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ABSTRACT

In the contemporary landscape, lithium-ion batteries (LIBs) are key components
powering a wide array of electronic devices and electric vehicles (EVs). As society
increasingly relies on these batteries for their efficiency and functionality, understanding
and mitigating potential risks, such as thermal runaway (TR) events, become imperative.
The objective of this dissertation is to comprehensively understand TR characteristics of
LIBs through a combination of experiments and numerical simulation, thereby enhancing
battery safety, refining design standards, and providing insights and guidelines for the
prevention and management of TR events.

Firstly, this dissertation explores the safety regime of LIBs TR through a
computational approach, identifying critical heat source intensity and duration time that
determine the boundaries between TR and safe operational zones. Additionally, it studies
heat release during an internal short circuit (ISC) event, combining thermal-
electrochemical and thermal runaway models.

Secondly, this dissertation presents an in-depth investigation into the effects of
radiative heat transfer on TR propagation. It employs a theoretical model to assess the
nonlinear and non-monotonic nature of radiative effects between cylindrical Li-ion cells
and examines the blocking effect in various cell arrangements.

Thirdly, this dissertation investigates cell-to-cell variability in TR characteristics
among LIBs with lithium cobalt oxide (LCO), highlighting the challenges in accurately
predicting TR events. It also explores the utility of statistical analysis and uncertainty

quantification in TR kinetic models.
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Fourthly, this dissertation analyzes the impact of aging on the TR behavior of
lithium nickel cobalt manganese oxide (NCM) and lithium iron phosphate (LFP) batteries.
It reveals significant effects of aging on battery safety, including variations in onset
temperatures for exothermic reactions, TR delay time, and cell voltage drops.

Lastly, this dissertation introduces a novel approach to suspend TR, focusing on
preserving the electrochemical performance retention of LFP cells. It emphasizes the
importance of a temperature threshold for preventing further damage. Furthermore, size
and time dependence of particle emission from TR has been investigated for its
environmental and health concerns.

This dissertation adopts a comprehensive approach involving experimental
research, statistical analysis, and modeling. It provides valuable insights for enhancing

battery safety and mitigating potential hazards.
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INTRODUCTION

Overview

In the expanding landscape of energy storage, lithium-ion batteries (LIBs) power a
diverse range of applications, from portable electronic devices to electric vehicles (EVs).
They play a crucial role in renewable energy storage and vehicle electrification, thus
becoming an integral part of modern energy solutions. As their utilization grows, ensuring
the safety of LIBs, particularly in preventing thermal runaway (TR) events, becomes a
critical concern. Thermal runaway events in LIBs can result in severe consequences,
including fire, explosion, and damage to battery integrity. In the pursuit of a cleaner and
more sustainable energy future, addressing the safety challenges associated with LIBs,
particularly thermal runaway, emerges as a key priority. Understanding and mitigating the
risks of thermal runaway in LIBs is essential not only for enhancing the safety of electronic
devices and EVs but also for promoting sustainable energy practices. This dissertation
embarks on a multifaceted exploration of thermal runaway characteristics in LIBs,
integrating experimental methodologies and numerical simulations. Its aim is to reveal the
complexities of thermal runaway phenomena, enhance safety protocols, influence battery
design, and increase public confidence in the reliability of LIBs. Through these efforts, it
provides valuable insights and makes a significant contribution to research and safety

considerations of LIBs.



Background

Overview of Li-ion batteries

Li-ion batteries (LIBs) have become integral to modern technology, powering
everything from small electronic devices to EVs [1-3]. Their attributes, including high
energy density, high specific power, rechargeability, and high efficiency, make them ideal
for a wide range of applications [4—7]. As the world progresses towards sustainable energy
solutions, the role of LIBs in energy storage and conversion systems becomes increasingly
critical, contributing significantly to decarbonization and energy electrification [8—14].

Li-ion batteries offer numerous advantages and have demonstrated great potential
for commercialization, yet they still present certain safety concerns due to inherent
drawbacks. Over time, Li-ion batteries can degrade, leading to reduced capacity and
efficiency, and thus resulting in unstable performance [15-18]. Moreover, they are
sensitive to temperatures, which can exacerbate degradation and increase the risk of fire or
explosion [19-21]. Additionally, environmental concerns arise from the production and
disposal of these batteries, due to the extraction of rare materials and difficulties in
recycling [22-25]. Another critical issue is the potential risks of thermal runaway, a
dangerous condition in which the battery can overheat and potentially lead to fires or
explosions [26-30]. This can be triggered by factors such as short circuits [31-33],
overcharging [34-38], physical damage [39-43], or exposure to high temperatures [44—
46].

Despite their extensive use in numerous fields, ranging from powering portable

electronic devices to EVs, Li-ion batteries still present potential safety hazards. Among
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these challenges, thermal runaway is a prominent issue that can cause hazardous damage

to a cell as well as its environment, making it the focus of this dissertation.

Working principle and configuration of Li-ion batteries

Li-ion batteries, recognized for their high energy density and efficiency, operate on
a set of complex electrochemical reactions. These batteries are primarily composed of two

key electrodes — the negative electrode and the positive electrode, both made from lithium

intercalation compounds, along with an electrolyte and a separator. The typical negative
electrode materials include natural graphite or hard carbons, while common materials for
the cathode are metal oxides. These oxides can have a layered structure like Lithium Cobalt
Oxide (LiCo0y), a spinel structure such as Lithium Manganese Oxide (LiMn20s), or an
olivine structure like Lithium Iron Phosphate (LiFePOs), as shown in Figure 1 [47].
During charging, the positive electrode undergoes oxidation, and the negative
electrode experiences reduction. Conversely, during discharge, these reactions are
reversed. The schematic for the reaction of charging and discharging is shown in Equation
(1.) - Equation (3.) (where M is Co, Ni, Mn, etc. and MO refers to metal oxide) [48].
Throughout these processes, lithium ions intercalate or are extracted from the interstitial
spaces in the atomic layers of the active materials, effectively shuttling back and forth
between the negative and positive electrodes. This movement, driven by potential and
concentration gradients, includes both migration and diffusion. The electrolyte, a mixture
of organic carbonates, facilitates the transfer of lithium ions. Meanwhile, the separator, a

microporous material, ensures ion conductivity while preventing electronic conduction and



(a) (b) (©)

Figure 1. Representative crystal structure of cathode materials for Li-ion batteries

(a) layered a-LiCoO2; (b) cubic LiMn204 spinel; (¢) olivine-structured LiFePQa.



direct contact between the electrodes, thus avoiding short circuits. Figure 2 illustrates the
structure and working principle of Li-ion battery.

Positive electrode:

Charge
LiMO, 2  Lij_ MO, + xLi* + xe~ (1)
Discharge
Negative electrode:
Charge
yC+xLit +xe” 2  LiyC, (2.)
Discharge
Overall:
Charge
LiMO,+yC 2  Li;_yMO, + Li,C, (3.)
Discharge

Moreover, the structure of a battery is designed to support these reactions
efficiently. Both the negative electrode and positive electrode include current collectors,
typically made of copper foil for the negative electrode and aluminum foil for the positive
electrode, which facilitate the conduction of electrons from the active materials to the

external circuit. The separator also plays multiple roles — it prevents the direct short circuit

between the electrodes, acts as a reservoir for the electrolyte, accommodates electrode
expansion, and serves as a safety layer against Li-dendrite formation.

In summary, the charging and discharging of a lithium-ion battery are characterized
by the reversible intercalation and extraction of lithium ions between the negative electrode

and positive electrode, accompanied by a corresponding flow of electron through the
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Figure 2. Schematic of a Li-ion battery during charge and discharge.




external circuit. This process is governed by redox reactions at the electrodes, facilitated
by the movement of ions through the electrolyte, and controlled by the separators and
current collectors.

The emergence of lithium-ion batteries has significantly contributed to the
advancement of energy storage and human society, making a key technological
breakthrough that powers everything from small electronics to EVs. This innovation has
developed into several types, including cylindrical cells, prismatic cells, pouch cells, each
with unique characteristics and applications that have profoundly impacted industry and
driven forward the sustainable energy revolution.

Among the various lithium-ion battery types, as shown in Figure 3, cylindrical cells
have been a staple in the industry, especially in consumer electronics and early electric
vehicle models [49]. Known for their high mechanical stability and efficient heat
dissipation, these batteries have been foundational for companies like Tesla. However, the
cylindrical design, while mature in its manufacturing process, faces limitations in space
utilization and complexity in module design. Tesla's progression from the 18650 cells to
the more advanced 2170 and recently developed 4680 cells illustrates the efforts to
overcome these limitations [49]. This evolution has been driven by the need for higher
energy density and reduced costs, leading to significant improvements in EV range and
battery performance.

In contrast to cylindrical cells, prismatic and pouch cells offer distinct advantages,

primarily in terms of design flexibility and space efficiency. Prismatic cells, with their flat,
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Figure 3. Configuration of different types of Li-ion batteries (a) cylindrical cell; (b)

prismatic cell; (c) pouch cell.



rectangular shapes are widely used in various applications, including consumer electronics
and EVs. Their compact battery design allows for improved space utilization, making them
a popular choice for devices and vehicles where efficient use of space is crucial [50].
However, these cells present manufacturing challenges in terms of sealing and ensuring
safety. On the other hand, pouch cells, which are enclosed in flexible pouches, allow for a
variety of shapes and sizes, making them ideal for space-constrained applications [51].
They offer high energy density and efficient space usage but require complex protective
structures due to their susceptibility to physical damage.

The advancements in lithium-ion battery technology, from Tesla's pioneering work
with cylindrical cells to the broad adoption of prismatic and pouch cells, demonstrate the
industry's relentless pursuit of innovation. These developments have far-reaching
implications, enabling EVs to achieve longer ranges, enhanced reliability, and addressing
critical challenges such as safety and environmental sustainability. The continuous
evolution of battery technology underscores its key role in shaping a sustainable energy

future and marks it as a cornerstone of the ongoing energy revolution.

Thermal runaway of Li-ion batteries

Lithium-ion batteries (LIBs) pose significant safety risks due to the potential for
thermal runaway, a condition where internal battery temperatures escalate uncontrollably,
leading to fires and explosions. This phenomenon results from a complex interplay of
chemical and physical processes within the battery. Thermal runaway can be likened to a
combustion process, where the battery contains both "fuel" and "oxidizer." It begins with

an increase in internal temperature, which can trigger the decomposition of solid-
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electrolyte-interphase (SEI) layer. This layer is thermally unstable and can decompose
under high temperatures, leading to a series of exothermic reactions in the electrodes or
electrolyte of batteries [52—54].

These reactions often involve the direct contact of lithium with the electrolyte,
generating flammable substances like lithium carbonate and ethylene. As these reactions
release heat, materials inside the battery, such as the electrolyte or separator, may start to
break down, further exacerbating heat generation and releasing flammable gases. This
creates a self-sustained chain of highly exothermic reactions [55,56]. If the resulting
increase in temperature and pressure is not adequately dissipated, it can lead to structural
damage to the battery, potentially causing the cell casing to rupture and the flammable
electrolyte to ignite. This rapid and uncontrollable escalation can result in battery fires or
explosions, posing a major concern for electronic devices and electric vehicles (EVs).
Uncontrolled thermal runaway can have catastrophic consequences.

Overall, the factors that can initiate thermal runaway in lithium-ion batteries can be
summarized into three main categories: mechanical abuse, electrical abuse, and thermal
abuse [57]. Mechanical abuse [58] refers to physical damage that can compromise the
structural integrity of batteries. This includes impacts, punctures, crushing, or any form of
deformation. When a lithium-ion battery undergoes mechanical stress, it can lead to the
breakdown of internal components, creating conditions that promote internal short circuits.
Such shorts can rapidly increase the temperature within the cell, potentially triggering
thermal runaway. For example, if a battery is dropped or punctured, the physical force can

breach the separator between the anode and cathode, leading to direct contact and
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subsequent heat generation. Mechanical abuse is particularly concerning in scenarios
where batteries are used in harsh environments, highlighting the need for robust battery
designs and protective casings.

Electrical abuse occurs when a battery is subjected to conditions outside its
specified electrical operating range [58]. This includes overcharging (charging the battery
beyond its maximum voltage), deep discharging (discharging the battery below its cut-off
voltage), and exposure to currents exceeding its safe limits. Such conditions chemically
stress the battery, leading to excessive heat generation. For instance, overcharging can
cause lithium plating on the anode, creating an unstable buildup that can trigger internal
shorts. Similarly, charging or discharging a battery at extreme current rates can overwhelm
the battery's thermal management capabilities, rapidly elevating its temperature and risking
thermal runaway. FElectrical abuse underscores the importance of precise battery
management systems (BMS) that monitor and control the charging and discharging
processes to ensure safety.

Thermal abuse involves exposing a battery to temperatures beyond its safe
operational limits [58]. At the high operating temperature, excessive heat can accelerate
the degradation of battery components, disrupt the electrochemical balance, and increase
the risk of thermal runaway. For instance, if a battery is situated near a heat source, the
elevated ambient temperature can initiate a series of internal exothermic reactions, leading
to runaway conditions. Conversely, exposure to extreme cold can also be harmful. It
increases internal resistance, which can lead to localized heating during charging or

discharging, creating hot spots within the battery that could trigger thermal runaway. These
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events can release heat and flammable gases, leading to larger-scale thermal runaway
propagation and posing direct threats to life and property.

Figure 4 [30] illustrates the interrelated nature of various abuse conditions in LIBs,
highlighting how mechanical abuse can often lead to electrical abuse, and both can
subsequently lead to thermal abuse. This correlation suggests that mechanical and electrical
stresses can compromise the integrity of the separator of battery. Once the separator is
damaged, it frequently results in an internal short circuit, triggering a series of chain
reactions characterized by the rapid release of large amounts of heat, ultimately leading to
thermal runaway. The susceptibility of LIBs to thermal runaway under these varied abuse
conditions has become a significant concern, emphasizing the importance of addressing
these safety challenges. Improving the safety of LIBs against such abusive conditions

remains a priority and a key obstacle to further advancements in the technology of LIBs.

Motivation and objective

Thermal runaway in LIBs typically begins with thermal initiation at a hot spot,
followed by undesired exothermic chemical reactions triggered at elevated temperatures,
fundamentally positioning it as an ignition issue. Our goal is (1) to establish the safety
regime of LIBs against thermal runaway through a computational approach, identifying
critical heat source intensity and duration times that determine the boundary between
thermal runaway and safe operational zones, (2) evaluate key kinetic features and the
effects of electrode material properties on thermal runaway to understand the threshold
conditions that lead to TR, and (3) quantify the heat release rate in internal short circuit

(ISC) scenarios to assess its potential in triggering thermal runaway, thereby enhancing
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our understanding of LIBs safety and focusing on identifying the critical conditions under
which thermal runaway can occur.

After investigating the initiation of thermal runaway, our focus shifted to another
challenge in battery safety: thermal runaway propagation within a battery pack. This aspect
is crucial for understanding how a thermal event in one hot cell can affect neighboring cells
and potentially the entire battery system. A key factor in this process is radiative heat
transfer, which significantly influences thermal runaway propagation within a Li-ion
battery pack. We aim to develop a theoretical model based on view factor theory to predict
how radiative heat impacts thermal runaway propagation. This model will consider non-
linear and non-monotonic effects to thoroughly explore the impact of radiative heat on
thermal runaway propagation in Li-ion battery packs, especially when exposed to adjacent
heat or fire sources.

In addition, a significant challenge in understanding thermal runaway in LIBs is the
cell-to-cell variability observed even among new cells with similar initial conditions. This
variability, observed in thermal runaway key features such as onset temperature, heat
release rate, delay time, and maximum temperature, poses challenges for accurately
modeling and predicting thermal runaway behavior. Addressing this variability is crucial
for cell-level safety evaluation and for understanding thermal runaway propagation in
battery modules and packs.

Another crucial aspect to consider is cell degradation and its varied patterns, which
significantly influence thermal runaway. Research indicates that the degradation patterns

in LIBs are complex and diverse, significantly affecting the tendency towards thermal
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runaway. The mechanisms of degradation include processes such as lithium plating,
electrolyte decomposition, and breakdown of cathode materials. These processes
significantly impact the internal resistance, thermal stability, and heat generation
characteristics of the cells. For example, lithium plating can lead to dendrite formation,
which may puncture the separator and induce internal short circuits, a direct cause to
thermal runaway. The complexity of battery degradation, coupled with cell variability,
complicates the task of accurately predicting and simulating thermal runaway in LIBs.
Consequently, a comprehensive understanding of the impact of aging on Li-ion battery
thermal runaway becomes essential.

Furthermore, it is important to study vent gas and aerosol emissions during thermal
runaway. Understanding the type and amounts of hazardous substances released is critical
for assessing health and environmental risks.

After gaining a comprehensive understanding of thermal runaway in LIBs through
experiments and simulation, a critical question arises how to suspend thermal runaway
while maintaining battery functionality. Our research aims to identify a based criterion as
the last waring sign to stop thermal runaway and meanwhile to retain the functionality of
the battery.

The primary objectives and contributions of the current work are to provide a
comprehensive understanding of the thermal runaway characteristics in LIBs, emphasizing
the complexity of cell variability, degradation patterns, thermal behavior, and heat transfer
mechanisms. The dissertation includes experimental testing, statistical analysis, kinetic

modeling, and numerical simulations to investigate these aspects in detail.
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CHAPTER1

COMPUTATIONAL IDENTIFICATION OF THE SAFETY REGIME

OF LI-ION BATTERY THERMAL RUNAWAY
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Abstract

Internal short circuit (ISC) and the subsequent electrochemical heat release is frequently a
direct cause to trigger Li-ion battery thermal runaway. In this work, a decouple-recombine
modeling approach is adopted to reveal the feature of thermal runaway induced by a typical
ISC event. The thermal response and chemical kinetic feature of thermal runaway is
computationally investigated in a three-dimensional configuration with assigned heat
source intensity and duration. The threshold runaway state and the safety regime diagram
are identified, corresponding to a pair of critical heat source intensity and critical duration
time. Consequently, a safety regime diagram is computationally identified to distinguish
the thermal runaway zone and safety zone. Simulation and analysis have been conducted
to evaluate the dominant physical-chemical parameters, and the dependence of cathode

material during thermal runaway. Meanwhile, the power dissipation during a representative
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ISC scenario is analyzed, where the local current could be an order of magnitude higher
than that for a regular 1 C discharge, and the maximum heat release rate is around 10'?
W/m?. This heat release is input as source in the thermal runaway simulation, to
demonstrate the coupling of the ISC and thermal abuse models. This work provides useful
guidance to the fundamental understanding and prediction of thermal runaway phenomena

induced by internal short circuit in Li-ion batteries.

1. Introduction

According to a recent projection made by the US Energy Information
Administration (EIA), the combined share of sales attributable to gasoline and flex-fuel
vehicles declines from 93 % in 2018 to 75 % in 2050 due to the growth in battery electric
vehicle (BEV), plug-in hybrid electric vehicle (PHEV), and hybrid electric vehicle (HEV)
scales [59]. As an advanced power storage medium, the development of Li-ion battery has
attracted extensive research interest, as reviewed in [12,60,61]. Most previous research
efforts target three major fundamental challenges of Li-ion battery, i.e., low energy density,
undesired irreversible change and strong dependence on temperature. Specifically, the first
fundamental challenge in Li-ion battery development and implementation is its relatively
low energy density compared to conventional energy sources, such as petroleum-based
fuels. The specific energy of gasoline is approximately 45 MJ/Kg, while the value for the
state of art Li-ion battery is around 250 Wh/Kg [61], leading to a specific energy density
ratio of 50 between gasoline and battery. This partly leads to the large size of battery packs
in vehicles and slow charging issue, and has become a primary driving force for the

development of new battery materials and chemistry. The second challenge is induced by
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the irreversible physical-chemical change such as degradation and aging [62]. The formed
internal fracture or other unwanted physical structure change, e.g., Lithium-dendrite,
during multiple charge-discharge cycling adds to more resistance for Li ion transfer and
aggravates cycle-to-cycle and cell-to-cell variations [63] and may even cause failure and
thermal runaway [64]. The third primary challenge is induced by the temperature
sensitivities of Li-ion batteries. At relatively low temperatures, Li-ion batteries suffer from
slow ion and charge transfer rate as well as slow electrochemistry, exhibiting high internal
resistance and meanwhile aggravating the formation and growth of Li dendrite [64]. This
feature intrinsically limits the cold performance of Li-ion batteries, however, it could be
still improved by designing various heating protocols [65]. Under high temperature abuse
or accidental conditions [66—72], undesired reactions such as Solid-Electrolyte-Interphase
(SEI) decomposition, reaction between electrodes and electrolyte, and electrolyte
decomposition, etc., can occur inside of the battery, leading to thermal runaway and
subsequent explosion hazard [73-76]. In addition to these major challenges, the
development of low-cobalt cathode material and battery recycling technology has attracted
extensive interest, due to the environmental concerns from battery manufacturing and
disposal.

Among these fundamental challenges and opportunities, the most urgent one is the
monitor and prediction of thermal runaway, since it directly threatens properties and human
lives. The mechanisms of thermal runaway are classified into mechanical abuse, electrical
abuse and thermal abuse, and have been systematically reviewed in [30]. According to the

survey conducted in [30], almost all reported EV accidents are associated with fire caused
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by thermal runaway, mostly likely, triggered by short circuit. The first and mostly adopted
thermal runaway model of Li-ion batteries was developed by Hatchard et al. [73], where
kinetic parameters of chemical reactions between electrodes and electrolyte were measured
and calibrated from accelerating rate calorimetry (ARC) and differential scanning
calorimeter (DSC), and the model results fit well with the oven exposure test for 18650
LiCoOx/graphite cell. Later, Spotnitz et al. [74] did a more systematic review of thermal
behavior of components in Lithium-ion battery and a more complete set of exothermic
reactions including the reaction of electrolyte decomposition. Based on these
understanding, Kim et al. [75] developed a thermal abuse model and applied it to a 3D Li-
ion battery configuration, further accounting for cell geometry and anisotropy of material
thermal properties and successfully demonstrated the multidimensional behaviors of Li-
ion battery thermal runaway. Since then, this thermal abuse model and simulation approach
has been adopted in various studies related to Li-ion battery thermal runaway [38,77-84].
These studies, for instance, include the influence of different material properties [77], the
effectiveness of cooling system on runaway and propagation prevention [78] as well as
thermal runaway under different experimental conditions such as constant-power heating
test [79], overcharge [38], nail penetration [80] and internal short circuit [81]. Submodels
including battery aging and other factors have also been developed [85] and combined with
this thermal abuse model. Although Li-ion battery thermal runaway is largely cell and
material dependent, there are intrinsic common features rooted in this class of phenomena,
in that it is always thermally initiated by a hot spot, followed by undesired exothermic

chemical reactions triggered at elevated temperatures. Therefore, Li-ion battery thermal
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runaway is intrinsically an ignition problem. With the widely adopted and validated models
for thermal runaway and the electrochemistry, the goal of the current work is to answer
three of the most critical questions regarding thermal runaway and ISC of Li-ion batteries:
(1) What is the threshold condition, i.e., power density (in W/m?) and duration, for a hot
spot to trigger Li-ion thermal runaway? (2) What are the chemical kinetic features and key
parameters during thermal runaway? (3) For a typical ISC scenario, how large is the heat

release rate, and will it be sufficient to trigger thermal runaway?
2. Configuration and modeling methodology

2.1 Configuration

As shown in Figure 5(a), a 3D box configuration with a cylinder region is adopted
to represent a prismatic battery with nail penetration for the thermal runaway modeling
part. The dimensions of the domain are 180 mm (height) x 130 mm (width) x 50 mm
(depth) [78]. A cylindrical region of 1.5 mm (radius) x 40 mm (length) is placed
perpendicular to the left surface. In this configuration, thermal runaway is triggered by two
dominants physical-chemical processes: heat transfer from the cylindrical region with an
artificially assigned uniform heat source intensity Q (W/m?) and duration time df (s), and
the runaway chemical kinetics involving the electrodes and electrolyte that contribute to
heat generation within the bulk of battery.

The energy conservation equation of the computational domain is shown in the

following:

a(pcpT)

T V- (kVT)+S (4.)
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where p is the density, ¢, is the heat capacity, k is the thermal conductivity, T is
temperature. In the main computational domain within the cell, § = Sg,; + Spe + Spe + Se,

the meaning of these heat source terms related to thermal runaway is explained in Sec. 2.2.
Given the much larger size of the battery compared to a single layer of cathode-separator-

anode, the thermal runaway reactions are assumed to be uniformly distributed within the

Q ift<dt

cell. While in the cylindrical region, we have S = { 0 if t > dt

representing a uniform

heat source lasting a certain duration time. Due to the multi-layered structure of the Li-ion
battery, the anisotropic thermal conductivity of the battery (through-plane and in-plane) is
considered. The values of thermal properties of a typical LiCoO»/graphite battery are listed
in Appendix Table 1 [78].

To understand the actual heat generation rate (in W/m?) from a typical internal short
circuit (ISC) event, a 2D unit cell model is developed for thermal-electrochemical
modeling, including copper negative current collector, a porous negative electrode
(typically made of graphite), an ion-conductive but electron-insulating separator, a porous
positive electrode made of Li and transition metal oxide, aluminum positive current
collector and a piece of Aluminum metal directly connecting two electrodes. The structure
and thickness of each layer is shown in Figure 5(b). A liquid electrolyte permeates the
electrodes and separator region. The solid-phase in electrodes is described by a lattice of
spherical particles with uniform size, representing the intercalation center for metallic Li
diffusion. During a typical discharging process, metallic Li is deintercalated out of the
anode. An equal amount of Li ion and electrons are generated at the electrode-electrolyte

interface of each spherical particle. These Li ions are transferred through the electrolyte,
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Figure 5. (a) a 3D configuration of a prismatic cell for the simulation of thermal
runaway, including a cylindrical region representing nail penetration; (b) a 2D unit

cell model with metal penetrating the separator for internal short circuit modeling.
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across the separator, to the cathode; while the electrons migrate through the external circuit
and back to the positive current collector, and eventually recombine with these Li ions.
Consequently, these metallic Li atoms eventually intercalate into each solid spherical
particle. By design, electrons are not allowed to penetrate the separator and are forced to
go through the external circuit under this normal discharging condition. For simplicity, ISC
in the current work is triggered by a piece of Aluminum that directly connects the positive
and negative electrodes, which creates an alternative path for the migration of electrons
within the battery.

The mass and charge conservation equations, energy conservation and the
electrochemical kinetics given by Bulter-Volmer equation are solved together following
the configuration in Figure 5 (b), subject to properly given boundary conditions. More
details on ISC thermal electrochemical modeling are provided in Sec. 2.3. The power
dissipation density (in W/m?) is then calculated to measure rate of energy dissipation and

heat release from the electrochemical system to the thermal system.

2.2 Thermal runaway modeling

The thermal runaway models demonstrated in [73-76] are briefly reviewed and
adopted in the current study. Solid electrolyte interface (SEI) formed during the first cycle
in Li-ion batteries plays a vital role in preventing the side reaction between the electrodes
and electrolyte. This layer is metastable and can decompose exothermically at elevated

temperature. The corresponding reaction can be expressed in the following equations:

dCgp;
Ssei(T' Csei) = _Hseivvc% (5)
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dcsei _
dt

—Ag iexp [ asel] corse (6.)
where Sg,; (T, cse;) is the heat release rate from the SEI decomposition, which depends on
the dimensionless amount of lithium-containing meta-stable species (cg,;) in the SEI, the
temperature of the battery (7) and the battery material.

Once the SEI layer starts to decompose, it cannot protect the negative electrode
from contacting with the electrolyte such that the exothermic reaction between the

intercalated lithium and electrolyte can occur:

dcCpe

Sne(T: Cne, tsei) = _HneVVcF (7)
dc tepi
ne _ —Ap.exp [— = lcmne "exp [ Ea ne] (8)
dt sei, ref
dt.,; teoi
dstel = Acexp I— el l ZZ; "exp [ Eq ne] (9)
sei, ref

where Sy. (T, Cpe, tsei) 1s the heat release rate from the negative-electrolyte reaction. It
depends on the dimensionless amount of lithium intercalated within the carbon (¢, ), the
dimensionless measure of SEI layer thickness (t,;), the temperature of the battery (7) and
other material properties.

At oxidized state, the positive material reacts directly with the electrolyte. The

chemical reduction of the positive active material with the electrolyte is highly exothermic:

da
Spe(T, @) = HyeW,, — T (10.)
da = Mpe,p1 Mpe,p2 a Be
P = Ape 1-a) exp |~ —pr (11.)

where S, (T, @) is the heat release rate from the positive electrode-electrolyte reaction. It
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depends on the degree of conversion («), the temperature of the battery (7)) and the material
properties of the battery.

Eventually, the electrolyte can also decompose exothermically at elevated

temperatures:
dc
S.(T, ¢c,) = —Hemd—; (12)
dc, me Eqe
a —Aqc, “exp [— RT] (13.)

where S, (T, c.) is the heat release rate from the electrolyte decomposition, depending on
the dimensionless concentration of electrolyte (c,), the temperature of the battery (7), and
the materials properties of the battery.

Depending on the battery materials, parameters involved in this thermal runaway
model could be calibrated using ARC, DSC and TGA analysis, such that the model exhibits
satisfactory predictability for thermal runaway behavior. A detailed nomenclature including
parameter values for a typical LiCoO,/graphite battery is listed in Appendix Table 2
[73,75,76,78]. It 1s also worth noting that since we are interested in very fast runaway
process (with delay time around 10 s), during which the cooling design on the surface of a
battery can hardly be effective, the thermal boundary conditions are hence intentionally set
as adiabatic. Such simplification can also help to rule out the uncertainty of threshold
ignition energy induced by the ambiguity in boundary conditions, as shown in the following

sections.
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2.3 A 2D Thermal-electrochemical model of internal short circuit

The thermal-electrochemical model adopted in the current ISC simulation is based
on previous studies [86—98]. Five conservation equations are solved together, linked by the
constitution relation of the electrochemistry Bulter-Volmer equation. These equations
include: (1) Metallic Li mass conservation in the solid phase; (2) Li ion mass conservation
in the liquid phase; (3) the electron charge conservation in the solid phase; (4) the Li ion
charge conservation in the liquid phase; (5) Energy conservation equation describing
temperature evolution. Based on the current 2D cylindrical configuration for ISC with
metal penetration as in Figure 5(b), a detailed introduction to the thermal-electrochemical
model and its boundary conditions is given below.

2.3.1 Mass conservation of lithium in the solid phase

The solid phase in the electrodes is modeled as a lattice of spherical particles with

uniform size. Within each particle, the intercalation and deintercalation of Li atom follows

Fick’s law of diffusion in polar coordinates:

dcs  Ds 0 (_,0c
=575 (14)

where ¢, 1s the concentration of lithium in the active material particles of electrode, 7 1s
the radial coordinate, D is the solid phase diffusivity of Li atom.
At the center of the particle, zero flux is specified from symmetry, while the species

flux in and out the particle surface is related to the local current density:

> lico =0 (15.)
dc i
_Dsa_; |f=§s = % (16.)
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2.3.2 Mass conservation of lithium ions in the electrolyte phase
The transport of lithium ions in the electrolyte phase follows Fick’s diffusion law

and the electromigration:

aclgl (1 -t ) .
= =V (DueprVe) + aSTﬂloc (17.)

where c; is the lithium ion concentration in the electrolyte, &; is the volume fraction of the
electrolyte phase, a; is the specific interfacial area, i, is the electrode current density, ¢,
is the transference number of lithium ions, D, .5 is the effective diffusion coefficient given
by the Bruggeman relation:
Dyess = Dyt (18)
Zero flux boundary conditions are set at the interface with current collectors, metal
surface and the outer radial surface due to no ion penetration [90,92]. Zero flux boundary
conditions are also given along the axis with » = 0 from symmetry. These boundary

conditions are listed below:

aCl
5y lr=0 =0 (19.)
aCl
> lreryy = 0 (Lea <z <L) (20.)
aCl aCl
E IZ:Las = glzzllsc =0(0<r< Rm) (21.)
acl acl
37 lz=10 = F lz=1,, =0 (22.)
aCl
> lr=r, =0 (Lgs <z < Lg) (23.)
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2.3.3 Charge conservation in the solid phase of electrodes
Charge in the solid phase is contributed by electrons. The governing equation for
the electrical charge balance in the electrodes is described by:
V- iy = —Agijpe (24.)

where a; is the specific interfacial area which characterizes electrode performance:
ag = — (2 5.)

i 1s the electrical current density in the solid phase as described by ohm’s law:

s = _Us,effv¢s (26')
where ¢ is the solid phase potential, 05,7 is the effective solid-phase electrical

conductivity, depending on the electrical conductivity of the bulk material and the porosity,

following the Bruggeman relation:

Us,eff = 0'5851'5 (27)
At the solid-electrolyte interface (SEI) (excluding interface with the metal), zero

electrical current boundary condition is specified:

09 _09s

97 Iz:Las =5z |z=L5¢ =0 (R <7 < Rout) (28-)

Symmetry boundary is applied for solid-phase potential along the axis of » =0, and

insulation boundary condition is applied on the outer radial surface of solid-phase in the

electrodes:
0¢s
= ly=0 = 0 (29.)
¢
a_TS lr=ryy = 0 (Leq < 2 < Lee) (30.)
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2.3.4 Charge conservation in the electrolyte
Current in the electrolyte is contributed by the migration and diffusion of Li ions.
Transport of lithium ions in the electrolyte can be described by the balance equation for

ionic current density i;:

Vi = agijoc (31.)

2Kl,effRT alnfi>
T) (1 * Sing (1 -t )Ving (32.)

| = —Kpepr VO + (

where ¢, is the potential in the liquid phase, f; is the average molar activity coefficient,
K57 is the effective ionic conductivity in the electrolyte:

Kierr = K& (33)

Along the axis » = 0, symmetric boundary condition is again assigned for ¢,;. At the

interface of current collector and electrode and the outer axial surface of the electrodes and

separator, zero flux boundary condition for ionic current is specified due to non-ion

penetration:
% lr=0 =0 (34)
% lz=1.g = % |lz=1,. = 0 (35')
% lreryy = 0 (Lea <7 < Lee) (36.)

2.3.5 Electrochemical kinetics
To bring a closure to this model, a constitution relation that correlates the current
density with overpotential is needed. The electrode current density is given by Butler-
Volmer equation:
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] ] aFn —a.Fn
e = io exp (T) — e (7 ) (37)

where i, is the exchange current density, a. denotes the cathodic charge transfer
coefficient and a, denotes the anodic charge transfer coefficient. These two coefficients
are equal to each other [99]. 1 is the activation over potential, F'is the Faraday constant, R
is the universal gas constant.

The exchange current density is calculated by:

. a

lop = Fko(cl)aa(cs,max - Cs) a(cs)ac (38.)
where kg is a rate constant, Cg g, 15 the maximum solid-phase Li concentration, the
activation over potential 77 is defined as the potential difference between the operating

voltage and the thermodynamic equilibrium potential Ueg:

n=¢s—¢ — Ueq (39')
where the equilibrium potential Ugq is a function of both the state of charge and

temperature:
OUpq i
Ueg = Ueqi + % (T = Tref) (40.)

The state of charge could be determined by the relative portion of Li in the
electrodes. For example, in a LCO battery with positive electrode Li,,CoO, and negative

. 0Ugq i . . .
electrode Li,,Cq, Ueq,; and % for both electrodes can be provided as functions of Li

stoichiometric ratios x or y, as discussed in[100,101].
2.3.6 Energy conservation
In general, ignoring the internal contact resistance, internal heat generation of a Li

ion battery comes from three sources: (1) heat generation due to entropy changes in the
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material structure during charging and discharging, which is frequently referred to as the

dUeq

reversible entropic heat o, = asilocT?; (2) heat generation from irreversible

electrochemical reactions, as manifested by the reaction current and overpotential q;;- =
asliocn; (3) heat generation from electron conduction in the solid phase, and the migration
and diffusion of Li ion in the electrolyte, which is referred to as ohmic heat q,,,. Here,
accounting for the heat generation from reversible entropic heat q,.,,, irreversible reaction

heat q;,-» and ohmic heat q,,,,, the energy conservation is:

aT
pCp E = AVAT + Qrev T Qirr T Qonm (4‘1-)

The ohmic heat consists of three terms: electrical ohmic heat g, p, 5, i0nic ohmic
heat q,pm,; and internal short circuit heat q,pm m in the metal or current collector, that
gives:

onm = Qonm;s T Qonm,i T Qohmm
= —i Vs — i)V, — iy - Vo, (42.)

Adiabatic boundary conditions are applied to all the boundaries in Figure 5(b).
2.3.7 Governing equations in metal, current collector and non-intercalating particle
area
The governing equation for the electrical charge balance in the metal or current
collector is described by:
Viip=0 (43.)
where i,, is the electrical current density in the solid metal phase. The electron transfer in

the solid metal phase is described by ohm’s law:

im = =0V (44.)
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where g, is the metal electrical conductivity, and ¢,, is the potential in the metal.

At the interfaces of current collector-electrode, metal-electrode and metal-
separator, due to the electron-conduction and ion-insulation feature, zero flux of ionic
current conditions are satisfied to ensure the consistency in the electronic charge flux. It is
worth noting that a quarter-circle non-intercalating particle region is assigned at each end
of the metal to ensure the consistency of non-ion penetration condition approaching the
metal surface. Compared to regular solid-phase, the only difference in this non-
intercalating particle region is that while the solid phase is still electron conductive, Li ions
are not allowed to enter this region. Therefore, this non-intercalating region is considered
similar to metal or current collector as an electron conductor, such that the only governing
equation is electron charge conservation.

The boundary conditions at the current collectors are related to the flux of charge
in and out of the electrode. At the current collector, insulation is specified for electrical
current in solid phase [86,88,92]:

s, 0y

0z lz=0 = E l,=. =0 (45')

The negative electrode terminal is grounded, the positive electrode terminal is the

cell voltage corresponding to SOC = 100 % and the rest of the outer axial boundaries are

set to be electrically insulated:
Gslr=ry,, = OV,if 0 <z <L (46.)

¢S|r=Rout = 4'3V; lf LCC < Z < L (47.)
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2.4 Numerical methods

Both thermal runaway and ISC cases are solved by commercial software COMSOL
Multiphysics 5.3. In the thermal runaway simulation, a domain Ordinary differential
equation (ODE) model is used to account for the heat generation due to the chemical
reactions. The fastness of the chemical reactions could place substantial difficulty on the
usage of explicit Computational fluid dynamics (CFD) solvers and requires tiny integration
time step, which is frequently referred as the chemical stiffness [102]. Therefore, we choose
the backward differentiation formula (BDF) method to set as the time stepping method,
one of the available implicit time-dependent solvers, with the maximum BDF order of 5
and minimum BDF order of 2. The relative tolerance and absolute error tolerance are set
as 1E-6 and 1E-8 respectively. In the ISC simulation, we choose time-dependent solver
using BDF for time marching, with the maximum BDF order of 2 and minimum BDF order
of 1.

Grid independence study has been conducted for both scenarios by using three
different mesh specifications, varying from sparse to dense. As shown in Appendix Figure
13 and Figure 14, the maximum temperature evolution during thermal runaway, and the
average power dissipation during ISC event using meshes with different levels of
refinement exhibits negligible difference, we have hence demonstrated the meshes adopted

are sufficient for simulation.

2.5 Model validation

Both the thermal runaway and thermal-electrochemical models are extensively

validated against literature reported experimental data, and all the comparisons are further
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supplied as Figure 15 to Figure 19 in Appendix. Specifically, the thermal runaway model
is validated against experimental targets acquired in oven exposure tests under iso-thermal
[78], constant heating rate [70] , and near adiabatic conditions [70]. The thermal-
electrochemical model is validated against experimental data including surface
temperature under constant discharging rate [103], temperature and battery voltage
measurement at different discharging rates [100,104]. These data also cover all different
battery materials and chemistry involved in the current work, and all comparisons show
very good quantitative agreement as such provide great confidence in the simulation
results. It is also noted that although more detailed thermal runaway models have been
developed recently based on thermal calorimetry measurement [70], the model we adopted
is so far the most widely-used one and is being applied in battery research until very
recently [76]. To make sure the conclusion is not affected by the difference in the thermal
runaway models, we have used our model and parameters to simulate the same two sets of
oven tests in [70] and compared with their simulation. As shown in Appendix Figure 16(a)
and Figure 16(b), the current model has quantitative agreement with the detailed simulation
and the oven test data. This adds to great confidence to the current model for the prediction
of thermal runaway onset condition, and confirms that the concepts and conclusions will

not change with changes in cell chemistry.

3. Results and discussion

3.1 Critical state and safety regime of thermal runaway

Thermal runaway of Li-ion battery has become a major concern of societal safety.

Fundamentally, it is also a problem featured by reaction-transport coupling, similar to the
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combustion process. One of the key combustion concepts is the minimum ignition energy
[105], which characterizes the critical amount of energy needed to successfully trigger a
flame in a reactive mixture by an ignition kernel. Made of explosive materials, Li-ion
batteries tend to ignite and explode when an internal heat source is beyond a certain
threshold. Hence, to understand and predict the safety regime of a Li-ion battery, we ask
the same question on Li-ion batteries based on the concept of minimum ignition energy:
What is the critical power needed to trigger thermal runaway by a hot spot? To capture the
critical condition that can trigger thermal runaway in the delay time of interest, different
combinations for heat source intensity (Q) and duration time (d?) in the cylindrical region
have been applied in the configuration shown in Figure 5(a). Figure 6(a) compares the
maximum temperatures for four different heat source intensities and durations, to
demonstrate the phenomena of thermal runaway. For the base Case 1 with Q = 1.18E9
W/m?* and duration time dt = 14 s, the maximum temperature gradually increases in the
initial period and then sharply rises and achieves ignition right before 14 s. The substantial
heat release rate and fast temperature rise indicates thermal runaway. Starting from this
benchmark Case 1, by reducing either the duration time of heat source to df = 13 s (Case
2) or the heat source intensity to O = 1.17E9 W/m? (Case 3), the maximum temperature
reaches a local maximum and decays due to heat conduction. Consequently, no thermal
runaway phenomenon has been observed for these two cases. The sensitive dependence of
runaway events on the heat source intensity and duration time has allowed us to identify
the critical runaway state. Such a critical state corresponds to a pair of critical heat source

intensity and duration time, below which thermal runaway cannot occur. Typically, a

36



combined thermal-chemical mechanism is adopted to explain phenomena of ignition and
explosion nature [106], where positive feedback exists between the temperature rise and
the rate of major exothermic reactions in a system. The next question is then: what are the
thermal and chemical effects from the runaway reactions during a typical runway event?
We have therefore conducted simulation with another Case 4, with the same heat source
intensity and duration time as Case 1, yet without the thermal runaway chemical source
terms. Clearly, deviation between Case 1 and Case 4 does not appear until about 6 s,
indicating the negligible role of heat release from thermal runaway chemistry during this
period. By combining the information shown later in Figure 8, the negligible thermal effect
from SEI decomposition in this period is hence identified. After that, the maximum
temperature of Case 1 starts to build up, as induced by runaway exothermic reactions.

By calculating the critical runaway states with different combinations of threshold
heat source intensity and duration time, we have successfully identified a safety regime
diagram for Li-ion batteries, as shown in Figure 6(b). Below this curve, a hot spot either
does not contain sufficient power or does not last for sufficient residence time, thermal
runaway cannot be triggered; while above the curve, ignition occurs due to elevated hot
spot intensity and/or extended duration. This curve is fitted to a power law form as QO =
6E9 dt~%758 W/m3dt (Q in W/m3 and dt in s). With shorter duration, the critical O is more
sensitive to dt; while for longer duration time, such dependence becomes less and less
sensitive. This formula can provide useful guidance for battery safety prediction and
control. As shall be discussed later, this safety regime depends on battery materials, the hot

spot size and potentially cooling conditions for sufficiently long ignition delays. The
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Figure 6. (a) comparison of maximum temperature history of runaway and non-
runway cases, demonstrating the concept of critical runaway state. (b) Safety regime
of a LiCoO2/Graphite battery shown by critical heat source intensity and duration,

with heat source radius 1.5 mm.
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concept of critical runaway state and the computational methodology we have developed
is however general, and could be extended to arbitrary Li-ion batteries.

To further understand the geometric effect of the heat source, simulations have been
conducted for different heat source radius with fixed heat source intensity (Q = 1.18E9
W/m?) and duration (dt = 14 s) as Case 1 in Figure 6(a). As seen in Figure 7, compared to
the base case with radius of 1.5 mm, the delay time of thermal runaway is substantially
decreased to about 4 s, a 71.4 % relative change, when the hot spot radius is increased to 2
mm by 33.3 %. On the other hand, with a sufficiently small radius of the heat source,
thermal runaway does not occur at all, as in the case of radius 1 mm in Figure 7(a). The
results are reasonable because the interface of the heat source plays a crucial role in heat
transfer, and a larger radius indicates a larger surface area which can create a broader high
temperature region for thermal runaway reactions to occur. With fixed dt = 14 s, the critical
heat source intensity needed to trigger thermal runaway is shown in Figure 7(b). A
monotonic decreasing trend is observed, where the threshold heat source intensity is less
and less sensitive to hot spot size with increasing radius. A power law fitting formula has

been obtained for the current LiCoO»/graphite battery, showing Q = 2E5r~ 132,

3.2 Chemical kinetic feature and key parameters during thermal runaway

To gain insights into the chemical reaction most relevant to thermal runaway, we
have compared the evolution of the dimensionless concentrations and other parameters for
two cases with the same heat source Q = 1.18E9 W/m?, but different duration time d.
Consequently, the case with df = 14 s is the same as Case 1 in Figure 6(a), and thermal

runaway is triggered; while the other case with df = 12 s belongs to the safe regime below
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the threshold limit, and hence does not trigger thermal runaway. As shown in Figure 8(a),
the only kinetic difference between the runaway and non-runaway cases appears in the
profiles of the dimensionless amount of lithium intercalated in the negative electrode (¢;,.)
and the dimensionless measure of SEI layer thickness (t.;), while the evolution of the rest
dimensionless parameters overlaps. According to Equation. (7.) - Equation. (9.), these
differences will directly affect the heat release term S,., the reaction between the
electrolyte and negative electrode, as shown in Figure 8(b). Different from the other three
reactions with a single peak, the heat release profile of negative electrode — electrolyte
reaction has a broad, plateau-shape evolution profile and can last very long. The occurrence
of thermal runaway is directly induced by the larger heat release from negative electrode-
electrolyte reaction right before runaway occurs. It is also seen that the sequence of the
four runaway reactions follow the order of SEI decomposition (SEI-D), negative electrode-
electrolyte reaction (NE), positive electrode-electrolyte reaction (PE) and eventually
electrolyte decomposition (ED). This order is also consistent with the understanding of
battery stability and aging. It is generally considered that the SEI on the anode is more
unstable due to the evident reduction reactions and the larger volume expansion of anode
materials, compared to the SEI on the cathode [107,108].

To further identify the key thermal-chemical-physical parameter in affecting

thermal runaway, we have conducted sensitivity analysis and calculated the dimensionless

e al . N .
sensitivity, as defined by: ﬁ, where 7 is the ignition delay time for thermal runaway,
defined as the duration from the starting point to the instant when the maximum

temperature rise rate occurs, y is any parameter of interest in the thermal runaway model,
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Figure 8. Comparison of chemical kinetic feature of runway (symbol) and non-
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different thermal runaway reactions for a randomly selected point close to the

interface; (b) evolution of heat generation rate from each chemical reaction.
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such as the reaction rate, density, and conductivity. This normalized sensitivity is defined
in such a way that it does not have a dimension, and hence it helps to equally evaluate the
significance of all the parameters involved in the model. When calculating the sensitivity,
the same computation is repeated by only perturbing the parameter of interest by 5 % while
holding the values fixed for the other parameters. Consequently, this method is also referred
to as the trial-and-error approach. For example, a normalized sensitivity of —3 means —15
% of change in 7 is expected if the target parameter is increased by 5 %. The normalized
sensitivity has been conducted for the frequency factors and activation energies in
Equations. (5.), (7.), (10.), (12.), cell density, heat capacity, heat conductivity in and
through plane, as shown in Figure 9(a) and Figure 9(b). For the chemical reactions, the rate
of positive electrode-electrolyte reaction plays the most important role in affecting the
delay time for thermal runaway. Regarding thermal physical parameters, the selected
parameters exhibit similar value of normalized sensitivity and hence play similar roles in
affecting the delay time. These calculations provide useful guidance on the usage and

optimization of the thermal runaway model for validation purposes.

3.3 Material effects of thermal runaway

Extensive research has been conducted looking for high density, stable, cheap and
environment benign Li-ion battery materials. The thermal runaway model adopted in the
current study has been validated against battery experiments of different electrode
materials. Three batteries with unique thermal-chemical parameters are selected from the
literature. As shown in Table 3 in Appendix, Battery 1 and 3 are both LiCoO,/Graphite,

while Battery 2 is NMC based. The runaway kinetic parameters of 1 and 3 are the same (as
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shown in Appendix Table 2), however, their thermal conductivities are very different,
according to measured data. As in Table 3, compared to Battery 1, thermal conductivity in
and through plane is higher by 36.8 % and 228.5 % for Battery 3, respectively. This leads
to a much broader safety region of Battery 3, as shown in Figure 10. For the NMC Battery
2 (detailed runaway data provided in Appendix Table 4), whose activation energy of anode-
electrolyte is higher by 10.3 %, a broader safety region is also observed from Figure 10.
Although conductivity in plane for Battery 2 is lower by 15.5 % compared to LCO Battery
1, which is expected to narrow its safety regime, such an effect is however reversed by that
from the elevated activation energy. The results have demonstrated the feasibility of
predicting and comparing the safety region of different Li ion batteries. Concerns on
accurate measure of battery thermal properties are also raised, which can substantially

affect the safety evaluation of different battery materials.

3.4 Heat release during an open-circuit internal short event

So far, the concepts of critical states and the regime of thermal runaway of different
Li-ion batteries have been demonstrated, using artificially assigned heat source intensity
and duration. In reality, an initial hot spot is most likely to be caused by heat release from
electrochemical reactions in an ISC event. The question to be raised is therefore: how large
is the heat release rate in a typical ISC scenario, and will it be sufficient to trigger thermal
runaway? Based on the ISC configuration in Figure 5(b) and the thermal-electrochemical
model as described in Sec. 2, distribution and evolution of potential, current and
temperature are calculated, based on which the heat release rate in a single-layer battery

structure for three different batteries LCO, NMC and LFP can be evaluated. Parameters
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involved in the electrochemical models for these materials are taken from the literature
[77,89,94,96-98,100,101,104,109—115] as detailed in Table 5 to Table 7. Electrochemical
parameters for LiFePOas/graphite battery. in Appendix, and their performance validation is
shown in Figure 17 to Figure 19 in Appendix.

As shown in Figure 11(a), in the initial period of the electrical field development,
the maximum heat release rate occurs in the metal region, due to the high potential drop
and the high current. As the electrical field approaches equilibrium, the potential drop on
the metal decreases for its low resistance, and the heat release rate in the metal region
therefore starts to drop. In the meantime, heat release rate in the non-intercalating particles
area on both sides of the metal gradually increases and becomes dominant, eventually
forming a plateau. Depending on the material, the maximum heat release can appear on
either side of the non-intercalating particle area. For example, maximum heat release rate
occurs on the positive side of metal for LCO and LFP batteries, while it occurs on the
negative side for NMC, as shown in the zoom-in subplot in Figure 11(a). Regardless of the
battery material, relaxation time for the field to achieve equilibrium is around 1 ms, and
the maximum local heat release rate in the whole field can be as high as 1E12 W/m?. The
evolution of heat release shows both qualitative and quantitative agreement among the
three battery materials, exhibiting negligible difference. This implies that the dominant
effect in ISC heat release is largely electrical. The maximum temperature in these batteries
can increase by 30 °C within 2 ms for this ISC event, equivalent to a temperature rise rate
of 15000 °C/s. The LFP battery, however, exhibits the modest temperature increment, due

to its slightly lower heat release rate and higher heat capacity.
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Figure 11. Identification heat release and thermal response during a typical ISC
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3.5 Combined analysis of ISC and thermal runway

In the real situation, electrochemical reactions quickly heat up the battery structure
which further triggers the thermal runaway chemistry. Such simulation is achieved in a
decouple-recombine manner in the current work. With the heat release rate separately
evaluated from the electrochemistry, it becomes feasible to combine the results from the
ISC modeling and the thermal runaway modeling, and to eventually answer the question if
the ISC event is able to trigger thermal runaway or not. Specifically, the peak heat release
rate history shown in Figure 11(a) could be assigned as the intensity of the hot spot in
thermal runaway modeling. As shown in Figure 12, runaway occurs right before 1 ms as
shown by the instantaneous sharp temperature rise, which is very close to the relaxation
time of the electrical field equilibrium in Figure 11(a). Such consistency not only shows
that thermal runaway will occur in this typical ISC scenario, but also adds to great
confidence in the usage of both models, given that they are separately developed and
validated against different types of measurement. Recent findings have shown that internal
short circuits are responsible for very little (~10 %) of the total heat generated during
thermal runaway, although they contribute to triggering the redox reactions after the
separator collapses [71,72]. Without comparing the ISC heat release and the total heat
release during thermal runaway, our work focuses on the evaluation of the local heat release
rate from the electrochemical reactions during ISC, and its relevance to the critical heat
source intensity needed to trigger thermal runway. Obviously, the total heat release during
the entire process of thermal runaway is a much larger value and substantially depends on

the enthalpy of formation of battery materials. It is noted that while complex interaction
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Figure 12. Evolution of local maximum heat release rate during ISC, and the battery
temperature evolution using the thermal runaway model, demonstrating the

combined effect of the ISC model and the thermal runaway model.
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between electrochemistry and thermal runaway can exist in a typical event of ISC induced
thermal runaway, our results help to bridge the two and to develop physics-based models

for this important phenomenon.

4. Conclusion

This work is a comprehensive computational study to identify the safety regime of
Li-ion batteries. The concept of critical thermal runaway state is demonstrated, which is
characterized by the critical heat source intensity and duration time. Below the critical state,
thermal runaway cannot occur either due to insufficient heat source intensity or residence
time. By exploring different critical states and connecting them, a safety regime diagram
is identified and extended to further incorporate the effect of heat source size and material
dependence. The chemical kinetic feature during thermal runaway is identified through
detailed comparison of runaway and non-runaway cases. It is found that the negative
electrode — electrolyte reaction has a unique heat release profile, and directly correlates to
thermal runaway. Normalized sensitivity analysis has been conducted to evaluate the key
thermal-physical-chemical parameters for thermal runaway delay time, and the results
show the delay time is more sensitive to the positive electrode-electrolyte reaction, in terms
of its activation energy and frequency factor. The results here provide useful insights into
the key factors, as well as direct guidance on how to validate thermal runaway models. To
evaluate the potential of thermal runaway induced by ISC, a comprehensive thermal-
electrochemical model is used to simulate the heat release rate from a typical ISC event. It
is seen that in the initial period, the maximum heat release rate occurs in the metal region;

as the electrical field approaches equilibrium, dominant heat release comes from the non-
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intercalating particle region, which could be as high as 1E12 W/m?. This heat release rate
profile is assigned as the intensity of the hot spot in thermal runaway modeling, which
shows that thermal runaway is successfully triggered. The consistency in thermal runaway
time and the electrical relaxation time suggests the consistency and validity of both models.
Our results help to bridge the electrochemistry and thermal runaway in the event of ISC
induced thermal runaway and to develop physics-based models for this important yet

complex phenomena.
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Appendix

Table 1. Global thermal material properties of the LiCoO2/graphite battery.

Parameter Battery Cylinder
k (W/ (m-K)) 3.4 (through-plane) 44.5

34 (in-plane)
€p (I (kg-K)) 830 475

p(kg/m?) 1700 7850




Table 2. Physical and kinetic parameters adopted in the thermal runaway model of

LiCoOz2/graphite battery.

Symbol Value Physical description

A 1.667x10% (1/s) SEIl-decomposition frequency factor
A, 2.5x10" (1/s) Negative-electrolyte frequency factor
Ape 6.667x10'3 (1/s) Positive-electrolyte frequency factor
A, 5.14x10% (1/s) Electrolyte decomposition frequency
Eg sei 1.3508x10° (J/mol) SEl-decomposition activation energy
Eqre 1.3508x10° (J/mol) Negative-electrolyte activation energy
Eqpe 1.396x10° (J/mol) Positive-electrolyte activation energy
Eqe 2.74x10° (J/mol) Electrolyte decomposition activation
Cseid 0.15 Initial value of Cg,;

Cneo 0.75 Initial value of Cy,,

g 0.04 Initial value of @

Co0 1 Initial value of

tsei0 0.033 Initial value of t,;

Mgy 1 Reaction order for Cg,;

Myen 1 Reaction order for Cp,,

Mpe,p1 1 Reaction order for «

Mpe,p2 1 Reaction order for (1 — )

m, 1 Reaction order for ,

H,; 2.57x10° (J/kg) SEI-decomposition heat release
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Table 2 continued

Symbol Value Physical description

H,. 1.174x10° (J/kg) Negative-electrolyte heat release

H,, 3.14x10° (J/kg) Positive-electrolyte heat release

H, 1.55x103 (J/kg) Electrolyte decomposition heat release
W. 6.104x10% (kg/m?®) Specific carbon content in jellyroll

W, 1.221x10° (kg/md) Specific positive active content in jellyroll
W, 4.069x10% (kg/m?®) Specific electrolyte content in jellyroll

R 8.314(J/mol/K) Universal gas constant
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Table 3. The properties of three difference Li-ion batteries.

Battery Epe (J:mol ™) [77] Conductivity in plane Conductivity through plane
(W/(mrk)) (W/(m-k))

LCO-1 1.396x10° 24.84 [109] 1.035[109]

NMC 1.54x10° 21[110] 1.1 [110]

LCO-2 1.396x10° 34 [78] 3.4 [78,111]
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Table 4. Physical and Kinetic parameters adopted in the thermal runaway model of

LiNiisMn13Co1302/graphite battery.

Symbol Value [77] Physical description

Agei 1.667x10% (1/s) SEl-decomposition frequency factor
Ane 2.5x10" (1/s) Negative-electrolyte frequency factor
Ape 2.25x10™ (1/s) Positive-electrolyte frequency factor
A, 5.14x10% (1/s) Electrolyte decomposition frequency
Eq sei 1.3508%10° (J/mol) SEIl-decomposition activation energy
Eqne 1.3508%103 (J/mol) Negative-electrolyte activation energy
Eqpe 1.54x103 (J/mol) Positive-electrolyte activation energy
Eqe 2.74x10° (J/mol) Electrolyte decomposition activation
Cseio 0.15 Initial value of cg,;

Creo 0.75 Initial value of c,,,

Qg 0.04 Initial value of

Ceo 1 Initial value of c,

tseio 0.033 Initial value of t,,;

Mgy 1 Reaction order for cg,;

Mpen 1 Reaction order for ¢,

Mpep1 1 Reaction order for a

Mpep2 1 Reaction order for (1 — a)

m, 1 Reaction order for c,

Hg,; 2.57x10° (J/kg) SEIl-decomposition heat release

H,, 1.174x10° (J/kg) Negative-electrolyte heat release

Hye 7.9x10° (J/kg) Positive-electrolyte heat release

H, 1.55%10° (J/kg) Electrolyte decomposition heat release
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Table 4 continued

Symbol Value [77] Physical description

W, 6.104x10% (kg/m?) Specific carbon content in jellyroll

W, 1.293x10° (kg/mq) Specific positive active content in jellyroll
W, 4.069x10% (kg/m?3) Specific electrolyte content in jellyroll

R 8.314(J/mol/K) Universal gas constant
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Table 5. Electrochemical parameters for LiCoO2/graphite battery.

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
Electrode
) pm 6% 902 35° 407 62
thickness
Particle radius R, um — 22 — 2 -
Volume
fraction of £ — — 0.4901131 — 0.5901131 —
solid phase
Volume
fraction of
g — — 0.485[112' 113] 0]24[112, 113] 0.365[113] —
electrolyte
(Porosity)
Reaction rate m?25
ko - 1.764x10714 0104 - 3.626x1071t [104] -
constant -mol5/s
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Table 5 continued

Parameter

Symbol

Unit

Negative
current

collector

Negative

Electrode

Separator

Positive

Electrode

Positive
current

collector

Initial Li
concentration
in solid
Maximum Li
concentration
in solid
Initial Li
concentration
in electrolyte
Reference

temperature

Cs,max

CLo

Tref

mol - m™3

3

mol - m~

mol - m~3

259712

30555[112, 113]

1000112

298.15

25772

51554[112, 113]

66



Table 5 continued

Negative Positive current
Negative Positive
Parameter Symbol Unit current Separator collector
Electrode Electrode
collector
LixCoO2 4.0459+exp(—42.30027x+16.56714) —0.04880arctan(50.01833x—26.48897)

equilibrium Ueqp \Y% —0.05447arctan(18.99678x—12.32362) —exp(78.24095x—78.68074)1101

potential

Li,Ce 0.13966+0.68920exp(—49.20361y) +0.41903
equilibrium Uegn Y exp(—254.40067y) —exp(49.97886y—43.37888) —0.028221
q,
potential arctan(22.52300y—3.65328) —0.01308arctan(28.34801y—13.439) (101
LixCoO2 (—0.19952+0.92837x—1.36455x%+0.61154x3)/
au

entropy % VK™ 1-5.66148x+11.47636x2—9.82431x%+3.04876x4101]

coefficient
(0.00527+3.29927y—91.79326y?+1004.91101y3—5812.27813y*+19329.7549y°—
LiyCes entropy au
eqn V-K1 37147.8947y5438379.18127y’—16515.05308y8/(1—48.09287y+1017.23480y?—10481.80419y3

coefficient aT

+59431.30001y*—195881.64880y°+374577.3152y5—385821.1607y’+165705.85970y®) [10I
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Table 5 continued

Parameter

Symbol

Unit

Negative Positive
Negative Positive

current Separator current
Electrode Electrode

collector collector

Li diffusion
coefficient in
solid
Li diffusion
coefficient in
electrolyte
lonic
conductivity
Electronic
conductivity in
solid
Transference

number

K]

- 3.9 x 107141112 - 1 x 107130112 -

- 7.5 x 10710012 -

4.1253 X 104+5.007 X 103¢1-4.7212 X 1073 ¢;2+1.5094 X 103 ¢,*~1.6018 X 10~ ¢, 4%

6 x 1071113 100141 - 101341 3.8 x 10711431

- - 0.381112) - -
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Table 5 continued

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
Charge-
transfer o, O — — 0.50114 — 0.5[414] —
coefficient
Faraday
F C-mol™? 96485
constant
Gas constant R ] mol™*K™1 8.314
Heat capacity Cp J-Kg iK™?! 385071 14374171 1978071 700077 903071
Thermal
by W-m1K™1 398071 1.0401 0.3340771 1.4801 2380771
conductivity
-3 8900171 26601771 49201 25001771 15000771

Cell density p Kg'm

Note: Superscript “a” implies assigned values.
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Table 6. Electrochemical parameters for LiNii3Mn13Co1302/graphite battery.

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
Electrode
) pm 6° 902 35° 407 62
thickness
Particle radius R, um - 22 — 2 -
Volume
fraction of £ — - 0.6571 - 0.4307 -
solid phase
Volume
fraction of
& - - 0.591L15] 0.421119] 0.54[119] —
electrolyte
(Porosity)
Reaction rate m?25
ko — 1.764x10714 0104 — 3.626x10711 [104] —
constant -mol5/s
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Table 6 continued

Parameter

Symbol

Unit

Negative
current

collector

Negative

Electrode

Separator

Positive

Electrode

Positive
current

collector

Initial Li
concentration
in solid
Maximum Li
concentration
in solid
Initial Li
concentration
in electrolyte
Reference

temperature

Cs,max

CLo

Tref

mol - m™3

3

mol - m~

mol - m~3

26265%

3090011151

12001115

298.15

24752

495001115
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Table 6 continued

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
LixNiwsC013Mn1302 44,563+2.595x—16.77x?+23.88x°—10.27x*[100]
equilibrium Ueqp \%
potential
LiyCs equilibrium 0.1493+0.8439 exp(—61.79y) +0.3824 exp(—665.8y) —exp
Uegn \
potential (39.42y—41.92) —0.0313arctan(25.59—4.099) —0.009434arctan(32.49y—15.74) [0
LixNiw3C013Mn1302 au —0.64816+4.34612x—8.05595x+4.44722x°3100]
__cap V-K-1
entropy coefficient oT
LiyCs entropy Ueqn . —1.25571e*+4.66239e5/(v/2m x0.98567y) xexp(—(In (y/0.08017) )?/(2x0.985672 )) [10]
d V-K~
coefficient oT
Li diffusion
D, m? st — 3.2 x 1071404 —

coefficient in solid

2.2 x 1071304
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Table 6 continued

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
Li diffusion
coefficient in D, m?-s7! — 2.6 x 1071004 —
electrolyte
lonic 4.1253 X 104+5.007 X 103¢1-4.7212 X 103 ¢;2+1.5094 X 103 ¢,*~1.6018 X 10* ¢, 4[]
K| S-m™?!
conductivity
Electronic
conductivity in o, S-m™! 6 x 1070204 100[°7 - 10971 3.8 x 10718
solid
Transference
t, — - - 0.3630%71 - -
number
Charge-
transfer ay, O — — 0.507 — 0.5 —
coefficient
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Table 6 continued

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
Faraday
F C-mol™?! 96485
constant
Gas constant R ] - mol~1K™1 8.314
Heat capacity Cp J-Kg™iK™?! 3850971 1437.41°7 205007 115007 897071
Thermal
A W-m~1K™? 39571 0.407 0.507 1.50077 24007
conductivity
Cell density p Kg-m™3 896007 120007 525071 286007 270007

Note: Superscript “a” implies assigned values.
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Table 7. Electrochemical parameters for LiFePO4/graphite battery.

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
Electrode
) pm 6° 902 35° 407 62
thickness
Particle radius R, um - 22 — 2 -
Volume
fraction of £ — - 0.56M104 - 0.4350104 -
solid phase
Volume
fraction of
g — —_ 0.3[104] 0.4[104] 0.28[104] —
electrolyte
(Porosity)
Reaction rate m?25
ko — 1.764x10714 0104 — 3.626x10711 [104] -
constant -mol5/s
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Table 7 continued

Parameter

Symbol

Unit

Negative
current

collector

Negative

Electrode

Separator

Positive

Electrode

Positive
current

collector

Initial Li
concentration
in solid
Maximum Li
concentration
in solid
Initial Li
concentration
in electrolyte
Reference

temperature

Cs,max

CLo

Tref

mol - m™3

3

mol - m~

mol - m~3

268092

315401104

120008

298.15

13192

263901104
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Table 7 continued

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
LixFePO4 3.4323—0.4828 exp(—80.2493(1—x)131%8) —3.2474x10%exp(20.2645(1—x)38%3 )+3.2482x 10
equilibrium Ueqp \% 8exp(20.2646(1—x)379%) (%8
potential
LiyCs 0.6379+0.5416exp(—305.5309y) +0.044tanh(— (y—0.1958)/0.1088) —0.1978
equilibrium Uegn \% tanh((y—1.0571)/0.0854) —0.6875 tanh((y+0.0117)/0.0529) —0.0175tanh((y—0.5692)/0.0875)
potential (98]
LixFePO4 —0.35376x841.3902x"—2.2585x°+1.9635x5—0.98716x4+0.28857x3—0.046272x>
au
entropy % V-K?1 +0.003215x—1.9186x 10591
coefficient
344.1347148x% (exp(—32.9633287y+8.316711484)
LiyCes entropy au
" V-K™1 /(14749.0756003exp(—34.79099646y+-8.887143624))
coefficient oT

—0.8520278805y+0.362299229y?+0.2698001697%!
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Table 7 continued

Parameter

Symbol

Unit

Negative Positive
Negative Positive

current Separator current
Electrode Electrode

collector collector

Li diffusion
coefficient in
solid
Li diffusion
coefficient in
electrolyte
lonic
conductivity
Electronic
conductivity in
solid
Transference

number

K]

— 3.2 x 10714194 - 1.3 x 10713084 -

- 2.6 x 10~101%4 -

4.1253 X 104+5.007 X 103¢1-4.7212 X 1073 ¢;2+1.5094 X 103 ¢,*~1.6018 X 10~ ¢, 4%

6 x 107012041 10008 - 0.5%81 3.8 x 1070104

— — 0.36301041 — —
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Table 7 continued

Negative Positive
Negative Positive
Parameter Symbol Unit current Separator current
Electrode Electrode
collector collector
Charge-
transfer o, O — — 0.5(04 - 0.50204 —
coefficient
Faraday
F C-mol™? 96485
constant
Gas constant R ] mol™*K™1 8.314
Heat capacity Cp J-Kg iK™?! 3850104 1437.41204 19780104 1260[04 903(04]
Thermal
by W-m1K™1 40001041 1.040204 0.3340104 1.48004] 160(041
conductivity
Cell density p Kg-m™3 89001041 2660[1041 49201041 1500(104 270012041

Note: Superscript “a” implies assigned values.
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CHAPTERII
RADIATION INDUCED THERMAL RUNAWAY PROPAGATION A
CYLINDRICAL LI-ION BATTERY PACK: NON-MONOTONICITY,

CHEMICAL KINETICS, AND GEOMETRIC CONSIDERATIONS
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Abstract

Li-ion batteries play a key role in energy storage and conversion in engineering systems
such as electric vehicles and grid energy storage, with critical impact on electrification and
storage of renewable energy. A key unresolved technological challenge in Li-ion batteries
pertains to thermal runaway initiation and propagation in a battery pack, which can lead to
subsequent fire and explosion. Despite significant past work, there remains a critical need
to understand how thermal runaway propagates in a pack. This work presents a
comprehensive investigation of the effect of radiative heat transfer on thermal runaway

propagation. Radiation can be important when a battery is exposed to adjacent heat and fire
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sources, as well as in thermal runaway propagation from one hot cell to another. A
theoretical radiative heat transfer model based on view factor theory is developed.
Calculations based on this model for a simple 2D cylinder-to-cylinder geometry are found
to be in very good agreement with analytical expressions. Radiation-induced thermal
runaway propagation between two cylindrical 18650 batteries is evaluated. It is shown that
radiation may play a key role in thermal runaway propagation, depending strongly on the
triggering temperature. It is found that radiative effects in thermal runaway propagation
exhibit both nonlinear and non-monotonic characteristics. At high temperatures, thermal
runaway is triggered rapidly in the region close to the battery surface, where the chemical
reactions are strongly coupled, and radiation plays a dominant role. In contrast, at lower
temperatures, thermal runaway is triggered much more slowly and towards the core of the
cell, where some chemical reactions may be decoupled, and pre-runaway chemical heat
release plays an increasingly important role. The results presented here suggest that
radiation can either facilitate or mitigate thermal runaway. The net radiation heat flux has
a cross-over instant, beyond which radiation starts to retard thermal runaway. Additionally,
the blocking effect in radiative heat transfer between cells arranged in equal-spacing
homogenous or orthogonal arrangements in a battery pack is investigated, along with the
effect of the hot spot size. Results from this work help understand the role of radiation in
thermal runaway propagation and provide useful insights into the thermal runaway control

and design of safe Li-ion battery packs.
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1. Introduction

Li-ion battery (LIB) technology has attracted extensive research interest, as it offers
an efficient mechanism for energy conversion and storage, thus contributing towards
decarbonization and energy electrification [116]. LIBs offer very high conversion
efficiency between chemical and electrical energy. If the electricity comes from clean and
renewable energy resources, LIB technology with sufficiently long cycle life will not
further increase the carbon footprint from electricity generation and utilization. Moreover,
LIBs can be seamlessly integrated with existing infrastructure and ongoing efforts in the
energy sector, for example, the electricity grid, centralized carbon capture and
sequestration, etc. Li-ion battery-based energy storage systems include large-scale Li-ion
battery packs with additional control and thermal management modules, which enable
load-shifting, frequency regulation, long-term storage, and decentralized deployment. In
addition, LIB based energy storage systems facilitate synergistic integration of other
technologies toward decarbonization, such as battery regeneration and material recycling.
Through the combination of existing grid infrastructure, diversified power generation,
centralized carbon capture and sequestration, increased renewable energy, and efficient
battery regeneration, a clean and sustainable energy sector can be expected in the future
with LIB-based energy storage systems.

However, the operation of LIBs is extremely sensitive to temperature. Thermal
runaway and subsequent fires can be triggered when LIBs are exposed to abuse conditions
such as overheating [117,118], internal short circuit [32,119], collision and nail penetration

[120,121]. Thermal runaway of LIBs has attracted extensive research interest in the recent
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past. These research efforts include characterization of the thermal stability of battery
materials [70,122], battery and pack-level thermal runaway testing [123,124], development
of kinetic models of thermal runaway [73,125], optimized cooling system design to
mitigate thermal runaway and its propagation [78,126—129], modelling and simulation of
thermal runaway using detailed and reduced-order models [38,130], venting gas generation
and subsequent fires [131-133].

Figure 20 shows the thermal runaway mechanism in a typical LIB with LiCoO>
cathode, electrolyte of ethylene carbonate (C3H4O3) and Lithium hexafluorophosphate
(LiPF¢), and a graphite anode. The solid electrolyte interphase (SEI) layer is thermally
unstable and can decompose when subjected to high temperature or other abuse. Lithium
in the anode will then directly contact the electrolyte and form lithium carbonate and
ethylene. In addition, the cathode and electrolyte can directly react through the oxygen
generated from cathode decomposition. Finally, the electrolyte material carbonate and salt
can decompose under elevated temperatures. These reactions are largely exothermic and
accompanied by the formation of gases such as ethylene and oxygen, thereby creating a
self-sustained, destructive chain of highly exothermic reactions.

Understanding the factors that impact the propagation of thermal runaway in a large
battery pack remains an important research challenge. Past work has shown that multiple
factors including cell-to-cell gap, thermal properties of the interstitial material, and kinetics
of the decomposition reactions all play a key role in determining whether thermal runaway
propagation occurs or not [134]. However, the role of radiative heat transfer in thermal

runaway propagation has remained poorly understood, primarily due to the strong
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Figure 20. Configuration and thermal runaway reactions for a typical LCO LIB.
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nonlinearity of radiation and its coupling with thermal runaway chemistry. Radiative heat
transfer is usually dominant in high-temperature processes, such as combustion, which are,
in principle, similar to thermal runaway. In the context of Li-ion cells, radiation is known
to play a critical role in increasing the battery temperature and activating thermal runaway
reactions [135—140]. The role of radiation in thermal runaway propagation in a pack of
cylindrical cells has been investigated computationally [141]. These results have shown
that neglecting radiation leads to a prediction of onset in the trigger battery but an erroneous
prediction of no thermal runaway propagation. In addition, thermal radiation has often been
combined with the effects of conduction and convection in studying the triggering of
thermal runaway [110,140], leading to ambiguity on the specific role of radiative heat
transfer. A radiative shielding method to minimize thermal runaway propagation has been
presented, where the fraction of heat flux due to radiation in a battery pack during thermal
runaway is also evaluated [142]. More recently, our experiments have demonstrated
battery-to-battery variability in thermal runaway [143], even among batteries with the same
chemistry and near-identical initial conditions. It is hence expected that variation from
radiation in the triggering cell can lead to different modes and paths for thermal runaway
propagation in a pack, which necessitates study on the specific role of radiative heat
transfer.

The literature cited above clearly highlights the importance of radiative heat
transfer and the need for a comprehensive investigation of how radiative heat transfer
impacts thermal runaway propagation. This work presents an investigation of the role of

radiative heat transfer in thermal runaway propagation when a LIB is exposed to fire and
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other heat sources. A limiting condition for triggering thermal runaway by radiative heat
transfer between two closely-packed cylindrical cells is computationally investigated.
Results indicate the existence of complex nonlinear coupling between chemical reactions
and thermal radiation. A key novelty of the work is that we have identified the non-
monotonic impact of radiation on thermal runaway triggering and have mapped out the
regime diagram under both low and high-temperature limits. We have shown that
depending on conditions, radiation can either facilitate or mitigate thermal runaway. When
the triggering cell is at relatively low temperature, we have further shown that pre-runaway
chemistry plays an increasingly significant role. We extend our investigation to battery
packs and practical conditions where radiative blocking effects and localized hot spots may
be important. Results presented here highlight the importance of radiative heat transfer in
thermal runaway propagation and can help guide future efforts towards mitigation of

thermal runaway in safe electrochemical energy storage systems.

2. Materials and methods

In this study, a 2D model is developed in COMSOL Multiphysics 5.5, where the
heat transfer module is used to implement surface-to-surface radiation. Figure 21(a) shows
a schematic of a typical pack of multiple, orthogonally arranged Li-ion cells with equal
spacing. In general, the interest here is to understand how radiative heat transfer may
facilitate the propagation of thermal runaway from one cell to the other. While the general
problem comprising a number of cells is considerably complicated, for simplicity, the

radiative exchange between a cell and one of its neighbors is considered first. The problem
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of radiation-induced thermal runaway between two neighboring cells may be treated as a
2D radiation heat transfer problem between two equal cylinders, as shown in Figure 21(b).

In order to understand how these two cells exchange heat radiatively, the general
energy conservation equation is first written. Thermal conduction in the axial direction is
ignored, since a typical cylindrical cell has high aspect ratio. The transient differential
equation that balances heat conduction in the axial and azimuthal directions as well as

thermal runaway chemical heat release is given by:

0T_16( 6T)+1 a(k OT)_I_ (48)
P g = rar M ar) Tragg\Regg) @ '

where t,7, 0, p,cp, T, k and Q are time, radial coordinate, polar coordinate, battery density,
heat capacity, thermal conductivity, and heat generation within the battery, respectively.
Based on previous work [143], values of thermophysical properties of a typical Li-ion cell
are provided in Table 8. Considering the jellyroll layered structure of a cylindrical cell, the
azimuthal in-plane thermal conductivity is much higher compared to the out-of-plane radial
thermal conductivity. As such, the limiting heat conduction that is essential for thermal
runaway initiation is in the radial direction. For these considerations, the problem is
simplified as a 2D limiting condition with both k, and kg having equal out-of-plane
thermal conductivity.

The heat generation term Q originates from four well-known semi-global thermal
runaway chemical reactions [73]. These exothermic reactions include the solid-electrolyte-
interface decomposition reaction, the anode-electrolyte reaction, the cathode-electrolyte
reaction, and the electrolyte decomposition. The rates of these reactions depend on the

battery material properties, thermal chemical parameters, and the battery temperature. The
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Figure 21. Schematic of simulation geometry of two equal cylinders with radius R

and separation d.

Table 8. Model parameters in the thermal radiation model.

Parameter (unit) Value
Battery radius, R(mm) 9
Battery density, p(kg/m?) 2060
Heat capacity, ¢, (J/kg * K) 1000
Thermal conductivity, k(W /m - K) 0.8
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reaction model, frequency factor, and activation energy that describe the kinetics between
the electrolyte and electrode materials have been previously obtained by fitting the
experimental measurements from accelerating rate calorimetry (ARC) and differential
scanning calorimetry (DSC) tests. Expressions for the chemical reaction rates and heat
generation rates for these reactions are shown in Table 9 and Table 10, with symbols and
parameter values used here as our previous work [144,145]. The present model for LCO
thermal runaway chemistry is capable of accounting for more complicated reaction models
and other cathode chemistry.

At the surface, thermal radiation is considered exclusively, and convective effects
are ignored. This corresponds to the practical condition in a pack where there is no forced
convective flow and the radiation heat transfer dominants. A schematic diagram of
radiative heat exchange between the two cells is shown in Figure 22. The radiation heat
flux emitted from Cell 1 is the irradiation G-

G =eoT,* (49.)
For Cell 2, we can define the radiosity J, the radiation heat flux leaving its surface:

] =eoT,* + (1 — €)F,G (50.)
where the radiosity has been expressed as the sum of diffusively reflected and emitted
radiation from Cell 2. Consequently, the net radiation heat flux on Cell 2 can be written as:

q=F,6—] (51.)

In these equations, ¢ is the emissivity, o is the Stefan-Boltzmann constant, T; is the

temperature of Cell 1, T, is the temperature of Cell 2, T, is ambient temperature, and

F;, is the view factor from Cell 1 to Cell 2.
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Table 9. Heat generation from side chemical reactions equations of thermal abuse

model.

Reaction term Equations
SEI decomposition dcge Eqsei]l mg; dc
djfﬂ = —Ag.exp [_ ;;ﬂ] ;:;‘ Qsei = —HgeiW, d:”
Anode-electrolyte dc tsei 1 mnen E,, dc
g = Aneexp |~ cprexp | = 2| Qe = ~Ho W
reaction
dtsei = A _ex [_ tsei ] Cmne,nex [_ Ea,ne
dt ne®XP tseiod ™€ PI™ "kt
Cathode-electrolyte da E, da
dat Apea™peri(1l — a)rerzexp [_ ;;e] Qpe = —Hp Wy dt
reaction
Electrolyte decomposition  dc Eq, . dc
o= —heexp |-t 0 = —H W,

Overall heat generation

Q = Qsei + Qe + Qpe + Q.
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Table 10. Thermochemical parameters adopted in the thermal runaway model of

LiCoOz2/graphite battery.

Symbol Value [35,36] Physical description

A 1.667x10% (1/s) SEl-decomposition frequency factor

A, 2.5x10% (1/s) Anode-electrolyte frequency factor

Ape 6.667x10% (1/s) Cathode-electrolyte frequency factor

A, 5.14x10% (1/s) Electrolyte decomposition frequency factor
Eg sei 1.3508x10° (J/mol) SEl-decomposition activation energy

Eg e 1.3508x10° (J/mol) Anode-electrolyte activation energy

Eqpe 1.396x10° (J/mol) Cathode-electrolyte activation energy

Ege 2.74x10° (J/mol) Electrolyte decomposition activation energy
Cseio 0.15 Initial value of cg,;

Crneo 0.75 Initial value of c,,,

a 0.04 Initial value of

Ceo 1 Initial value of c,

tseio 0.033 Initial value of ¢t,,;

Mgy 1 Reaction order for cg,;

My, 1 Reaction order for ¢,

Mper 1 Reaction order for a

Mper 1 Reaction order for 1 — a

m, 1 Reaction order for c,

Hg,; 2.57x10° (J/kg) Reaction heat of SEI-decomposition

H,. 1.714x10° (J/kg) Reaction heat of anode-electrolyte

H,, 3.14x10° (J/kg) Reaction heat of cathode-electrolyte

H, 1.55%10° (J/kg) Reaction heat of electrolyte decomposition
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Table 10 continued

Symbol Value [35,36] Physical description
w, 6.104x102 (kg/m?) Specific carbon content in jellyroll
A 1.221x10% (kg/mq) Specific positive active content in jellyroll
W, 4.069x10? (kg/m?) Specific electrolyte content in jellyroll
R 8.314 (J/mol/K) Universal gas constant
Diffusively
reflected (1-6) F,,G
Radiation Surface
T heatﬂuxf irradiation FMG._ Radiosity /
p -
Emitted
radiation ¢o 7,*
Cell 1 Cell 2

Figure 22. Schematic of thermal radiation between two equal external cylindrical

cells.
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In order to validate the thermal radiation modelling, a quasi-steady state radiative
heat transfer problem between two equal cylinders of radius R = 9 mm is considered. With
given separation distance and cylinder temperatures, we can numerically simulate the
radiation heat flux received by Cell 2 among the total radiation emitted from Cell 1, that
is, GF;,. Meanwhile, in classical heat transfer theory, the radiation heat flux between two
cylinders is analytically available with a known view factor, which can be used to validate
the simulation results. The view factor between two equal cylinders has been derived from

the view factor for general parallel cylinders as follows [146]:

\/(ZRR+ d)z —4 — ZRR+ d + 2arcsin(

2T

F,, = 2R + d) (52.)

As shown in Figure 23(a) and (b), the numerical radiation heat flux is compared
with the analytical theory between two equal blackbody cylinders (i) with fixed
temperature but varying distance, and (ii) with fixed distance but varying temperature of
the Cell 1. The results suggest that as the distance of two cells increases, the radiation heat
flux decreases. Also, as the temperature of Cell 1 increases, the radiation heat flux received
by Cell 2 increases. The numerical calculation of the radiation heat flux is in excellent
agreement with analytical results, further substantiating the simulation tool.

In the thermal runaway simulation, we fix the temperature T; of Cell 1 and the
ambient temperature (293 K) in each case. The initial temperature of Cell 2 is also taken to
be 293 K. The evolution of T, is numerically solved by accounting for radiation,
conduction, and thermal runaway chemical heat release based on Equation (48.). The

surface-to-surface radiation is simulated using the Hemicube method. A time-dependent
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Figure 23. Validation of simulation results against analytical model for surface-to-
surface radiation modeling (a) radiation heat flux vs. distance d between two cells
with fixed cell temperatures; (b) radiation heat flux vs. Temperature 7; of Cell 1

with fixed distance d and temperature 7 of Cell 2.
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Multifrontal Massively Parallel Sparse (MUMPS) solver is used to solve for the thermal
energy conservation equation. Backward Differentiation Formula (BDF) method is used
for time stepping. The relative tolerance for the solution is 10. Based on this general
methodology, a number of investigations are carried out to understand the nature of
radiation induced thermal runaway, as well as the coupling between radiation and chemical
heat generation. These results are discussed in the next section.

In the following (Sec. 3.1-3.3), we have adopted a cell spacing d of 1 mm to
investigate the feature of radiation induced thermal runaway. There are two primary
considerations behind the choice of d: energy density and safety. For energy considerations,
the larger the cell spacing, the fewer number of cells can be accommodated in a given
space, hence reducing the energy density of the pack. For safety, however, larger spacing
is preferred, as thermal runaway propagation less likely. As such, there is eventually a
trade-off effect between these two considerations. Cell spacing of 1 mm in a battery pack
has been adopted previously in [147-149]. Note that concepts and techniques developed in
this work can also easily be applied to investigate radiative heat transfer for other cell

spacing configurations.

3. Results and discussions

3.1 General features of radiation induced thermal runaway

Figure 24(a) shows the evolution of maximum temperature of Cell 2 with different
temperature of Cell 1, T;. The results show that for T; > 602 K, thermal runaway occurs in

Cell 2, as indicated by the sharp increase in T,. For all these cases, the higher the T, the
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earlier is the thermal runaway triggered in Cell 2, as expected. When T; is increased to
900K, the thermal runaway delay time is reduced to around 1 min. There is a sharp change
in the nature of curves in Figure 24(a) when T; is below a threshold value of 602 K, wherein
it is found that thermal runaway is not triggered in Cell 2, even at much longer times. The
maximum temperature of Cell 2 in such cases is found to eventually reduce to around 450
K where a quasi-thermal equilibrium is reached due to the balance between the net radiation
heat flux and chemical heat generation.

Figure 24(b) presents plots of T, as well as various dimensionless concentrations
for two cases very close to the threshold found in Figure 24(a) T; = 601 K and T; = 602 K.
As shown in Figure 24(b), the dimensionless SEI concentration is completely consumed
around 2000 s for both T; = 602 K and 601 K cases, much earlier than the complete
consumptions of other species, which occur at the instant of thermal runaway. Results
suggest that the four chemical reactions may occur at different stages of thermal runaway,
and their occurrence can be decoupled depending on the thermal runaway time scale.
Evolution of the other dimensionless concentrations shows distinct behaviors, with much
stronger consumption under thermal runaway conditions, as expected.

By defining the onset of thermal runaway as the instant with the maximum rate of
temperature rise, Figure 25(a) and (b) plot spatial distributions of temperature and net heat
generation rate, respectively, within Cell 2 at the onset of thermal runaway. It can be seen
that the maximum temperature and peak heat release occurs in the vicinity of the surface
of Cell 2 for high triggering temperature T;, due to the large radiation heat flux from Cell

1. For extremely high T;, the surface temperature of Cell 2 will rise so rapidly that thermal
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Figure 24. (a) maximum temperature of Cell 2 as a function of time for different 77;
(b) comparison of evolution of average dimensionless concentration and
temperature for two cases close to the thermal runaway threshold 7;= 601 K (solid

lines) and 77 = 602 K (dashed lines).
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runaway will occur at or very close to the surface. Given that thermal runaway for high T
occurs so rapidly, as shown in Figure 24(a), it is expected that radiation plays the sole
dominant role for temperature rise during thermal runaway. At lower values of T;, the
location corresponding to the maximum temperature and peak heat release gradually moves
to the internal region of the battery, indicating increased influence of heat conduction and
heat generation from the chemical reactions during the much longer thermal runaway. For
the threshold case with T; = 602 K, the peak heat release occurs very close to the center of
Cell 2. The distinction between high T; and low T; behavior shown in Figure 25 can be
explained on the increase of radiation time scales at reduced temperatures, where thermal
conduction, as much slower, diffusive process, tends to play increasingly significant role.

To further characterize the different thermal chemical processes for thermal
runaway triggered by high and low temperature radiation, Figure 26 shows the evolution
of dimensionless concentration and temperature in Cell 2 for a relatively high triggering
temperature T; = 900 K. Compared to the low triggering temperature case with T; = 602 K
shown in Figure 24(b), the thermal runaway is triggered much quicker. More interestingly,
the mean dimensionless concentrations in the high temperature 900 K scenario do not
exhibit obvious change before thermal runaway is triggered. The reactions are not
separated in either spatial or time domain, and tend to be activated simultaneously in the
vicinity of the battery surface due to rapid radiative heating.

In summary, results so far demonstrate that radiation induced onset of thermal
runaway exhibits intrinsic differences depending on the triggering temperature: when T;is

high, the thermal runaway is triggered very fast in the vicinity of the battery surface, and
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the thermal runaway reactions occur simultaneously in spatial and time. In such a case,
radiation plays a solely dominant and direct role. In contrast, for low T;, thermal runaway
is triggered much slowly in the internal region of the battery, and the thermal runaway
reactions can separate in spatial and time domains due to the depletion of certain species.

In this case, radiation plays a less significant role.

3.2 Non-monotonicity in radiation induced thermal runaway

It should be noted that although Cell 2 receives radiation heat flux from Cell 1, it
also emits radiation to the ambient. Therefore, at a certain state, the net radiation heat flux
may become zero, even before thermal runaway occurs. In this scenario, the net radiation
heat flux on Cell 2 can actually be negative, which may counteract the occurrence of
thermal runaway. Figure 27 shows the evolution of net radiation heat flux ¢ over the surface
of Cell 2. It can be seen that for cases with T; = 602 K, q transitions to a negative value
much earlier than the onset of thermal runaway, defined as the instant with maximum
temperature rise rate. Therefore, in this case, radiation facilitates thermal runaway in the
early stage before net radiation flux vanishes, and it actually mitigates thermal runaway in
the later stage when net radiation flux becomes negative. With elevated temperature — when
T; reaches close to 650 K, the cross over state of q occurs very close to the onset of thermal
runaway, indicating the constant promotion effects of radiation during thermal runaway at
higher triggering temperatures.

To further characterize the role of radiative heat transfer at different triggering
temperatures, a time integrated radiative heat flux is calculated by integrating the net

radiation flux q over the surface of Cell 2 from the initial condition to the instant of when
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the net radiation heat flux in Cell 2 vanishes. This provides a basis to evaluate the maximum
facilitation effect of radiation on the triggering of thermal runaway. Interestingly, as shown
in Figure 28, the time-integrated radiative heat flux so defined exhibits a counter-intuitive
non-monotonic dependence on temperature. On the high temperature branch, the integrated
radiative heat flux decreases with increase in the triggering temperature, as expected.
However, the peak integrated radiative heat flux does not occur at the lowest temperature,
as one might expect. Instead, it occurs at an intermediate temperature, around 700 K in this
case. One possible explanation of such a non-monotonic trend may be offered by
considering the time duration for the integral: higher triggering temperature T; leads to
higher radiative heat flux, which nevertheless leads to a much shorter time scale to cancel
out net radiation flux q. On the other hand, lower triggering temperature T; leads to lower
radiative heat flux, which, however, elongates the time scale to cancel out net radiation.
This nevertheless only partially explains the role of radiation with varying triggering
temperature, in that heat release from the exothermic thermal runaway reactions will also
facilitate the temperature increment. With longer thermal runaway delay time at low
temperatures, it allows longer residence time for the chemical reaction progress and heat

release to accumulate internally within the cell.

3.3 Role of pre-runaway chemical heat release in radiation induced thermal

runaway

To isolate the effect of chemical heat release before thermal runaway, Figure 29
compares the maximum temperature evolution of Cell 2 with and without the chemical

heat source term included in the calculations. Results without chemical heat release
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represent contributions solely from radiation, while the difference between the cases with
and without chemistry effectively represents the contribution from chemical heat release.
We can select a temperature as the onset temperature of thermal runaway during the
temperature rise, for example 450 K or 500 K, and evaluate the temperature differences at
these selected reference points. Figure 29(a) plots the temperature evolution with and
without chemistry in high triggering temperature case T; = 900 K. At reference onset
temperature Trer = 450 K, the temperature difference AT between the cases with and
without chemistry is around 2.2 K, indicating the role of pre-runaway chemistry.
Considering the total temperature rise at the reference Tyof — Tipj = 450 — 293 = 157 K
includes the combined effects of radiation and pre-runaway chemistry, the contribution of
chemistry can therefore be reasonably isolated. Similarly, in the lower triggering
temperature case as shown in Figure 29(b), the contribution of pre-runaway chemistry
increases the battery temperature by 13.6 K, much higher compared to the higher triggering
temperature case in Figure 29(a).

The ratio of temperature rise from pre-runaway chemistry to the total temperature
rise is evaluated at different triggering temperatures. It is shown in Figure 30 that at high
triggering temperatures, the contribution of pre-runaway chemistry is very small, below 1
% for Tyef = 450 K, and below 5 % for T,..¢= 500 K. This indicates the sole dominant role
of radiation for high temperature radiation induced thermal runaway. While for the low
triggering temperature conditions, the contribution of pre-runaway chemistry increases to

around 10 % for reference temperature 450 K and nearly 30 % for onset reference
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temperature 500 K. The impact of pre-runaway chemistry becomes comparable to radiation

and hence cannot be neglected.

3.4 Effects from blockage on radiation heat flux in practical battery packs

In practical battery packs, depending on the separation distance d, thermal radiation
from a trigger cell to another cell in the pack may be blocked by adjacent cells. For
example, as shown by the schematic plot in Figure 31, radiation flux from O/ to O2 is
blocked by the presence of O3, in that any photon emitted beyond point A on the surface
of O1 is unable to directly reach the surface of O2. In general, the interest is in determining
the extent of radiative exchange that will occur between any pair of cells in a battery pack,
how this is influenced by the presence of other cells and how the cells are arranged in the
pack. Here, we considered two specific packing arrangements - equal-spacing homogenous
or orthogonal.

Following Hotel’s classical cross string theory [146], the view factor for arbitrary
2D geometry can be evaluated as:

F Y. crossed strings — Y, uncrossed strings
12 =

(53.)

2 x source string
For the case of homogeneous arrangement of cells, we can express the view factor
between cells 1 and 2, F;, as:

2x(AB+BC+CD)—2x(AE + EF + FG)
Fiz = 2 % 21R (54)

(ZH—R + 2Rtan9) — <4Rtan9 +R (E - 29))

3 3
2mR
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Equation (52.) and (54.) can then be compared to understand the effect of blockage
on radiation effect in a homogenously arranged battery pack, as demonstrated in Figure 32.
As h = H/R approaches 2, the gap between each pair of cells approaches 0. This is the limit
where the effect of blocking is most substantial, and it is shown that the difference of view
factor and hence the radiation heat flux is as large as 8.2 % with and without blockage. In
the other limit with gradually increased cell separations, the effect from blockage gradually
vanishes as expected, and hence Equation (52.) and (54.) reduce to the same results.

Instead of being homogenously arranged, a more widely adopted practical real
geometry of battery pack is the orthogonal configuration, as shown in Figure 33. Compared
to the homogeneous arrangement, this configuration has reduced energy density for a given
packing volume but provides more convenience for sequential and parallel electrical
interconnection, as well as provisioning of cooling. In this configuration, assuming the hot
radiation source is the center Cell 5. The radiation heat flux from Cell 5 to any one of its
immediate neighbors 2, 4, 6 and 8 is free of blockage, and, using Equation (52.), the view

factor may be written as

Vh? — 4 — h + 2 arcsin (%)

Fsy; = F54 = Fsg = Fsg =

(55.)

Radiative heat flux from the center cell 5 to any one of the other cells 1, 3, 7, and 9

2T

can potentially be blocked, depending on the average separation among the cells. Due to
symmetry, one can easily recognize that these view factors are equal:
Fs1 = Fs3 = Fs7 = Fsg (56-)
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Figure 31. Schematic of a typical geometry where radiation flux between two equal
cylinders OI and O2 are blocked symmetrically by two extra equal cylinders, radius

R and separation gap d.
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Figure 32. Comparison of viewer factors with and without the blockage between

adjacent cells in equally-spaced homogenous array.

Figure 33. A common orthogonal arrangement of cylindrical battery packs with

radius R and cell center distance H, h = H/R.
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Given the definition of view factor, the sum of view factor from cell 5 to all
reachable surfaces must be unity with sufficient small cell gaps. In other words, no
radiation emission from cell 5 is able to escape from all the cells around: We hence can

obtain:

1 Vh? —4—h+2arcsin(z)

h
Foi =Fz =F:7 = Feg = — — 57.
51 53 57 59 =2 o ( )

With these view factors analytically obtained, the radiation heat flux from the center
Cell 5 to all its adjacent cells with and without blockage can be easily evaluated. A
comparison of the view factor in Equations (55.) and (57.) is presented in Figure 34, with
Cells 2, 4, 6, and 8 as the closest cells relative to the trigger cell 5, and 1, 3, 7, and 9 being
next-closest cells. It is very interesting to see that there is a threshold cell separation
distance h ~ 2.7, within which the closest cells receive higher radiation while beyond which
the corner cells receive higher radiation. For 18650 cell arrays, this limiting aspect ratio of
h =2.7 corresponds to a cell gap of 6.3 mm. In the other limit of h = 2 where cells directly
touch with their closest neighbors, the radiation heat flux on the closest neighboring cell is
more than two times higher than that received by the corner ones. With gradually increased
spacing, the radiation heat flux drops on the closest cells and increases on the corner cells.
This provides direct guidance on battery arrangement in arrays in order to suppress thermal

runaway.

3.5 Effects of radiation from localized hot spots

It should be noted that the view factor for radiation heat flux calculation is based

on the assumption that Cell 5 has a uniform surface temperature. Under certain conditions,
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the presence of localized hot spots may result in a non-uniform battery surface temperature,
which may complicate the nature of radiative heat transfer. In such a case, the problem is
no longer symmetric, similar to the one discussed in the previous sub-section. Therefore,
radiative heat flux to each cell must be calculated separately. In order to investigate such
effects, localized hot spots are introduced as shown in Figure 33, represented by the blue
arc segment on the surface of Cell 5. The size of the hot spot is characterized by the angle
¢ shown in Figure 33, while the center of the hot spot is located along the center line of
Cells 5 and 2. This hot spot is assigned a representative temperature of 750 K, while the
rest part of Cell 5 is assumed to be at 300 K. A cell-to-cell gap of 1 mm is assumed. As we
change the hot spot size, it is expected that both the radiative surface area and the view
factor will vary accordingly.

Figure 35 shows the radiative heat flux per unit receiving surface area for hot spot
sizes of 20°, 45°, 90° and 360°. In the 360° case, we observe that each radiative heat flux
on Cells 2, 4, 6, and 8 accounts for 17 % of the total radiation, and that each radiative heat
flux on Cells 1, 3, 7, and 9 accounts for 8 %, consistent with their corresponding view
factors shown in Figure 34. With reduced hot spot size to 90°, more than 60 % of the total
radiation is received by Cell 2, the closest one to the hot spot, with a similar radiation heat
flux on Cell 2 to the 360°case. With further reduced hot spot sizes to 45° and 20°, the
radiation flux is reduced as expected, 80 % and more radiation from the hot spot is directly
emitted to the closest Cell 2. This shows that the nature of radiative heat transfer between
cells, and thus, the nature of thermal runaway propagation depends on the size of the hot

spot. Mitigation strategies, therefore, must account for the nature of the hot spots expected.
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In the limiting case of an infinitely small hot spot, it can be shown that the view
factor from the hot spot to an adjacent circle degenerates to R/H. This theoretical result can

be applicable to highly localized hot spots, such as small, hot particles from venting events.

4. Conclusion

Based on carefully designed and validated calculations and numerical simulation,
the interplay between radiation and pre-runaway chemistry in battery thermal runaway
propagation is identified in the current study. Results evaluate the role of radiative heat
transfer from a hot trigger cell to colder neighboring cells in the propagation of thermal
runaway.

Results indicate that radiation induced thermal runaway exhibits intrinsic
differences between low and high trigger temperature regimes - at high triggering
temperatures, thermal runaway is triggered very rapidly close to the battery surface, and
the thermal runaway reactions occur simultaneously in space and time. In this case,
radiation plays a solely dominant and direct role. In contrast, at low trigger temperature,
thermal runaway is triggered much more slowly and deeper in the cell, and the thermal
runaway reactions can separate in spatial and temporal domains due to the depletion of
certain species.

By investigating the evolution of the net radiation flux during thermal runaway, we
have found that the net radiation heat flux has a cross-over instant, beyond which the net
radiation heat flux becomes negative. Therefore, radiation can either facilitate or mitigate
thermal runaway. For high temperature conditions, the cross-over state is very close to the

onset of thermal runaway, as such radiation constantly facilities thermal runaway. In
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contrast, under low temperature conditions, the cross-over state can be far ahead of the
onset of thermal runaway, therefore radiation facilitates thermal runaway in the earlier
stage and mitigates thermal runaway in the later stage.

Results from this work identify the non-monotonic role of radiation in thermal
runaway triggering and provide direct insights into the complex interaction of two highly
nonlinear phenomena - radiation heat transfer and chemical reactions during thermal
runaway. The time-integrated radiation heat flux exhibits a non-monotonic dependence on
the triggering temperature. The underlying reasons can be twofold: for one thing, the delay
time of thermal runaway is substantially longer for low temperature conditions, albeit with
a lower radiation heat flux; for another, the pre-runaway chemistry plays an increasingly
significant role in increasing the battery temperature under lower triggering temperature
conditions, which must be considered for radiation induced thermal runaway propagation.

We analytically evaluated the view factor accounting for equal-spaced homogenous
arrangement and orthogonal arrangement of cells in practical battery packs. It was shown
that the blocking effect in the equally-spaced homogenous arrangement can decrease the
radiation heat flux by as much as 8.2 %. While in the orthogonal arrangement, a threshold
cell separation distance exists, within which, the closest cells receive higher radiation while
beyond which the corner batteries receive higher radiation. The results indicate that
radiation induced thermal runaway propagation in a pack is not necessarily along the
trajectory among closest cells. Radiation effects from a localized hot spot with varying
sizes were also investigated, showing the increased focusing effects and necessitating

specific thermal runaway prevention methods.
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In the context of relatively little past work on radiative heat transfer during thermal
runaway propagation, this work makes fundamental contributions in understanding the role
of radiation, and its interplay with chemical reactions that cause thermal runaway. The
insights gained from this work may help develop strategies for reduced thermal runaway

propagation, and hence, safer battery packs.
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CHAPTER III
CELL TO CELL VARIABILITY IN LI-ION BATTERY THERMAL
RUNAWAY: EXPERIMENTAL TESTING, STATISTICAL ANALYSIS,

AND KINETIC MODELING
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Abstract

As one of the most promising energy storage mediums, Lithium-ion batteries (LIBs) have
attracted extensive research interest. A major challenge associated with LIB application is
thermal runaway, which can be triggered under abused conditions and impose direct threats
to lives and properties. Here, we select Li-ion batteries with lithium cobalt oxide cathode
and graphite anode (18650, Samsung), with relatively simple chemistry, to revisit thermal
runaway. The experiment is conducted using an accelerating rate calorimeter (EV+ ARC,
Thermal Hazard Technology) following the heat-wait-seek strategy, and is repeated for 9
similar new cells with 100 % state of charge (SOC). Key features such as onset temperature
of self-heating, the onset temperature of thermal runaway, maximum heat release rate,
thermal runaway delay time, and maximum temperature are measured experimentally.
Although the cells are all brand new and have been initiated similarly, obvious cell-to-cell

variability has been observed in the measured exothermic onset temperature, delay time,
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and mass losses. It is also shown that the widely used four-step thermal runway model
cannot quantitatively capture the activation energy from the heat release rate. To improve
the kinetic modeling and accommodate the cell-to-cell variability, statistical analysis is
conducted to process the experimental results. Mean and standard error of the frequency
factor and activation energy has been acquired to determine the lower and upper bound of
the kinetic modeling using a one-step global chemistry. The measured and simulated
thermal runaway delay time has reached a reasonable agreement, with the uncertainty of
the kinetic model considered. The role of reactant consumption during the heating process
is also discussed. The identified cell-to-cell variability should not only be considered for
cell-level safety evaluation and modeling, but also in the thermal runaway propagation of

battery modules and packs.

1. Introduction

With the global trend of decarbonization and electrification, research and
development of Lithium-ion batteries (LIBs) have attracted extensive interest for
applications in ground transportation and energy storage [6,7,150—152]. One of the biggest
challenges in LIB is thermal runaway, where side reactions among battery materials can
occur under abused conditions, such as over-heating, over-charging, collision, and internal
short circuits. These side reactions not only release heat to elevate the battery temperature
but also release flammable gases and particles that can induce subsequent combustion and
fire, which triggers the propagation of thermal runaway on a larger scale. Thermal runaway
directly threats lives and properties and is hence a key factor for the design and safety

evaluation of future batteries.
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Fundamentally, by drawing an analogy between thermal runaway and combustion,
a charged battery carries “fuel” and “oxidizer” internally, containing all the reactants
needed to be flammable and explosive. Figure 36 shows the thermal runaway mechanism
using a typical LIB with LiCoO» cathode, the electrolyte of ethylene carbonate (C3H403)
and Lithium hexafluorophosphate (LiPFs), and a graphite anode. The solid-electrolyte-
interphase layer is thermally unstable and can decompose when it is subject to high-
temperature conditions. The lithium in the anode will then directly contact the electrolyte
and form lithium carbonate and ethylene. In addition, the cathode and electrolyte can
directly react through the oxygen generated from cathode decomposition. Finally, the
electrolyte material carbonate and salt can decompose under elevated temperatures. These
reactions are largely exothermic and are accompanied by the formation of gases such as
ethylene and oxygen. For other battery cathode materials such as NMC, the reactions and
the corresponding products can be more complex.

So, what has been done to mitigate thermal runaway initiation? From the modeling
aspect, Xu et al. have shown that with an appropriate design of cooling strategy, heat release
from the battery can be effectively removed such that it is less likely for thermal runaway
to be triggered [78]. Zhang et al. have computationally identified the safety regime
boundary for thermal runaway, where the critical heat source intensity and duration time
for a hot spot that can trigger self-sustained thermal runaway has been evaluated based on
the minimum ignition energy concept [ 144]. More recently, the concept of mild combustion
and stretched S-curve is adopted to inform battery material screening, such that a high heat

release rate from a strong ignition event can be fundamentally avoided [145]. From the
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battery design aspect, Hou et al. [153] have introduced fire-resistant electrolyte-based
LIBs, and shown that unfortunately, they cannot completely avoid thermal runaway. This
is because flammability measures the reactivity of electrolytes with oxygen, which doesn’t
relate to the chemical reactivity of most thermal runaway initiation reactions. Another
intriguing design is the solid-state LIBs that utilize thin metal oxide film as Li conductors.
According to the testing results by Chen et al. [154], thermal runaway can still occur
potentially due to the cross-talk reactions between Li in the anode and the oxygen generated
from the decomposition of the metal oxides. In summary, although there is still no universal
strategy that can completely avoid LIB thermal runaway, the probability of thermal
runaway can be largely reduced through battery material screening, manufacturing, thermal
management, and cooling design.

So far, most thermal runaway testing and modeling are based on a single sample
experiment. Due to the heterogeneous and multiphase nature of the battery, as well as the
multi-physical nature of thermal runaway phenomena, a single sample experiment might
not be able to reflect the safety characteristics of batteries with the same chemistry and
design in general. In this work, we revisit thermal runaway testing and modeling over the
extensively investigated, relatively better-understood LIBs with LCO chemistry, using a
recently established, well-calibrated facility EV+ ARC (THT) following the well-
controlled heat-wait-seek (HWS) strategy. By repeating the experiment using nine similar
cells with near-identical initial conditions, our results conclude that thermal runaway is
highly sensitive to the cell-to-cell variations due to manufacturing inconsistency.

Therefore, it can be misleading to conduct a safety evaluation or develop thermal runaway
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chemistry based on a single set of thermal runaway experiments. Statistical analysis will
be a necessary tool to fairly evaluate the tendency of thermal runaway and to interpret the
experimental data.

The primary objectives and contribution of the current work are three-fold: first,
we have identified the cell-to-cell variability in battery thermal runaway testing; second,
we have evaluated the reactant consumption effects during the heating period of the test;
last, we would like to demonstrate how statistical analysis can be utilized to interpret

thermal runaway testing data and guide modeling.

2. Methodology

2.1 Experimental methodologies

2.1.1 Battery initialization

In this work, commercial 18650 Li-ion batteries with a LiCoO» (LCO) cathode and
graphite anode (Samsung) are used. The technical specification of the battery we used in
this study is available at [155]. The basic parameters of the battery are listed in Table 11.

Before thermal runaway testing, all batteries are cycled using a MACCOR 4200
system with an environmental chamber to achieve similar initial conditions. Detailed test
procedures for the batteries are summarized in Table 12 and Table 13, respectively. In these
test procedures, charging is done via a constant current constant voltage (CCCV) method,
which means charging at a given constant current until reaching the maximum voltage
given by the manufacturers, followed by charging with the maximum voltage until the
current decreases to C/10. Discharging is done with a given constant current until the cut-

off voltage 2.75 V is reached. Measurements of mass, voltage, and capacity only show
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Table 11. Basic parameters of the test battery.

Parameter (unit)

Value

Model

Chemistry

Height (mm)

Diameter (mm)

Rated capacity (Ah)

Nominal voltage (V)

Charging voltage (V)

Discharging cut-off voltage (V)
Max. charge/discharge current (C)
Operating temperature (°C)

Cell weight ()

ICR18650-30B

LiCoO,/Graphite

65

18

2.95

3.78

4.35

2.75

1/2

0~45 (Charge) -20~60 (Discharge)

<48.0
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Table 12. Initialization of the batteries.

Battery No. Test Procedures
Batt 1-3 Step 1: 0.5 C Charge — 0.2 C Discharge — 0.5 C fully Charge at 25 °C
Batt 4-6 Step 1: 0.5 C Charge — 0.2 C Discharge — 0.5 C fully Charge at 25 °C.
Step 2: 1 C Discharge at 0 °C~50 °C, 0.5 C Charge at 25 °C.
Step 3:0.1/0.5/1/2 C Discharge-0.5 C Charge at 25 °C.
Step 4: 0.5C Charge/Discharge cycle 10 times at 25 °C.
Batt 7-9

Step 1: 0.2 C Charge — 0.2 C Discharge — 0.2 C Charge — 0.2 C Discharge —

0.2 C Charge at 25 °C.

Step 2: 0.1 C Charge / Discharge cycle 2 times at 25 °C
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Table 13. Mass, voltage, and capacity for the nine 18650 LCO batteries.

Battery No. Mass (g) Voltage (V) Capacity (Ah)
Batt 1 46.262 4.33 2.941
Batt 2 46.312 4.32 2.936
Batt 3 46.312 4.33 2.936
Batt 4 46.109 4.35 2.818
Batt 5 46.261 4.35 2.810
Batt 6 46.264 4.35 2.825
Batt 7 46.326 4.32 2.853
Batt 8 46.279 4.32 2.870
Batt 9 46.217 4.32 2.860
Average 46.260 4.33 2.872
Standard deviation 0.066 0.014 0.053
Standard error 0.022 0.004 0.017
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small deviations of initial conditions among the testing cells, as listed in Table 13. Before
carrying out the ARC test, all the test batteries are at 100 % state of charge (SOC). It should
be noted that although there are slight differences in the initialization procedure of each
group, we nevertheless do not expect these normal cycling processes can introduce
substantial variations in thermal runaway as we shall demonstrate later. Actually, all the
cells exhibit nearly identical voltage, capacity, impedance and charging-discharging curves
before thermal runaway experiments. On the other hand, each group of three cells actually
goes through exactly the same initialization procedure, the differences in their thermal
runaway behavior therefore can serve as strong evidence for cell variability.

2.1.2 ARC testing procedure

The first prototype of accelerating rate calorimetry (ARC) was made commercially
available by the Dow Chemical Company in 1980s [156]. The thermal runaway testing
facility used in this work is the advanced EV+ARC, manufactured by Thermal Hazard
Technology (THT), as shown in Figure 37(a). The calorimeter of the EV+ARC has an
internal size of 40 cm in diameter and 44 cm in depth. The physical arrangement of the test
cell in the EV+ ARC is shown in Figure 37(b). We first carefully remove the test battery
from its shrink wrapping and attach the N-type thermocouple to the middle surface of the
test battery with a glass cloth tape. The N-type thermocouple used to continuously detect
the battery temperature has been carefully calibrated with standard samples, and the
sensitivity of the system is within 0.02 °C/min. The test battery is then suspended from the
aluminum frame with thin iron wire to ensure uniform heating from the top, side, and

bottom heaters.
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Figure 37. (a) EV+ARC at UTSI; (b) suspension of 18650 cells in the EV+ chamber.
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In this study, the heat-wait-seek (HWS) method is adopted to trigger thermal
runaway. The logic flow chart and typical temperature profile and key responses during
thermal runaway following the HWS strategy are shown in Figure 38(a) and (b),
respectively. At first, the test battery is heated up from ambient temperature until the
surface temperature reaches 50 °C, then the wait mode is activated and will last for 45 min,
to ensure thermal equilibrium between the ARC and the battery. Then the system enters
“seek” mode to search for the temperature rise rate of exothermic reactions and compare it
with the temperature rate sensitivity of 0.02 °C/min. If the measured temperature rise rate
is above the threshold, the system will switch to exotherm mode. This mode allows a nearly
adiabatic environment with no temperature difference between the heaters and the sample,
especially when the self-heating rate is below a threshold value [157]. As a result, HWS
allows tracking of the cell temperature evolution in the near-adiabatic scenario. On the
other hand, if the detected temperature rise rate is below the threshold, the system will
perform the next HWS step. In our test, each heating step increases the battery temperature
by 5 °C. In either heating or exotherm mode, when the temperature exceeds the given
maximum of 300 °C, the heaters shut down completely and the system starts cooling down
by introducing pressurized nitrogen. It is worth noting that the potential effects of internal
and external heat transfer during an ARC experiment is carefully analyzed recently in
[158].

Based on the ARC test, key parameters of thermal stability of the test battery can
be obtained such as self-heating onset temperature (7e.w), thermal runaway onset

temperature (77r), maximum temperature (7uax), thermal runaway delay time, and the slope
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Figure 38. (a) logic flow chart of the ARC thermal runaway test following HWS
strategy; (b) a typical temperature history and key responses during thermal

runaway following the HWS strategy.
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of the temperature evolution curve — temperature rise rate (dT/dt), as shown a typical
thermal runaway test triggered by HWS in Figure 38(b). In this study, the 7T, 1s defined as
the temperature when the temperate rise rate of the test battery reaches 0.02 °C/min, and
the 77 is defined as the temperature when the temperate rise rate of the test battery reaches
20 °C/min. The time duration between T.x, and 77 is defined as the thermal runaway delay
time. These data will be used to derive the parameters involved in the subsequent thermal

runaway model.

2.2 Numerical simulation approaches

2.2.1 ARC simulation strategy

For numerical simulation, both the 0D homogeneous model and the two-
dimensional axisymmetric model (2D) have been conducted in COMSOL Multiphysics
5.5, to simulate the ARC experiment. Energy conservation equations for both models are
listed in Table 14. For the lumped model, we assume that the battery interior is isothermal
with zero temperature gradient. Hence, the energy balance equation can be simplified
without considering the heat conduction inside the battery. For the 2D model, due to the
axisymmetric geometry of the battery, the temperature inside the battery varies in both
radial and axial directions. Both thermal runaway reaction and internal heat conduction are
considered.

To predict ARC tests, the thermal boundary conditions in the model are set as
adiabatic, ignoring convection and radiation. As explained in the previous section, when
the test battery enters exotherm mode, the system achieves adiabatic to prevent the test

battery from exchanging heat with its surroundings. The heat source term in the model that
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Table 14. Energy balance equation for the lumped model and 2D axis model.

Lumped Model

2D axisymmetric Model

Assumption

Governing Equation

Chemical reaction heat

Isothermal domain

dT

pcpEZQ

Q = Qsei + Qne + Qpe +Qe

Thermal stratification exists
0T_1 d <k aT)+ 0
P = rar\" ar) T oz

Q = Qsei + Qne + Qpe + Qe

(k

oT
0z

)
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triggers the thermal runaway of the battery comes from four commonly used chemical side
reactions [75], which will be discussed in detail in the next section.
2.2.2 Four-step reaction model

In the four-step reaction model, the chemical heat release Q inside the battery
comes from four semi-global thermal chemical reactions [70,75]. These exothermic
reactions include the decomposition of solid-electrolyte-interface (SEI), the reaction
between the anode and the electrolyte, the reaction between cathode and electrolyte, and
electrolyte decomposition. The quantitative characteristics of these reactions depend on the
battery material properties, thermal chemical parameters, and temperature. The reaction
model, frequency factor, and activation energy that describe the kinetics between battery
materials have been previously obtained by fitting the experimental measurements from
accelerating rate calorimetry (ARC) and differential scanning calorimetry (DSC) tests [73].
The chemical reaction rates and heat generation have been widely adopted in literature
[70,75] and are summarized in Table 15.

In order to validate the thermal runaway model, we compared the four-step reaction
model against literature-reported oven test results [73]. The model parameters used in this
study were collected from [75] to describe a fully charged battery with LCO/Graphite
chemistry. A major difference from the ARC condition is that oven test simulation strongly
relies on the radiation and convection boundary conditions. The comparison is shown in
Figure 39, where both lumped and 2D axis model results are in good agreement with the
literature result. As shall be shown later, such agreement based on a single cell test does

not necessarily indicates the validity of the kinetic model. However, the results suggest an
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Table 15. Reaction rates and heat sources of the four-step thermal abuse model.

Reaction term Equations
SEI decomposition dcge Eqsei]l mg; dcge
djfﬂ = —Ageiexp [_ ;;ﬂ] C;:;‘ Qsei Hge W, d:”
Anode-electrolyte reaction dc tsei 1 mnen E,, dc
e G o o IR U
dtsei = A _ex [_ tsei ] Cmne,nex [_ Ea,ne]
dt ne€XP tseiol ™€ P{™Rr
Cathode-electrolyte reaction da E,, da
E = Apeampe'pl(l - a)mpe,pzexp [_ % Qpe _HpeVVp E
Electrolyte decomposition dc E dc

Overall heat generation

Q = Qsei + Qre + Qpe + Q.
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Figure 39. Validation of the four-step model against literature oven test results,
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insignificant role of heat conduction for small 18650 cells, even in the worst case with both
surface and internal heat transfer, hence the lumped model will be adopted.
2.2.3 Reactant consumption during the heating period

With a non-negligible duration of cells in a high-temperature environment,
reactions such as SEI decomposition can occur even before the system detects the
exothermic mode. Such reaction progress can affect the initial condition when the cell starts
at the self-exothermic onset condition. From the experimental perspective, due to the
temperature rate sensitivity (0.02 °C/min) setting in the ARC test, it is evident that some
chemical reactions have already occurred, but it is difficult to quantify the actual extent of
chemical reactions at the exotherm onset temperature. Most previous simulations just
neglect the consumption of reactants during the heating period, leading to ambiguities in
thermal runaway modeling and prediction.

To investigate the consumption of reactants when the cell just entering exotherm
mode, the preheating temperature profile of the ARC test is applied to the four-step reaction
model to evaluate potential reactant consumption. Figure 40(a) demonstrates that there are
significant changes in the dimensionless parameters during the heating period, especially
csei, which indicates that the SEI decomposition reaction has occurred before the system
detects the exotherm mode. The evolution of the battery temperature with and without
reactant consumption is compared in Figure 40(b). The state at exothermic onset
temperature is considered as time 0 for the delay time calculation. With reactant
consumption considered, the pre-runaway heat release is much lower, leading to a

substantially elongated thermal runaway delay time. Table 16 provides a summary of
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Table 16. Model parameters in the four-step thermal abuse model.

Parameters (unit)

Model without reactants The model with reactant consumption

consumption

p (kg/m?)

¢, (I(kg-K)

2780

730

Hsei /Hne /Hpe /He

H (J/kg)
2.57E5/1.174E6 / 3.14E5/ 1.55E5
Wsei /Wne /VVpe /VVe
W (kg/m3
(kg/m) 610.4/640.4 /1221 / 406.9
Esei / Ene / Epe / Ee
E (J/mol)
1.3508E5 / 1.3508E5 / 1.396E5 / 2.74E5
Asei /Ane /Ape/ Ae
A (s
1.667E15/2.5E13 / 6.667E13 / 5.14E25
T2 (°C) 77.54/97.73/118.17 /123.83
Coei (1) 0.15 0.1380/0.0511 / 2.55E-6 / 1.52E-9
Cne (1) 0.75 0.749 /0.7458 / 0.7218 / 0.7112
teei(1) 0.03 0.0333/0.0372/0.0612 /0.0718
a (1) 0.04 0.040026 /0.0404 / 0.0443 / 0.0476
c. (1) 1 1/1/1/1
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parameter values used in the thermal abuse model, and the corresponding reactant
consumption at four different experimentally determined self-heating onset temperature
(Texo). Different values in Table 16 correspond to the different self-heating onset
temperature and heating temperature history of the four batteries Batt 8 (77 °C), Batt 2 (98
°C), Batt 1 (118 °C), and Batt 4 (124 °C). These are considered as representative heating
profiles that cover the temperature range of all experiments. By applying the preheating
temperature profile of these four experiments to the four-step kinetic model, we can

evaluate the extent of reactant consumption for each condition.

3. Results and discussion

3.1 Experimental thermal runaway data and cell-to-cell variation

The experimental thermal runaway testing results of all the 18650 LCO cells have
been summarized in Table 17. The onset temperature of exothermicity, 7., denotes the
temperature when the time rise rate of battery temperature exceeds the threshold of 0.02
°C/min. The onset temperature of thermal runaway, 77z, is defined as the temperature when
the battery temperature rise rate is above 20 °C/min. The time duration in between 7ex, and
Trr 1s defined as the thermal runaway delay time. After each experiment, the mass of the
battery is weighted again to quantify the mass reduction during thermal runway, which
includes gas and other battery components during the strong venting events. The maximum
temperature of the cell during thermal runaway is also recorded, which includes potential
error from strong venting and explosion event that may cause the thermocouple to fall off.
From the testing results, a most obvious observation is that the cells exhibit substantial

variations in all the thermal runaway responses such as the Texo, T7r, Tmax, TR delay time
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Table 17. Self-heating onset temperature, thermal runaway onset temperature,
maximum temperature, thermal runaway delay time, and mass change during

thermal runaway for all the nine 18650 Samsung LCO cells.

Battey Exothermic Thermal Max Temp TR delay time Mass change
Number onset Temp runaway onset Tinax(°C) (min) (9)
Texo(°C) Temp Trx(°C)
Batt 1 118.2 211.4 365.4 204.33 N/A
Batt 2 97.7 210.1 716.5 720.50 26.967
Batt 3 67.4 200.0 345.1 1308.96 9.951
Batt 4 123.8 220.9 456.5 121.52 27.131
Batt 5 7.7 201.1 384.2 897.43 21.674
Batt 6 77.4 195.4 392.7 802.80 24.405
Batt 7 76.9 228.6 390.3 1584.35 7.054
Batt 8 776 200.7 726.7 911.74 23.718
Batt 9 77.5 204.2 414.4 1044.03 9.797
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and mass change. For example, self-heating starts to occur as low as 67 °C and as high as
123 °C, TR delay time also ranges from around 122 min to 1584 min. In addition, cell
variation also exhibits in the detailed runaway process as shown in the cell temperature
evolution in Figure 41. Batt 7 even shows a two-stage thermal runaway, which includes
two individual exothermic processes separated by a venting event. While for the rest of the
cells, the venting nevertheless occurs much closer to the main thermal runaway event. It is
worth noting that some of the observed variations are coupled, for example, the TR delay
time can be further affected by the uncertainty in 7ew. Obviously, the measurement
uncertainty of 7ex, can be as large as the heating step 5 °C, and a temperature rise of 5 °C
in the exotherm mode (e.g., ~250 min) can take much longer than in the HWS mode (e.g.,
< 100 min). However, the observed variation in TR delay time is much larger than the sole
effect of measurement uncertainty in 7ex,. If we look at the results of Batt 5-9, which all
exhibit a similar Texo of 77 °C, their TR delay time nevertheless ranges from 802 min to
1584 min, indicating a strong variation much larger than 5 °C duration in different modes.

Since the experimental facility and the HWS heating protocol has been carefully
calibrated with high sensitivity of 0.01 °C/min, the observed cell-to-cell variability is most
likely induced by the manufacturing inconsistency and occurrence of defects within these
cells. The results directly indicate that thermal runaway is very sensitive to manufacture
variations even for fresh LIBs. Here cell variability is inevitable even among fresh cells;
while for used cells, it is expected that cell variation can be further amplified from various

extents of degradation. Consequently, safety evaluation based on a single cell testing is
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likely not representative of the statistically distributed performance of cells with the same
design.

From the temperature evolution, frequency factor and the global activation energy
can be readily obtained from the heat release rate. Based on the Arrhenius law, the self-
heating rate can be expressed as [123,159,160] assuming adiabatic and ignoring reactant

consumption:

1 (dT) In(AT,4A) Ea (58.)
Mae) = M a0 p '

dr . . : . e
where d—z is self-heating temperature rate, AT,;(K) is the difference between the initial

exothermic temperature T,,, and the maximum temperature T,q,, A(min) is frequency
factor, E,(eV) is the activation energy, kp is Boltzmann’s constant (8.62E-5 eV-K™!).
Figure 42(a) plots the natural logarithm of the self-heating rate versus the inverse of
temperature for the cells, except Batt 7 showing a two-stage thermal runaway. By using the
linear region on the temperature rate profiles, the activation energy indicated by the slope
varies from 0.83 to 1.0 eV and reaches great consistency among cells, confirming the same
battery materials. The current data is also compared to the activation energy reported in the
literature of 18650 cells with LCO chemistry from different manufacturers produced about
a decade ago [159] as shown in Figure 42(b), which ranges from 1.3 to 1.7 eV. The average
activation energy of the current cells is about 50 % lower, indicating lower thermal
sensitivity.

Figure 43 (a) and (b) show the temperature evolution and heat release rate analysis
of Batt 7. Interestingly, the two exothermic periods separated by the venting event share

similar activation energy, while the second period exhibits a much larger scattering in heat
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release rate. Another observation is that a substantial decrease in heat release rate is seen
by the end of venting. The sudden pause of strong chemical reactions may be induced by
partial consumption of the battery or by the limitation of some diffusion-controlled
phenomena. In practice, although self-heating is triggered around 77 °C in Batt 7, it exhibits
a much lower heat release rate when the temperature is above 150 °C and a much longer

thermal runaway delay time, and is one of the safest among all the cells tested.

3.2 Challenges in thermal runaway modeling using the four-step model

The first modeling challenge arises when the global activation energy from the
simulation fails to agree with that obtained from the ARC experiments. Figure 44 shows
numerical simulation using the four-step kinetic model under three different initial
temperatures. The simulation results show that there are multiple linear regions on the
logarithmic plot with substantially different temperature rate profiles, therefore, we divide
each simulation into three regions for separate linear fitting. Taking the experimental result
as a reference, we focus on the middle region. As shown in Figure 44, the global activation
energy from the simulation results using the four-step model is much higher compared to
the current ARC experiments, while they have a closer agreement with the values of
previously reported literature results [159] shown in Figure 42(b). This is a common
challenge in numerical simulation when modeling results are inconsistent with
experimental data. The problem is certainly addressable by tuning the kinetic model
parameters, for example, through sensitivity analysis [161] and other optimization methods
such as the genetic algorithm [162]. Given the under-constrained nature of this problem,

there are multiple free parameters involved in the four-step model and multiple ways may
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exist to adjust the model to achieve similar global activation energy with the experiment.
Consequently, one can obtain a set of model parameters that fit their particular thermal
runaway testing data, which is however not mathematically unique and cannot be adopted
in general even for the same cell materials and design.

Furthermore, the observed cell variability in thermal runaway testing can provide
misleading targets for the development of thermal runaway chemistry and modeling. We
use the widely adopted four reaction mechanism to simulate the ARC thermal runaway
testing results. As shown in Figure 45, both Batt 1 and 4 have an exothermic onset
temperature T,,, of approximately 120 °C, and they have nearly identical initial SOC,
voltage, and capacity. When efforts are made trying to simulate these testing conditions
with the LCO thermal runaway model, the first question that arises is that which should be
selected as the target condition to compare against the modeling results? Without
identifying the target of model performance, it is impossible to further adjust and optimize
model parameters. Similar challenges occur when we try to simulate the thermal runaway
conditions corresponding to T,,, of 77 °C, where Batt 5 to 9 all have similar T,,, but
distinct runaway processes. As we show in the following, battery safety evaluation must be
obtained from statistical analysis of behaviors of multiple cells, rather than from a single

test — which is, unfortunately, a common practice in current literature [136,163—165].

3.3 Statistical analysis of thermal runaway results and the one-step model

To address the challenges induced by the parameter optimization of the four-step
thermal runaway model, and the inherent cell variability shown from thermal runaway

testing, we develop a statistical analysis method of thermal runaway based on a one-step
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overall chemical model. The idea is rather straightforward: from the heat release profile of
each ARC experiment, a one-step global chemical model in the Arrhenius form can be
uniquely determined. By direct statistical analysis of the one-step global mechanism from
each cell, the mean value and standard error of both the frequency factor and the activation
energy can be readily obtained. The variations of the frequency factor and the activation
energy can then be utilized to quantify the uncertainty range of the thermal runaway
chemistry. By comparing the experimental data with the nominal value and uncertainty
range of the modeling, a more rigorous evaluation of cell safety evaluation can be made on
the basis of statistical analysis. Due to limited resources, our data reported in this work
only cover 8 cells, the results are nevertheless sufficient to demonstrate the nature of cell
variability as well as the usefulness and application of the statical analysis method.

The one-step global model will adopt the following species and energy

conservation equations:

dc _E
E = —Ace RT (59)
dT
Cpgr = HAce™ R (60.)

where the values of thermal chemical parameters are provided in Table 18. It should be

noted that the specific total formation enthalpy satisfies H = ¢,AT,4 under the current
adiabatic condition. Therefore, the model results are independent of the choice of ¢, and

the parameters including A4, E and AT,; can be uniquely determined from each
experimental measurement. Through the statistical analysis, the frequency factor 4 can be

expressed as 3.49E842.46E8 min!, and the global activation energy E is 8.58E442.05E3
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Table 18. Statistical analysis of frequency factor and global activation energy of all

18650 Samsung LCO cells.

AT, Cp H E A Self-heating TR delay
(K) (J/kg-K) (J/kg) (J/mol) (min'l) onset Temp  time (min)
Texo (°C)

Batt 1 247.2 730 1.80E5 9.65E4 2.00E9 118.2 204.33
Batt 2 618.7 730 4.52E5 9.33E4 4.10E8 97.7 720.50
Batt 3 277.8 730 2.03E5 8.30E4 9.00E8 67.4 1308.96
Batt 4 332.7 730 2.43E5 8.39E4 4.50E7 123.8 121.52
Batt 5 306.5 730 2.24E5 8.03E4 3.77E7 7.7 897.43
Batt 6 315.3 730 2.30E5 8.33E4 1.06E8 77.4 802.80
Batt 8 649.1 730 4.74E5 8.24E4 2.99E7 77.5 911.74
Batt 9 336.9 730 2.46E5 8.36E4 7.40E7 77.5 1044.03
Average  AT,,.: b e H,pe - Eqpe: Agve: Tave - tave:

385.5 730 2.29E5 8.58E4 3.49E8 89.7 751.41
Standard  ATsp: Cogp: Hgp: Esp: Agp: Tsp: tsp:
deviation 156.3 0 1.73E4 5.80E3 6.95E8 21.2 404.12
Standard  ATgg: Cp st Hgp Egg Agg Tsg: tsg:
error 55.3 0 6.12E3 2.05E3 2.46E8 7.5 142.9
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J/mol. The global activation energy exhibits a much smaller percentage variation compared
to the frequency factor. Also, due to the substantially different two-stage thermal runaway
behavior, Batt 7 is not included in the statistics and is separately analyzed as shown in

Figure 43.

3.4 Comparison of the modeling accounting for uncertainty from cell variability

With the nominal value and uncertainty available for the kinetic parameters
obtained from the experimentally measured heat release rate, we can readily evaluate the
uncertainty of the modeling results of other thermal runaway responses. The first key
thermal runaway parameter we would like to predict is the exothermic onset temperature
T,y0- According to the definition of T,,,, we can set the value of temperature rise rate in
Equation (60.) to be 0.02 °C/min and solve the temperature. It is straightforward to see that
the upper limit of the predicted exothermic onset temperature T,,, (110.24 °C) occurs
when A takes minimum and E takes maximum, and that the lower limit of T,,,, prediction
(71.75 °C) occurs when A takes maximum and £ takes minimum. The nominal value of the
onset temperature (86.50 °C) is obtained when both 4 and E adopt their average values.
The comparison of the experimental measured T,,, and model prediction accounting for
uncertainty is shown in Figure 46, achieving reasonable agreement. The experimental
measurement is either bounded by or very close to the upper and lower limits of the kinetic
modeling. It should be noted that for each battery, if the reactant consumption effect is
accounted for, then that the upper limit of onset temperature prediction will be further

extended.
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The next key thermal runaway parameter to be predicted is the thermal runaway
delay time. Following the modeling procedure described in Sec. 2.2.3, the modeling effort
includes both the four-step model and the one-step global model, accounting for the effect
of potential reactant consumption during the heating period. Due to the non-negligible
duration of cells in the high-temperature environment, reactions such as SEI decomposition
can occur even before the system detects the exothermic mode. Such reaction progress can
affect the initial condition when the cell starts at the self-exothermic onset condition. Figure
47(a) and (b) show the reactant concentration at the end of the heating process using both
the four-step and one-step models following the experimental temperature profiles of a few
representative tests. It is seen that reactant consumption is non-negligible for conditions
with sufficiently high self-heating onset temperatures. For the one-step model, up to 25 %
of the reactant can be consumed already before the system detects the exothermicity
threshold, when T, is beyond 120 °C.

Figure 48 shows the comparison of the experimentally measured thermal runaway
delay time and numerical simulations under various conditions. The most interesting set of
comparisons is with the simulation results of the one-step model accounting for the
uncertainty of the kinetic parameters. The upper limit of thermal runaway delay time is
obtained by the combination of minimum value of 4 and maximum of E, while its lower
limit is given by maximum A and minimum £. These two limits span by about one order
of magnitude, indicating a large uncertainty for the thermal runaway delay time predicted
by the one-step model. Through this comparison, it is intriguing that the experimental data

are well within the upper and lower limits of the one-step kinetic modeling. With reactant
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consumption during heating further taken into account, the thermal runaway delay time can
be elongated by a factor of two under the higher end of T,,,. Similar simulation conducted
using the four-step thermal runaway model shows a stronger effect considering reactant
consumption. Furthermore, it is seen that the thermal runaway delay time predicted by the
four-step chemistry also lies in the uncertainty of the one-step model, which nevertheless

exhibits a stronger temperature sensitivity.

3.5 Reflection on the thermal runaway experiment and data interpretation

Through the statistical analysis and detailed comparison between numerical
simulation and experiment, it can be seen that safety evaluation based on a single cell
testing is very likely not representative of the statistically distributed performance of cells
with the same design, and can even provide misleading targets for the development of
thermal runaway chemistry and modeling. This issue is unfortunately not carefully
addressed in the vast volume of existing battery safety testing literature. By incorporating
statistical analysis and uncertainty quantification, we can achieve rigorous and consistent
safety evaluation, including a reasonable description of the scattered exothermic onset
temperature and the thermal runaway delay time. It is expected that with more cells
included, the uncertainty of the kinetic parameters can be further reduced, leading to
improved accuracy of the prediction.

From the experimental observation, we note that a few key factors that can affect
the interpretation and accuracy of the measured data. First of all, difference in the measured
adiabatic temperature rise AT, is not necessarily a measurement error. LCO cells exhibit

strong venting events, and these venting events are quite different among each test. Not all
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the venting events lead to combustion and substantial heat release. Part of the heat released
with the venting materials will not contribute to the heating of the battery. Eventually, the
measured mass reduction of cells cannot be directly used in the energy balance.
Thermodynamically we therefore should not expect the same AT, for LCO cells, unless
we can ensure complete reaction of all materials and adiabatic heating on the battery and
residuals. This is also confirmed by [166]. Secondly, there does exist a non-negligible
experimental error associated with the measurement of the adiabatic temperature rise AT,
which will further affect the evaluation of the frequency A factor. For one thing, due to the
design and control strategy of the EV+ ARC, heat loss is activated when the battery
temperature reaches 300 °C. For another, the strong venting and explosion can cause the
cell to swing in the chamber and collide with the chamber wall. This can lead to the
potential failure of the glass cloth tape, where the thermocouple can fall off during such an
intense thermal runaway. Both of these factors can lead to ambiguities in the maximum cell
temperature measurement, and subsequent error propagation in the data processing.
However, error from the maximum cell temperature measurement does not affect the
measurement of the exothermic onset temperature, thermal runaway onset temperature,
thermal runaway delay time, and the activation energy. Variations among these properties
are substantial evidence of cell variability and necessitate statistical analysis and
uncertainty quantification of battery safety evaluation.

Furthermore, cell degradation, heating rate and cell chemistry will certainly affect
the observed cell variability. Firstly, fresh cells are utilized in the current testing, with

negligible degradation. Stronger cell variability will be observed when comparing cells
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with different extent of degradation. Secondly, the slow heating rate adopted in current
HWS experiment allows longer residence time to observe the cell variability. In the
scenario of ramp heating or conditions with much higher heating rate [167], we should
expect weaker cell variability in thermal runaway. Thirdly, higher cell variability can be
expected for cells with more sensitive and reactive materials.

Last but the not least, the current single cell thermal runaway experiment shed light
on the complexity of the thermal runaway propagation. In the current statistical analysis,
we have attributed all the factors leading to variability such as defects, particle size,
manufacturing inconsistency to the thermal runaway chemistry. Consequently, there is an
uncertainty in thermal runaway kinetics among all the cells with nearly identical initial
conditions. Therefore, it is not feasible to predict which cell starts thermal runaway first
when a battery module of similar cells is exposed to similar heating condition. Eventually,
it is not quite feasible to predict the path of thermal runaway propagation that leads to a

great safety concern.

4. Conclusion

Through carefully conducted ARC thermal runaway experiments via step heating,
the current work has provided solid evidence for the cell-to-cell variability in fresh
commercial 18650 LCO cells with similar initial conditions. These variations include non-
negligible differences in the measured thermal runaway responses including exothermic
onset temperature, thermal runaway onset temperature delay time, maximum temperature,
and mass reduction, as well as in the observed venting events. These variations suggest that

thermal runaway can be very sensitive to manufacture inconsistency and defects generated
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during thermal runaway, as such, the behavior of a single cell might not be representative
of the average performance of multiple cells. Therefore, battery safety evaluation must be
based on the statistical analysis of multiple cells of similar conditions.

By analyzing the heat release rate during the thermal runaway test, the frequency
factor and the activation energy based on one-step global chemistry are obtained for each
battery. By fully attributing the observed cell variability to thermal runaway chemistry,
statistical analysis is then applied to the dataset, to acquire the mean and standard error of
the frequency factor and global activation. With uncertainty quantification, the modeling
work has reasonably captured the range of the exothermic onset temperature distribution.
The measured thermal runaway delay time is also found to be bounded by the upper and
lower threshold of the model prediction.

In addition to the uncertainty of chemistry induced by cell-to-cell variations,
another effect that needs to be properly considered for safety evaluation is the different
extent of battery material consumption during the heating period of the test. Due to the
non-negligible duration of cells in the high-temperature environment, reactions such as SEI
decomposition can occur even before the system detects the exothermic mode. Such
reaction progress can affect the initial condition when the cell starts at the self-exothermic
onset condition. Results show that reactant consumption can induce a difference in the
delay time up to a factor of two.

The variation in the measured maximum temperature is not necessarily an
experimental error, due to the variations in venting, combustion, and the actual of thermal

energy heating up the cell. However, some error does exist in the measurement of the
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maximum temperature, due to applied cooling from the ARC system, and also the potential
falling-off of thermocouples during strong venting. Such error can lead to a quantitative
difference in the kinetic evaluation, but will not affect the observation of the cell variability
and the necessity to accommodate statistical analysis of battery safety evaluation.

It is expected that the observed cell variability also depends on degree of
degradation, heating rate and cell chemistry, and that the observed cell variability will
fundamentally affect the thermal runaway propagation path in a module or pack. These

aspects certainly merit future investigations.
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CHAPTER 1V

THERMAL RUNAWAY OF LI-ION BATTERY WITH DIFFERENT
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Abstract

Safety issues associated with thermal runaway (TR) in batteries have attracted extensive
research attention. However, understanding and predicting TR encounter significant
challenges due to the complexities of chemical reactions, venting events, thermal
stratification, multiphase interactions, and variable boundary conditions. These challenges
are further complicated by intrinsic battery degradation, a phenomenon often insufficiently
characterized and governed by multiple mechanisms. These primarily include the depletion
of electrolyte and active materials, thickening of the solid-electrolyte-interphase (SEI), and
formation of lithium plating and dendrites. Such degradation alters the battery's materials
and structure, directly causing electrochemical performance penalties and potentially
affecting its TR behavior. This study examines the TR behavior of commercial 18650 cells
with lithium nickel cobalt manganese oxide (NCM) cathodes, focusing on degradation

associated typical usage scenarios: long-term cycling, low-temperature cycling, dynamic
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cycling with calendar aging. We employ Electrochemical Impedance Spectroscopy (EIS)
to probe internal changes in the electrochemical properties of aged cells compared to fresh
counterparts. The EIS results reveal pronounced SEI impedance and substantially increased
charge transfer impedance in long-term cycled cells. TR tests were conducted using an
Accelerating Rate Calorimeter (EV+ ARC, Thermal Hazard Technology) following the
heat-wait-seek (HWS) strategy. Our findings indicate a significant impact of aging
mechanisms on second-life battery safety. Specifically, cells subjected to low-temperature
cycling demonstrated a considerably lower onset temperature for exothermic reactions, and
shorter TR delay time, despite all aged cells showing similar state of health. Furthermore,
the temperature corresponding to the cell voltage drop is consistently much lower for aged

cells with dynamic cycling and calendar aging.

1. Introduction

Li-ion batteries (LIB) stand out as a most promising electrochemical energy storage
for vehicle electrification and energy storage technologies, owing to their high energy
density and long cycle life [168,169]. Although their potential, the occurrence of safety
incidents related to TR has been identified as a major concern for the widespread adoption
of high energy density LIB [117,170,171]. Consequently, efforts are urgently needed to
understand and prevent TR. In general, undesired chemical reactions among various battery
components can be triggered under abusive conditions, which are not only highly
exothermic but can also release substantial amounts of flammable materials [131,172,173].
TR observed in LIB can be attributed to a complex interplay factor such as variations in

battery materials [174,175], state of charge (SOC) [136,176—178], state of health (SOH)
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[36,51], as well as external conditions like temperature [179,180] and the effectiveness of
cooling systems [181-183].

In addition, there is growing interest to utilize second life batteries, which have
reached the end of their "automotive" life but still have a remaining capacity of about 80%
of fresh cells, for stationary electrical energy storage systems. For such batteries, aging has
a significant impact on their thermal stability. As batteries undergo prolonged cycles and
usage, changes in their internal structure and chemical properties may occur, such as creak
of particles [184], the formation of SEI [185,186], lithium plating [187], the reaction of the
active material with electrolyte [188], resulting in loss of active material (LAM) [189], loss
of lithium inventory (LLI) [190] and increase in resistance, which contribute to the capacity
fade and power fade [16], potentially posing risks of TR. The changes in the battery TR
performance during the aging process are strongly dependent on the degradation paths and
aging mechanism [191]. Aging mechanisms are also influenced by various factors such as
chemical reactions within the battery, temperature variations, charge-discharge cycles, and
the materials used in the battery's construction. Moreover, the aging mechanisms vary
significantly under low and high temperatures. Therefore, a thorough investigation into the
TR variations of batteries with different aging histories is crucial for enhancing the safety
and stability of battery systems.

To gain a comprehensive understanding of this issue, Kong et al. [192] have
confirmed that irreversible lithium consumption due to lithium plating at the anode is a
primary concern for temperatures below 25 °C and proposed the detrimental impact of

lithium plating on battery safety at low temperatures. Conversely, for temperature
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exceeding 25 °C, the growth of SEI becomes a predominant factor in battery aging.
Previous studies, such as the work conducted by Feng et al. [193], also have investigated
the impact of aging paths. They explored two distinct aging tests, namely high-temperature
storage and low-temperature cycling, and observed that while capacity retentions may
exhibit similarities, cells subjected to high-temperature storage demonstrated superior
thermal stability. Conversely, low-temperature cycling led to lithium plating on the anode
surface, resulting in a deterioration of thermal stability.

In order to deepen the understanding of aging histories on TR behavior of Li-ion
batteries, in this study, we adopt commercial NMC 18650 cells, which are cycled at a
temperature of 25 °C and -5 °C until the discharge capacity decreased to 80 % of the initial
discharge capacity, mirroring the capacity retention observed in the same aged cells
sourced from a vacuum machine. Also, the fresh cells were also included in the study,
serving as a baseline for comparison. Although many studies have explored the impact of
low-temperature and high-temperature on battery aging and thermal stability, our research
stands out by in-depth study of aged cells under more realistic conditions. It is worth noting
that we studied the cells from a used Dyson Vacuum cleaner, which represents actual usage
scenarios incorporating both dynamic cycling and calendar aging. This approach includes
the complex, real-word aging mechanisms, and is crucial to understanding the impact of
aging on thermal runaway in practical applications. Subsequently, a series of TR tests were
performed on cells that had degraded under different aging paths using EV+ ARC. The
comparative analysis of these TR tests established a correlation between aging history and

safety characteristics of commercial 18650 NMC cells.
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2. Experimental methodology

2.1 Battery type and initialization

In this study, commercial 18650 Li-ion batteries with NMC cathode and graphite
anode manufactured by Sony are used. Table 19 lists the detailed specifications of the
battery sample.

Before TR testing, all cells from the same vendor (Sony) were characterized using
MACCOR 4200 system with an environmental chamber. Post-characterization, the cells
were segregated into four groups: ‘fresh cells’ (serving as the baseline), ‘cycled at 25 °C’
(exposed to ambient temperature cycling), ‘cycled at -5 °C’ (undergoing low-temperature
cycling), and cells of the same model obtained from a used Dyson Vacuum cleaner, which
has experienced dynamic cycling conditions of several years. This grouping allows for a
comprehensive exploration of TR response under varying aging histories, including both
controlled experimental setting and real-word scenarios, where the dominant aging
mechanism under each condition can be different. For example, low temperature cycling
facilitates the growth of lithium plating and dendrite. Detailed cycling procedures for all
cells as described in Table 20. It should be noted that despite their differing aging histories
and cycle numbers, all aged cells exhibit similar capacity retention. Additionally, to ensure
a consistent baseline, all cells are fully charged to 100 % SOC before carrying out the ARC
test. Typical charging/discharging curves of voltage versus discharge capacity for all
groups of cells are illustrated in Figure 49, providing a comprehensive overview of their
voltage performance under distinct aging histories. Compared with fresh cells, the voltage

curve of aged cells shifts to left, which implies the capacity fade and can be used as an
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Table 19. The specifications of the battery sample involved in this study.

Parameter (unit) Value

Model US18650VTC4
Chemistry NMC/Graphite
Height (mm) 65

Diameter (mm) 18

Rated capacity (Ah) 2.1

Nominal voltage (V) 3.7

Charging voltage (V) 4.240.05

Cell weight (g) 45.0 average
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Table 20. Different aging history of the batteries.

Battery No. Test Procedures
Cell 1-3 Step 1: Characteristic (initialization before ARC test
Fresh cells » Charge: Ambient, 2 A(CC/CV), 2.5h,4.2V
« Discharge: Ambient, 0.4 A, 2.5V cut off 5 times
Step 2: ARC test
+ HWS strategy, 5 °C heating step, 0.02 °C/min temperature
sensitivity
Cell 4-6 Step 1: Same as Cell 1-3 (Characteristic)
Cycled at 25°C Step 2: Cycling at normal temperature.
*  Charge: 25 °C,4 A(CC/CV),2.5h, 4.2V
* Discharge: 25 °C, 10 A, 2.5 V cut off, 750 times
Step 3: Same as Step 1 (Capacity check, initialization)
Step 4: Same as Cell 1-3 (ARC test)
Cell 7-9 Step 1: Same as Cell 1-3 (Characteristic)

Cycled at -5°C

Step 2: Cycling at low temperature.

«  Charge: -5 °C, 2 A(CCICV), 2.5 h, 4.2 V

» Discharge: -5 °C, 10 A, 2.5 V cut off, 500 times

Step 3: Same as Step 1 (Capacity check, initialization)

Step 4: Same as Cell 1-3 (ARC test)

172



Table 20 continued

Battery No. Test Procedures

Cell 10-12 Same battery brand, work for 6 years, unknown charge/discharge process

Unknown dynamic cycled Same battery brand from a used Dyson Vacuum cleaner

conditions
Same as Cell 1-3

)

Voltage (
w
EN

—— Fresh Cells (5 cycles)
1— Cycling at 25 °C / 4A (750 cycles)

28 |——Cycling at -5 °C / 2A (500 cycles)
264 Aged cells from Dyson Vacuum
T T T :
0.0 05 1.0 15 2.0

Capacity (Ah)

Figure 49. Degradation voltage evolution across four groups of cells with varied

aging histories.
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indicator of the SOH of the cell. Figure 50 shows a summarized SOH for all cells,

commonly defined as:

SOH = Qﬁ X 100% (61.)

0

where Q is the discharge capacity, Q, is the initial capacity of the cell.

2.2 EIS measurement

EIS is an invaluable tool for the non-destructive, rapid assessment of battery health
and is extensively utilized in LIB research. In this study, EIS tests were conducted on all
cell groups at both the beginning of life (BOL) and end of life (EOL, 80 % SOH [194])
using the potentiostat/galvanostat instrument PASTAT 4000A (Princeton Applied
Research). This instrument implements a small AC current signal perturbation through the
cell. Measurements were performed on fully charged cells with a 10-mV amplitude,
scanning 30 logarithmically spaced points between 3 kHz and 0.1 Hz using the
working/sense electrode and reference/counter electrode terminal setup. The impedance
profiles of cells at the BOL and EOL are expressed as the Nyquist plot shown in Figure 51.
Nyquist plot can reveal valuable information about electrochemical processes and provides
insights into phenomena such as solid electrolyte interface (SEI) growth, charge transfer
resistance and diffusion limitations [195]. According to the Randles battery model, the
high-frequency intersection on the horizontal axis indicates ohmic resistance, the
semicircle's diameter corresponds to charge transfer resistance, and the straight line in the
low frequency range denotes the diffusion process. To gain a more instinctive observation

of the changes in ohmic resistance and charge transfer resistance in aged cells, effective

174



100%

80%

60%

SOH

40%

20% A

0%

Figure 50. SOH of four groups of cells with varied aging histories.

Cell1

I Fresh Cells

[ Cycling at 25 °C / 4A

Bl Cycling at-5°C / 2A

I Aged cells from Dyson Vacuum

Cell2 Cell3 Cell4d Cell5 Cell6 Cell7 Cell8 Cell9 Cell10 Cell11 Cell12

175



'Zim ()

'Zim ()

0.08 0.08
—e— Fresh Cells Before cycling at 25°C g ms
0.07 4 0.07 4 After cycling at 25°C
0.010
006 4 0.06 4
0.005.
0.054 . 0.05 4
0.04 4 :’é 0.04 4 0O o0 wow om0 ooz
. I\I'J_ . (. R Wonssten
0.034 ®, M 0.03 4 .
—
0024 e 002 4 i Ph IS T
0.014 0.01 4
0.00 &, . . . . . 0.00 2L, = , , , , ,
000 001 002 003 004 005 008 007 008 000 001 002 003 004 005 008 007 008
Z (Q) 2 (Q)
0.08 0.08
—+— Before ¢ycling at *5°CU o0s +— Aged Cells from Dyson Vaccum
007 {—a— After cycling at-5°C 0.07 4
0.064 0.06 4
0.002.
0054 0.054
: <)
0.044 K. 0.000 4+ “_é 0.04 4
R, 0.010 0.015  0.020 0.025 =
N
0.03 4 wa 0.03 4
0.024 ‘ 0.024
0.014 0.01 4
© J @
D.DO T T T T T T D-DD T T T T T T
000 001 002 003 004 005 006 007 008 000 001 002 003 004 005 006 007 008
Z.(©@ Z, @

Figure 51. Nyquist plot of NMC cells at BOL and EOL (a) fresh cells (baseline); (b)

aged cells cycled at 25 °C; (c) aged cells cycled at -5 °C; (d) aged cells from a used

Dyson Vacuum cleaner.
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equivalent circuit models (ECM) were employed to fit the EIS data. The resistance values
of all cell groups are illustrated in Figure 52, and cells with different aging histories
exhibited different impedance changes. Aged cells cycled at 25 °C demonstrated a
rightward shift in the overall Nyquist plot, characterized by two discernible semicircles.
The smaller semicircle suggests SEI thickening during prolonged cycling, resulting in a
slight increase in ohmic resistance. In addition, there is a pronounced increase in charge
transfer resistance. In contrast, cells cycled at -5 °C showed minimal changes in both ohmic
and charge transfer resistance, with no obvious dual semicircles, indicating the
predominant aging mechanism at low temperatures is lithium plating. Interestingly, cells
from a used Dyson Vacuum cleaner, subjected to dynamic cycling conditions, exhibited
EIS curves similar to those cycled at 25 °C, including noticeable dual semicircles. These
cells showed significant increases in both ohmic and charge transfer resistances, even
surpassing those observed in cells cycled at 25 °C. This could be attributed to the complex
dynamic working conditions and extended calendar life associated with Dyson Vacuum

cleaner cells.

2.3 TR testing in ARC

In order to comprehensively study the influence of the aging histories on the TR
features of Li-ion batteries, TR tests are performed using the EV+ ARC, manufactured by
Thermal Hazard Technology (THT). Our focus is directed towards assessing the impact of
different aging histories on three key temperature parameters: self-heating onset
temperature, TR temperature and maximum temperature, as well as TR delay time. To

determine the self-heating onset temperature, the standard heat-wait-seek (HWS) method
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is adopted for all measurements. Detailed procedures are outlined in our previous work
[143]. Subsequently, the relationship between aging histories and TR features are

discussed.

3. Results and discussion

3.1 Mass loss during thermal runaway

Figure 53 illustrates the percentage of mass loss in cells under different aging
conditions after TR. The mass loss during the TR tests ranges from 22 % to 29 % for the
cells, with a higher total mass loss observed in fresh cells. This phenomenon can be
attributed to the degradation of cell capacity and the loss of active materials in aged cells,
leading to a decrease in thermal runaway intensity and less materials being ejected during

TR.

3.2 Temperature and voltage characteristics

During the ARC test process, both surface temperature and voltage are monitored,
in order to comprehensively monitor the thermo-electrical change of cells during TR.
Figure 54(a) and (b) illustrates the typical surface temperature and voltage variations of
fresh cells and different aged cells. From Figure 54(a), it can be observed that aged cells
cycled at low-temperature exhibit significantly earlier TR, emphasizing the distinct impacts
of different aging conditions.

From the voltage profiles of Figure 54(b), it is evident that when the tested cell
reaches a certain temperature, the voltage undergoes a sudden drop but does not

immediately reach zero. Instead, it maintains at a certain level for a period. Subsequently,
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when a substantial internal short circuit occurs, the cell voltage rapidly drops to 0V,
triggering an immediate onset of TR. Also, Figure 54(c) illustrates the corresponding
temperatures (indicated by dots with line on the graph) when different aged cells
experience a sudden voltage drop. It can be seen that the voltage drop occurs before a sharp
increase in cell temperature, particularly in the case of aged cell from a used Dyson Vacuum
cleaner, where the voltage drops first at relatively low temperatures compared to other
aging conditions. This phenomenon suggests that these cells with dynamic cycling with
calendar aging are more sensitive to internal short circuit triggers, indicating a correlation
with its complex aging mechanisms, potentially due to the cumulative effects of stress and
degradation mechanisms of their aging process, resulting in more fragile internal structure
prone to early short circuit. As the temperature continues to rise, the complex chemical
reactions inside the cells continuously generate gas, driving fluctuations in the cell voltage.
Ultimately, when a significant internal short circuit occurs, the voltage rapidly drops to 0
V. It is worth noting that there is a clear correlation between the aging method and the
temperature at which voltage drops occur. Cells aged under dynamic and calendar aging
conditions demonstrate accelerated degradation processes that may be affected by factors
such as the growth of lithium dendrites, electrolyte decomposition, or cathode material
degradation. These degradation processes may change the internal structure and chemistry
of the cells, thereby impacting their thermal and electrical response patterns. Furthermore,
the fact that the voltage of aged batteries undergoing low-temperature cycling drops to OV
first further emphasizes the role of lithium dendrites in accelerating the occurrence of short

circuits. A comparative analysis of cells under different aging conditions reveals diverse
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thermal and voltage behaviors, each correlating with specific degradation processes

inherent in the aging method.

3.3 Critical temperature

During the ARC test, three characteristic temperatures, namely self-heating onset
temperature (corresponding to 0.02 °C/min), TR temperature (corresponding to 20 °C/min),
and maximum temperature, are identified to quantify the thermal stability performance of
the battery. Figure 55 shows the critical temperatures for different aging conditions. It can
be observed that under different conditions, the self-heating onset temperature of the cell
remains within the range of 82—102 °C. Aged cells cycled at 25 °C almost equal with the
self-heating onset temperature of fresh cells. However, the self-heating onset temperature
was lower for cells cycled at temperatures of -5 °C, showing a decrease from 102 °C to 82
°C, a difference of approximately 20 °C. This variance may be attributed to the exothermic
reaction between deposited lithium on the anode surface and the electrolyte occurring at a
lower temperature. Additionally, the self-heating onset temperature of aged cells from a
used Dyson Vacuum cleaner is significantly lower than that of fresh cells, suggesting a
correlation with the more complex aging mechanisms inherent in Dyson Vacuum cleaner
cells, and it is much easier to thermally trigger internal short circuit in these cells. It is
worth noting that in the group of cells subjected to low temperature cycling, as well as
those aged cells from Dyson Vacuum cleaner, individual cells show different self-heating
onset temperature. For example, while Cell 9 may have demonstrated a different value than
Cell 7 and 8 within the same low-temperature cycling, this temperature deviation is not

unexpected, accounting for cell-to-cell variation, even existing within fresh cells, is a key
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factor that can lead to differences in self-heating onset temperature during thermal
runaway. Under specific degradation conditions, even if the overall state of health (SOH)
evaluated from capacity is largely similar, the microstructure and local level of degradation
within each cell can still be quite different. Additionally, the uncertainty in measuring the
self-heating onset temperature could be as large as the 5 °C increments during the heating
step, consequently, variation in the self-heating onset temperature of aged cells under low-
temperature cycles fall within a reasonable margin of error.

In low-temperature aged cells, not only is the self-heating onset temperature lower
compared to other groups of cells, but the TR onset temperature also exhibits a lower
performance. The declining trends of self-heating onset temperature and TR onset
temperature indicate a deterioration in the thermal stability of the lithium-ion battery
following low-temperature cycling. However, there is no clear pattern observed in the
maximum temperature and there was a significant difference in maximum temperature. It's
crucial to note that this difference does not impact the determination of the self-heating
onset temperature. Additionally, as we have pointed out in our precious work [35], even
for fresh cell, we should not expect that the maximum temperature to be the same due to
(a) difference in the amount of injection and hence residual mass of the cell to be heated
up (b) difference in the amount of heat released to heat up the cell. In short, not all the
injected mass is reacted, and not all the heat release is used to heat up the cell. Not to
mention that these complexities are often exacerbated by the aging process. Specifically,
for the low-temperature cells, different microstructure and distribution of the lithium

dendrite can potentially probably lead to different reaction rates and heat release during
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thermal runaway. Recognizing and addressing the impact of aging on battery variability is

a key consideration.

3.4 Thermal runaway kinetics of aged cells

After getting the temperature evolution from ARC test, activation energy of the TR
reaction and frequency factor can be readily calculated from the heat release rate. Based
on the Arrhenius law, the self-heating rate can be expressed in Equation (62.) [159,160],
assuming adiabatic and ignoring reactant consumption:

1 (dT) In(AT,4A) Ea (62.)
Mag) = M e = '

dT . . . . s
where d—: is self-heating temperature rate, AT, is the difference between the initial self-

heating onset temperature and the maximum temperature, k; is Boltzmann’s constant

(8.62E-5 eV-K!), A is frequency factor and Ej, is activation energy of TR reactions. Figure
56 plots ln% VErsus % to calculate frequency factor A and activation energy E, for four

groups of cells with varied aging histories. By using the linear fitting on the temperature
rate profiles, the activation energy E, indicated by the slope and frequency factor A
indicated by the intercept are obtained and summarized in Figure 57. The bar chart reveals
correlated consistency in the variation of calculated activation energy E, and frequency
factor A. Cells with higher activation energy also exhibit larger frequency factors.
Additionally, there are observable trends in activation energy and frequency factor
variations between different cell groups, ranging from new cells to those subjected to
cycling at 25 °C, aged cells from a used Dyson Vacuum cleaner, and low-temperature

cycling aging cells. Notably, the activation energy and frequency factor of cells aged
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aging histories (a) fresh cells (baseline); (b) aged cells cycled at 25 °C; (¢) aged cells

cycled at -5 °C; (d) aged cells taken from a used Dyson Vacuum cleaner.
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through cycling at 25 °C are nearly identical to those of fresh cells, indicating minimal
differences. In contrast, the aged cells from a used Dyson Vacuum cleaner show variations
in activation energy, emphasizing the significant impact of different aging mechanisms on
battery TR. It is essential to highlight those cells aged through low-temperature cycling
exhibit a substantial decrease in activation energy compared to other groups. This aligns
with the observation that cells undergoing low-temperature aging enter self-heating mode

earlier.

4. Conclusion

In this work, commercial 18650-type LIB based on NMC were tested using EIS
and ARC to comprehensively investigate the TR behavior of Li-ion batteries under varied
aging histories to reveal the key aspects affecting the safety and stability of batteries. The
observed variations in critical temperatures, mass loss, and kinetic TR parameters
underscore the importance of understanding aging mechanisms in mitigating potential risks
associated with Li-ion battery applications. This study reveals that cells subjected to low-
temperature cycling exhibit a significantly earlier onset of TR, emphasizing the role of
lithium dendrites/plating in accelerating short circuits. The lower self-heating onset
temperatures for cells cycled at low temperatures and those from a used Dyson Vacuum
cleaner compared with fresh cells signifying the impact of real-word usage patterns on
battery aging and thermal stability. This highlights the impact of diverse aging mechanisms
on thermal stability and demonstrates the insufficiency of traditionally defined SOH in the

characterization of thermal runaway of aged cells.
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Furthermore, the kinetic analysis of TR provides valuable insights into the
activation energy and frequency factor variations among different aging groups. The
substantial decrease in activation energy for cells aged through low-temperature cycling
aligns with their earlier entry into self-heating mode, emphasizing the need for tailored
safety concern in such scenarios.

In conclusion, the research highlights the complexity of aging effects on Li-ion
battery thermal behavior and underscores the necessity for tailored safety strategies based
on specific aging conditions. In this study, aged cell from a used Dyson Vacuum cleaner
(representing a portable device with dynamic cycling and calendar aging) displayed
different thermal stability characteristics during thermal runaway, demonstrating the
variability in aging effects on thermal runaway in commonly used consumer electronics.
This observation is particularly important as it illustrates that if such differences in thermal
stability exist in small portable devices, the implications for large-scale applications such
as electric vehicles are even more significant. As Li-ion batteries continue to be integral to
various applications, ranging from electric vehicles to energy storage, a nuanced
understanding of the interplay between aging mechanisms and thermal stability is essential
for advancing the safety and reliability of these energy storage systems. This work
contributes valuable insights to the ongoing efforts aimed at enhancing the robustness of
Li-ion battery technology in real-world applications.

In future experiments, we can consider conducting ARC experiments specifically
for cells with different capacity retentions under low-temperature cycling. We aim to

evaluate the potential correlation between lithium plating quantity and ARC parameters,
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such as activation energy. This targeted approach will allow for a more detailed
examination of the relationship between lithium plating and thermal runaway in varying
conditions. Future work will also incorporate non-intrusive quantification of cell variation
induced by lithium plating and dendrite before the detrimental thermal runaway test, and

identification of potential structure-performance relationship in aged cells.
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CHAPTER V

THE HOTSPOT IGNITION NATURE OF THERMAL RUNAWAY IN

LI-ION BATTERIES CYCLED UNDER LOW TEMPERATURES
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Abstract

Thermal runaway remains as a major safety issue for lithium-ion batteries (LIBs), causing
concerns in their broader adoption in applications such as electric vehicles and energy
storage systems. Lithium plating/dendrites, frequently observed in LIBs after low-
temperature and/or fast cycling, not only play the role of a major aging mechanism, but
also lead to substantial changes in the thermal runaway behavior, thereby presenting a
significant challenge to cell performance and reliability. This study focuses on analyzing
thermal runaway in aged batteries with dominant degradation from Li plating and dendrite,
which is promoted through cycling at low temperatures. We employed the commercial
batteries for experiments: 18650 cells with positive electrodes of Lithium Phosphate (LFP).
cells were subjected to low temperature cycling until they aged to 60% of cycle life,
followed by thermal runaway testing using an accelerating rate calorimeter (EV+ ARC,
Thermal Hazard Technology) at 100% state of charge. The results show that thermal
runaway of these aged cells occurs earlier than fresh batteries, with a notable decrease in
self-heating onset temperature, indicating a higher susceptibility to thermal runaway. The
aged cells enter exothermicity much earlier, with a cell surface temperature as early as 55
°C. Meanwhile, in the early stages of self-heating for LFP batteries, venting gas and white
smoke phenomena were prominently observed. This indicates a much higher internal
temperature within the cells such that intense electrolyte vaporization and gas generation
is feasible. Detailed numerical simulation has been performed to interpret the mode of
thermal runaway for cells with lithium dendrite, which bears inherent similarity to hot-spot

induced ignition. These observations provide novel understanding of the combustion mode
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for the thermal runaway of aged cells with plating and dendrites, offering insights into the
application and management of secondary life batteries, with combined aging and safety

challenges.

1. Introduction

The growing demand for renewable energy and the global trend towards
electrification have greatly promoted the development of Li-ion batteries (LIBs) in various
fields, especially in electric vehicles (EVs) and energy storage systems. Although lithium-
ion batteries are widely adopted and offer many advantages, such as high energy density,
low memory effect and long cycle life [196-198], they still have safety concerns,
particularly the risk of thermal runaway, a catastrophic failure that can lead to subsequent
combustion [199-202]. The initiation of thermal runaway bears inherent similarity to an
ignition event, where exothermicity from side reactions, if not dissipated sufficiently fast,
can eventually drive the cell temperature to the thermal runaway onset, companioned with
very high heat release rate, gas/particle emissions, and even fires. Thermal runaway is
being extensively investigated by combining sub-cell, cell, and pack level experiments
[203-211], multiphysical modeling and numerical simulation [212-218], and theoretical
analysis [219-222] for cells with different materials, aspect ratio, state of charge (SOC),
and state of health (SOH). It is worth noting that combustion concepts and research tools
can be very helpful in the mechanistic study and prevention of thermal runaway [221,223—
227].

Beyond safety, another inherent challenge of battery is that a cell fundamentally

suffers from irreversible degradation after hundreds and thousands of cycles, as manifested
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by reduced cell capacity and increased internal resistance [228-232]. Such degradation
frequently involves various physical, chemical and material aspects, for example, loss of
active materials [233,234], thickening of solid-electrolyte interphase layer [235-238],
lithium plating and dendrite [239-242], and cracking of electrodes [243-249], etc.
Concerns on performance decline from cell degradation has attracted interests in battery
second life, where dynamic cells approach the end of their automotive life typically with a
residual capacity of 70-80%, can still be utilized in less demanding but still effective
applications, such as stationary energy storage [244,245,248,249]. The extension of battery
second life effectively reduces the overall carbon footprint and increases the renewable
energy available to the grid, however, can be challenged even more from thermal runaway
and safety concerns. It is highly possible that a degraded cell can lead to easier occurrence
of thermal runaway, which of course, depends on the extent and dominant pathway of
degradation [200,250-254].

Thermal runaway becomes more concerning in the context of battery second life.
A dominant degradation mechanism that is facilitated under low temperature cycling and/or
high current fast charging conditions is the production of lithium plating and dendrites,
where lithium atoms are deposited on the anode surface, forming metallic lithium instead
of being embedded in the anode material [255,256]. Over time, these deposits can grow
into dendritic structures that can potentially puncture the separator and cause internal short
circuits, increasing the risk of thermal runaway [257-259]. Zhao et al. [260] presented a
numerical model for thermal runaway in low temperature cycling Nickle-Cobalt-

Aluminum (NCA) 18650 cylindrical lithium-ion batteries, including lithium metal reaction,
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and validated it against oven test results. Wu et al.[261] conducted adiabatic thermal

runaway tests on lithium cobalt oxide (LCO) pouch cells cycled at -10 ‘C with varying

states of health and developed a model to predict the thermal runaway at different SOH
conditions. Kong et al. [262] conducted thermal abuse test of NCA 18650 cells and
revealed that lower operating temperatures and higher cycling rates significantly affect the
thermal runaway behavior, leading to earlier onset of thermal runaway, and altered venting
flame characteristics. Ng et al. [258] explored the effects of low temperature cycling on
lithium-ion batteries, focusing on lithium plating and corrosion hazards, where material
characterization revealed exacerbate stress in certain regions of the battery, leading to
significant lithium deposition, severe gassing, and in some cases, catastrophic failure
through thermal and nonthermal runaway. Zhou et al. [263] investigated the critical safety
concern of lithium plating in lithium-ion batteries, and tried to correlate thermal runaway
chemical kinetics with the quantification of lithium plating. Their experiments show that
the worst lithium plating scenario is sufficient to cause a secondary thermal runaway ahead
of the main thermal runaway event. Despite the useful insights gained from these valuable
studies, none of them provide guidance into the combustion mode of thermal runaway of
cells with substantial dendrite formation.

This work focuses on the combustion mode of thermal runaway in aging Li-ion
batteries with dominant degradation from lithium plating and dendrite, induced by low
temperature cycling. The commercial 18650 Lithium Iron Phosphate (LFP) are utilized.
Subsequently, a series of thermal runaway tests are conducted by utilizing Accelerating

Rate Calorimetry (ARC), following the wait-heat-seek thermal abuse strategy [143]. To
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further justify the combustion mode, detailed numerical simulations were conducted in the
internal hotspot induced thermal runaway, achieving both qualitative and quantitative
comparison with the experiment. Our results shed light on the role of dendrites in initiating

thermal runaway, which bear similar nature of hot spot induced ignition.

2. Experimental approach

2.1 Battery preparation and electrochemical performance test

To understand the thermal runaway behavior of aged batteries with different
chemistries under low temperatures cycling, this study utilized the type of 18650
commercial batteries known as the JGNE LFP cell. Table 21 lists the detailed specifications
of these test cells.

Before thermal runaway experiments, all cells underwent various preconditioning
using a MACCOR 4200 system with an environmental chamber to achieve the required
conditions. In this study, both low temperature cycle aging and ambient temperature short-
term cycling are considered. The cells were divided into three groups, with the specific
cycling protocols detailed in Table 22. Cells 1-2 underwent 50 cycles at low temperature
(0 °C); Cells 3-4 were cycled 50 times at room temperature; Cell 5 served as a fresh cell
baseline. After cycling, all cells were subjected to a final standardization process at room
temperature to ensure a full charge and a state of charge (SOC) of 100 %. The charging /
discharging curves of voltage versus discharge capacity for test cells are illustrated in
Figure 58. It is apparent that the voltage curve of an aged cell is shifted to the left compared

to a fresh cell, indicating capacity fading. This transition can be used as an indicator of
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Table 21. Basic parameters of JGNE LFP test cells.

Parameter (unit) JGNE

Model HTPFR18650
Chemistry LFP/Graphite
Height (mm) 65

Diameter (mm) 18

Rated capacity (Ah) 1.1

Nominal voltage (V) 3.2

Charging voltage (V) 3.65
Discharging cut-off voltage (V) 25

Max. charge/discharge current (A) 5.5/33

Operating temperature (°C)

0~55 (Charge)

-20~60 (Discharge)
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Table 22. Cycling protocol of the JGNE LFP cells.

Battery No. Test Procedures

Cell 1-2 Step 1: 0.5C Charge/Discharge 2 times at ambient temperature
Step 2: 0.5/1/3/5/0.5C Charge/Discharge at ambient temperature
Step 3: 1C-Charge 5C-Discharge 50 times at 0°C
Step 4: 0.5/1/3/5/0.5C Charge/Discharge at ambient temperature

Step 5: 0.1C Discharge-Charge cycle 3 times at ambient temperature

Cell 3-4 Step 1-2: Same as Cell 1-2
Step 3: 1C-Charge 5C-Discharge 50 times at ambient temperature

Step 4-5: Same as Cell 1-2

Cell 5 Step 1: 0.1C Discharge-Charge cycle 3 times at ambient temperature
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state of health (SOH), which is commonly used to represent the remaining capacity of a

battery relative to its original capacity, and is typically expressed as a percentage:

SOH = Qﬁ X 100% (63.)

0

where Q is the discharge capacity, Q, is the initial capacity of the cell. Figure 59
summarizes the SOH of JGNE LFP cells, showing that Cells 1-2, after undergoing 50
cycles at low temperatures, experienced significant capacity degradation with an SOH
slightly below 60%, while the remaining cells maintained an SOH close to 100%.
Following the initialization of all cells, Electrochemical Impedance Spectroscopy
(EIS) measurements were conducted using the PARSTAT 4000A system by Princeton
Applied Research. This provided key data on the electrochemical properties of the cells, as
illustrated by the Nyquist plot in Figure 60. The Nyquist plot serves as an essential
analytical tool for evaluating the electrochemical behavior of cells, offering deep insights
into their operational efficiency and internal mechanisms [195]. According to the
interpretation based on the Randles cell model, as presented in the Nyquist plot, the point
where the semicircle intersects the real axis in the high-frequency domain indicates the
ohmic resistance. This resistance is attributed to the combined resistances of the electrolyte,
separator, and the battery electronic components. The diameter of the semicircle represents
the charge transfer resistance, which reflects the electrochemical reaction kinetics at the
electrode interface. Meanwhile, the straight line observed in the low-frequency region is
indicative of the diffusion process, demonstrating the movement of ions within the battery.
It can be seen that the initial EIS results show that the cells perform very similarly, with

only slightly different impedances. As shown in Figure 60, the EIS results exhibited more
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pronounced differences after experiencing various cycling conditions, indicating changes
in their electrochemical performance. Specifically, cells cycled at low temperatures exhibit

not only changes in ohmic resistance but also increases in charge transfer resistance.

2.2 Thermal runaway test in ARC

In order to study the effect of low temperature cycling on the thermal runaway (TR)
characteristics of lithium-ion batteries, the EV+ acceleration calorimeter (ARC), provided
by Thermal Hazard Technology (THT), was used to conduct thermal runaway tests. This
study aims to evaluate the impact of aging batteries under low temperature cycling on key
temperature parameters, including self-heating onset temperature, TR temperature,
maximum temperature, and TR delay time. The self-heating onset temperature was
determined in all experiments using the established heat-wait-seek (HWS) method, with

the detailed method described in our previously published work [143].

2.3 Analysis of thermal runaway experimental data

During thermal runaway experiments, we collected data on surface temperature and
voltage changes for batteries involved in the tests. The results, as shown in Figure 61, are
compared. This figure illustrates the evolution of temperature and voltage for fresh LFP
cells, those cycled at low temperature, and those at ambient temperature. It can be observed
that Cell 1 and Cell 2, which were cycled at low temperature, were the first to enter the
self-heating mode, at approximately 55 °C, accompanied by venting gas and the emission
of white smoke, as illustrated in Figure 62. The production of white smoke is primarily

attributed to the decomposition of electrolyte and internal materials, resulting in the release
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of gases and particles from the battery during overheating. However, with the surface
temperature of the battery only reaching 55°C at this point, it implies the formation of high
temperature spots internally. This leads to a non-homogeneous temperature distribution
inside the cell, which in turn causes the observed emission of white smoke from the battery.

From the voltage evolution presented in Figure 61, it is clear that after reaching a
certain temperature, the voltage suddenly drops, but it does not drop to zero immediately.
Instead, it stabilizes at a certain level for a while before severe internal short cause the
voltage to plummet to 0V, immediately triggering thermal runaway. Additionally, Figure
61 shows the corresponding temperatures (marked by dots with lines on the graph) when
various aged batteries experience sudden voltage drops. It is observed that the cells cycled
at low temperatures exhibit a voltage drop first, around 60 °C, compared to other cells,
whose voltage drops at approximately 130 °C. This suggests that lithium dendrites formed
during low temperature cycling create localized hot spots, accelerating internal short
circuits.

During thermal runaway testing, three characteristic temperatures are identified to
quantify the thermal stability performance of the cells: the self-heating onset temperature
(corresponding to 0.02°C/min), TR temperature (corresponding to 1°C/min for JGNE LFP
cell), and the maximum temperature. Figure 63 displays the critical temperatures collected
during the thermal runaway experiments. It was observed that for LFP cells, the self-
heating onset temperature ranged from 55 to 120 °C. Cells cycled at 0°C showed a lower
self-heating onset temperature, dropping from 120°C to 55°C, a difference of

approximately 70°C. In cells aged at low temperatures, not only is the self-heating onset
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temperature lower, but the TR onset temperature also shows reduced performance. The
decreasing trend in both self-heating and TR onset temperatures indicates a deterioration
in the thermal stability of lithium-ion batteries after low temperature cycling. Additionally,
the maximum temperature also shows reduced performance, which may be attributed to
the loss of active material during the aging process.

In the thermal runaway experiments, we not only obtain characteristic temperature
data but also derive the activation energy of the TR reaction and the frequency factor based
on the temperature evolution curves and the temperature rise data, following the Arrhenius

law [159,160]. The specific expression is shown below:

dT E,
In (E) = IH(ATadA) - kb_T (64)

dr . . . . o
where gl self-heating temperature rate, AT, is the difference between the initial self-

heating onset temperature and the maximum temperature, k; is Boltzmann’s constant

(8.62E-5 eV-K!), A is frequency factor and Ej, is activation energy of TR reactions. Figure
64 plot ln% Versus 10T£ for LFP cells to calculate frequency factor A and activation energy

E, under different conditions. It is observed that the performance of LFP batteries cycled
at low temperatures differs significantly from other cells, not showing a linear relationship,
thus making it challenging to derive specific values for frequency factor A and activation
energy E, in this study. However, the remaining cells displayed a linear relationship. By
linearly fitting the temperature rate curves, the activation energy E,, represented by the
slope, and the frequency factor A, represented by the intercept, were obtained and

summarized in Figure 65. The bar chart reveals a correlated consistency in the variation of
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calculated activation energy E, and frequency factor A. Cells with higher activation energy
also exhibit larger frequency factors. Since the LFP cells cycled at low temperatures did

not yield calculable E, and A values, they cannot be compared with fresh cells.

3. Numerical simulation approach

3.1 Hot spot simulation strategy

It is well known that short circuits within batteries can create hot spots, leading to
thermal runaway. The growth of lithium dendrites can trigger these internal short circuits,
thereby forming hot spots within the battery that generate localized high temperatures. The
increase in battery temperature also triggers exothermic reactions between the electrolyte,
the active material and solid electrolyte interface (SEI), further exacerbating the
temperature increase.

Based on the experiments on battery thermal runaway described in the previous
Section 2, it was observed that cells undergoing low temperature cycling enter the self-
heating mode earlier, a phenomenon particularly evident in LFP batteries. At 55 °C, these
cells entered the self-heating mode, likely due to the formation of lithium dendrites caused
by low temperature cycling. As the cell heats up and expands internally, lithium dendrites
in some areas may puncture the separator, leading to partial internal short circuits. This
forms a local hot spot, triggering the battery to enter the self-heating mode prematurely. To
understand how local hot spots affect battery thermal runaway, this study developed a
simple thermal runaway model with a local hot spot for a cylindrical 18650 LFP/Graphite

cell.
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For the numerical simulation, a two-dimensional axisymmetric model (2D) was
developed in COMSOL Multiphysics 5.5 to simulate ARC experiments with a hot spot.
The energy conservation equation of this model is shown in Table 23. Due to the
axisymmetric geometry of the battery, the internal temperature of the battery varies both
radially and axially, taking into account both thermal runaway reactions and internal heat
conduction.

To better study the impact of local hot spots on thermal runaway, an initial
simplified thermal runaway model was used to simulate scenarios without local hot spots.
In this study, the LFP Cell 5 serves as a validation tool to ensure the functionality of the
model. Based on ARC experimental results, the cell underwent a heating process for up to
700 minutes. During this period, the cell temperature curve from the ARC experiments, as
shown in Figure 66, was applied as a boundary condition to the model, which also
considered convection and radiation. The heat transfer coefficient, h,,, was set to 20
W/m3 - K, and surface emissivity, ., Was set to 0.8. After 700 minutes, the cell entered
the self-heating mode, and the thermal boundary conditions of the model were set to
adiabatic, neglecting convection and radiation. This adjustment was made because, when
the test cell enters the exothermic mode, the system is insulated to prevent thermal
exchange with the surrounding environment.

The heat source term in the model that triggers thermal runaway comes from four
commonly used chemical side reactions [75]. The chemical heat release Q, inside the
battery stems from four semi-global thermal chemical reactions, including the

decomposition of the solid-electrolyte interface (SEI), the reaction between the anode
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Table 23. Energy balance equation for 2D axis model.

2D axisymmetric Model

Assumption Thermal stratification exists
Governing Equation c T 10 < raT) N 5} <k 6T> 10
Prae = ror " or) T30\ "0 50
Chemical reaction heat Q = Qsei + Qne + Qpe + Qe
Boundary condition Geonv” = Neonw (T — Tarc)
Grad” = gradU(T4 - TARC4)
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Figure 66. Temperature profile of LFP Cell S during the heating process in the

thermal runaway experiment.
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and electrolyte, the reaction between cathode and electrolyte, and electrolyte
decomposition. The quantitative characteristics of these reactions depend on the battery
material properties, thermal chemical parameters, and temperature. The reaction model,
frequency factor, and activation energy describing the kinetics between battery materials
have been previously determined by fitting experimental measurements from accelerating
rate calorimetry (ARC) and differential scanning calorimetry (DSC) tests [73]. The
chemical reaction rates and heat generation are widely recognized in the literature [70,75]
and summarized in Table 24.

To validate the thermal runaway model, the four-step reaction model was compared
with experimental results from LFP Cell 5, as described in Section 2. The model parameters,
derived from [264], describe a fully charged battery with LFP/Graphite chemistry. As
illustrated in Figure 67, although there are some discrepancies between the model and
experimental results, previous study [143] has highlighted the challenges posed by cell-to-
cell variation in model predictions. Furthermore, Cells 3 and 4, despite being identical
batteries, exhibited slightly different thermal runaway behaviors, as noted in Section 2.
Additionally, the temperature curve of the model does not decrease after thermal runaway
occurs, contrasting with the rapid decrease in temperature observed in the experimental
cells post-thermal runaway. This inconsistency is attributable to the adiabatic boundary
conditions of the model. Given that our focus is on the impact of local hot spots on thermal
runaway, the deviation of model falls within a reasonable range of acceptance. This model

will be utilized further to investigate the effects of local hot spots on thermal runaway.
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Table 24. Reaction rates and heat sources of the four-step thermal abuse model.

Reaction term Equations
SEI decomposition dcge; Eqsei]l mg; dc
diﬂ = —Ageiexp [_ ;;EL] C;:;‘ Qsei = _Hseivvcw
Anode-electrolyte dc tsei 1 mnen E,, dc
d:e = —Apecexp [_ ::;0] CZ:; rexp [_ ;;e] Qne = —HpeW, d;le
reaction
dtsei = A _ex [_ tsei ] Cmne,nex [_ Ea,ne]
dt ne€XP tseiol ™€ PI™7RrT
Cathode-electrolyte da Eqpe da
It = Apeaert (1 — a)Trertexp [_W Qpe = ~HpeWy =
reaction
Electrolyte dc, Eqel m, dc
a = Al Qe = —HcWo g
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Figure 67. Comparison of temperature profiles: model predictions vs. experimental
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To understand the impact of local hot spots on thermal runaway, we selected a small
area within the battery to simulate the local hot spots, based on the validated model, as
illustrated in Figure 68. The specific meshing parameters for the model are as follows: the
minimum element size is set at 1.38E-8 m, the element growth rate for the mesh at 1.4, and
the boundary layer properties include 8 layers with a stretching factor of 1.2. The remaining
domain size properties are configured with a maximum element size of 6.9E-4 m, a
minimum element size of 1.38E-6 m, and an element growth rate of 1.1. The model
comprises 15186 domain elements and 654 boundary elements. Subsequently, we applied
three different heat sources to this hot spot region, as shown in Figure 69, to observe the

influence of the hot spots on thermal runaway.

3.2 Hot spot modeling results

The temperature evolution of the cell after applying a heat source to the small hot
spot region is shown in Figure 70. It can be noted that local heat sources can indeed cause
the battery to experience thermal runaway earlier, and the greater the intensity of the heat
source, the earlier the thermal runaway occurs. It is observed that when the localized heat
source intensity is set to 1.5E8 W/m?, the thermal runaway behavior of model closely
mimics the thermal runaway behavior of aged LFP cells cycled at low temperatures. This
further confirms that the earlier onset of thermal runaway in LFP cells may be attributed to
excessive lithium dendrite formation during the aging process, leading to internal short
circuits and hot spots. Additionally, if the localized heat source is particularly small, it does
not accelerate the occurrence of thermal runaway. This simplified model provides valuable

insights into the impact of local hot spots on thermal runaway.

216



IS V 4 ‘ 5

TAVAVavi O AVAVAV v AV
\/ %

% ﬁn«h&m«« &ﬂ&mﬁﬂﬂu 2

s

<
R

X
1V
AVAVAYS

VAVADVAVAY
%AVAVA

o
A
%

vﬁ‘i""‘“
A

&
5

AvAAYS

A ORTATANS

5

%7
SERE

e

K

|

Y,

PO

SRR

i)

NS
SR
IAVAvivises

Figure 68. Numerical simulation model incorporating a small hot spot region.
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4. Conclusion

This study investigated the thermal runaway phenomenon in lithium-ion batteries,
particularly focusing on the significant effects of lithium plating and dendrites resulting
from low temperature cycling. Commercial 18650 LFP cells were employed. It
demonstrated an earlier onset of thermal runaway after aging through low temperature
cycling compared to fresh cells, which was attributed to the formation of lithium plating
and dendrites. Experiments revealed that low temperature cycling significantly accelerated
the thermal runaway process. This was apparent in LFP batteries, which entered to the self-
heating mode much earlier, around 55°C, indicating that the degree of aging and lithium
dendrite formation significantly impacts the thermal stability of the batteries. It is worth
noting that the early self-heating mode of LFP is characterized by gas emissions and white
smoke, which suggests increased risks associated with aging cells. To better understand the
initiation and progression of thermal runaway caused by internal hot spots due to lithium
dendrites, the study utilized a simplified model, applying heat sources of varying intensities
to a small hot spot within the battery. The model confirmed that while larger heat sources
indeed accelerate thermal runaway Although simplified, the results provide valuable
insights into the potential effects of localized thermal hot spots on the overall thermal
runaway in lithium-ion batteries. This model helps to propose a mechanism of thermal

runaway similar to hot spot induced ignition.
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CHAPTER VI

AEROSOL EMISSION CHARACTERISTICS DURING LI-ION

BATTERY THERMAL RUNAWAY
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Abstract

Aerosol emission during battery thermal runaway can serve as hot spots and lead to
subsequent thermal runaway propagation in nearby cells and gas phase explosions.
Furthermore, such submicron particles can potentially be toxic, leading to greater concerns
for environmental pollution and inhalation hazards. While thermal runaway has been
extensively characterized, aerosol emission from thermal runaway is largely unknown. In

this work, two major equipment for aecrosol measurement — Engine Exhaust Particle Sizer

(EEPS) and Aerodynamic Particle Sizer (APS) — are utilized to quantify the number
density, peak diameter, and time evolution of aerosol emission during thermal runaway.
The EEPS captures particles ranging from 5.6 nm to 560 nm, while the APS captures
particle size from 0.5 to 20 microns. Thermal runaway experiment is conducted via well-
controlled rapid heating strategy in an accelerating rate calorimeter (ARC), to which the
EPPS and APS are connected. This work reports novel data on the distribution and time

evolution of aerosol emission from various Li-ion batteries.
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1. Introduction

With the acceleration of industrial development, the spread of pollution has been
exacerbated. Finding alternative methods to reduce environmental pollution has become
an important task for industries. Lithium-ion batteries (LIBs) have been widely used in
various industries and daily life due to their high energy density, long cycle life, high
efficiency, and minimal environmental impact [265-268]. These attributes are driving the
global shift towards decarbonization and electrification. However, despite their advantages,
LIBs also present significant safety challenges, particularly in terms of thermal runaway
[269-272].

Thermal runaway of lithium-ion batteries is a complex, exothermic reaction that
can release a large amount of energy, emit toxic gases and aerosols, and result in smoke,
fire, and explosion, thereby causing pollution and unavoidable environmental harm. This
phenomenon has attracted widespread attention from researchers. For example, Wang et
al. [273] investigated the thermal hazard characteristics of gases released from batteries
with different cathode materials during thermal runaway. They verified the combustion and
explosion properties through experiments to assess associated risks. Chen et al [274]
investigated the hazardous components of powder ejected during the thermal runaway of a
fully charged lithium-ion battery. They found that it primarily consists of carbon,
organosilicon, small organic molecules, silicon dioxide, carbonates, and metals, with the
composition influenced by the state of charge, heating temperature, and atmosphere,
highlighting the potential danger this powder poses to human health under varying

conditions. Zhang et al. [275] studied vent gas and particulate matter (PM) emissions
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during thermal runaway in lithium-ion batteries. They demonstrated that boiling point
classification effectively identifies vent gas compositions, with significant portions of
emissions being quantifiable and settleable PM below 0.5 mm dominating PM mass,
leading to a total emission representing 28.53% of the cell mass. Premnath et al. [276]
investigated particle and gaseous emissions from thermal runaway events in LFP and NMC
lithium-ion battery systems. revealing that both battery chemistry and the initiation
mechanism of thermal runaway significantly affect the magnitude and profile of particle
emissions. They also found that the emission of PM2.5 and total particulate number (PN)
at rates far exceeding those from diesel engine exhaust. Wang et al [277] demonstrated that
smaller smoke particles from Li-ion battery thermal runaway exhibit higher oxidation
reactivity, suggesting that capturing or neutralizing these particles could enhance battery
safety by mitigating fire risks. Sturk et al [278] highlighted the significant differences in
chemical reactivity, venting duration, maximum temperature, and gas emissions between
NMC/LMO and LFP lithium-ion cell chemistries. They showed NMC/LMO cells are more
reactive with faster venting, higher temperatures, and greater CO> emissions, but have
similar HF releases compared to LFP cells, emphasizing the importance of cell chemistry
in battery safety evaluations. Zhang et al. [279] revealed the particle size distribution and
elemental composition of the settleable solid particles, which contain significant amounts
of carbon, nickel, copper, cobalt, manganese, aluminum, and lithium.

While some studies have focused on vent gases emission and particle ejection from
Li-ion batteries during thermal runaway, there are relatively few studies that specifically

focus on the characteristics of aerosol emissions during thermal runaway events. These
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emissions represent significant health and environmental pollution risks and necessitate
extensive research to inform safety standards and mitigation policies. This gap in research
highlights the need for a focused investigation into the aerosol generated during Li-ion
battery thermal runaway, to better understand their composition, behavior, and impact on
both health and the environment.

This paper aims to conduct an in-depth study of the aerosol emissions
characteristics during Li-ion battery thermal runaway. By exploring the peak diameter,
particle size distribution, and time evolution of aerosol emission during thermal runaway,
this study attempts to provide valuable insights into the aerosol generated in these
hazardous scenarios. Understanding the specifics of aerosol emissions during thermal
runaway is crucial for developing safer battery technologies, enhancing emergency
response measures, and minimizing the impact on human health and the environment.
Through experimental analysis and a review of existing literature, this study contributes to
knowledge about Li-ion battery safety and presents a step forward in addressing one of the

critical challenges in the field of energy storage.

2. Experimental Methodology

2.1 Battery types and characteristics
In this study, we utilized six commercial cells from different manufactures to
investigate their thermal runaway behavior and aerosol emission distribution during
thermal runaway. These included lithium nickel cobalt manganese oxide (NMC) batteries

from Sony, LG and Samsung; lithium nickel cobalt aluminum oxides (NCA) batteries from
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Panasonic; and lithium iron phosphate (LFP) batteries from A123 and JGNE. Table 25 lists
the detailed of specifications of each battery for clarify and reference.

Before TR testing, all cells were cycled three times followed by the standard charge
/ discharge condition based on their datasheet, ensuring they all reached 100 % SOC. The
charging / discharging protocols were conducted using a MACCOR 4200 system with an
environmental chamber. After initialization, Electrochemical Impedance Spectroscopy
(EIS) tests were performed using the PARSTAT 4000A (Princeton Applied Research).
Fundamental data such as discharge capacity and Nyquist plot for these cells are displayed
in Figure 71(a) and Figure 71(b), providing insights into their baseline performance and
electrochemical properties.

The Nyquist plot is a valuable tool for analyzing the electrochemical properties of
batteries, offering insights into their performance and internal processes [195]. According
to the Nyquist plot based on a Randles cell model, the intersection of the semicircle with
the real axis in the high frequency range represents the ohmic resistance, associated with
resistance of the electrolyte, separator, and electronic components of the battery. The
diameter of the semicircle represents the charge transfer resistance, influenced by the
kinetics of electrochemical reactions at the electrode interfaces, and the straight line in the
low frequency represents the diffusion process [195].

It can be seen that LG and Panasonic batteries exhibit higher capacities, which are
desirable for applications requiring extended usage times, such as EVs and portable
electronic devices. However, both start at a slightly higher Z:., suggesting higher ohmic

resistance, which could impact efficiency, especially at high discharge rates. Additionally,
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Table 25. The specifications of the battery sample involved in this study.

Property (unit) Sony LG Samsung Panasonic ~ A123 JGNE

Model number uUs INR INR NCR APR HTPFR
18650VTC4 18650MJ1  18650-25B  18650B 18650M1B 18650

Chemistry NMC NMC NMC NCA LFP LFP

Height (mm) 65 65 65 65 65 65

Diameter (mm) 18 18 18 18 18 18

Rated capacity 2.1 35 2.5 3.2 1.2 1.1

(Ah)

Nominal voltage 3.7 3.635 3.6 3.6 3.3 3.2

V)

Charging 4.2 4.2 4.2 4.2 3.6 3.65

voltage (V)

Discharging cut- 2.5 25 2.5 25 2.0 25

off voltage (V)

Max. N/A /30 3.4/10 4120 N/A 4/30 55/33

charge/discharge

current (A)

Suggested 0~45 0~45 0~45 10~45 0~55 0~55

operating (Charge) (Charge) (Charge) (Charge) (Charge) (Charge)

temperature (°C) -20~75 -20~60 -20~75 -20~60 -30~55 -20~60
(Discharge)  (Discharge) (Discharge) (Discharge) (Discharge) (Discharge)
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Figure 71. (a) Competitive discharge capacity of commercial cells from various

manufacturers; (b) competitive Nyquist plot of commercial cells after initialization.
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the Nyquist Plot for the Panasonic cell shows a more elongated curve, which may indicate
different kinetics or diffusion characteristics, possibly affecting its performance under
varying load conditions. In contrast, Sony and Samsung batteries display moderate
capacities, starting at a slightly lower Z.. compared to LG, which implies lower ohmic
resistance and could enhance efficiency. They also have a similar semicircle size, indicating
comparable charge transfer resistances. A123 and JGNE batteries, on the other hand, have
relatively lower capacities compared with the other cells, limiting their suitability for
applications requiring prolonged usage. These batteries are potentially more suited for
energy storage systems, where stability, safety, and long-term reliability are more critical

than immediate power delivery.

2.2 Thermal runaway-aerosol experimental setup

The thermal runaway-aerosol test integrates thermal runaway testing, performed
using the EV+ accelerating rate calorimetry (ARC) manufactured by Thermal Hazard
Technology (THT), with aerosol measurements employing two major equipment from TSI:
Engine Exhaust Particle Sizer (EEPS) and Aerodynamic Particle Sizer (APS). The setup
combination schematic is shown in Figure 72. The detailed operational principle of the
ARC and the physical arrangement of the test cell in the EV+ AR can be referred to our
previous work [143].

The EEPS and APS are instruments designed for detailed particle size distribution
measurements. The EEPS measures particles ranging from 5.6 to 560 nm, which is useful
for capturing submicron particles typically associated with combustion processes or

chemical reaction [280]. It provides high temporal resolution, allowing for real-time
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analysis of dynamic processes. On the other hand, the APS measures micron particles,
typically ranging from 0.5 to 20 um, making it suitable for assessing a broader spectrum
of aerosol emissions [281]. Both instruments are critical in evaluating aerosol and
particulate emissions from thermal events in battery testing, offering insights into particle
size distribution and concentration during thermal runaway scenarios.

In this study, the rapid heating method is adopted to trigger thermal runaway. All
cells are heated from ambient temperature to a surface temperature of 150 °C quickly,
differing from the standard heat-wait-seek (HWS) heating mode to save time. Based on
previous experimental observations, we have determined that cell will enter the exothermic
mode at 150 °C. After the ARC system switches to exotherm mode, it maintains a nearly
adiabatic environment, ensuring no temperature difference between the heaters and the test
cell until the cell triggers thermal runaway. Simultaneously, the EEPS and APS begin
sampling.

To ensure accurate and precise measurement, we carefully set the dilution at 10:1
for EEPS and 20:1 for the APS. The purpose of this dilution is to mix the aerosol samples
with clean air, effectively reducing their concentration. It is critical to avoid overloading
the sensors and to guarantee that the particle size data collected reflects true aerosol

emission during Li-ion battery thermal runaway.

3. Preliminary results and discussion

3.1 Thermal runaway characterization

In this study, we monitored the evolution of temperature and voltage of different

18650 cells during thermal runaway testing, as illustrated in Figure 73. From the
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temperature evolution diagram, it is apparent that LG cell experienced thermal runaway
first, which may be related to its higher capacity. This was followed by the Samsung cell,
then the Panasonic and Sony cells, and finally, the more stable LFP cells.

Looking at the voltage evolution diagram, there is no clear sequential pattern. The
voltage of the Panasonic cell starts to drop first, followed by LG, Samsung and Sony. This
inconsistency can be attributed to several factors, such as internal short circuits, electrolyte
decomposition, or thermal degradation of the electrode material. Given that the cells come
from different manufacturers, it is challenging to analyze the specific cause, resulting in a
weak correlation between voltage drop curves and thermal runaway behavior. Nonetheless,
the voltage of all batteries fluctuates over a period of time and eventually drops to zero at
the moment of thermal runaway.

After the experiment, the mass loss of all cells was measured, and the percentage
of mass loss is shown in Figure 74, it can be observed that the LG cell suffered the most
mass loss, followed by Samsung, Panasonic and Sony, with A123 and JGNE experiencing
the least. This trend indicates a positive correlation with the sequence in which thermal
runaway occurred among the cells.

Regarding the temperature evolution from ARC test, activation energy of the TR reaction
can be calculated from the heat release rate. Based on the Arrhenius law, the self- heating
rate can be expressed in Equation (63.) [159,160], assuming adiabatic and ignoring reactant

consumption:

dT E,
In (E) = IH(ATadA) - kb_T (65)

dT . . . . .
where gt self-heating temperature rate, AT, is the difference between the initial self-
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heating onset temperature and the maximum temperature, k; is Boltzmann’s constant

(8.62E-5 eV-K™), A is frequency factor and E, is activation energy of TR reactions. Figure
75(a) plots ln% versus 10T£ to calculate frequency factor A and activation energy E, for

six cells with different manufactures. By using the linear fitting on the temperature rate
profiles, the activation energy E, indicated by the slope and frequency factor A indicated
by the intercept. However, since this experiment directly and rapidly heated the cells to

150 °C— bypassing the initial self-heating onset temperature, a key temperature parameter
of ARC test — the calculation of frequency factor A was not considered in this study. The

calculated activation energy E, for six different cells are summarized in Figure 75(b).
Activation energy E, for NMC, NCA and LFP battery materials may vary due to
differences in specific chemical compositions, manufacturing methods, and testing
conditions. As illustrated in Figure 75(b), even cells with the same chemistry can exhibit
variations in activation energy due to being sourced from different manufacturers.
Although theoretically, a higher activation energy suggests better thermal stability, the
actual performance and safety of the battery are affected by multiple factors, including
material properties, battery design and operating conditions. This explains why the
activation energy of LFP cells is relatively low, yet they provide excellent thermal stability

and safety through their unique chemical and structural properties.

3.2 Aerosol distribution analysis

During the experimental process of aerosol sampling, we encountered certain

inevitable technical challenges. Our goal was to capture the aerosol emission distribution
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during thermal runaway. For this purpose, EEPS and APS were utilized for collection.
These instruments require airflow to collect data. However, the ARC instrument, which is
designed to maintain an internal adiabatic environment during thermal runaway
experiments, does not allow for airflow. The ARC only activates its cool down mode,
introducing air into the chamber, when the temperature of the cell reaches the upper limit
of 315 °C after thermal runaway has occurred.

Consequently, EEPS and APS begin sampling only after the ARC triggers its
cooldown mode. Furthermore, due to the startup response time of approximately 10
seconds for EEPS and APS, the aerosol signal is collected within one minute after thermal
runaway, rather than at the moment of occurrence. This delay may affect our sampling
results. However, we ensured consistency across all cells by standardizing the collection
start point relative to each cell thermal runaway event. In future experiments, we will
explore methods to address this delay more effectively.

Figure 76 shows the normalized sampling onset relative to the corresponding cell
temperature profile. All samples were collected for 600s when the temperature started to
drop after thermal runaway.

As previously mentioned, the EEPS primarily measures particle sizes ranging from
5.6 to 560 nm, while the APS focuses on measuring particle sizes from 0.5 to 20 um. To
address the resolution problem encountered when comparing particle concentration data
from instruments with different resolutions, the concept of normalized concentration is
introduced. Normalizing the concentration data by the logarithmic particle size interval

allow allows for a fair comparison between different data sets by removing dependency on
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bin width [282]. The normalized concentration is expressed as:

dN/dlogD, = an__ an (66.)
297 = dlogD,  dlogD,, — dlogD,, '

where dN is particle concentration, dlogD,, is the difference in the log of the channel
width, D, is midpoint particle diameter, D,,,, is upper channel diameter, D, ; is lower
channel diameter.
3.2.1 Total concentration analysis

Figure 77 displays the aerosol total concentration over time for each of six cells,
using EEPS (red line on the top plot), APS (blue line on the middle plot), and the combined
total of both (black line on the bottom plot) to provide a more complete understanding of
the particle concentration in the sample. Figure 77 (a), (b) and (c) present the data of total
concentration changes over time for NMC cell from Sony, LG, and Samsung, respectively.

The EEPS and APS of those three brands of NMC cells exhibit a similar pattern.
The particle behavior can be characterized in three stages: In stage 1, micron and submicron
particles coexist and both decreases. In stage 2, submicron particles rise to a plateau, while
micron particles peak and then decline. In stage 3, submicron particles become dominant
and continue decreasing. However, the significance of micron sized particles is not always
consistent; for LG and Samsung, the total concentration of micron sized particles is lower
than that of submicron particles by one to two orders of magnitude.

Moreover, the global pattern of concentration is not uniformly consistent across all
cell types. For instance, the Samsung cell exhibits a distinct spike in concentration,
indicating unique emission behavior compared to the other cells. This variability

underscores the complexity of thermal runaway phenomena and highlights the diverse
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Figure 77. Total concentration of aerosols emission after thermal runaway measured

using EEPS and APS (a) Sony NMC cell; (b) LG NMC cell; (¢) Samsung NMC cell;

(d) Panasonic NCA cell; (e) A123 LFP cell; (f) JGNE LFP cell.
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aerosol emission patterns that can emerge depending on the battery chemistry and
manufacturing differences.

Figure 77(d) displays the data of total concentration changes over time for
Panasonic NCA cell. The trend of EEPS data for this cell starts with a small rise, followed
by a sharp decline, and then stabilizes over time, which is slightly different from that of
NMC cells. In contrast, the APS data for the Panasonic cell is almost identical to that of
the NMC cells. It is noted that the global trend is dominated by submicron particles,
highlighting a consistent pattern with the NMC cells.

Figure 77(e) and (f) reveal that LFP cells exhibit a different emission pattern
compared to both NMC and NCA cells. The EEPS data for LFP cells indicates slightly
higher variability in submicron particle emission, with total concentration showing a
consistent increasing trend before stabilizing. This behavior suggests that LFP cells have a
distinct particle emission profile compared to the other chemistries studied. Additionally,
it is observed that the micron particle number density is one or two orders of magnitude
lower than that of submicron particles. The global trend is dominated by submicron
particles, which first increase and then decrease over time, further highlighting the unique
characteristics of aerosol emissions from LFP cells.

3.2.2  Particle size distribution analysis at specific time

Figure 78 displays a series of particle size distribution measured by EEPS and APS

at different specific time points (t = 5s, 10s, 30s, 45s, 60s, 90s, 180s, 300s and 600s) after

thermal runaway. Figure 78(a) illustrated that at = 5 s, the Sony NMC cell exhibits a diverse
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distribution with multiple peaks, indicating the release of particles of different sizes, with
significant peaks around 256 nm and 2 um, possibly due to initial rupture or breakdown of
materials. From t =10 s to t = 90 s, the peak around 256 nm and 2 pm begins to weaken,
with a significant peak appearing near 64 nm and 1 um and gradually strengthening,
especially the peak at 1 um becomes dominant, which may be due to smaller particles
agglomerating into larger ones or changes in reaction kinetics. After t = 180 s, the larger
particles have disappeared, leaving only a stable peak around 64 nm. This suggests that
there may not be enough small particles remaining to continue forming larger agglomerates.
From t =300 s to t = 600 s, the peaks become less pronounced, indicating reduced particle
production or the near end of the thermal runaway event.

Figure 78(b) and (c) show that LG and Samsung NMC cells exhibited similar trends
in particle distribution over time. At t =5 s, both LG and Samsung NMC cells exhibit a
significant peak at around 256 nm, differing from the dual peaks of the Sony NMC,
suggesting an initial surge of particles at this size. From t =10 s to 90 s, the peaks shift and
change in intensity, with both exhibiting phenomena of three peaks at approximately 16
nm, 256 nm, and 1 um, respectively, indicating varying dominance of different particle size
ranges. After t = 90 s, both LG and Samsung NMC cells displayed two peaks; for LG, the
peaks are around 64 nm of small particles and around 1 pm of large particles, while for
Samsung, the peaks were approximately 120 nm and 1 um. Subsequently, the peak of large
particles in both LG and Samsung NMC disappears, and the concentration of small

particles declines.
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Figure 78(d) illustrates that the Panasonic NCA cell displayed some characteristics
distinct from the LG and Samsung NMC batteries. Although at t =5 s, LG, Samsung and
Panasonic all have obvious peaks near 256 nm, by t = 10 s, the peak intensity for LG and
Samsung decreased, whereas for Panasonic, it increases instead. From t = 30 s, the peak
behavior of Panasonic begins to resemble that of LG and Samsung, starting to shift and
change intensity, with multiple peaks appearing. In the final periods, the peak remains
within the range of smaller particles and tends towards stability.

Figure 78 (e) and (f) indicate that the particle size distribution of LFP cells at
different specific times is distinctly different from the previous NMC and NCA cells.
Throughout the process, except for JGNE which had several small peaks at t =5 s, at all
other times, both A123 and JGNE exhibited only one peak, with a peak width of
approximately ranging from 32 nm to 100 nm.

3.2.3 Particle size distribution contour

Figure 79 displays the contour plots of particle size distribution over time, captured
by APS (top) and EEPS (bottom) during the thermal runaway-aerosol tests.

From the analysis of the Sony NMC cell in Figure 78(a), and corroborated by the
contour plot in Figure 79(a), we observed that both large and small particles are
significantly concentrated at the start of the test. Over time, small particles rapidly disperse,
allowing large particles to dominate briefly before they too quickly dissipate. Subsequently,
the peak shifts back to smaller particles, with the concentration of small particles remaining
stable and then gradually decreasing over time. It is worth noting that the white areas on

the contour plots indicate oversaturation.
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Figure 79. Contour plots of particle size distribution over time, measure by APS
(top) and EEPS (bottom) (a) Sony NMC cell; (b) LG NMC cell; (¢) Samsung NMC

cell; (d) Panasonic NCA cell; (e¢) A123 LFP cell; (f) JGNE LFP cell.
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The particle size distribution trends of NMC and NCA cells are very similar, as
shown in Figure 79(a), (b), (c) and (d). At the beginning, the EEPS contour shows the
distribution of smaller particles, which then gradually decreases, possibly due to particle
agglomeration. This enhances the distribution of larger particles. All four cells exhibit a
transition from a distribution dominated by small particles to large particles and then back
to small particles, eventually stabilizing at a distribution dominated by smaller particles.
The only difference is that the normalized concentration of large particles of Sony NMC
cell is significantly higher than that of the other three cells. Unlike NMC and NCA cell,
Figure 79(e) and (f) show that for LFP cells, smaller particles around 128 nm dominate the
distribution consistently after thermal runaway.

3.2.4  Metal emissions during thermal runaway

Thermal runaway in Li-ion batteries presents not only a significant risk of fire and
explosion but also the less obvious but equally critical hazard of metal emissions. As
batteries are exposed to extreme conditions that lead to thermal runaway, the integrity of
the materials inside can be compromised, leading to the release of potentially toxic metal
particles into the environment. Understanding the hazards associated with metal emissions
during thermal runaway events is thus a crucial aspect of comprehensive battery safety
studies.

In this study, we analyzed the materials ejected from a Sony NMC cell during
thermal runaway by employing Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS). The SEM/EDS analysis provides a visual and elemental

mapping of the post-event residues, as shown in Figure 80. The micrographs show the
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Figure 80. SEM/EDS analysis of material from Sony NMC cell thermal runaway

event.
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cathode material exhibits signs of melting and agglomeration, which are indicative of high
temperature exposure consistent with thermal runaway conditions. The EDS spectrum
analysis supplements the SEM image by offering quantitative data on the elemental
composition. The multicolor mapping illustrates a spatial distribution of key elements such
as Nickel (Ni), Manganese (Mn), Cobalt (Co), Carbon (C), and Oxygen (O), all of which
are crucial to the composition of lithium-ion batteries cathode.

After thermal runaway, aerosolized metal particles can cause acute and chronic
health problems due to their tiny size and potential toxicity. Furthermore, the long-term
environmental impact of these particles is a concern, with implications for soil and water
contamination. The findings highlight the need for enhanced safety protocols and battery
designs, as well as further research into strategies to reduce metal emissions during such

critical events.

4. Conclusion

This work presents a comprehensive analysis of aerosol emissions during Li-ion
battery thermal runaway. highlighting critical insights into the peak concentration, particle
size distribution, and time evolution of aerosol emission. By utilizing advanced aerosol
measurement techniques, specifically the Engine Exhaust Particle Sizer (EEPS) and
Aerodynamic Particle Sizer (APS), we have successfully captured the complex dynamics
of aerosol generation and quantified emissions across a range of particle sizes from 5.6 nm
to 20 um. The experiments were conducted using a well-controlled rapid heating strategy

in an accelerating rate calorimeter (ARC), obtaining new data on the distribution and time
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evolution of aerosol emissions from various lithium-ion batteries. This significantly
contributes to our understanding of hazards associated with battery failures.

Our findings reveal considerable variations in aerosol emission patterns among
different battery chemistries and manufacturers, highlighting the complexity of the thermal
runaway process and subsequent aerosol emission. In this study, a rapid heating strategy
was employed to observe thermal runaway events using ARC, revealing changes in the
temperature and voltage evolution of different battery cells. Experiments on 18650 cells
from various manufacturers highlight the role of cell capacity and chemistry in determining
the sequence of thermal runaway. LG NMC cells, with higher capacity, experienced
thermal runaway first, followed by Samsung, Panasonic, and Sony cells, and finally the
more stable LFP batteries. This sequence is reflected in the mass loss measurements,
indicating a correlation between thermal runaway and aerosol emissions.

Activation energy calculations based on Arrhenius law provide insight into the
thermal stability of different battery chemistries. Although higher activation energies
theoretically suggest better thermal stability, the actual thermal performance and safety of
batteries are influenced by multiple factors, including material properties, design, and
operating conditions. This is evidenced by the lower activation energy of LFP cells, which
exhibit excellent thermal stability and safety due to their unique chemical and structural
advantages.

Technical challenges encountered in aerosol sampling due to adiabatic conditions
within the ARC during thermal runaway testing were addressed through a delayed

sampling strategy. While this introduces a sampling delay, it allows for consistent and
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comparative analysis across different cell types. The use of normalized concentrations for
particle size comparisons provides a more accurate representation of aerosol emissions,
revealing distinct emission patterns between the cells tested. Detailed particle size
distribution and time evolution analysis revealed differing aerosol emission profiles, with
NMC and NCA cells showing similar trends, while LFP cells displayed a distinct pattern.
This emphasizes the importance of understanding aerosol emissions at different stages of
thermal runaway for both safety and environmental reasons.

This study also raises the challenge of hazards from metal emissions during thermal
runaway. The degradation of internal battery materials can lead to the release of toxic
metals, presenting significant environmental and health risks. These metal emissions,
characterized through SEM/EDS analysis, add another potential danger of battery failure
and highlights the need for further research to mitigate these risks.

Overall, this study enhances our understanding of aerosol emissions during thermal
runaway in lithium-ion batteries, offering valuable insights for developing safer battery
technologies and mitigating health and environmental impacts. New data on aerosol
distribution and evolution contribute to the growing knowledge on battery safety and
highlight the importance of addressing aerosol emissions in the context of energy storage
systems. Future research should aim to further elucidate the mechanisms of aerosol
formation and explore strategies to minimize the risk of thermal runaway in lithium-ion

batteries.
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CHAPTER VII

EXPERIMENTAL INVESTIGATION ON THERMAL RUNAWAY

SUSPENSION WITH BATTERY HEALTH RETENTION
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Abstract

With growing applications of Li-ion batteries in ground transportation and energy storage,
thermal runaway of Li-ion batteries has become a major concern for energy and public
safety. Existing studies on thermal runaway mitigation methods are largely passive, in that
most of them focus on propagation mitigation and fire extinguish after thermal runaway
has been triggered. In this work, we presented experimental results on thermal runaway
suspension with battery health retention, for the first time. By analyzing the temperature
and voltage evolution of commercial 18650 cells with Lithium iron phosphate chemistry
during step-heating thermal runaway test in an accelerating rate calorimeter, it is found that
the voltage signal has a sudden drop corresponding to a similar temperature of 135 °C,

before the occurrence of thermal runaway. Thermal runaway suspension experiments are
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then conducted by activating cooling when either the voltage drop or the target temperature
signal is reached. It is observed that thermal runaway suspension from the target voltage
drop signal fails to prevent the battery from further damage, even with fast liquid N>
cooling. For thermal runaway suspension at the temperature signal 130 °C batteries are
successfully saved regardless of fast cooling with liquid N, or slow cooling using N> gas.
Further electrical impedance spectrum testing shows that the batteries survived from
thermal runaway suspension have increased bulk resistance while polarization resistance
remains unchanged. The cycling performance of the saved batteries has demonstrated
identical voltage but reduced capacity by around 20 %. This research can provide useful

guidance on thermal runaway prevention and health retention of Li-ion batteries.

1. Introduction

With the growing interest in Lithium-ion batteries (LIBs) applications in vehicle
electrification and energy storage technologies, thermal runaway of LIBs has attracted
extensive research efforts [283-285]. In general, undesired chemical reactions among
battery components can be triggered under abusing conditions, which are largely
exothermic and meanwhile can release large amount of flammable materials [173,286—
288]. Abuse conditions leading to thermal runaway include over-heating, over-charging,
collision, penetration, short circuit, etc. It has also been shown that LIB thermal runaway
depends on battery materials [175,289,290], state of charge [291-293], state of health
[294-296], and the effectiveness of cooling systems [182,297,298].

A large volume of literature has been dedicated to experimental, modeling and

theoretical analysis of LIB thermal runaway [299-303]. From the experimental aspects,
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cell-level oven and calorimetry tests have provided global thermal targets to constrain the
thermal runaway behavior [304—306]. Non-intrusive in operando diagnostics of cell-level
thermal runaway also becomes feasible with the help of synchrotron-based X-ray
diffraction [307,308]. Meanwhile, sub-cell level heat and gas release analysis further
provides more detailed information on the thermal runaway chemical kinetics. From
modeling aspects, a wide range of thermal runaway kinetic mechanisms have been
developed, including the one-step [145], four-step [75], six-step [309], and more detailed
reaction mechanisms [125]. For theoretical analysis, thermal runaway has been modeled
and analyzed based on the classical thermal-explosion criterion [310], linearized reaction
rate [311], effective reactant consumption [312], minimum ignition energy [144], mild
combustion [145] and reaction front initiation and propagation [313,314]. These studies
have all shed light on the fundamental nature of thermal runaway from different aspects.
From the practical perspective, nothing will be more beneficial than complete
prevention of thermal runaway. A significant amount of innovative work is dedicated to the
improvement and design of battery material and structure. Hou et al.[153] have introduced
anti-fire electrolyte-based LIBs, which however cannot completely avoid thermal runaway.
Another intriguing design is the solid-state LIBs that utilize thin metal oxide film as Li
conductors, where thermal runaway can still occur potentially due to the cross-talk
reactions between Li in the anode and the oxygen generated from metal oxide
decomposition [315]. Clearly, there has not been a universal strategy that can completely
avoid thermal runaway. On the other hand, post-intervention of fire hazards from thermal

runaways have been investigated through cooling designs. Xu et al. [78] have
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computationally shown that heat release from the battery pack can be largely removed with
an appropriate design of a mini-channel cooling strategy. As reviewed in [316], various
advanced battery thermal management systems have been designed to reduce the risk of
thermal runaway, utilizing various combination of phase change material, metal foam, fins,
thermoelectric cooling, etc. [317-319]. Extreme cooling methods such as liquid N2 cooling
have been investigated for cryogenic storage and transportation of Li-ion batteries [320]
and battery thermal runaway suppression and fire extinction [129,321].

So far, almost all of the thermal runaway mitigation methods are passive, in that
they focus on the prevention of thermal runaway propagation and fire extinguishment after
thermal runaway has been triggered. Given the fact that Li can react with H20, CO2, Oo,
and those venting gases of battery thermal runaway frequently include highly explosive
and flammable gases including H> and C>Ha, existing mitigation methods after thermal
runaway occurrence is still risky and potentially ineffective. Furthermore, in such scenarios
the health of the battery is always not protected, adding to substantially cost for
replacement. This triggers the current work based on intervention of thermal runaway and
meanwhile retain the functionality of the battery.

The specific objectives of the current work are three-fold. First of all, we aim to
investigate the thermoelectrical signal during thermal runaway and identify a reliable
warning sign to stop thermal runaway before the main thermal runaway event, and
meanwhile retain the battery’s major functionality. Second, we would like to test the
effectiveness of different cooling strategies to stop thermal runaway, including liquid N2 to

represent super-fast cooling, and room temperature gaseous N> as slow cooling. Last, we
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would like to investigate if the battery that survives from a suspended thermal runaway
experiment is still functional, and to what extent its cycling performance differs from those
of regular cells. In this study, we shall adopt two different types of commercial LFP 18650
cells, which in general are considered to be much safer compared to other cathode materials
such as LCO and NMC. We will utilize a well-calibrated EV+ accelerating-rate calorimetry
(ARC) testing platform to perform thermal runaway triggering and suspension testing
following the heat-wait-seek strategy. Re-evaluation of cell performance is conducted by
cycling over a wide range of C rates and through electrochemical impedance spectrum

(EIS) measurement.

2. Experimental Methodology

2.1 Battery type and initialization

In this study, two types of commercial 18650 Li-ion batteries with LFP cathode and
graphite anode manufactured from A123 and JGNE are used. Table 26 lists the
specifications of the battery sample involved in this work.

These batteries were cycled three times using the constant current constant voltage
(CCCV) method at a low C-rate of 0.1 C and 20 °C. By the 4" charge, all the cells achieve
similar initial conditions at 100 % SOC. Figure 81 shows the 3™ discharge / 4" charge
profiles obtained from the cycling test at 0.1C rates of discharge / charge. All seven
batteries exhibit similar voltage evolutions and capacities. Measurements of mass and
voltage before the ARC test also exhibit small deviations among the batteries, as listed in

Table 27.
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Table 26. The specifications of the battery sample involved in this study.

Property (unit) Al123 JGNE

Model number APR18650M1B HTPFR18650
Height (mm) 65 65

Diameter (mm) 18 18

Rated capacity (Ah) 1.2 1.1

Nominal voltage (V) 3.3 3.2

Charging voltage (V) 3.6 3.65
Discharging cut-off voltage (V) 2.0 25

Max. charge/discharge current (A) 4/30 5.5/33

Suggested operating temperature (°C)

0~55 (Charge)

-30~55 (Discharge)

0~55 (Charge)

-20~60 (Discharge)
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Figure 81. Voltage evolution during 0.1 C discharge and charge of seven 18650

LFP cells.
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Table 27. Mass, voltage, and capacity for the 18650 LFP batteries.

Battery No. Mass (9) Voltage (V) Capacity (Ah)
Al123 Batt 1 41.484 3.340 1.233
A123 Batt 2 41.512 3.433 1.233
JGNE Batt 1 39.240 3.335 1.241
JGNE Batt 2 39.396 3.357 1.218
JGNE Batt 3 39.454 3.355 1.249
JGNE Batt 4 39.206 3.364 1.230
JGNE Batt 5 39.545 3.359 1.226
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2.2 EIS measurement

Electrochemical Impedance Spectroscopy (EIS) is a powerful diagnostic method
for quickly and non-destructively assessing battery health and has been widely used in LIB
research. In this work, EIS tests are performed with the instrument PARSTAT 4000A
(Princeton Applied Research) which applies a small AC current signal perturbation through
the cell. The measurements are carried out at the fully charged state with 10 mV amplitude
and are obtained by scanning 30 points logarithmically spaced between 3 kHz to 0.1 Hz
using two electrode terminal connections with the working/sense electrode and
reference/counter electrode. EIS results are expressed as the Nyquist plot as shown in
Figure 82, which consists of a semicircle in high and medium frequency ranges and a
straight line at a 45 angle to the real axis in the low-frequency range. Based on the widely
adopted Randles battery model, the intersection point on the horizontal axis in the high-
frequency range represents the ohmic resistance, the diameter of the semicircle represents
the charge transfer resistance, and the straight line represents the diffusion process [195].
Compared with the JGNE batteries, the bulk ohmic resistance of A123 battery is only about

10 % higher while its polarization resistance from charge transfer is much smaller.

2.3 Thermal runaway testing and suspension in ARC

The thermal runaway tests are performed using the EV+ accelerating rate
calorimetry (ARC), manufactured by Thermal Hazard Technology, as shown in Figure
83(a). The standard heat-wait-seek (HWS) method is adopted for all measurements. At
first, the test battery is heated up from ambient temperature until the surface temperature

reaches 50 °C, then the wait mode is activated and will last for 45 min, to ensure thermal
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Figure 82. Nyquist plot of the 18650 LFP cells used after initialization.
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equilibrium between the ARC and the battery. Then the system enters “seek” mode to
search for the temperature rise rate of exothermic reactions and compare it with the
temperature rate sensitivity of 0.02 °C/min. If the measured temperature rise rate is above
the threshold, the system will switch to exotherm mode. This mode allows a nearly
adiabatic environment with no temperature difference between the heaters and the sample,
hence no heat exchange. As a result, HWS allows tracking of the cell temperature evolution
in the worst-case adiabatic scenario. On the other hand, if the detected temperature rise rate
is below the threshold, the system will perform the next HWS step. In our test, each heating
step increases the battery temperature by 5 °C. In either heating or exotherm mode, when
the temperature exceeds the given maximum of 300 °C, the heaters shut down completely
and the system starts cooling. The typical temperature evolution and key responses of an
LFP 18650 battery during thermal runaway following the HWS strategy are shown in
Figure 83(b). More details about the experimental set-up and methodology are available in
our recent work [143].

In the current experiment, two cooling strategies are involved. One is to turn on the
fan and valve to purge pressurized N2 gas under room temperature into the chamber. This
cooling strategy is rather slow, which can take a couple of hours for the system to cool
down to room temperature and hence can be used to represent the slow cooling limit.
Another way is to directly introduce liquid N> (-196 °C) via a separate system such that
very fast cooling can be achieved. From the comparison of these two cooling strategies in
the fast and slow limits, the effectiveness of cooling in thermal runaway suspension can be

clearly identified.
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3. Results and discussion

3.1 Thermal runaway suspension

Figure 84 shows the evolution of temperature and voltage of three LFP 18650 cells
during thermal runaway testing, following the standard heat-wait-seek strategy. It is seen
that for all three cells, exothermicity occurs at around 100 °C. Starting from the onset of
exotherm, the main thermal runaway event does not occur until around 3000 min or later,
eventually leading to a maximum temperature of around 330 °C. The deviations in the
temperature evolution of two similar cells A123 Batt 1 and 2 further confirm the recent
experimentally observed cell variability during thermal runaway [143]. During this period,
the ARC remains in thermal equilibrium with the cell, such that thermal runaway is
contributed solely by the heat release from the thermal runaway chemical reactions. In
addition, the voltage signal indicates that a sudden voltage drop occurs before thermal
runaway. Such voltage drop occurs in less than half a minute, followed by a plateau, and
the magnitude of the drop can be as large as about 1 V. Furthermore, one of the most
important observations is that the voltage drop occurs at a similar temperature of 135 °C
for all the cells. This is most likely due to the failure of the separator material (e.g., PE
decomposition) [322] and the triggering of internal short circuit.

The characteristics of the temperature and voltage signal then provide the rationale
to perform the thermal runaway suspension experiments. It becomes possible to select a
suitable voltage or temperature-based criterion as the last warning sign to stop thermal
runaway and meanwhile to retain the functionality of the battery. Table 28 lists the

suspension signal and cooling strategy of the thermal runaway experiments for 4 batteries
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Figure 84. Temperature and voltage evolution during ARC experiments, showing

that a sudden drop of voltage occurs at 135 °C.

Table 28. Thermal runaway suspension signal and cooling strategy.

LFP Battery

TR suspension signal

Cooling strategy

Final battery

(18650) functionality
JGNE Batt 2 Voltage drops rate > 0.02 V/min N2 gas cooling No
JGNE Batt 3 Voltage drops rate > 0.02 VV/min Liquid N2 cooling No
JGNE Batt 4 Temperature = 130 °C Liquid N2 cooling Yes
JGNE Batt 5 Temperature = 130 °C N2 gas cooling Yes
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with similar initial conditions. For two of them, JGNE Batt 2 and 3, a voltage drop rate
beyond 0.02 V/min is defined as the threshold to suspend the experiment, and for the other
two, a temperature-based criterion of 130 °C right before the voltage drop is selected as the
suspension signal. Once the thermal runaway suspension criterion is satisfied, the system
fan will be turned on, and direct convective cooling of either N> gas under room
temperature or liquid N> is introduced to the chamber. For JGNE Batt 2 and 5, N> gas
cooling is adopted while the other two utilize liquid N> cooling.

The evolution of temperature and voltage of these 4 sets of thermal runaway
suspension experiments are shown in Figure 85. For JGNE Batt 2, N gas cooling is applied
when the voltage drop criterion is satisfied. A zoom-in plot of the voltage signal shows that
as cooling starts, the voltage also reaches to a plateau. It takes about 6 hours to cool down
the cell temperature to 30 °C during which period the voltage keeps dropping. Eventually,
JGNE Batt 2 drops to 2 V and is not able to be cycled anymore. For JGNE Batt 3, liquid
N2 cooling is introduced immediately when voltage drop meets the criterion. Although
liquid N> cooling is fast and effective, which brings down the battery temperature to room
temperature within a few minutes, the voltage of Batt 3 also decreases quickly and drops
by more than 1 V. As a result, JGNE Batt 3 cannot be charged anymore. For JGNE Batt 4,
liquid N2 cooling is applied as soon as the battery temperature reaches to 130 °C. Negligible
voltage drop is observed for this cell, and it is still functional. For the last cell, JGNE Batt
5, N2 gas cooling is applied at cell temperature 130 °C and it takes about 6 hours to cool
down the cell to 30 °C. Negligible voltage drop is observed during this slow cooling

process, and the battery is found to be still functional.
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From the test results of JGNE Batt 2 and JGNE Batt 3, it can be seen that the voltage
drop might not be a reliable signal as a final warning to protect the battery from thermal
runaway. It is unclear how much the voltage will drop. At the onset of thermal runaway
prevention, the magnitude of the voltage drop is around 0.1 V for JGNE Batt 2 and 1 V for
JGNE Batt 3. In case of a large voltage drop, e.g., JGNE Batt 3, even liquid N> cooling is
not able to save the battery from internal damage. By comparison, no voltage drops are
observed for JGNE Batt 4 and JGNE Batt 5. No matter the cooling rate is fast or slow, both
batteries survive from the thermal runaway suspension test. The above results indicate that
the temperature criterion of 130 °C can be used as a reliable last warning signal to suspend
thermal runaway.

Also, if we consider that the adiabatic combustion temperature for thermal runaway
is around 330 °C, which leads to an adiabatic temperature excess of 230 °C starting from
the onset temperature of exothermicity at 100 °C. At 130 °C, the heat release rate from
thermal runaway chemistry has raised the battery temperature by 30 °C. The ratio of
temperature increment to the adiabatic temperature excess therefore corresponds to
approximately 13 % of battery material consumption during thermal runaway. The fact that
JGNE Batt 4 and JGNE Batt 5 are still functional indicates that 13 % of battery material
consumption does not affect the functionality of those batteries. However, it is expected
that the electrochemical performance of the cells saved from thermal runaway suspension
will not be identical to the original cells.

It is worth noting that the functionality of a cell is generally defined by

characteristics such as battery capacity, internal resistance, voltage, self-discharge rate,
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columbic efficiency, cycle life and safety. In the current study, we measured the battery
capacity, internal resistance, voltage, cycling capability to confirm functionality. In future
follow-up work, we will further consider the self-discharge and cycle life as well as re-

running the thermal runaway test to evaluate the safety limit of the battery.

3.2 Re-evaluation of electrochemical performance after thermal runaway

suspension

Figure 86 shows the comparison of EIS data of JGNE Batt 4 before and after the
thermal runaway suspension experiment. Fittings of the EIS data based on the overall
simplified equivalent circuit are also conducted to determine the values of the resistances,
as shown in Table 29. The major observation is that the Nyquist plots mainly shift toward
the right-hand side after the thermal runaway suspension. A larger intersection value on the
horizontal axis indicates a nearly doubled internal ohmic resistance of the saved batteries.
The nearly unchanged diameter of the semicircle indicates similar polarization resistance.
The large internal resistance increase after ARC test is probably attributed to the following
three aspects. First, the electrolyte’s evaporation and decomposition occur between 100
and 130 °C during the ARC process, leading to newly formed inorganic layers on the
electrode surface. Second, the SEI film on the battery active materials may decompose and
reform to the inorganic layer on electrode surface, resulting in reduced ion conductivity in
the battery active materials [323,324]. Third, the generated gases from chemical parasitic
reactions during ARC may also cause swelling or deformation inside the battery and thus
induce increased interfacial contact resistance [325]. The EIS measurement and analysis of

the other survived cell JGNE Batt 5 show quantitatively similar results.
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Table 29. Resistance comparison before and after thermal runaway suspension

experiment.
JGNE LFP Battery Rb Ret
(18650) (Q) (Q)
Before 0.01055 0.02213
After 0.02047 0.02425
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The cycling performance of JGNE Batt 4 saved from thermal runaway suspension
is measured under four different C rates from 0.5 C to 5 C are shown in Figure 87 and
compared with its performance before the thermal runaway test. The results show that the
maximum voltage of this battery remains the same after thermal runaway suspension. The
capacity of the battery however decreases by 20 %. Re-evaluation of the cycling
performance of JGNE Batt 5 yields similar results.

During the thermal runaway suspension experiment, there are no signs of venting
events and the mass change of the battery is negligible. However, the battery temperature
does reach as high as 130 °C, which is high enough to cause substantial vaporization of the
electrolyte and to trigger reactions among battery components. The vaporization and
condensation of the electrolyte is likely to change the local cell structure and increase the
interfacial contact resistance among different cell components, and eventually increases

the internal ohmic resistance and reduces cell capacity.

4. Conclusion

For the first time, this work reports experimental investigation on battery thermal
runaway suppression with battery functionality retention. By revisiting the evolution of
temperature and voltage signal during LFP 18650 battery thermal runaway triggered by
step heating, we have observed a sudden voltage drop between the onsets of exothermicity
and thermal runaway. Two criteria have been chosen accordingly to suspend thermal
runaway and meanwhile reserve the functionality of the battery, when either voltage drop

rate is beyond 0.02 V/min or the temperature reaches 130 °C. Liquid N2 cooling and room

276



3.8 38

S s
® o
g g
3 2
@ Q
=g =g
< @
= =
o (&)
30 ——0.5C (Before ARC test) ----- 0.5C (After ARC test) 304 ——0.5C (Before ARC test) ==~~~ 0.5C (After ARC test)
——1C (Before ARC test) ----- 1C (After ARC test) ‘ ——1C (Before ARC test) ~-=-- 1C (After ARC test)
——3C (Before ARC test) ----- 3C (After ARC test) ——3C (Before ARC test) ~=="~ 3C (After ARC test)
(a) —— 5C (Before ARC test) ----- 5C (After ARC test) (b) —— 5C (Before ARC test) ~*"~ 5C (After ARC test)
2.8+ . r - T - T . 28 . - - T . T - T - T v
0 2000 4000 6000 800 0.0 02 0.4 0.6 0.8 10 12
Time (s) Charge Capacity (Ah)
2.0 20
(C) —— 0.5C (Before ARC test) --- 0.5C (After ARC test) (d ——0.5C (Before ARC test) ===-~ 0.5C (After ARC test)
—1C (Before ARC test)  --- 1C (After ARC test) ——1C (Before ARC test) =---- 1C (After ARC test)
3.4 4 —— 3C (Before ARC test) --- 3C (After ARC test) 34 ——3C (Before ARC test) ====~ 3C (After ARC test)
: —— 5C (Before ARC test) --- 5C (After ARC test) ! —— 5C (Before ARC test) -----5C (After ARC test)
s s
@ [}
g g
S S
@ [}
< o
@ @
= =
Q Q
2 2
a a
T 1

Time (s)

T — T T T T ™ T T 4 T v T - =
0 2000 4000 6000 800 0.0 02 0.4 06 08 10 12

Discharge Capacity (Ah)

Figure 87. Cycling performance of JGNE Batt 4 before and after thermal runaway

suspension experiment (a) voltage vs. time during charging; (b) voltage vs. time

during discharging; (c) voltage vs. capacity during charging; (d) voltage vs. capacity

during discharging.

277



temperature N> cooling, representing fast and slow cooling strategies, are applied to
intervene battery thermal runaway test when either warning signal is received.

The results based on two types of LFP 18650 cells have shown that thermal runaway
can be successfully prevented regardless of cooling strategy and warning signal, however,
the extent of internal damage and functionality of the batteries are different. When the
critical voltage drop rate of 0.02 V/min is chosen as the warning signal, it is observed that
either the voltage drops so fast that even liquid N> cooling cannot save the battery, or the
cooling rate is too slow that the voltage of the battery keeps dropping. Therefore, the
voltage drop is not a reliable signal to retain the functionality of the battery. When adopting
temperature of 130 °C as the warning signal, it is observed that the voltage level of the
battery remains, and the battery is still functional regardless of cooling rate. Hence,
temperature criterion is more useful to retain the functionality of the battery.

The cycling performance and impedance spectrum of the battery retained from
thermal runaway are re-evaluated and compared to the condition before the thermal
runaway test. Results show that the bulk ohmic resistance of the cells is nearly doubled,
while there is little change in the polarization resistance of charge transfer. This is likely
induced by the increased gap between different cell components in the battery and the
increased interfacial contact resistance.

This research provides useful insights into fatal warning signs of battery health,
thermal runaway suspension and battery functionality retention. It should be noted that the
identification of a reliable temperature threshold is critical for the purpose of the current

research, while the involvement of liquid N2 cooling is found to be completely unnecessary.
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The method can be easily extended to cells with other chemistry and practical

configurations.
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CONCLUSION AND FUTURE WORK

This dissertation comprehensively understands thermal runaway characteristics of
batteries through a combination of experiments and numerical simulation, gaining insights
into the complex details of Li-ion battery thermal runaway. It provides valuable
information for enhancing battery safety and mitigating potential hazards. The main
achievements are concluded below by summarizing the content of each chapter:

In Chapter One, this dissertation presents a detailed computational investigation
into safety regime of LIBs TR, focusing on identifying critical heat source intensity and
duration time that determine the boundary between thermal runaway and safe operational
zones. It also evaluates key kinetic features, and the effects of heat source size and electrode
material properties on TR. Through comparative analysis, it highlights that heat release
from the negative electrode - electrolyte reactions directly correlate to thermal runaway.
Sensitivity analysis reveals key parameters affecting delay time, emphasizing the role of
positive electrode-electrolyte reaction. Additionally, it studies the heat release rate during
an internal short circuit (ISC) event and combines thermal-electrochemical and thermal
runaway models, validating the effectiveness of the model in linking electrochemical
dynamic with thermal runaway behavior. This computational identification aims to
understand the threshold conditions that lead to TR, offering valuable insights into battery
design and safety protocols. Future work should aim to expand the safety regime diagram
to a wider range of battery type and operational conditions, and further refine
electrochemical-thermal runaway models to enhance predictive capabilities for practical

applications.
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In Chapter Two, the study provides significant insights into the complex dynamics
of radiation-induced thermal runaway in Li-ion battery packs. We develop a theoretical
model based on view factor theory to explore the effects of radiative heat transfer on
thermal runaway propagation (TRP) between cylindrical Li-ion cells. It demonstrates that
radiative heat transfer plays a key role in thermal runaway propagation, characterized by
non-monotonic and nonlinear behaviors. These findings highlight the importance of
considering radiative heat transfer in battery safety designs, especially in dense battery
pack configurations. The work also emphasizes the need for more comprehensive studies
to understand the interactions between radiative heat transfer and chemical kinetics in
different geometric configurations of battery packs. This research provides a foundation
for future investigations aimed at enhancing the safety of Li-ion battery packs, which is
crucial for their widespread adoption in energy storage and electric vehicles.

In Chapter Three, this study has significantly advanced the understanding of cell-
to-cell variability in Li-ion batteries, particularly focusing on the thermal runaway
characteristics of 18650 LCO cells. The comprehensive approach, integrating experimental
testing, statistical analysis, and kinetic modeling, has revealed substantial variations in
thermal responses even among fresh cells with similar initial conditions. Key findings
include the identification of significant differences in self-heating onset temperatures,
thermal runaway delay times, and maximum temperatures, emphasizing the impact of
manufacturing inconsistencies. Our results highlight the critical need for incorporating
statistical analysis and uncertainty quantification in battery safety evaluations. This

approach allows for a more rigorous and consistent assessment of safety risks, accounting
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for the inherent variability in battery cells. Furthermore, the study suggests that reliance on
single-cell testing may not be sufficient for safety evaluations and that a broader range of
cells should be considered to accurately assess the risks associated with thermal runaway.
The findings of this research have significant implications for the design, manufacturing,
and safety evaluation of Li-ion batteries. They emphasize the importance of considering
cell-to-cell variability in safety models and standards. Future research should focus on
exploring the underlying causes of this variability and developing strategies to mitigate the
associated risks. Moreover, further studies are needed to examine the variability in cells
with different chemistries and degrees of degradation. In summary, this study provides
valuable insights into the cell-to-cell variability of thermal runaway in Li-ion batteries,
offering a foundation for more effective safety strategies and contributing to the
advancement of safer battery technology.

In Chapter Four, thermal runaway behavior of commercial 18650 NMC Li-ion
batteries with varying aging histories has been investigated, employing EIS and ARC. Our
findings reveal significant differences in thermal runaway characteristics based on aging
conditions, highlighting the role of lithium dendrites / plating in accelerating short circuits,
particularly in cells subjected to low-temperature cycling. The study highlights the
complexity of aging effects on Li-ion battery thermal behavior and emphasizes the
necessity for customized safety strategies based on specific aging conditions. Our results
provide valuable insights for advancing the safety and reliability of Li-ion batteries in real-

world applications, emphasizing the importance of understanding aging mechanisms to
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mitigate potential risks associated with these energy storage systems. Future work will
focus on detailed analysis of the relationship between lithium plating and thermal runaway.

In Chapter Five, this dissertation explores the impact of lithium plating and dendrite
formation on the thermal runaway behavior in 18650 LFP Li-ion batteries, focusing on the
effects of low temperature cycling. The results indicate that LFP batteries exhibit an earlier
onset of thermal runaway when subjected to low temperature cycling aging, primarily due
to lithium plating and dendrite formation. This study also introduces a simplified model to
understand the effect of local hot spots caused by lithium dendrite on thermal runaway,
suggesting that the local hot spot can accelerate the process. This research provides critical
insights into factors affecting the safety and stability of Li-ion batteries, emphasizing the
dangers of aging and the role of internal hot spots in triggering thermal runaway.

In Chapter Six, this dissertation presents a comprehensive analysis of aerosol
emissions during Li-ion battery thermal runaway, utilizing EEPS and APS to capture the
dynamics of particle size distribution, peak diameter, and temporal evolution. Our findings
reveal significant insights into the aerosol characteristics emitted from different types of
Li-ion batteries under thermal runaway conditions. Future studies should aim to refine
aerosol sampling techniques and extend the investigation to a broader range of battery
chemistries and configurations to further advance our understanding of aerosol emissions
and their implications for battery safety.

In Chapter Seven, we have successfully demonstrated a novel approach for
suspending thermal runaway in Li-ion batteries, a critical issue in battery safety, without

significantly compromising their health and performance. Our experimental setup,
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involving monitoring of temperature and voltage signals, allowed for precise identification
of the occurrence of thermal runaway. The results from our experiments are promising,
indicating that it is feasible to suspend thermal runaway under controlled conditions while
largely maintaining the structural integrity and capacity of the battery. This finding is
significant as it opens up new possibilities for enhancing the safety of Li-ion batteries in
practical applications, such as electric vehicles and large-scale energy storage systems,
without severely impacting their performance or lifespan. In summary, the methods and
insights derived from this research represent a substantial step forward in battery safety
technology. Future research should focus on integrating these thermal runaway suspension
techniques into standard battery designs and exploring their applicability in various types
of Li-ion batteries. This could lead to the development of safer, more reliable energy
storage solutions, crucial for the ongoing transition to sustainable energy sources.

In summary, this dissertation comprehensively addresses various aspects of Li-ion
battery safety and performance. The study identifies the safety regime of Li-ion batteries,
explores the role of radiative heat transfer in thermal runaway propagation, highlights the
importance of considering cell variability and aging in battery safety protocols, analyze
vent gas and aerosol emission among different battery chemistries and manufacturers
during thermal runaway, and demonstrates a method to suspend thermal runaway without
compromising battery health. These findings are crucial for advancing battery safety,
informing future research, and enhancing Li-ion battery applications in sustainable energy
sources and electric vehicles. This work represents a significant contribution to the field of

battery technology and safety.
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