cells using electrical

tape.
CELLA
Jn () v [
b L= o L= o =
Al A2
Front Back
Ad A3 A5

Figure 51 Cell A of the Bottom Cooling testing module thermocouple placement and labelling.
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CELLB
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Figure 52 Cell B of the Bottom Cooling testing module thermocouple placement and labelling of

the cell and each thermocouple.

CELLC

o+ B1 @ B2 o
L L= L= L= L= L=
Cl1 C3
Cc2 Front CA4 Back

Cé C5 Cc7

Figure 53 Cell C of the Bottom Cooling testing module thermocouple placement and labelling.
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CELLD

Figure 54 Cell D of the Bottom Cooling testing module thermocouple placement and labelling.

CELLE
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Figure 55 Cell E of the Bottom Cooling testing module thermocouple placement and labelling.
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CELLF
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Front Back
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Figure 56 Cell F of the Bottom Cooling testing module thermocouple placement and labelling.

4.6 MCHP Testing Module

The MCHP test module, illustrated in Figure 57, was designed to support versatile
configurations for testing MCHPs while maintaining adaptability for additional cells in future tests.
The design is centered around the MCHP dimensions shown in Figure 58, ensuring compatibility

and structural integrity. All custom parts in the module were 3D printed using PETG material.
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Figure 57 MCHP Test Module CAD design concept.

MCHP Dimensions
%,
0%,;- A5mm +1mm
%,
%
A48mm=1mm

221.5mmsimm

A
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o
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23mmsz.1mm

3mmz. 15mm

—

26mm=.1mm

Figure 58 MCHP dimensions with tolerances.
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To provide adequate compression and alignment, the module incorporates M6 threaded
rods to apply X- and Y-axis pressure, ensuring proper contact between the MCHP evaporator side
and the cells. The condenser section is supported by a 10 mm thick board designed to stabilize the
MCHP and distribute compression forces uniformly. On top of the MCHP, a cold plate is installed
and compressed using two 1-inch high-density MDF boards. These boards, torqued via the 3/8’
threaded rods, provide Z-axis compression and allow for adjustable pressure between the MCHP
condenser section and the cold plate.

The MCHPs are equipped with pre-installed thermal interface materials (TIM): a 0.1 mm
graphite TIM (28 W/mK) on the condenser side and a 0.3 mm silicone-based thermal insulator (5
W/mK) on the evaporator side. Additionally, a 2 mm electrical and thermal insulator on the back
prevents heat leakage. As in the Bottom Cold Plate setup, 2 mm sheets of 3D-printed TPU were
inserted between cells to provide electrical insulation in case of scratches, and mechanical isolation
in case of cell expansion.

Calyos recommended around 100 kPa and higher compression values on all of the MCHP
contacts. For this test, the torque was set at 1.5 Nm because it was observed that torques above 1.7
Nm caused bending in the MDF boards and cold plate. Pressure calculations Equations (4.6 &
(4.7) indicate an applied pressure of approximately 97 kPa per MCHP, factoring in an additional

17 kg weight placed on the module.

Torque (4.6)
F = "
orce Nut Radius
Force .7
Pressure = (4.7)

Contact Surface Area
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The final assembly, shown in Figure 59, Figure 60, Figure 61, highlights the integration of
the MCHP supporting board, MDF compression system, and cold plate. Due to a design
modification, a rectangular cut was made in the back panel to accommodate the U-shaped Busbar

C. Thermocouples are routed through the positive and negative terminal openings.

Figure 59 Corner view of the complete MCHP testing module.
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Figure 60 MCHP testing module, illustrating the condenser support plates and the thermocouple

placement on the condenser.

-

Figure 61 MCHP testing module, showing the busbar adaptation cut.
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4.6.1 MCHP Setup Thermocouple Placement

The thermocouple placement for the MCHP setup followed a similar approach to the

Bottom Cold plate testing module. The thermocouples used are 0.5 mm diameter Type T. The side

thermocouples were repositioned from the center to the corners to allow full contact between the

MCHP evaporator and the cell surface. One thermocouple was added to the adiabatic region, and

another was placed below the condenser region to avoid obstructing contact between the MCHP

and the cold plate.

The thermocouple placement and labelling for each cell are shown in Figure 62 to Figure

67. All thermocouples were secured with Kapton tape and affixed to the cells using electrical tape.

AMAL

AMCL

B2

C D o be]
-

CELLA

AMCR: Cell A MCHP Condenser Right side.

AMAR: Cell A MCHP Adiabatic Right side.

Al

=]

Front

L=

=

=

Back

—
AMCR

Figure 62 Cell A of the MCHP testing module thermocouple placement and labelling,
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Figure 63 Cell B of the MCHP testing module thermocouple placement and labelling,
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Figure 64 Cell C of the MCHP testing module thermocouple placement and labelling,
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Figure 65 Cell D of the MCHP testing module thermocouple placement and labelling,
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FMAL

4.7 Governing Thermal Equations for Battery and Cooling Configurations
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Figure 66 Cell E of the MCHP testing module thermocouple placement and labelling,
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Figure 67 Cell F of the MCHP testing module thermocouple placement and labelling,

This section outlines the fundamental thermal equations relevant to the battery cells and

the implemented cooling systems. The key equations governing heat generation within the cells

and heat dissipation through the No Cooling, Bottom Cooling, and MCHP Cooling methods are

presented. These equations provide the theoretical foundation for understanding the thermal

behaviour of the battery module under various cooling configurations, highlighting the principles

behind each thermal management strategy.
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4.7.1 Cell based

The heat transfer rate (Q) of a cell during operation is governed by the heat generated due
to internal resistance, electrochemical reactions, and how this heat is dissipated.

The Ohmic heating of a cell can be estimated using Equation (4.8), this equation calculates
the heat generated due to resistive (ohmic) losses inside the cell. This method assumes that all

resistive losses convert directly to heat.

Qonmic = I2. Rinternat (4.8)

The Entropic Heat Generation due to the electrochemical reactions in the cell can be estimated
using Equation (4.9). The entropic coefficient is specific to the cell chemistry and is typically
obtained experimentally.

du 4.9
QEntropic =1.T d_T (49

T is the absolute temperature (K)

Z—Z is the entropic coefficient (V/K)

The total heat generation in the cell is the sum of the Ohmic heat generation and the
Entropic heat generation as shown in Equation (4.10). At high current loads, the entropic heat

generation is very minimal compared to the ohmic and therefore it can be neglected.

Qcett = Qonmic T QEntropic (4.10)

An experimental approach is usually taken for heat generation estimation of battery cells
using heat generation based on Equation (4.5). This approach utilizes the temperature data during

a time period. The specific heat is found either experimentally by studying the material of the cell
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or analytically by solving for it via Equation (4.11). The latter is more common for its simplicity.
The specific heat (Cp) of the L221N113A cells according to the manufacturer is 1300 (J/kg.k).

Qcen (4.11)
m.AT

Cp =

4.7.2 Testing Setups

In the No Cooling setup, the main heat dissipation method is natural convection from the
top side of the cell, which is exposed to air. The convective heat transfer rate (Q) can be calculated
with Equation (4.12). The heat conduction into the plastic casing can be neglected due to the
insulative properties of PETG.

Qconvective = h. A. AT (4.12)

The main heat dissipation in the Bottom Cooling and MCHP is through the cold plate
working fluid. This can be simplified by the thermal mechanisms for both cooling methodologies.

For Bottom cooling:

1- Heat Conduction between the Cells and the TIM.

2- Heat Conduction between the TIM and the Cold plate.

3- Heat Convection between the Cold plate and the working fluid.

For the MCHP cooling system.

1- Heat Conduction between the Cells and the TIM.

2- Heat Conduction between the Cells and the MCHP evaporation section.

4- Two phase mixed vapour Heat Convection between the MCHP evaporation section and

the working fluid.

5- Two phase mixed vapour Heat Convection between the working fluid and MCHP

90



M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

condensation section.
6- Heat Conduction between the MCHP condensation section and the TIM.
7- Heat Conduction between the TIM and the Cold plate.

8- Heat Convection between the Cold plate and the working fluid.

As observed, the MCHP cooling system involves multiple heat transfer mechanisms which
introduces additional thermal resistance compared to the more direct conduction and convection
mechanisms in the Bottom cooling system. This complexity results in lower overall cooling
efficiency for the MCHP system. However, due to its larger contact surface area and the cell's heat
dissipation rate to the sides more than the bottom, the MCHP system remains competitive with
traditional cold plate cooling.

The heat conduction can be calculated using Equation (4.13). Where k is the Thermal
conductivity of the material (W/m-K), A is the contact Area (m?), AT is the temperature difference
across the material (K), and L is the thickness of the material (m).

k.A.AT (4.13)
Qconduction = T

The most straightforward method to compare the heat dissipation performance between the
MCHP cooling and the Bottom Cooling system is by calculating the heat removed by the working
fluid in the cold plate. This can be achieved by measuring the temperature difference between the
inlet and outlet of the cold plate, using a known working fluid with an established specific heat
capacity and a precisely measured flow rate. By assuming that all the heat absorbed by the fluid
originates solely from the battery cells without any heat losses and steady-state conditions existing,

the heat dissipation can be determined using the energy balance in Equation (4.5).
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4.8 Battery Management System Setup

Battery Management Systems (BMS) are essential for ensuring the safe, efficient, and
reliable operation of lithium-ion battery packs. They monitor critical parameters such as cell
voltage, State of Charge (SoC), State of Health (SoH), and temperature, while also regulating
charge and discharge currents to prevent conditions like overcharging or overheating. A key
function of the BMS is cell balancing, which equalizes voltages across all cells to maximize usable

capacity and maintain long-term performance [123].

4.8.1 Orion BMS: Features and Configuration

The Orion 2 BMS is a versatile and advanced system designed for lithium-ion battery
applications. It provides real-time monitoring of individual cell voltages, pack voltage, current,
and temperature points. This project uses the Orion 2 BMS primarily for cell balancing and
safety management. The system integrates OCV-SoC curves and resistance values derived in
Sections 3.5.1 and 3.5.2 for SoC estimation and current limitations.

The BMS employs passive cell balancing, which dissipates excess energy from higher-
voltage cells as heat through resistors. This method maintains voltage imbalances within 5 mV,
ensuring consistent performance across all cells. For safety, the Orion 2 BMS dynamically
controls relays to activate or deactivate contactors, disconnecting the battery pack in case of
overvoltage, undervoltage, overcurrent, or high-temperature conditions [124]. These safety

thresholds are configured based on the cell specifications provided in the datasheet.
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4.8.2 System Integration

The Orion 2 BMS is integrated with key safety and monitoring components to ensure robust
performance. Additionally, the system is set on an external board for easy testing module
replacement. An Anderson connection is used to connect the system to the battery cyclers. The
system configuration, as illustrated in Figure 68 includes:

e 2 x 500 A Fuses: These fuses protect the pack from overcurrent conditions, breaking the
circuit to prevent damage.

e 2x500A, 800V Contactors: Controlled by relays, these contactors manage the connection
and disconnection of the pack from external systems.

e 2 x Relays: The relays act as switches controlled by the BMS to activate or deactivate the
contactors based on real-time voltage, current, and temperature fault conditions.

e 7 x Voltage Sensors: Positioned between each pair of cells, these sensors provide
measurement up to ImV for each cell in which the BMS uses for pack voltage
measurement.

e Current Sensor: Located at the negative terminal of the pack, the sensor monitors the flow
of current during charging and discharging cycles.

e Thermistors: Eight thermistors that comes with the Orion are used to measure the

temperature of the busbars and ambient environment.

This configuration ensures precise monitoring and control of voltage, current, and

temperature parameters, enabling safe operation and optimal performance of the battery pack

during fast-charging tests.
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Figure 68 Orion 2 BMS system integration with the testing module.
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Chapter 5

Testing Procedure

This chapter outlines the equipment, methodologies, and parameters used to conduct fast
charging tests on battery modules presented in Chapter 4. The goal is to achieve comparable results
across the three testing modules which allows for validating the different cooling methods.

5.1 Testing equipment

A controlled testing environment utilizing high-precision equipment is critical for accurate
cell performance assessment and thermal analysis. The following devices were employed in this
study:

1. AVL E-Storage BTE 160 Battery Cycler: This unit, shown in Figure 69, operates as a
battery cycler, emulator, and fast charger. It supports a voltage range of 8-800 V, a current
limit of 600 A, and a power capacity of 160 kW, with an operational accuracy of +0.1%.
The cycler is equipped with 22 thermocouple inputs, offering a measurement accuracy of
+2°C, enabling detailed thermal monitoring alongside electrical performance evaluation

[125].
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Figure 69 AVL E-Storage BTE 160 Battery tester and emulator.

2. Tenney TC20 Thermal Chamber: Shown in Figure 70, this environmental chamber
provides a capacity of 20 cubic feet and supports a temperature range of -68°C to 180°C.
It ensures a temperature accuracy of =1°C, delivering stable and repeatable environmental

conditions for testing [126].
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Figure 70 Tenny Environmental TC20 thermal chamber.

3. VWR 1171PD chiller: This chiller features a 1/4 HP positive displacement pump with a
cooling capacity of 800 W at 20°C. It operates within a temperature range of -10°C to 40°C,
with a stability of £0.1°C. The chiller includes a 4.2-liter reservoir, a flow rate of | GPM
(3.75 LPM), and pressure ranges between 20—-100 PSI. A return valve and an analog flow
meter were installed to control the flow rate [127].

4. NI 9213 and NI 9214: 16-channel thermocouple input modules designed for reliable

thermal measurement. Both modules support Type T thermocouples over a wide range of -
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270°C to +1372°C with 24-bit resolution, ensuring accurate and consistent data acquisition.
The NI 9213 offers an accuracy of £0.36°C at 70°C and a sampling rate of up to 75 Hz,
while the NI 9214 provides enhanced accuracy of +0.24°C at 70°C in high-resolution
mode, with a maximum sampling rate of 100 Hz. Both modules include built-in cold-
junction compensation (CJC) sensors for stable measurements under varying ambient
conditions, along with features like open thermocouple detection and noise immunity,
making them well-suited for dynamic and high-precision applications [128], [129].

5. NI 9205: 32-channel analog input module designed for high-channel-density applications,
with a £10 V measurement range, 16-bit resolution, and a maximum sampling rate of 250
kHz. It supports both differential and single-ended measurements, with overvoltage
protection up to +30 V for reliability [130]. In this project, the NI 9205 was used as a
thermocouple input module without cold-junction compensation, which resulted in noisy
data and a typical accuracy range of +3°C. While not suitable for precise temperature
measurements, the module provided sufficient temperature monitoring capabilities to
observe general thermal trends across the test setup.

6. Type T thermocouples: Composed of a copper-positive leg and a constantan-negative leg,
operate from -270°C to 370°C with an accuracy of £1.0°C [131]. In this study, the junctions
were spot welded in-house and tested for accuracy before use, ensuring reliable thermal

contact and precise measurements.

This combination of high-precision equipment ensured reliable and accurate data

acquisition for both thermal and electrical performance assessments. The integration of these tools

provided a controlled and repeatable testing environment, enabling a comprehensive evaluation of
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the battery modules under various cooling strategies and fast-charging conditions.

5.2 Testing Global Parameters

The tests were conducted inside the Tenney TC 20 thermal chamber at a controlled ambient
temperature of 25°C. The cold plate temperature was regulated by the VWR chiller, set to 25°C.
Water was selected as the cooling fluid as no extreme temperatures were anticipated during testing.
The flow rate, controlled via a flow meter and return valve attached to the chiller, was set between
2.2-2.4 LPM to align with the cold plate's nominal specifications, ensuring consistent and efficient
thermal performance. A type K thermocouple was added at the inlet and outlet of the cold plate to
measure the fluid temperature rise. The chiller was run for at least an hour before testing to ensure
thermal equilibrium and to eliminate air bubbles from the liquid cooling loop, including the cold
plate and hoses. Figure 71 highlights the testing setup configuration inside the thermal chamber

with all the connections surrounding it.
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Figure 71 Testing setup showing the unit under testing, thermal chamber, chiller to the cold

plate, and DAQ connections.

Data acquisition was conducted at 10 Hz to capture rapid transients in temperature and
current, providing high-resolution measurements critical for analyzing thermal and electrical
behavior during the tests. Each thermocouple acquisition system included an ambient sensor
placed at the chamber’s center to monitor and validate the ambient temperature during testing.
Thermal data from the NI modules was monitored via LabVIEW, operating externally to the AVL
system.

Voltage and current limits were configured on both the AVL cycler and Orion BMS to
comply with the cell's operating specifications. The module voltage was limited to a range of 16.8

V to 26.1 V, reflecting the safe operating limits of the cells. Current limits were set at 120 A for
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discharge and 405 A for charge, with some allowance to accommodate occasional current and
voltage overshoots.

Temperature limits were set on the AVL cycler and the Orion BMS to ensure the safety of
the cells and busbars during testing. The cells were limited to a maximum temperature of 55°C per
the datasheet specifications. For the No Cooling test, the busbar temperature was capped at 60°C.
However, this limit was relaxed to 65°C for the Bottom Cooling and MCHP setups after
discussions with faculty advisors, as copper busbars can safely operate up to 90°C [132]. The No
Cooling test was not repeated under the revised conditions.

The Orion BMS is set to maintain cell balancing between cells within 5 mV. However,
testing was permitted with deviations up to 50 mV, as the cell's wide voltage range ensures minimal
impact on capacity measurements with this level of imbalance.

The NI 9213 was used to capture the temperatures of cells C and D for the Bottom cooling
and MCHP testing setups. The NI 9123 is the most accurate DAQ used and those cells exhibit the
worst-case heating scenario. Therefore, it is important to have accurate temperature readings.

The NI 9214 was used to capture the temperatures of cells A, B, and E for the Bottom
cooling and MCHP testing setups.

The NI 9205 was used to capture the temperatures of the MCHPs installed on cells A, C,
and E.

The AVL cycler built-in thermocouple data acquisition device was used to capture the
temperatures on cells C and D for the no-cooling setup. Then it was used to capture the
temperatures on cell F and the cold plate inlet and outlet for the Bottom cooling and MCHPs testing
setups. Finally, it was used to capture the temperatures of the MCHPs installed on cells B, D, and

F on the MCHP testing setup.
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5.3 Fast charging protocols

The same testing procedure was applied to each of the three setups (No Cooling, Bottom
Cold Plate, and MCHP Cooling). Each test began with the module charged to 100% SoC (or
maximum voltage limit) and then discharged at 1C to 0% SoC (or minimum voltage limit).

After discharge, the modules were left to rest and balance for at least 4 hours, ensuring
thermal equilibrium and voltage alignment between cells. Testing was typically conducted the
following day to allow sufficient cooling and stabilization.

The Hyundai Ioniq and the 400A Pulse fast charging profiles are detailed in Section 3.4.4,
were implemented for all setups. For the No Cooling test, the test was stopped once the busbar
temperature reached 60°C, as natural cooling was insufficient for prolonged testing. For the
Bottom Cooling and MCHP Cooling setups, testing paused once the cells reached 55°C or the
busbar reached 65°C. Testing resumed only after temperatures dropped below 50°C for both the
cells and busbars and repeated until the charging profile was done. This method ensured safety

while allowing for accurate thermal performance comparisons between setups.
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Chapter 6

Results and Discussion

The evaluation of cooling performance in the No Cooling, Bottom Cooling, and MCHP
Cooling setups were conducted using two primary metrics: cooling effectiveness and temperature
distribution within individual cells and across the module. The analysis first focuses on the
performance of each setup independently, followed by a comparative assessment to highlight the
strengths and limitations of each cooling method. It should be noted that due to inaccuracies in the
K-type thermocouple measurements at the cold plate inlet and outlet, these values are excluded

from this discussion.

6.1 No Cooling Module testing results

The No Cooling module served as a baseline for assessing thermal behavior in the absence
of active cooling. Results were obtained under the Hyundai Ioniq fast charging profile and the
400A Pulse fast charging profile. Temperature readings were recorded for Cells C and D, which
were selected due to their central position in the module and exposure to the highest heat

accumulation from neighbouring cells.

6.1.1 Hyundai Fast Charging Test
The Hyundai fast charging test for the No Cooling module was completed up to 90% of
the +300A current region, which accounts for 62% of the fast-charging phase and 31% of the total

test duration. The voltage response, shown in Figure 72, exhibited a steep rise at the beginning due
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to ohmic resistance, followed by a progressive increase as the charging current reached higher C-

rates. The module voltage increased from a relaxed state of 19.27 V (3.2 V per cell) to a peak of

23.93 V (3.99 V per cell) over 14.35 minutes before the test was terminated due to the busbar

temperature reaching 60°C. Coulomb counting indicated that 55.1 Ah of charge was delivered,

corresponding to an estimated 50% SoC, assuming the cells were fully discharged and relaxed

prior to testing.

No Cooling Hyundai Fast charging: Voltage and Current vs Time

Total charge: 55.1 Ah
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Figure 72 No Cooling, Hyundai fast charging Voltage response curve.
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The temperature rise of cells C and D are presented in Figure 73 and Figure 74, showing a

steady increase that becomes more pronounced as the charging current rises. Slight deviations from

the 25°C starting point suggest minor inaccuracies in thermocouple calibration or insufficient

soaking time, though these differences are negligible. The highest temperatures are observed on

the sides where the cells are adjacent, indicating significant cell-to-cell heating. For cell D, the
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upper sides consistently exhibit higher temperatures than the lower sides, while a malfunction in
the upper positive thermocouple on cell C limits direct comparison. However, lower side readings
suggest that cell C's upper positive side likely exceeds cell D's upper side temperature. The front
and back faces of both cells display similar temperatures, slightly higher than the bottoms. Cell C
shows a narrower temperature range of 2.1°C, while cell D's broader range of 7.07°C is attributed
to the anomalously high temperature recorded at the upper negative side of cell D and the missing

thermocouple data from cell C.
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Figure 73 No Cooling, Hyundai fast charging cell C temperature response.
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Figure 74 No Cooling, Hyundai fast charging cell D temperature response.

6.1.2 Pulse Fast charging

The 400A 10-second pulse fast charging profile was partially completed, covering 60% of
the 400A region and 35% of the entire profile. The test lasted 13.1 minutes before being halted due
to the busbar temperature reaching 60°C. During this time, 44Ah of charge was delivered to the
cells, corresponding to 39% SoC. The voltage response curve, shown in Figure 75, mirrors the
trend observed in single-cell testing. The module began at a relaxed voltage of 19.19V (3.2V per
cell), peaked at 23.72V (3.95V per cell), and settled at 22.4V (3.7V per cell) during the no-current
resting phase. The initial voltage spike reflects the ohmic resistance, followed by an increase
during each pulse due to polarization resistance. A sharp voltage drop occurs immediately after the
pulse ends. The overall rise in voltage is attributed to both the charging process and the excitation

of ions, stabilizing progressively as the voltage curve transitions into the more linear OCV region
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of the cells.
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The temperature rise of cells C and D above the 25°C ambient baseline is shown in Figure

76 and Figure 77. The curves exhibit a steady increase, with minimal dips observed during the

brief rest periods between each pulse. Initial temperatures below 25°C highlight the need for

extended soaking times to ensure thermal equilibrium before testing. As observed in previous tests,

the highest temperatures are recorded near the upper sides adjacent to the terminals, where the

cells are in close proximity. The lowest temperatures are consistently observed at the bottom, while

the fronts and backs exhibit similar thermal behavior. The temperature range for cell C is 3.55°C,

while for cell D, it is 6.97°C, indicating a larger thermal variation likely due to the increased

heating effect at specific positions within the module.

107



M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

No Cooling Pulse fast charging: Recorded Temperatures for Cell C
l I I I I

50 \
Max: 48.32°C ——Pos Term Side Lower
Max: 49.43°C ——Neg Term Side Upper
Neg Term Side Lower
45 Max: 45.88°C | —— Center Bottom
Max: 48.04°C |— Center Front
6 Maximum Busbar Temperature = 60°C
40
Q
L
o
[}
é 35 N
g
[¢}]
[eX
£ 30 8
[
25 n
20 | | | |
0 100 200 300 400 500 600 700 800
Time (S)
Figure 76 No Cooling, Pulse fast charging cell C temperature response.
g g ging p P
. No Cooling Pulse fast charging: Recorded Temperatures for Cell D
‘ ' ' \ \ I
Max: 47.64°C |—Pos Term Side Upper
Max: 45.27°C |—Pos Term Side Lower
Neg Term Side Upper
50 - Max: 47.39°C |——Neg Term Side Lower T
Max: 45.36°C |—— Center Bottom
Max: 47.76°C ‘ Center Front i
Max: 47.15°C |— Center Back —
/\45 o
8 Maximum Busbar Temperature = 60°C 7/’/
(]
B
oy 40| .
o
2
©
5 35
o
£
(0]
= 30
25| =
20 | | | |
0 100 200 300 400 500 600 700 800

Time (S)

Figure 77 No Cooling, Pulse fast charging cell D temperature response.
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6.2 Bottom Cooling module test results
The Bottom Cooling module aimed to assess the thermal management capabilities of a
production-grade cold plate. Results from the Hyundai fast charging and Pulse fast charging

profiles are discussed below.

6.2.1 Hyundai Fast charging

The Hyundai loniq fast charging profile was conducted in three parts, interrupted twice as
the busbar temperature reached the 65°C threshold. The voltage response curve, shown in Figure
78, highlights the test segments and the rest periods between them. Initially, the voltage spiked due
to ion excitation, continuing to rise with increasing current. The first segment lasted 12.85 minutes,
covering approximately 58% of the fast-charging region and delivering 48.5Ah to the cells. After
4.5 minutes of cooling to 50°C, the test resumed, but the busbar reheated to the threshold within
4.75 minutes during the second segment. The voltage increase was less pronounced as the cells
entered the near-linear portion of their OCV curve and were not fully relaxed. The third segment
began after a 4.35-minute cooling period, completing the fast-charging and CV phases. In total,
the three segments delivered 106.8 Ah, achieving 94% SoC over 56 minutes, including rest periods,

with the voltage increasing from 18.93V to 25.8V (3.16V to 4.3V per cell).
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Figure 78 Bottom Cooling, Hyundai loniq fast charging Voltage response curve.

The temperature profiles for the cells are presented in Figure 79 to Figure 84. During the
first part of the test, the highest recorded temperature was 48°C on cell C at the upper-side positive
terminal. By the end of the second part, all cells reached their peak temperatures, with the highest
measured at 52.98°C, again at cell C’s upper-side positive terminal. The effects of cell-to-cell
heating were evident across all cells, particularly in cells C and D, which were exposed to heating
from three adjacent sides. Consistently, the sides adjacent to other cells exhibited the highest
temperatures, with temperatures decreasing toward the bottom of the cells. The bottom regions
also displayed signs of cell-to-cell heating, with temperatures ranging from 34.6°C to 37.86°C,
where middle cells were at the higher end of the range. The temperature variation within each cell
ranged from 12.8°C to 17.53°C which is an unacceptably high range, as thermal uniformity is

critical for safety and performance, typically limited to a 5°C difference.
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Figure 79 Bottom Cooling, Hyundai loniq fast charging cell A temperature response.
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Figure 80 Bottom Cooling, Hyundai loniq fast charging cell B temperature response.
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Figure 81 Bottom Cooling, Hyundai loniq fast charging cell C temperature response.
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Figure 82 Bottom Cooling, Hyundai loniq fast charging cell D temperature response.
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Figure 83 Bottom Cooling, Hyundai loniq fast charging cell E temperature response.
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Figure 84 Bottom Cooling, Hyundai loniq fast charging cell F temperature response.
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6.2.2 Pulse fast charging

The 10-second 400A Pulse fast charging profile was completed in eight segments,
primarily interrupted by the busbar temperature reaching the 65°C limit. Exceptions occurred
during parts 5 and 7, where the test was halted due to cycler errors, likely caused by frequent
profile pauses. The voltage response curve, shown in Figure 85, highlights the segmented test
progression and corresponding rest periods. In the first segment, the cells were charged with 30.5
Ah, reaching 27% SoC in 9.12 minutes, approximately 25% of the full profile. The busbar required
3.1 minutes to cool down after this segment, with an average cooldown time of 3.8 minutes across
all segments, which was shorter than observed in the Hyundai profile. This suggests that the
heating was predominantly concentrated on the busbar's outer layers.

The voltage curve exhibited a similar trend to the no-cooling test, with an initial sharp spike
caused by ohmic resistance, followed by a reduced voltage difference as the SoC increased. This
behavior is attributed to the excitation of non-relaxed cells. The total energy delivered to the cells
was 104.9 Ah, equating to 92% SoC in 61.8 minutes. This value is slightly lower than expected,
likely due to the cycler misreading some currents during the frequent pauses and resumptions. The
voltage ranged from 18.75V to 25.21V (3.13V to 4.2V per cell). The lower initial voltage indicates
that the cells were either more deeply discharged or insufficiently relaxed before the test. However,
this deviation is not expected to affect the electrical and thermal performance for the purposes of

this project.
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Figure 85 Bottom Cooling, Pulse fast charging Voltage response curve.

The temperature profiles during the pulse fast charging test, shown in Figure 86 to Figure
91, revealed a maximum temperature of 42°C on cell C at the negative terminal side by the end of
the first charging segment, with a slightly lower value at the positive terminal side. This indicates
that cell-to-cell heating had not fully developed at this stage. Overall, the temperature rise was less
prominent compared to the Hyundai profile and the no-cooling test. After each rest period, the
cells exhibited a brief cooling phase before resuming their temperature increase, suggesting that
the outer surface temperatures lagged behind the core temperatures as heat transfer occurred. The
highest temperatures were observed at the sides adjacent to other cells, confirming the ongoing
influence of cell-to-cell heating, albeit less significant than in previous tests. The bottom of the
cells maintained the lowest temperatures, while the fronts and backs exhibited similar values.

Bottom temperatures ranged from 34.0°C to 37.99°C, with the middle cells showing slightly higher
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readings. Temperature variation within each cell ranged from 12.6°C to 17.4°C, closely resembling

trends observed in the Hyundai test.
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Figure 86 Bottom Cooling, Pulse fast charging cell A temperature response.
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Figure 90 Bottom Cooling, Pulse fast charging cell E temperature response.
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Figure 91 Bottom Cooling, Pulse fast charging cell F temperature response.

6.3 MCHP Cooling
The MCHP Cooling module introduced passive cooling through Micro-Channel Heat

Pipes. Results from the Hyundai fast charging and Pulse fast charging profiles are discussed below.

6.3.1 Hyundai

The Hyundai Ioniq fast charging profile was conducted in two parts due to some cells
reaching the cut-off temperature of 55°C. The voltage response curve, shown in Figure 92,
illustrates the voltage behavior across both parts, including the relaxation period between them. In
the first part, the voltage spiked initially and rose less steeply as the current increased. This phase
lasted approximately 21 minutes, nearly completing the fast-charging region, with 80.56 Ah

delivered to the cells, corresponding to a 71% SoC. This accounted for 97% of the fast-charging
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region and 46% of the total charging profile. Following this, the cells required 19 minutes to cool
to 50°C, while the busbars remained relatively cool throughout the test, attributable to the high
thermal conductivity and smaller size of the copper busbars compared to the cells. The second part
of the test concluded the fast-charging region and the CV mode, delivering a total of 107.1 Ah to
the cells, slightly exceeding the test design due to potential cycler reading errors. The total charging
time was 66.14 minutes, with the module voltage increasing from 18.78 V to 25.26 V (3.13 V to

4.21 V per cell).

MCHP Cooling Hyundai Charging: Voltage and Current vs Time
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Figure 92 MCHP Cooling, Hyundai loniq fast charging Voltage response curve.

The cell temperature curves, shown in Figure 93 to Figure 98, reveal that the maximum
temperatures for all cells occurred immediately after the first part of the test was stopped, with the
highest reading around 55°C at the center bottom thermocouple of the cells. Cell C exhibited

slightly higher temperatures compared to the others, followed by the positive bottom locations for
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most cells, except for Cells C and D, where the upper sides near the positive terminals recorded
higher values. This aligns with the cooling behavior of the MCHP, which effectively reduces
temperatures along the sides, leaving the center bottom (the furthest thermocouple from the
cooling sides) as the hottest location. The design of the MCHP mitigated side-to-side cell heating
by physically distancing the cells from each other, though middle cells still showed slightly
elevated temperatures due to localized cell-to-cell heating. Positive terminals consistently
exhibited higher temperatures than negative terminals, consistent with prior single-cell tests,
highlighting the higher thermal resistance of the NMC cathode compared to the graphite anode.

Unexpectedly low readings were observed on Cell E at the thermocouple near the positive
terminal, suggesting either exceptionally effective MCHP performance at that location or a
possible issue with the thermocouple connection, such as a loose or malfunctioning sensor.
Overall, temperature variation across cells ranged from 1.31°C to 6.41°C, with only Cell B
exceeding the 5°C range, reflecting the MCHP’s ability to maintain a uniform temperature
distribution and enhance cell stability and health.

The MCHP thermal response closely mirrored the cell patterns throughout the test. The
condenser temperatures were slightly higher than those of the adiabatic region, likely due to minor
natural convection at the exposed adiabatic surface. This discrepancy was generally minimal,
suggesting effective phase change behavior in the adiabatic region. Optimal cooling performance
requires closer temperature alignment between the adiabatic and condenser regions, with lower
overall temperatures indicating better efficiency. Variations in MCHP effectiveness across cells
were attributed to inconsistent surface contact between the MCHPs, cell sides, and the cold plate,
which underscores the importance of proper assembly and contact pressure for maximizing cooling

performance.
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Figure 93 MCHP Cooling, Hyundai loniq fast charging cell A temperature response.
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Figure 94 MCHP Cooling, Hyundai loniq fast charging cell B temperature response.
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Figure 95 MCHP Cooling, Hyundai loniq fast charging cell C temperature response.
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Figure 96 MCHP Cooling, Hyundai loniq fast charging cell D temperature response.
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Figure 97 MCHP Cooling, Hyundai loniq fast charging cell E temperature response.
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Figure 98 MCHP Cooling, Hyundai loniq fast charging cell F temperature response.
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6.3.2 Pulse

The 10-second, 400A Pulse fast charging profile was completed in three parts, with
interruptions caused first by the busbar reaching 65°C and subsequently by cells reaching the 55°C
cut-off temperature. The voltage response curve, shown in Figure 99, highlights each phase of the
test and the associated rest periods. During the first part, the cells were charged with 65.2Ah over
19.5 minutes, achieving approximately 57% SoC and completing 53% of the full charging profile.
Following this phase, a 14.5 minutes rest period allowed the busbars to cool to 43°C and the cells
to drop below 50°C.

The second charging phase lasted 8.3 minutes, delivering an additional 25.1Ah before the
temperature threshold was again reached. A subsequent 16.3-minute cooling period reduced the
cell temperatures to below 50°C. The third and final phase completed the charging profile, with
the total test taking 67.6 minutes to deliver 106.7Ah, reaching 94% SoC. Throughout the process,
the module voltage increased from 18.56V to 25.29V (3.1V to 4.2V per cell), reflecting the

expected progression of cell charging.
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0 MCHP Cooling Pulse Charge: Voltage and Current vs Time o5
T T T T

\ | T

‘ il -
—Pack Current (BMS) ‘ ;
—Pack Voltage (BMS) 23 <
4}

Total charge: 106.7 Ah

22

21

20

19

0

-50

'IOO

L
(8]
o

I\)
o
o

Pack Current (A)
I\)
()]
o

Pack Voltag

-300 i

350

-400 ;
| L] E\ |

Part 1 end
art 2 start
Part 3 start

-450 ‘ : : 18
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time (S)

Figure 99 MCHP Cooling, Pulse fast charging Voltage response curve.

The cell temperature readings are shown in Figure 100 to Figure 105, with the maximum
temperature reaching 55.23°C at the center bottom of cell C shortly after the second test stoppage.
All cells reached their peak temperatures around the same time, following a consistent trend where
the center bottom thermocouple recorded the highest values, except for cell D, where the upper
positive side exhibited a slightly higher temperature. The effect of side-to-side cell heating was
less prominent, although thermocouples near the positive terminals consistently detected higher
temperatures than those near the negative terminals. Cells C and D showed more pronounced
temperature elevations due to front and back cell-to-cell heating effects. Additionally, side readings
near the positive terminal on cells B, C, and D exhibited rapid temperature fluctuations during
current application. Cell F displayed an unusual behavior, with its temperature stabilizing after
reaching a maximum at the end of the first part of the test, likely indicating a reading error from

the AVL cycler. Overall, temperature readings exhibited good uniformity, ranging from 1.07°C to
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5.92°C, with only cell B exceeding the 5°C threshold.

The thermal behavior of the MCHPs mirrored the cell temperature patterns, indicating
proper functionality. After the first test stoppage, the MCHP temperature readings for cells B, D,
and E appeared to stabilize, reinforcing the likelihood of an AVL cycler data recording error.
Effective cooling was observed when the adiabatic and condenser temperature readings were
closely aligned, as this reflects minimal heat transfer and efficient phase change within the
MCHPs. The cooling performance was significantly influenced by the quality of surface contact
between the vaporization region of the MCHP and the cell sides, as well as the contact between

the condensation region and the cold plate.
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Figure 100 MCHP Cooling, Pulse fast charging cell A temperature response.
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o5 MCHP Cooling Pulse Charge: Recorded Temperatures for Cell B
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Figure 101 MCHP Cooling, Pulse fast charging cell B temperature response.
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Figure 102 MCHP Cooling, Pulse fast charging cell C temperature response.
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Figure 104 MCHP Cooling, Pulse fast charging cell E temperature response.
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MCHP Cooling Pulse Charge: Recorded Temperatures for Cell D
60 ——Pos Term Side U l ! i il l ! !
pper ; i
——Pos Term Side Lower !
Neg Term Side Lower : . of . o
55| comter Botom | Max: 55.09°C_Max: 54.82°C |
——Pos Term Bottom ! [
——Neg Term Bottom | //: = )
50 --- szg Adiabatic nght — ““‘“«-.L,L‘_H | // e . \
— - - -Neg Condenser Right ~—~— | / Map(: 53.25°C ~
O - - - Pos Adiabatic Left ~t Mai: 53.19 C\ ~
S Pos Condenser Left ‘ Max: 51.91°C
@ 45 | |
& ! :
o | |
o Max: 39.10°C | E N
540 R A e L 1 U PO 1 SRR I
"Ej' i ! |
o MaxasseC |
0 35 PP :
£ A | |
ot - | :
= Pl PO S A —— L
30 © Max: 31.18°C i | —
257 o o b o a
8 g 5 g
L) & & 4
20 | o | o | | o |
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (S)
Figure 103 MCHP Cooling, Pulse fast charging cell D temperature response.
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MCHP Cooling Pulse Charge: Recorded Temperatures for Cell F
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Figure 105 MCHP Cooling, Pulse fast charging cell F temperature response.

6.4 Cooling Methods Comparison Analysis

4500

To provide a fair comparison among the three setups, the influence of busbar temperature

bias must be minimized. This allows the setups to be evaluated under equivalent conditions, using

the runtime of the first part of the Bottom Cooling setup as the baseline. The mutual thermocouple

locations across the setups are then compared to ensure consistency. Figure 106 illustrates the

thermocouple placements for cells C and D, which serve as the basis for this comparison.

Thermocouples at other locations were excluded due to a lack of mutuality or missing data in one

or more setups.
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Figure 106 Cells C and D mutual thermocouple locations across the three testing setups.

D5

6.4.1 Hyundai Fast charging

Ch5

In the Hyundai fast charging test, Cells C and D exhibited consistent cooling performance

trends across the methods of No Cooling, Bottom Cooling, and MCHP Cooling. Figure 107 to

Figure 110 illustrate the temperature profiles for both cells during the Hyundai test, highlighting

maximum temperatures and the relative effectiveness of each method compared to the no-cooling

baseline.

Effectiveness is calculated using Equation (6.1) as the percentage reduction in temperature

relative to the No Cooling scenario and provides a quantitative measure of how well each cooling

method mitigates thermal rise.

Effectiveness =

TNo Cooling — TCooling Method

x 100

TNo Cooling

Bottom Cooling

Table 7 Hyundai Fast Charging Effectiveness Values based on the last 300 S of testing.

MCHP Cooling

(6.1)
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Effectiveness (%) Effectiveness (%)
C5 (Bottom-Centered) 20.05 7.00
DS (Bottom-Centered) 21.02 7.66
D4 (Negative Terminal Lower) 9.82 9.50
C2 (Positive Terminal Lower) 11.82 8.80
D2 (Positive Terminal Lower) 12.39 9.67
C3 (Negative Terminal Upper) -2.75 9.05
D1 (Positive Terminal Upper) -2.47 1.14

Table 7 presents the average effectiveness values of both cooling methods, calculated from
the last 300 seconds of testing. This approach eliminates initial thermocouple reading biases caused
by sensor variability, accuracy limitations, and the time required for cells to fully reach the ambient
temperature. As the test progresses and cells begin to heat up, these variations diminish, ensuring
a more accurate representation of cooling performance.

At bottom-centered positions, Bottom Cooling demonstrated the highest effectiveness,
achieving 20.05% for cell C and 21.02% for cell D, underscoring its strength in providing localized
thermal management near the cooling plate. However, this effectiveness diminished at distant
thermocouples. For example, at the upper side positions next to the negative terminal for cell C
(C3) and the positive terminal for cell D (D1), Bottom Cooling yielded negative effectiveness
values of -2.75% and -2.47%, indicating slight temperature increases compared to No Cooling.

Intermediate positions revealed mixed performance for Bottom Cooling. At the lower side
positions near the positive terminal for cell C (C2) and cell D (D2), effectiveness values of 11.82%

and 12.39% were recorded, reflecting moderate heat dissipation capabilities. Similarly, at the lower
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side position next to the negative terminal for cell D (D4), Bottom Cooling achieved an average

effectiveness of 9.82%, showing localized improvements but limited impact away from the cold

plate.

MCHP Cooling, by contrast, delivered more consistent results across all positions. At
bottom-centered locations (C5 and D5), it achieved effectiveness values of 7.00% and 7.66%,
slightly lower than Bottom Cooling but indicative of uniform cooling performance. At distant
positions such as C3 (Negative Terminal Side Upper) and D1 (Positive Terminal Side Upper),
MCHP Cooling significantly outperformed Bottom Cooling, achieving effectiveness values of
9.05% and 1.14%, respectively. However, D1 is relatively low considered to the rest likely due to
insufficient contact pressure between the MCHP and the cell. For intermediate positions (C2, D2,

and D4), effectiveness ranged from 8.80% to 9.67%, highlighting MCHP Cooling's reliable and

distributed heat management capabilities.

Hyundai Fast Charging: Temperatures for Cell C
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Figure 107 Mutal thermocouples, Hyundai fast charging cell C temperature response.
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50

Hyundai Fast Charging: Cooling Effectiveness for Cell C Relative to No Cooling
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Figure 108 Mutal thermocouples, Hyundai fast charging test: Bottom and MCHP cooling cell C

effectiveness relative to No Cooling.

) Hyundai Fast Charging: Temperatures for Cell D
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Figure 109 Mutal thermocouples, Hyundai fast charging cell D temperature response.
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Hyundai Fast Charging: Cooling Effectiveness for Cell D Relative to No Cooling
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Figure 110 Mutal thermocouples, Hyundai fast charging test: Bottom and MCHP cooling cell D

effectiveness relative to No Cooling.

6.4.2 Pulse

In the Pulse fast charging test, cooling effectiveness improved for both methods compared
to the Hyundai test, particularly for MCHP Cooling. Figure 111 to Figure 114 present the
temperature profiles and relative effectiveness for this test. Table 8 presents the average
effectiveness values of both cooling methods, calculated from the last 300 seconds of testing. At
bottom-centered positions (C5 and D5), Bottom Cooling achieved effectiveness values of 17.83%
and 19.04%, slightly lower than in the Hyundai test but still demonstrating strong localized
performance. However, distant thermocouples like C3 and D1 recorded negative effectiveness
values of -3.43% and -1.84%, again reflecting Bottom Cooling's limitations in managing heat away
from the cooling plate.

At intermediate positions, Bottom Cooling's performance remained moderate, with
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effectiveness values of 11.64% and 12.05% at C2 and D2, and 9.55% at D4. This performance
trend aligned with its focus on localized cooling near the cold plate.

MCHP Cooling consistently outperformed Bottom Cooling in terms of the cell’s
temperature distribution. At bottom-centered positions (C5 and DS5), it achieved effectiveness
values of 12.44% and 13.58%, maintaining strong localized performance. At distant positions such
as C3 and D1, MCHP Cooling delivered higher effectiveness, 13.42% and 4.52%, respectively,
demonstrating its capacity for uniform thermal management. The D1 location still had lower
effectiveness than the rest due to the contact pressure. For intermediate positions (C2, D2, and
D4), effectiveness values ranged from 13.65% to 14.00%, further emphasizing its consistent
cooling performance across the entire cell.

A key observation from pulse testing is that as current increased, Bottom Cooling struggled
to dissipate the additional heat, reducing its effectiveness. In contrast, MCHP Cooling improved
with rising heat generation, leveraging the capillary effect, where a greater temperature gradient
(AT) between the evaporator and condenser enhanced heat transfer efficiency.

Table 8 Pulse Fast Charging Effectiveness Values based on the last 300 S of testing.

Bottom Cooling MCHP Cooling
Effectiveness (%) Effectiveness (%)
C5 (Bottom-Centered) 17.83 12.44
DS (Bottom-Centered) 19.04 13.58
D4 (Negative Terminal Lower) 9.55 13.90
C2 (Positive Terminal Lower) 11.64 13.65
D2 (Positive Terminal Lower) 12.05 14.00
C3 (Negative Terminal Upper) -3.43 13.42

136



M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

Current (A)

D1 (Positive Terminal Upper) -1.84 4.52

Pulse Fast Charging: Temperatures for Cell C
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Figure 111 Mutal thermocouples, Pulse fast charging cell C temperature response.

137

40

20
600

Temperature (°C)



M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

50

Pulse Fast Charging: Cooling Effectiveness for Cell C
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Figure 112 Mutal thermocouples, Pulse fast charging test: Bottom and MCHP cooling cell C

effectiveness relative to No Cooling.

Pulse Fast Charging: Temperatures for Cell D
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Figure 113 Mutal thermocouples, Pulse fast charging cell D temperature response.
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Pulse Fast Charging: Cooling Effectiveness for Cell D
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Chapter 7

Future Work

To address the design challenges faced with using three separate prototypes for each
cooling configuration, a modular battery testing platform was developed. This improved design
features a fixed body with interchangeable top and bottom attachments, allowing seamless
transitions between four distinct testing modes: No Cooling, Bottom Cooling, MCHP Cooling, and
a Combined Bottom and MCHP Cooling setup. This modular approach eliminates inconsistencies
by keeping thermocouple placements, cell positioning, and the gap above the cells identical across
all setups, ensuring consistent and reliable comparison of the cooling strategies. The finalized
modular design is shown in Figure 115 and Figure 116. The top and bottom plates are secured to
the fixed body using twelve 3/8"-16 fasteners and square nuts, allowing for precise torque settings
based on the required pressures between the Cold plate, MCHP, and the bottom of the cells. The
top and bottom plates are bonded to the cold plates with JB Weld Epoxy Adhesive (3900 PSI),
similar to the second setup testing the bottom cooling.

On the data acquisition front, the system has been upgraded with three NI 9213 and one NI
9214 modules, capturing temperature data from all thermocouples with improved precision. The
cold plate inlet and outlet are monitored using Type T thermocouples with better accuracy than the
J-Type thermocouples used previously.

The Hyundai Ioniq fast charging profile and the 400A 10-second pulse fast charging profile
were not designed for these cells. To optimize performance, a fast-charging profile tailored to the

CALB NMC 811 cells and the MCHP cooling system can be developed to maximize charging
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efficiency while preventing thermal runaway in both the cells and busbars. Given that the MCHP
performs better under high heat loads, an alternative approach could involve sustaining a
continuous current above 400A and dynamically reducing it once the cells reach a critical
temperature threshold.

The hybrid cooling setup combining Bottom Cooling and MCHP Cooling presents an
opportunity for optimized thermal management. Although the design suggests improved
performance, it requires extensive experimental validation. Future studies should investigate how
effectively heat is distributed, assess the system's overall thermal resistance, and determine how
the coolant flow rate balance impacts performance. Proper management of the cold plate and

MCHP flow paths is critical to prevent thermal interference and ensure efficient cooling.

Figure 115 New testing setup with the MCHP Top attachment to be bonded to the cold plate.
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Figure 116 New testing setup with the Bottom Cooling attachment to be bonded to the cold plate.
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Chapter 8

Conclusion

Effective cooling is essential for achieving fast charging. The Bottom Cooling solution
demonstrated the lowest cell temperatures, excelling in localized heat management at bottom-
centered positions like C5 and D5, where effectiveness values reached 21.02% and 19.04%,
respectively. However, this method exhibited significant limitations, including poor temperature
uniformity, with distant thermocouples often showing negative effectiveness values. Such uneven
cooling is both operationally unacceptable and potentially hazardous, deeming the solution
unsuitable for practical applications. Adjusting flow rates and coolant temperatures might enhance
performance, but the inherent issues with temperature distribution remain a concern.

In contrast, the MCHP cooling solution provided more consistent and distributed cooling
across the cells. It achieved effectiveness values of 13.42% at C3 and 4.52% at D1 during the Pulse
test, and it reduced thermal gradients, with average temperature differences of 1.20°C and 1.43°C
for the Hyundai and Pulse tests, respectively. This uniformity enhances cell stability and safety,
making MCHP cooling a more promising approach. However, the MCHP solution did not
sufficiently cool the cells to complete tests without interruptions, primarily due to inadequate
contact pressure between the MCHPs, cells, and the cold plate. Optimizing contact mechanics and
exploring different coolant flow rates and temperatures are necessary for further validation and
performance improvement.

Busbar temperatures posed challenges across all setups, often interrupting the tests. The

MCHP module's larger empty spaces and substantial terminal openings likely enhanced natural
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busbar cooling, while the No Cooling setup provided moderate cooling space. In contrast, the
Bottom Cooling setup, with its tightly constrained spaces and limited openings, restricted air
circulation, reducing natural convection and leading to elevated busbar temperatures.
Nevertheless, the impact on cell temperatures was likely minimal, as a thick thermal shield above
the cells confined heat within the cell environment. Addressing these design oversights is essential
to improve testing reliability and ensure consistent cooling performance.

Finally, a new modular testing platform was introduced to address the challenges of earlier
prototypes, providing a consistent and repeatable framework for evaluating cooling strategies in

future testing.
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Appendices

10.1 New Design Dimensioning

This section presents the future design dimensions to be 3D printed by the CMHT group,
with all dimensions specified in millimeters.
10.1.1 MCHP

This is the updated MCHP dimensions by Calyos. The length of the adiabatic section was

decreased based on testing results and design optimization.
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Figure 117 Optimized MCHP dimensions.
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10.1.2 Body Center Part

This component is printed in duplicate, with one piece mirrored.
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Figure 118 Body middle part left side.

164



M.A.Sc. Thesis - M. Al Akchar; McMaster University - Mechanical Engineering.

10.1.3 MCHP Testing Top Part
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Figure 119 The MCHP testing fixture top part.
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10.1.4 Enclosed Top Part
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Figure 120 Enclosed top cover utilized in both No Cooling and Bottom Cooling setups.
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10.1.5 Bottom Cooling Lower Part
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Figure 121Bottom Cooling lower part attachment.
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10.1.6 Enclosed Lower Part
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Figure 122 Enclosed Lower cover utilized in both No Cooling and MCH Cooling setups.
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