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ABSTRACT

ERIC HUHN. Lithium-Ion Battery Thermal Runaway Prevention Using Water Spray Cooling
(Under the direction of DR. JEFFREY KIMBLE)

Lithium-ion (li-ion) batteries are still a very new form of energy storage; only finding wide-spread
commercial use since the 1970’s. Ever since, li-ion batteries continue to make their way into more aspects
of everyday life. Their high energy density compared to other forms of batteries have made them an
attractive energy source for everything from hearing aids, to emergency backup power sources for entire
cities. Although the knowledge of the risk of thermal runaway in these batteries hasn’t been a secret, it has
only been since the dawn of the new millennium that the scale of LIB usage has presented risks to the
general public. The risk of LIB thermal runaway-fueled fires has resulted in tremendous amounts of
ongoing research that include: 1) Figuring out the cause of battery thermal runaway and 2) how to detect
and prevent LIB thermal runaway and fires. A key take way from several observations of real-life battery
fires from firefighting professionals is that little can be done once a LIB-fueled fire starts. To that end, more
emphasis must be placed on researching methods of containing, or preventing thermal runaway in LIBs,
which is the root cause of these fires, regardless of external factors. An experiment was developed to
determine if thermal runaway of a LIB can be stopped while the battery is being subjected to an external
heat source. A water spray method was devised to reduce the battery temperature during the tests. The
batteries used in current study are pouch-type batteries. The test results indicated that, without water spray
cooling, the heat source would cause a thermal runaway-induced fire every time. Additionally, the batteries
used in the experiment were placed at an extremely high state of charge (SOC), which exacerbates thermal
runaway reactions. The experiment clearly showed that it is possible to prevent thermal runaway with an

external cooling source.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

In recent history lithium-ion batteries (LIBs) have become a significant source of life safety and
environmental hazards; fires on airplanes, fatal structure fires, explosions of personal electronic devices
resulting in burn injuries, ship fires, etc. In response, many different industries are trying to find a solution
for the problem of “LIB fires”. At best, some solutions may provide temporary intervention against fire and
superheated gasses. At worst, some of these “solutions” are dangerous to deploy and create additional
hazards. However, the intended audience for these products do not know enough to distinguish between
good, bad, and worthless. It is necessary to evaluate scientific advancements in understanding LIB fire
hazards through thermal runaway against how the public understands li-ion batteries and fires. Before

public education can be improved, the knowledge gaps must be identified.

Meanwhile, the global fire service continues to struggle with fires fueled by LIB thermal runaway. Key
complications to traditional firefighting techniques are that 1) batteries are installed deep within a device,
far from the effects of whatever water may be used to extinguish a fire, and 2) although thermal runaway
can cause a fire, thermal runaway itself is not a fire and cannot be extinguished as other types of fuels, like
woods or plastics, can be extinguished. LIBs create everything they need for a self-sustaining runaway
electrochemical reaction within the confines of each individual cell. Practically speaking, relying on
traditional methods of notification that a fire is occurring — smoke detector activation, heat detector
activation, visible smoke or fire — sets up any response to a thermal runaway for failure. Using these
methods of notification, the thermal runaway has already taken place and any effort to stop the propagation

of the failure is an uphill battle against rapid heat generation from cascading thermal runaway.



1.2 Problem Statement

Is there a better way to address LIB fires than relying on smoke detectors and other devices that alert
and activate only when the products of combustion are detected? Intervening in a thermal runaway fueled
fire is a race against the laws of thermodynamics. To investigate this question, a need to reliably put li-ion
batteries into thermal runaway, and also deliver a measured flow of water was needed. The object of this
research was to evaluate whether a leading indicator of failure in a LIB could be identified, and then
applying cooling to the battery when that indicator revealed itself. The volume of water required to keep a
battery cool to avoid thermal runaway should be much less than the water required to extinguish a fire
caused by thermal runaway. The data collected through research could be used to develop technologies and

methods for early intervention against LIB thermal runaway.

1.3 Research Methodology

A literature review was conducted to determine where the scientific community was at in their
understanding of thermal runaway, and how much of that understanding has made its way into the fire
service. Google Scholar was searched extensively to review scientific papers. To understand the perspective

of the fire service firefighting textbooks were reviewed, along with industry websites.

To determine if thermal runaway could be prevented when it would otherwise be imminent, a reliable
and highly repeatable experiment was developed. Multiple streams of data collection were employed
simultaneously throughout testing including thermal imaging, visible light imaging, and thermocouples.
Multiple, identical battery specimens were prepared to minimize variations in testing outcomes. Safety was
a paramount consideration in the development of the experiment. The test apparatus and testing control
station were designed to be safely separated from each other so researchers would not be exposed to
unstable batteries, or fire and explosions. Material handling only occurred when batteries were confirmed

to be stable through temperature monitoring over prolonged periods of time.



1.4 Scope of Work

To ensure the experimental apparatus was functioning as intended, several “dry runs” and “dress
rehearsals” were performed. The dry runs followed the test procedure script, only without batteries. Dress
rehearsals added batteries but were intended to find and correct any unexpected side-effects of heating a
LIB to failure. Three batteries were used for the dress rehearsals. Another batch of three batteries were
tested to failure in “part 1” of the experiment. These batteries were specifically evaluated for leading
indicators of failure via video camera, thermal imaging camera, and direct temperature measurement. A
final batch of three batteries were tested in an identical method to “part 17, but with the addition of water
cooling. “Part 2” focused on identifying the leading indicator of failure and using that indicator as an

initiation point for introducing water spray to see if failure could be prevented.

Successful prevention of thermal runaway would serve as a “proof of concept” that an early-
intervention cooling system may be plausible for prevention of thermal runaway, or keeping the extent of

a propagating thermal runaway to a manageable scale.

1.5 Organization of the Report

This report is broken up into four chapters. Chapter 1 provides background and context to the journey
of creating this experiment. Chapter 2 is the literature review conducted to establish a baseline for the
understanding of thermal runaway research and knowledge gaps in the fire service and fire protection
industries. Chapter 3 is a detailed report of the experiment design and execution. Data is presented in section
3.5 to validate the proof of concept. Conclusions drawn from Chapters 2 and 3 are presented in the final

chapter: Chapter 4. This chapter also discusses opportunities for further research.



CHAPTER 2: LITERATURE REVIEW

2.1 Abstract

Since the second decade of the 21% century many industries are coming together to “solve” the problem
of lithium-ion battery “fires”. However, there is a pervasive lack of agreement about what a LIB “fire”
actually is, and if and how it can be stopped. The global fire service has the most practical knowledge
because they have had many years to learn about the problem first-hand. As a result of their experience
professional firefighters have learned to handle LIB thermal runaway-fueled fires either by letting it burn
itself out, or allocating a tremendous amount of resources at the problem in hopes of extinguishing the fire.
Firefighters are still searching for a third tactic. However, questionable information abounds on “effective”
LIB fire solutions. Products are in the market that claim to be “the solution” to LIB “fires”. Yet, instances
of injuries and property loss from fires caused by LIB thermal runaway continue to increase. A review of
available literature is warranted to merge scientific discovery and practical fire service knowledge. Without
knowing the gaps, educational improvements cannot be made. At the very least, a distinction must be made
between “thermal runaway” and “fire”. These two words are not interchangeable in the context of li-ion
batteries because the two phenomena have completely different mechanisms. Unfortunately, professional
firefighting will continue to have an uphill battle as the nature of LIB powered products will make it difficult
for fire suppression interventions to be effective. There is currently no practical and safe way to direct
cooling efforts at the li-ion cells in thermal runaway that are fueling fires. More effort must be directed at
advocation for early warning strategies that may allow intervention to prevent catastrophic LIB failure,

thermal runaway, and fires.

2.2 Introduction

Even though li-ion technology has been in use since the 1970s, why are the hazards just now
becoming a hot topic? Or have they been known earlier? Either way, there is a huge range of knowledge

between people who know very little about li-ion technology, and those so familiar with it that they are



moving beyond li-ion technology and looking for the next best thing. So, where does society’s
understanding of the hazard lie? Is the knowledge lacking, or is it the communication? Table 2-1 is a

timeline of select lithium-ion battery safety milestones.

Table 2-1 notable LIB safety milestones

Year Event
1817 Lithium metal discovered (Reddy et al., 2020)
1901 Swedish engineer Waldmar Jungner invents rechargeable nickel-cadmium battery

(Scrosati, 2011)

1969 W.F. Myers and J.W. Simmons patent Li-SO battery (Reddy et al., 2020)

1975 Sanyo CS-8176L solar-rechargeable calculator powered by Li-MnO, battery (Reddy et al.,
2020)

1977 Exxon exhibits rechargeable Li-TiS; battery at Chicago Electric Vehicle Show (Whittingham,
2012)

2006 Dell and HP recall laptops due to fire risk caused by li-ion batteries (CPSC, 2006a, 2006b)
2008 AT&T begins replacing 17,000 LMP batteries made by Avestor (who went bankrupt and
ceased operations in 2006) after several fires (Green Car Congress, 2006; Searcey, 2008;
Shepard, 2008)

2008 The Tesla Roadster is the first production electric vehicle to use Lithium-lon battery
technology (Shahan, 2015)

2010 Lithium-lon batteries begin to be considered for grid-scale energy storage (Qian et al.,
2011)

2011 NHTSA begins investigation into li-ion batteries in Chevrolet Volt after numerous fires
(NHTSA, 2012)

2012 First recorded Li-lon BESS fire in Flagstaff, AZ (Electric Power Research Institute; Ferguson,
2013)

2014 Tesla breaks ground on the first Gigafactory outside of Sparks, NV, USA (Wilson, 2021)
2016 Global Lithium-lon battery production tops 100 GWh (IEA, 2022)

2016 Samsung Note 7 cell phones recalled due to fires (Hollister, 2016)

2016 NFPA publishes LIB hazard assessment (Blum & Long, 2016)

2017 “Drone Nerds” brand recalls “hoverboards” because of fires (Strobel, 2021)

2017 Rail car carrying Li-lon batteries explodes outside of Houston, TX (KHOU, 2017)

2017 Automotive journalist Richard Hamond crashes a Rimac Concept One electric hypercar.

The vehicle caught fire on-scene and spontaneously reignited for several days afterward.
(Branquinho, 2017)

2017 The “first draft committee” for the future NFPA 855 standard (Standard for the Installation
of Stationary Energy Storage Systems) meets for the first time. (NFPA, 2023)

2019 2 MWh BESS explodes in Surprise, AZ, USA seriously injuring five firefighters (Hill, 2020)
2020 NFPA 855 is published (NFPA, 2023)

2023 New York City, NY enacts legislation prohibiting the use of li-ion powered e-mobility
devices without a UL registration (Charalambous, 2023)




2.3 Mechanisms of Lithium-Ion Battery Fires

The intent of this paper is not to describe in detail how LIBs work, or describe all the failure
mechanisms of LIBs. However, some basic information must be presented to understand the discussions
that follow. LIBs are made up of six primary components as shown in Figure 2-1 (Geisige, 2022; Ohneseit

et al., 2023; Orendorff, 2012).

Electrolyte (liquid)

(+) apoyie)

Graphite (porous) Lithium metal oxide

(porous)

Copper foil Aluminum foil

Separator
(porous polymer sheet)

Figure 2-1 simplified diagram of the materials of a LIB
The positive and negative current collecting materials are most commonly aluminum and copper
foil respectively. The Aluminum foil positive current collector (cathode) is coated in a Lithium metal oxide
(LMO) material. This LMO material is where the chemistry of the LIB comes from. Lithium-Nickel-
Manganese-Cobalt (NMC), Lithium-Iron-Phosphate (LFP), and Lithium-Nickel-Cobalt-Aluminum (NCA)

are common LMO compounds. The copper foil negative current collector (anode) is commonly coated in



graphite. Separating the LMO from the graphite is a thin, porous polymer separator. This separator
physically prevents the positive side from coming in contact with the negative side and creating a short
circuit. The graphite, LMO, and separator are flooded with an electrolyte solution which contains dissolved
lithium salts. It should be noted that the above description is simplified. There are other materials that are
generated as LIBs undergo their charge/discharge cycles (Chombo & Laoonual, 2020; Geisige, 2022). But

the six components listed above make up the physical construction of LIBs.

LIBs have become the preeminent electrochemical energy storage technology because of their high
energy density and long lifespan (Ghiji et al., 2021; Ouyang et al., 2019). These qualities are due to the
complex electrochemical construction as described above. The combination of high energy density, and
complex construction also means that when LIBs fail the results can be quite extreme (Lamb et al., 2021).
LIBs have become famous for failing by seemingly exploding or otherwise creating a fireball or intense
heat. We have all come to understand this phenomenon as “thermal runaway”. Thermal runaway can be
triggered by a number of causes, but the end result is the same (Borger et al., 2019). Figure 2-2 illustrates

the four basic causes of thermal runaway.
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Figure 2-2 thermal runaway infographic
Thermal runaway is a problem of heat management (Borger et al., 2019). If a LIB begins to generate
more heat than it can dissipate then the battery materials begin to break down and react with each other.
This situation can arise as a result of overheating, either by internal cyclic abuse or external overheating, or

from internal short circuits (ISC) (Ouyang et al., 2019).

Overheating can occur if the internal temperature becomes high enough, either by internal heat
generation, or external heat exposure. The chemical reaction that makes LIBs so potent is naturally
exothermic (Selman et al., 2001). If LIBs are charged or discharged beyond their design limits, cyclic abuse
can occur; which can lead to thermal runaway. Over-charging can occur when a LIB is forced to a voltage

above its rated capacity. When this occurs, the electrochemical reaction become irreversible and the internal



cell temperature begins to rise as voltage continues to try and liberate lithium ions from the cathode even
though the ions have been completely deposited to the anode (Ohsaki et al., 2005). Over-discharging,
though less likely to initiate a thermal runaway event, is not impossible in larger battery packs. Irreversible
damage to the electrolyte within a cell begins to occur when it is discharged below 0V (zero volt) (Guo et

al., 2016). This will eventually open the door for internal short circuits to form, leading to thermal runaway.

Internal short circuits cause rapid, uncontrolled current transfer within the battery cell itself. These
transfers can generate a tremendous amount of heat in a localized area in a short period of time
(Santhanagopalan et al., 2009). ISC can be a result of internal faults like manufacturing defects (Feng,
Ouyang, et al., 2018) or external damage which forces internal materials to come into contact with each
other. Mechanical damage can initiate thermal runaway by deforming, or otherwise physically breaking

down the layered structure of the battery, causing internal short circuits (Binghe Liu et al., 2018).

Regardless of how the internal temperature of a LIB increases thermal runaway can begin at
relatively low temperatures. The first stage of thermal runaway occurs between the anode and electrolyte
(Mikolajczak et al., 2011; Wang et al., 2012). This breakdown can begin at temperatures as low as 60°C
(140°F). Once this temperature is reached, that is the when “thermal runaway” begins. As the runaway is
taking place, the temperature and pressure inside the battery cell continues to increase due to the breakdown
of materials. The electrolyte will begin to break down and react with the intercalated lithium atoms around
100°C (212°F). Once the temperature reaches around 130°C (266°F) the polymer separator begins to melt
leading to the cathode and anode shorting out and further increasing the temperature of the cell (Mikolajczak
et al., 2011; Wang et al., 2012). As the temperature continues to rise, eventually the breakdown and
reactions of the various materials inside the cell will begin to release small amounts of oxygen. Wang et al
(2012) suggests that the generation of oxygen inside the cell, coupled with the very high temperatures, and
presence of flammable materials inside the cell, will begin to burn inside the cell. However, Mikolajczak

et al (2011) suggests that the amount of oxygen created is so small, that it is insufficient to initiate an internal
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fire; further pointing out that no significant amount of oxygen is found in LIB cell vent gasses. It is worth
nothing, however, that in any fire there is very little oxygen in the fire gasses [smoke] because the oxygen

is consumed during combustion.

Many variables can affect the temperatures at which thermal runaway occurs. State of charge and
LIB chemistry both influence LIB thermal stability (Lee et al., 2019; Ohneseit et al., 2023). Less energy
dense chemistries, such as LFP, remain stable to higher temperatures than chemistries with higher energy
density, such as NMC (Ohneseit et al., 2023). SOC is also an important factor in determining thermal
stability because there is a direct correlation between electrical potential (voltage) and overall stored energy
potential for a thermal runaway (Doose et al., 2023). Higher SOC will generally create a more energetic

thermal runaway event.

2.4 Overview of Fire Classifications and Typical Fire Suppression

In order to correctly evaluate fire suppression methods against LIB thermal runaways, it is important
to understand how thermal runaway is different from “fire”. The Merriam-Webster dictionary defines “fire”
as, “the phenomenon of combustion manifested in light, flame, and heat” ("fire," 2024). Thermal runaway
certainly produces a lot of heat. But, is “combustion” occurring? In the Fire Protection Handbook,

13

“combustion” is described as, “...an exothermic, or heat-producing, chemical reaction between some

substance and oxygen.” (NFPA, 2003). This chemical reaction seeks to take a fuel and oxidize it to a more

stable material, such as carbon dioxide and water.

Let us look at a simplified example of a combustion reaction of wood (Papathanasiou, 2018):

6C10H1507 + HEAT = CsoH100 + 10CH20 - 6CH,0 + 30, = 6H,O +2CO, + 2CO + 2C + HEAT

The above chemical equation takes a simplified wood compound (6Ci0H;sO7) and adds heat. At

approximately 150°C the wood begins to decompose and release gasses in a process called pyrolysis. One
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of the principal gasses that is released is formaldehyde (CsoH10O). If heating is allowed to continue, at
approximately 260°C the formaldehyde will react with the oxygen in the air (30,) and begin a self-

sustaining, exothermic reaction (Papathanasiou, 2018).

Likewise, if we consider a combustion reaction of a flammable liquid such as ethanol we see a

similar pattern (CK-12 Foundation, n.d.-a):

C;Hs0H + 30; + IGNITION = 2CO, + 3H,0 + HEAT

At elevated temperatures, or in the presence of an ignition source, the ethanol (C;HsOH) reacts with oxygen

from the air (30,) and creates carbon dioxide (2CO;) and water vapor (3H,0O) in an exothermic process.

Both of the above are classic examples of combustion via a rapid oxidation reaction with the air.
Firefighting techniques are built around the understanding of combustion in this way. Firefighters and the
public alike are taught to understand the ingredients of fire exist through the infographic of the “fire

tetrahedron”. Figure 2-3 is a common visualization of the fire tetrahedron.
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Chain
Reaction

Figure 2-3 visualization of the fire tetrahedron

Oxygen, heat, fuel, and a chemical chain reaction are all required to exist simultaneously to start or
sustain combustion. It is important to understand that “chemical reaction” in this context is specifically
referring to a rapid oxidation reaction as has been described previously. To extinguish a fire this tetrahedron
must be broken apart and the combustion process must be interrupted. The easiest way to prevent or stop a
fire is to physically separate the fuel, oxygen, and heat or ignition source. The chemical chain reaction
(combustion) will not begin if those three elements do not exist together. If physical separation is not
possible, there are two primary mechanisms by which fires can be extinguished: cooling, and interrupting

the chemical reaction.

Cooling can affect a fire in two ways. Cooling the fuel reduces the rate of pyrolysis of the fuel, and
therefore reduce the rate of flammable vapor generation (Grant & Drysdale, 1997). Alternatively, the flame

may be cooled by modifying the air that is supplying oxygen to feed the combustion (NFPA, 2003). If the
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oxygen concertation of the air is lowered, either by smothering or use of a gaseous extinguishing agent,

then the heat begins to be absorbed rather than generated.

Interrupting the chemical chain reaction (combustion) involves introducing a new chemical to the
combustion process. This new chemical also breaks down in the high heat of a fire, but instead of adding
to the reaction, these new chemicals bind to oxygen molecules as they are in the middle of the oxidation
reaction (NFPA, 2008). Once the oxygen molecules have been captured, a new, inert, compound is formed.
The combustion process will stop, and the fire will be extinguished when there are not enough free oxygen

molecules left to sustain the exothermic oxidation reaction (NFPA, 2008).

In contrast, the chemical reactions that are occurring during thermal runaway have less to do with
taking oxygen from the air, and more to do with the reactions of the battery materials with each other. Wang
et. al (2012). is a frequently cited paper that did an excellent job at explaining the reactions occurring
between LIB materials during a thermal runaway. The first stage of thermal runaway can begin at

temperatures as low as 70°C and involves the breakdown of the Solid-Electrolyte-Interface (SEI) as follows:

(CHZOCOzLi)Z + HEAT - Li,CO; + CHy + CO + 1/20, + HEAT

In the example from Wang et. al when the temperature inside the LIB reached 100°C the

intercalated lithium begins to react with the organic solvent (ethylene carbonate in our example) used as

the electrolyte. This reaction generates flammable hydrocarbon gasses.

2Li + C3H403 - LixCOs + C,Hy + HEAT

As exothermic process continues, the polymer separator melts around 130°C which allows the
electrodes to short circuit. The added heat from the short circuiting allows the metallic oxide coating on the
cathode to decompose. This reaction will release oxygen from the oxide layer which might then react with

the hydrocarbon gasses that were generated during the reaction between the lithium and solvent.



14

Li,CoO, + HEAT -> xLiC0O, + 1/3(1-x)C0304 + 1/3(1-x)0,

Co0304 + HEAT - 3Co0O = 1/20,Co0 - Co + 1/20, + HEAT

(Bombik, 2023; Wang et al., 2012)

2.5 Oxidation and its Role in Combustion and Electrochemistry.

Although, practically speaking, LIB thermal runaway and traditional fires, such as a camp fire,
occur for very different reasons as discussed above. However, we must be careful when we talk about
oxidation in its role during fires and thermal runaway. If we accept that fires are a byproduct of combustion
("fire," 2024), and combustion is a rapid oxidation reaction (NFPA, 2003) we must also acknowledge that
oxidation itself is an electrochemical reaction that creates a change in electrical potential of two materials
(CK-12 Foundation, n.d.-b). As any battery undergoes a charge/discharge cycle, oxidation (and the inverse,
reduction) is occurring. This is because as a base metal is oxidized, it gives up an electron to the oxygen

molecule, therefore becoming electronegative. Or, as the website LibreText Chemistry states,

Because the metals have lost electrons to oxygen, they have been oxidized; oxidation is therefore

the loss of electrons. (CK-12 Foundation, n.d.-b)

So, is oxidation occurring during thermal runaway? From an electrochemistry standpoint, yes. If
oxidation is occurring during a thermal runaway, is thermal runaway a combustion reaction? Again, if we
strictly consider the definitions, yes, thermal runaway is a combustion reaction. However, we are probably
safe to stop short of equating thermal runaway to fire. Going back to the illustration of the fire tetrahedron,
we assume that those four elements (heat/ignition, oxygen, fuel, and a chemical chain reaction) must come
together to create and sustain fire; and conversely those elements can be separated to extinguish a fire, or
prevent it from occurring in the first place. This is where there is a clear difference between LIB thermal

runaway and fire. LIBs contain everything they need to sustain a runaway reaction. Unlike isolating one of
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the parts of the fire tetrahedron to interrupt combustion and extinguish a fire, the parts of a LIB that are

interacting with each other to fuel thermal runaway cannot be separated. Figure 2-4 illustrates how, although

fire and thermal runaway share certain elements, they act in different ways.

A

A~ A

Figure 2-4 elements of the fire tetrahedron compared to the elements of thermal runaway.

2.6 Industry Perspectives

At the time of writing, a basic internet search for “lithium-ion battery fire protection” produces
companies offering fire protection solutions based on the understanding of LIB thermal runaway-fueled
fires as Class A, Class B, and/or Class D as defined by NFPA 10 (NFPA, 2022). Additionally, we see
companies using the term “lithium battery” interchangeably with “lithium-ion battery”. We know that LIB
thermal runaway-fueled fires don’t really fit into any of the existing NFPA 10 fire categories. So, it’s short-
sighted to approach LIB thermal runaway-fueled fires as any specific class of fire. Also, the
misunderstanding of lithium metal existing in a lithium-ion battery is wide-spread as terms such as “lithium
battery” are used when referring to lithium-ion batteries. Lithium batteries, or “lithium metal batteries”, are

a separate technology that utilize a different electrochemical reaction (Bin Liu et al., 2018).
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Meanwhile, in professional firefighting, leaders are scrambling to keep up with the latest information.
Most firefighting knowledge is derived from first-hand experience. The fire service is generally unaware
of scientific research. The late Bobby Halton was widely regarded as one of the most influential leaders in

the US fire service. In an opinion piece for Fire Engineering magazine, he mused

...as best I can tell after spending time with the best firefighters, folks in the industry, and serious
researchers, the tactics for extinguishing these batteries are still under development. At this point, we
don’t have “experts” on extinguishing these batteries when they go into what is called “thermal
runaway” ... The best advice I have on lithium-ion battery issues is to contact the Fire Department of
New York (FDNY) Hazardous Materials Division, which has embraced being a clearinghouse for the

fire service on this issue. (Halton, 2022)

In September of 2022, the FDNY hosted a symposium on LIB fire information and tactics. This
symposium was put on in conjunction with the NFPA and the Underwriter’s Laboratory Fire Safety
Research Institute (UL FSRI). Presentations were given by the Bureau of Alcohol, Tobacco, Firearms and
Explosives (ATF), FDNY, and UL on their first-hand experience with LIB thermal runaway-fueled fires
and fire investigations. Topics covered included E-mobility devices, personal electronics, vape pens, BESS,
electric vehicles, and charging infrastructure. After the symposium, the FDNY made publicly available
several internal white papers, training bulletins, and research published by the NFPA and UL (Ambrose,

2022).

Manufacturers such as Tesla, General Motors, and Rivian have published emergency response guides
for firefighters responding to emergencies involving their products. These guides cover both high voltage
shutdown, and fire protection. All three of the above manufactures suggest to use copious amounts of water,
to the order of thousands of gallons per vehicle, to extinguish a fire and cool the battery pack (GM; Tesla).

Rivian goes as far to say
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...electric vehicle fires are best addressed with defensive firefighting and management of the

environment to minimize risk. Only attempt to extinguish a fire if you have a specific need to do so.’

(Rivian, 2022)

In other words, “if a burning vehicle isn’t posing a risk to anything else, consider just letting it burn.”

Another aspect of LIB thermal runaway-fueled fire is how battery packs (or modules) are
assembled. It is very difficult to affect the temperature of cells that may be undergoing thermal runaway
because individual battery cells are typically within several layers of packaging. Cells may be bundled
together with plastic wrap or metal casings to form modules. These modules may be further grouped
together inside larger plastic or metal housings. Those larger housings could be within a cabinet, in the case
of fixed energy storage, or within the chassis of an electric vehicle. Figure 2-5 illustrates how batteries may

be incorporated into larger assemblies.

Figure 2-5 example of how battery cells may be incorporated into larger assemblies.

This creates challenges for fire protection and suppression as the driving force for fires that result
from thermal runaway is not easily accessible by external intervention methods. As previously discussed,
cooling may be a viable method of limiting the spread of thermal runaway. However, that assumes that the

cooling medium (water) can actually affect the materials that are generating the heat. Without access to the
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LIB cells, any cooling intervention will be ineffective as the cells in thermal runaway will need to expend
their energy to the surrounding layers before being influenced by cooling. This is why the fire service
frequently reports requiring tens of thousands of gallons (hundreds of thousands of liters) of water to
“extinguish” an electric vehicle fire (CTIF, 2022). The source of the heat generation is protected from the

cooling effects of water applied by the fire department as illustrated in Figure 2-6.

Water cools the outside surfaces of a vehicle

Source of thermal runaway is deep inside the battery pack

Figure 2-6 illustration of typical fire suppression methods on thermal runaway

2.7 Current Codes and Standards

NFPA 855 is the Standard for the Installation of Stationary Energy Storage Systems. If a battery is
used for any purpose that is not designed to be moved around, then it falls under the scope of NFPA 855.
This standard covers many different styles of energy storage, from mechanical to electrochemical. On the
electrochemical (battery) front it covers many styles and chemistries of batteries. The goal of this standard,
like any other NFPA standard, is to provide guidance on how to install the technology with the best interest

of public safety (NFPA, 2023).

UL 9540 is the Standard for Safety of Energy Storage Systems and Equipment. Like NFPA 855,
this UL standard provides guidance for many different types of energy storage, not just electrochemical,
and not just lithium-ion chemistry. The UL standard goes into much greater detail regarding device safety

by addressing how ESS are built, and the performance requirements of certain ESS components. UL 9540
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also requires any ESS that wishes to meet the standard have a failure modes and effects analysis (FMEA)

performed (UL, 2020a).

As a companion to UL 9540, the Underwriter’s Laboratory also has standard 9450A which is the
Test Method for Evaluating Thermal Runaway Fire Propagation. This test method is intended for ESS
manufacturers to demonstrate the resistance of their energy storage product, that utilizes lithium-ion

batteries, to thermal runaway events (UL, 2019).

UL 1642 is the Standard for Safety for Lithium Batteries. It is important to note that a “lithium
battery” is different from a “lithium-ion battery”. However, the batteries that fall under the scope of this
standard, “...contain metallic lithium, or a lithium alloy, or a lithium ion...” (UL, 2020b) This standard
provides manufacturers physical and electrochemical requirements to ensure the intrinsic safety of battery

cells. Under most abuse cases, batteries that meet UL 1642 shall not explode or catch fire.

International Fire Code (IFC) began to include a section on Electrical Energy Storage Systems in
the 2018 edition of the code (Section 1206). This section of the IFC contains similar information as NFPA

855, but is not the same as NFPA 855 (ICC, 2018).

In 2018 a Global Technical Regulation was published by the United Nations regarding Electric Vehicle

Safety. This regulation...

...address potential safety risks of EVs while in use and after a crash event, including electrical
shocks associated with the high voltage circuits of EVs and potential hazards associated with lithium-

ion batteries and/or other Rechargeable Electrical Energy Storage Systems (REESS). (UN, 2018)

The UN recognized that there is not a standard for evaluating thermal propagation during a runaway

event in an EV. They echo the importance of understanding, and being able to quantify the thermal stability
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of EV batteries, but state that “further research is needed” and that “Several stakeholders have expressed

their commitment to the task of developing the thermal propagation method...” (UN, 2018)

2.8 Conclusions

We’ve had a good understanding of how LIB thermal runaway occurs since the mid 2010°s. But, the
fire service and fire protection industries are still trying to figure out how to extinguish thermal runaway-
fueled fires. The process of communicating research findings to the people that would benefit most from

the research is a practice known as “translational forensics” (Braxtan et al., 2023).

...translational forensics for structures in fire emphasizes on the acceleration of adaptation of

research findings to the practices of fire investigation, prevention and protective designs.

The fire service and fire protection industries best understand fires as based on which class they fall
into according to NFPA 10. However, when we look at how those classes are defined, thermal runaway
does not fit into any of those categories. Given what we know about LIB thermal runaway, it could be
suggested that extinguishing a LIB that has undergone thermal runaway to the point of deflagration and fire
is as likely as extinguishing a model rocket engine once it has been ignited. Additionally, the way in which
li-ion batteries are incorporated into devices makes it difficult for fire protection efforts to be directly
applied to the cells. More emphasis must be placed on identifying the early warning signs of a thermal
runaway, and providing cooling measures so runaway doesn’t begin. At the very least, methods should be
investigated to actively isolate LIB thermal events at the cell level so they do not propagate and involve

much larger volumes of batteries.

The automotive industry was the first to publish specific information on LIB fire protection.
Unfortunately, much of this information was a result of first-hand experience with fires and the lessons
learned from firefighters. Stationary energy storage and BESS has been quickly following. Both fortunately

and unfortunately, BESS fires have been far less frequent than EV fires, therefore the first-hand experience
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and lessons learned aren’t as plentiful. NFPA 855 is relatively new, and energy storage has only been

addressed in the IFC since 2018. The effectiveness of these standards may have yet to be proven.

Current practice dictates that EV fires could require thousands of gallons of water to cool and
extinguish. If the amount of energy storage is scaled up from an EV to grid-level BESS unit, the amount of
water that would be required to cool and extinguish a fire could be tens of thousands, if not hundreds of

thousands of gallons of water; which even the best fire departments in the world would struggle to supply.
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CHAPTER 3: EXPERIMENTAL STUDY (Paper 2)

3.1 Abstract

Lithium-ion (li-ion) batteries continue to make their way into more aspects of everyday life. Their high
energy density compared to other forms of batteries have made them an attractive energy source for
everything from hearing aids, to emergency backup power sources for entire cities. The risk of LIB thermal
runaway-fueled fires resulted in tremendous amounts of ongoing research that include: 1) Figuring out the
cause of LIB thermal runaway and 2) how to detect and prevent LIB thermal runaway and fires. A key take
way from several observations of real-life battery fires from firefighting professionals is that little can be
done once a LIB-fueled fire starts. To that end, more emphasis must be placed on researching methods of
containing, or preventing thermal runaway in LIBs, which is the root cause of these fires, regardless of
external factors. An experiment was developed to determine if thermal runaway of a LIB can be stopped
while the battery is being subjected to an external heat source. A water spray method was devised to reduce
the battery temperature during the tests. The batteries used in current study are pouch-type batteries. The
test results indicated that, without water spray cooling, the heat source would generate a battery fire every
time. Additionally, the batteries used in the experiment were placed at an extremely high state of charge
(SOC), which exacerbates thermal runaway reactions. The experiment clearly showed that it is possible to

prevent thermal runaway with an external cooling source.

3.2 Introduction

While it is unclear how often LIB fueled fires occur, they still pose a tremendous challenge for the
global fire service (Durham, 2023). Reckless use and handling of these materials have created serious risks
to public safety (Rubin, 2022). Due to the unique thermal runaway characteristics of LIBs, conventional
fire protection and fire suppression technologies are not sufficient to address battery fires (Luo et al. 2018).

The Arizona ES fire (DNV GL, 2020) and several EV fire cases demonstrated the challenges in fire
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protection technologies. The critical issue lies in the fact that it is hard to pinpoint electric faulting and fire

initiation stages within a battery pack (Kim et al., 2018).

It has become apparent that LIB fires do not behave like fires as the fire service understands them
(NTSB, 2020). In fact, what society generally calls a battery “fire” is not a fire at all due to the complicated
electrochemical reaction that drives the rapid heating during a LIB thermal runaway (Ouyang et al., 2019;

Wang et al., 2012). LIB thermal runaway is not something that can be “extinguished” once it begins.

As the fire service has been faced with LIB fueled fires, their approach to managing these fires has
fallen into one of two categories: flow copious amounts of water for a prolonged period of time, or let it
burn itself out (Rivian, 2022). However, there are use cases that preclude either one of those tactics. The
aviation industry would like to look at LIBs as a potential energy source for aircraft engines. But, the fire
risk is a concern that cannot be ignored (Tariq et al., 2017). The maritime industry would be another
beneficiary of large-scale LIB use. But, in addition to the life safety risk, the environmental risks from LIB

thermal runaway-fueled fires need to be addressed (Rao et al., 2015).

Therefore, in cases where LIB thermal runaway poses an unacceptable risk, more emphasis must
be placed on prevention of thermal runaway, or limiting thermal runaway propagation.

At the most basic level, thermal runaway is a problem of energy balance. The battery is generating heat
faster than that heat can be dissipated, which leads to a breakdown of materials and a self-sustaining
electrochemical reaction which creates tremendous amounts of heat and pressure. So, what if, rather than
trying to address thermal runaway when it presents as a fire or explosion, it is addressed as an energy

balance problem by helping the battery dissipate heat before a runaway reaction can take place?

33 Thermal Runaway and Firefighting Challenges

As we talk about methods of fire protection we must return to our introduction to the “fire

tetrahedron” from the previous chapter. According to the fire tetrahedron any fire requires four elements to
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progress: oxygen, fuel, heat/ignition source, and chemical chain reaction. Without all four of these elements

existing at the same time, a fire will either not start, or be extinguished.

Fire suppression requires the ability to remove one of these elements from the other three. LIB
thermal runaway therefore creates a challenge because all four of those elements occur within the cell during
thermal runaway; they cannot be separated. Thermal runaway cannot be treated as a fire. Once thermal

runaway begins within a cell, no external intervention can stop it.

34 Testing Methodology

An experiment was designed to test this theory; if additional cooling measures can be introduced
to a lithium-ion battery when thermal runaway is immanent, the reaction can be stopped, or at least the
severity of the failure can be reduced. Successful validation of this theory would make it possible to design

new means of protection of the public and the environment from LIB thermal runaway.

The experiment was developed by determining what the desired output would look like, then
selecting the appropriate hardware that would be able to generate such an output. Individual sensors were
calibrated to ensure they provided a reliable output prior to being integrated with the other systems. Once
all the hardware was procured all components were assembled in-situ. Hardware and software were joined
in a series of “dress rehearsals” prior to introduction of testing specimens. Several specimens were tested
early to allow for evaluation of data streams, and provide an opportunity to adjust hardware or software

prior to final testing. Figure 3-1 is a process flow diagram of the workflow used to develop this experiment.
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Hardware

Hypothesis Desired output

selection

Hardware/software
integration

Working as
intended?

Sensor calibration

Final
experiments

"Dress
rehearsal"

Good data? Yes—-

Figure 3-1 experimental process flow diagram

The experiment was comprised of two parts. Part one was a characterization of the batteries. They
would be tested to failure in order to understand the failure mechanisms of the specific batteries used in the
test. Part two was a repeat of part one, but with the additional external water cooling which would be
initiated at a point in time as determined by part one. A schematic of the experimental apparatus is given in

Figure 3-2.
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Figure 3-2 experimental apparatus schematic

Unlike other LIB thermal runaway experiments this experiment is less interested in studying the
mechanisms of how thermal runaway happens. Rather, it assumes that a thermal runaway has happened, or
is immanent. Therefore, it was desired to construct the experiment is such a way that thermal runaway could
be induced quickly, and reliably. The test apparatus is comprised of a hot plate, which is preset to 500°C,
placed inside a 5-sided steel box. The inspiration for the apparatus comes from previous hotplate tests for
battery thermal runaway (Coe, 2022). Other prominent LIB tests have used a nail penetration method for
initiating thermal runaway (Doose et al., 2023; Ohneseit et al., 2023). However, for this test it was desired
to induce thermal runaway without physically damaging the batteries. Modifications for this apparatus
focus mainly on protection of testing hardware and improved test repeatability. The hot plate is covered
with aluminum foil to protect the hot plate from battery shrapnel and water. A video camera and a thermal

imaging camera are setup outside the box looking through the open side. The data acquisition system is
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placed on top of the box, with wires for the hot plate surface thermocouple and battery thermocouple
running through a small hole to the hot plate arca. Water tubing is attached to the box, which is used during
part two of the experiment. This tubing allows for a garden hose to be connected, along with fittings for an
in-line flow meter, pressure transducer, and thermocouple. The test monitoring station was placed inside an
adjacent laboratory, away from the testing apparatus, to protect researchers from exposure to LIB

catastrophic failure.

Signals from the thermocouples, flow meter, and pressure transducer were processed through a
National Instruments CompactDAQ and recorded with LabVIEW. Video and thermal imaging feeds were
composited together with a screen capture of LabVIEW through Open Broadcaster Software. A detailed

equipment list is provided in Table 3-1.

Table 3-1 experimental equipment list

Description Manufacturer Model

Hot plate Corning PC-4000

Flow meter Advanced Thermal Solutions ATS-FM-34

Pressure transducer Honeywell 480-MIPAN2XX500PSAXX-ND
Thermocouples Nanmac A4A-T-2-2-PK

Video camera Canon Aixia HF S200

Thermal imaging FLIR A600

camera

Data acquisition system | National Instruments c¢DAQ-9174 (with modules 9213,

9205, 9264, and 9219) running
through LabVIEW 21.0

Live image feed Open Broadcaster Software OBS Studio 30.0.0
management

Water flow control valve | McMaster-Carr 455K13

Water spray nozzle McMaster-Carr 32885K144

Pictures of the completed apparatus are given in Figure 3-3(a)-(d).



Figure 3-3 experimental setup photos

The specifications of the batteries used in the test are in Table 3-2.

Table 3-2 battery specifications

Manufacturer Samsung

Model EB-B220AC
Capacity 2600mAh/9.88Wh
Voltage (nominal/maximum) 3.8V/4.35V
Manufacture date Sept. 2020

It was desired to have the batteries at a high state-of-charge (SOC). It has been shown that LIBs at
higher SOC have more severe thermal runaway events (Ghiji et al., 2021; Lee et al., 2019). The batteries

were charged to approximately 90% SOC using a Neware battery testing system, Model No: CT-4008Tn-

5V6A-S1-U. In all, 15 identical batteries were prepared for testing.
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Part one of the experiment, the characterization phase, involved heating batteries until they failed.
To do this, a battery was prepared by taping the thermocouple to the long edge of the battery, and placing
that battery on the hot plate with the long edge facing the cameras. This style of battery will fail along the
edge where the connection terminals are (short edge), so it is important to have one of the long edges facing
the open side of the box so battery components are not ejected from the box during failure. Once the battery
was in place, data logging was initiated on the data acquisition system, thermal imaging system, and video
capture system. With all data being recorded, power was supplied to the hot plate which then began to heat
to its 500°C setpoint. The test was allowed to run until battery failure. After battery failure, all data logging

was discontinued. This test was conducted a total of three times to confirm consistency of results.

The experimental procedure for part two is identical to part one up until a predetermined
temperature before battery failure. That temperature would be the point at which thermal runaway would
be immanent without immediate intervention. At that temperature a water spray was introduced to the top
of the battery. The hot plate remained on, while the water spray was on, until the total test duration reached
ten minutes. At the ten-minute mark the hot plate was turned off while water continued to flow. After an
additional five minutes the water spray was turned off. The battery continued to be observed, and data
continued to be collected for an additional fifteen minutes with the intention of looking for any signs of
battery heating after the discontinuation of the cooling water. This test was also conducted a total of three

times to confirm consistency of results.

3.5 Results and Discussion

3.5.1 Part 1

Notable findings from the tests of part one were the stability of the battery until failure, and an

obvious physical deformity prior to failure. There was no recorded rise in temperature prior to battery
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failure; no “advanced warning”. The temperature rate-of-rise followed that of the hot plate until the battery

failed. Figure 3-4 is a plot of battery temperature during the part one test.

Part 1 temperature curves (Battery 4)

-
-~
-
-
-
-
-
o

500

450

400

350

300

250

Temperature (°C)

200

150

100

50

reesesssee b n 1 e w FlPCZTT

0 30 60 90 120 150 180 210 240 270
Time (s)

Plate Temp (°C)  ceceeeees Batt Temp (°C) FLIR Temp (°C)

Figure 3-4 temperature curves from part 1
The other notable finding was that upon review of the video footage of the tests, the batteries
swelled over the span of roughly 15 seconds beginning at 94°C as indicated by the battery thermocouple or
85°C as indicated by thermal imagery. Figure 3-5(a)-(d) are still frames captured by the thermal imaging

camera with the outline of the battery highlighted.
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(c) (d)
Figure 3-5 battery images from part one showing swelling
Swelling of a LIB is an indication that pressure inside the battery is increasing from material
decomposition (Feng, He, et al., 2018). Data collected during the part one tests indicated that about 1 minute

after the battery temperature reached 100°C failure occurred.

As a result of the deformity observation of part one, it was decided that the temperature threshold
for initiating cooling measures in part two would be 100°C. Figure 3-6(a)-(c) are images of the three LIB

specimens that were tested in Part 1.

(b)

Figure 3-6 LIB specimens at the conclusion of Part 1 tests
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3.5.2 Part 2

The initial conditions for Part 2 of the test were the same as Part 1. As noted in Part 1, a battery
deformity was noticed at 100°C so this temperature was used as the signal to initiate the water spray. Figure

3-7 is a plot of battery temperature, and water mass flow during the part two test.

Part 2 temperature curves (Battery 7)
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Figure 3-7 temperature curves from part 2 along with water mass flow

LIB temperature briefly exceeded 100°C prior to introduction of the water spray. Then the

temperature quickly dropped. During the next 7 minutes the temperature fluctuates but neither trends up
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nor down. This may be attributed to the hot plate remaining on, trying to put heat into the battery, while the
water spray tries to cool the battery. Once the water spray is discontinued the temperature fluctuations
smooth out and reach an equilibrium temperature a few degrees above the beginning-of-test temperature.

Figures 3-8(a)-(c) show the conditions of the Part 2 specimens after testing.

Figure 3-8 condition of test specimens after Part 2 tests

3.5.3 Findings

Figure 3-9 is the plots of part one and two together.
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Figure 3-10, along with physical evidence that the battery did not fail during the part two test
suggests that early cooling may be a viable option for thermal runaway prevention. Additionally, the
batteries tested in part two were checked for voltage after the conclusion of the tests. Before and after
voltages are given in Table 3-3. Seeing that the batteries were still very close to their initial voltage indicates

that the specimens did not experience a catastrophic internal failure.

Table 3-3 battery voltages before and after testing

. Post-test
Battery # Used in Pre-test voltage voltage/SOC

4 Part 1 4.094V destroyed
5 Part 1 4.106V destroyed
6 Part1 4.098V destroyed
7 Part 2 4.097V 4.095V
8 Part 2 4.110V 4.105V
9 Part 2 4,117V 4,114V

The test apparatus provided highly repeatable qualitative data. However, one instance of residual
water from a previous test caused an erratic temperature profile of the hot plate during a Part 1 test, and
during the final two tests of Part 2 the flow meter failed. The results of all three tests of both Parts 1 and 2
were similar to each other. However, the raw data is difficult to compare apples-to-apples. Therefore, in the
above descriptions, only the most complete data set from each part of the experiment is presented. The data

sets from the other tests are presented in Appendix II and III.

3.6 Conclusion

This experiment demonstrates that thermal runaway may be prevented by introducing cooling
measures. Additional research in the area of advanced cooling as a means to prevent thermal runaway is
warranted. As the results of this experiment illustrate, catastrophic battery failure was prevented with
advanced cooling 60 seconds before which such a failure would have occurred. Also, the battery integrity

appears to have been maintained as battery voltage before and after the part two test was unchanged.
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The results of this experiment suggest that with the availability of battery telemetry, and direct
access to the cells of a battery energy storage system, a fire protection system may be designed that could
limit thermal runaway propagation through advanced cooling, or possibly prevent thermal runaway
altogether using only a small fraction of cooling medium than would otherwise be required for a fully-

developed thermal runaway-fueled fire.

Further research should incorporate established test methods from an organization such as UL,
ASTM, ANSI, or FM Global for heating batteries and data collection. Additionally, the heat release rate of
the battery should be measured to further evaluate the energy balance between a battery in thermal runaway
(Chen et al., 2020) and the necessary flow of a cooling medium to control such a runaway. The experiment
should also be repeated using different styles of battery (calendrical, prismatic, etc), and different

chemistries (LFP, NMC, etc), to see if the results are the same.

Practically speaking, given the different form factors of LIB powered products, how an advanced

cooling system could be integrated into new and existing products would need to be evaluated.
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CHAPTER 4: CONCLUSION

LIB research is advancing at an amazing rate. New technologies that promise to bring safer batteries
are undoubtedly on the horizon. In the meantime, there is an incredible amount of LIB energy storage that
will be constructed before the tides change. Thermal runaway and the resulting fires will continue to be a
challenge for many years to come. The fire service shouldn’t need to flow tens of thousands of gallons of
water (hundreds of thousands of liters) to control thermal runaway. It is possible that if LIB energy storage
construction includes a means to directly cool the cells thermal runaway propagation can be halted using a

fraction of the resources in a fraction of the time.

The experimental work depicted in the current study successfully demonstrated that if direct access
to the LIB cells is available cooling intervention can be introduced that prevents thermal runaway from
occurring. This intervention would require significantly less water than what has been used by professional
firefighters when fighting li-ion thermal runaway-fueled fires. The testing apparatus that was developed to

perform this test had a high degree of repeatability which will certainly lend itself to future testing.

The following summarizes the outcomes of the current study:

1) The fire service and fire protection industries see thermal runaway as “fires” and are approaching
the problem as they would with any other fire.

2) Current approaches for incorporating LIBs into devices make it difficult for fire protection efforts
to be directly applied to the cells. Hence, emphasis must be placed on identifying the early
warning signs of a thermal runaway, and providing cooling measures so runaway does not begin.

3) The automotive industry was the first to publish specific information on LIB fire protection. Most
of the understandings are the results of first-hand experience with fires and the lessons learned by

the fire service.
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Stationary energy storage and BESS fires have been far less frequent that EV fires, therefore the
first-hand experience and lessons learned are not as plentiful.

NFPA 855 is relatively new, and energy storage has only been addressed in the IFC since 2018.
The effectiveness of these standards may have yet to be proven.

The experiment conducted in this study demonstrated that thermal runaway may be prevented by
introducing cooling measures. The results of this experiment illustrated that battery failure can be
prevented with advanced cooling 60 seconds before which a catastrophic failure would have
occurred. Also, the battery integrity appears to have been maintained as battery voltage before
and after the Part 2 test was unchanged.

The results of the experiment suggest that with the availability of battery telemetry, and direct
access to the cells of a BESS, a fire protection system may be designed that could limit thermal
runaway propagation through advanced cooling, or possibly prevent thermal runaway altogether
using only a small fraction of the cooling medium than would otherwise be required for a fully-

developed thermal runaway-fueled fire.
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The testing that was performed had a high degree of repeatability. However, several of the data
streams needed to be manually synchronized after the fact. This resulted in a large post-test effort to index
the data streams. An integrated system should be developed to either put all data into a single stream, or
somehow provide a common time stamp to all unique data streams. Also, a better method of heating the
LIBs should be investigated. Although the aluminum foil protected the hot plate and allowed for a quick

reset the aluminum may have affected heat transfer to the LIB from the hot plate.

To further develop the system for advanced cooling of a thermal runaway, the tests outlined in this
experiment should be repeated with different batteries at different initial conditions; different form factors
(pouch, prismatic, cylindrical, etc), different chemistries (LFP, NMC, etc), and different SOC (30%, 50%,
75%). Multi-cell battery packs should also be assembled and tested. Multi-cell tests could have an additional
component where an “initiating cell” is allowed to go into thermal runaway, but direct cooling is applied to
protect the neighboring cells. Another consideration to investigate is the electrical effect of flowing water,
which is electrically conductive, through a charged battery pack. Does this create a new risk? Would

advanced cooling be as effective with a non-conductive fluid cooling medium?

Another area for research would be how to make advanced cooling an automatic process. Can a
fire protection system be integrated with a BMS? Given how quickly thermal runaway can occur, what

other ways could a stand-alone system monitor battery cells that would allow for early intervention?

With enough data to support early intervention, can a correlation be made between battery capacity
and the amount of water that would be required to prevent thermal runaway, or runaway propagation?
Certainly, some sort of full-scale test would be warranted to confirm that the results of small-scale tests can

be effectively implemented in a commercial-scale application.
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Appendix II: Data sets from other Part 1 tests
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Water from a previous test got between the hot plate and aluminum foil. This caused erratic hot plate

temperature readings during the heat-up phase of this test as that water boiled off.
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Appendix III: Data sets from other Part 2 tests
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Battery 9
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After attempting to diagnose the flow meter, the test of battery 9 also did not provide flow data. Data

collection was terminated when the water flow was discontinued at the 20min mark.
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Appendix IV: Early hand calculations to determine viability of early cooling
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